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IX 

FOREWORD 

In the last few years has come the realization that a significant fraction of galaxies in 

the Universe undergo "starbursts". The wealth of ultraviolet, optical, infrared, and radio 
data obtained by large ground-based telescopes and the IUE and IRAS satellites on our 
Galaxy and nearby galaxies, has shown that the starbursts are phases when the star 
formation rate (in a localized region or over the whole galaxy), shows a large increase over 
the average rate for a period of time short compared to the galaxy's lifetime. The "starburst 
phenomenon" appears therefore today as a key factor to understand the evolution of 
galaxies. 

Concti,1ently, there has been increasing observational evidence that starburst activity 
in galaxies was even more prevalent in the past. Rich concentrated clusters of galaxies at a 
look-back time of about 4 billion years or greater show an unusual proportion of blue 
galaxies, which follow-up spectroscopic work reveal to have undergone starbursts. Deep 
optical ad radio surveys probing galaxies in the field at similar look-back times also 
suggest a large number of starburst galaxies. 

Unlil now, these two lines of investigation, "local" and "cosmological", have been 

progressing parallel to each other, without much cross-fertilization of ideas. At the same 
time there have also been important developments in the understanding of the formation 
and evolution of massive stars in our own Galaxy, as well as of their interactions with the 
interstellar gas. Since massive stars are one of the main tracers of starbursts, these 
developments are very relevant to their understanding. 

With these thoughts in mind, and with suggestions from R. Joseph, D. Kunth and 
R. Larson, we designed a workshop program intended to bring together experts on massive 
stars in the Galaxy, on starbursts in nearby galaxies, and observational cosmologists 
studying high-redshift star-forming galaxies, in an attempt to present an unifying view of 
the starburst phenomenon at all redshifts and its implications on galaxy evolution. 

The 6-day workshop took place in the lovely setting of Les Arcs, in the French 
Alps, and was attended by 65 participants from 12 countries. These proceedings contain in 
camera-ready form all the 57 papers that were presented during the meeting. We have also 
added a contribution by Jim Condon, who could not attend the meeting but has graciously 
accepted to write up the talk he would have given. Starbursts are ubiquitous in the 
Universe. The first four sections are arranged in order of increasing redshift of the starburst 
environment : from the Galaxy and the Local Group galaxies (section I) to dwarf and HU 
galaxies (section II) to IRAS and interacting galaxies (section III) to intermediate and 
high-redshift galaxies and quasars (section IV) . Section V contains theoretical attempts to 
understand the starburst phenomenon, section VI discusses future instruments, and section 
VII contains the summary of the conference. 



x 

The workshop also included two very interesting joint scientific sessions with the 
particle physicists attending the concurrent workshop on Electroweak Interactions. The 

Magellanic Cloud. This supernova had the good taste to explode just two weeks before the 
meeting, making the 22nd Rencontres de Moriond the first international conference to 

discuss the neutrino, otpical and ultraviolet observations of SN 1 987 A. The astronomical 
aspects were reviewed by J. Lequeux and his contribution is included as an appendix to his 

paper on the Magellanic Clouds. 

The success of this highly productive, yet friendly and relaxed Rencontre de Moriond 

is largely due to the flawless local organization provided by J. Tran Thanh Van and his 
team which includes Monique Furgolle, Laurence Massiot, Lucienne Norry and Aida 
Ramos. Finally, we gratefully acknowledge the financial help provided by the Centre 

National de la Recherche Scientifique and the Commissariat a l'Energie Atomique. 

Trinh X. Thuan Thierry Montmerle 
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A VANT-PROPOS 

On s'est rendu compte tres recemment qu'une proportion importante de galaxies 
dans l'Univers etait le siege de sursauts de formation d'etoiles ('starbursts'). 
L'abondance des donnees UV, optiques, IR et radio obtenues au moyen de grands 
telescopes au sol et dans l'espace (IUE, IRAS), sur notre propre Galaxie et les 

galaxies proches, a permis d'etablir que ces sursauts correspondent a des phases de 
courte duree ou le taux de formation d'etoiles (dans une region localisee ou dans toute 

la galaxie) est tres superieur au taux moyen. Le phenomene "sursaut de formation 
d'etoiles" apparaJ:t done aujourd'hui comme un facteur-cle dans !'evolution des 

galaxies. 

Dans le meme temps, !'observation a montre de fac;:on de plus en plus evidente 

que ces sursauts de formation d'etoiles etaient encore plus importants dans le passe. 

Des amas de galaxies riches et concentres, de 4 milliards d'annees plus jeunes que la 

Galaxie, contiennent une proportion etonnament elevee de galaxies bleues. Comme le 

montre leur spectroscopie, ces galaxies sont en fait passees par une ou plusieurs 

phases de formation d'etoiles intenses. Des observations profondes en optique et en 
radio de galaxies de champ, a des epoques reculees comparables, montrent egalement 

la presence de nombreuses galaxies associees a des sursauts de formation d'etoiles. 

Jusqu'a present, ces deux voies de recherche, "locale" et "cosmologique", ont 
progresse parallelement avec relativement peu d'echanges d'idees. Au meme moment, 

sont apparus des developpements importants dans notre comprehension de la 

formation et de !'evolution des etoiles massives dans notre Galaxie, ainsi que de leurs 
interactions avec le gaz interstellaire. Les etoiles massives etant des indicateurs 

importants de !'existence de sursauts de formation d'etoiles, ces developpements sont 

en etroite relation avec l'etude de ce phenomene. 

A la suite de ces reflexions, et avec le concours de R. Joseph, D. Kunth et R. 

Larson, nous avons etabli le programme d'un colloque qui reunirait des experts de la 
formation et de !'evolution des etoiles dans la Galaxie et les galaxies proches, ainsi 
que les observateurs dont les travaux portent sur les galaxies a sursaut de formation 

d'etoiles tres lointaines. Notre but etait de presenter une vue unifiee du phenomene 
"sursaut de formation d'etoiles" dans taus les environnements et jusqu'a une epoque 

lointaine, ainsi que les consequences de ce phenomene sur !'evolution des galaxies. 
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Le Colloque a reuni pendant six jours, dans le cadre magnifique des Arcs, 65 
participants venant de 12 pays. Le present volume contient les 57 communications 
qui y furent presentees. Nous y avons ajoute un article de J. Condon, qui n'a pu 
assister au colloque mais a tres aimablement accepte de rediger le texte de la 
communication qu'il aurait souhaite presenter. Les sursauts de formation d'etoiles 
etant observes partout dans l'Univers, ceci nous a suggere un plan par ordre de 
decalage cosmologique croissant: la Galaxie et le Groupe Local (chap. I), les galaxies 
naines et les galaxies HII (chap. II), les galaxies IRAS et les galaxies en interaction 
(chap. III), et pour finir, les galaxies de decalage cosmologique intermediaire puis 
eleve, ainsi que les quasars (chap. IV). Le chapitre V contient des travaux theoriques 
recents sur le phenomene "sursaut de formation d'etoiles". II est suivi d'une 
presentatfton des observatoires futurs (chap. VI), et enfin d'un resume du colloque 
(chap. Vil). 

Le colloque a egalement compris deux sessions conjointes avec des physiciens 
des particules, qui assistaient en meme temps a leur propre colloque sur les 
Interactions Electrofaibles. La premiere eut pour objet la "matiere noire", la seconde 
porta sur la supernova 1987 A clans le Grand Nuage de Magellan. Cette supernova eut 
le hon gout d'exploser a peine deux semaines avant le colloque, faisant des XXIIemes 
Rencontres de Moriond la premiere conference internationale ou furent discutees 
simultanement les observations de neutrinos et les donnees astronomiques. Un 
evenement exceptionnel ! Les resultats en optique et UV ont ete presentes "a chaud" 
par J. Lequeux, et la contribution de ce demier est incl use ici en appendice a son 
article sur les Nuages de Magellan. 

Le ;:;mcces et l'anlmation de ces Rencontres de Moriond, leur ambiance amicale 
et detendue, doi vent beaucoup a la perfection de I' organisation sur place, menee par J. 
-:'ran T:1anh Van et son iSquipe en particulier Monique Furgolle, Laurence Massiot 
Lucienne Norry et A'ida Ramos. Enfin, nos remerciements vont au CNRS et au CEA 
pour leur aide financiere. 

Trinh X. Thuan Thierry Montmerle 
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SN 1987 A in the Large Magellanic Cloud 
(North is to the top and East lo the left - photograph European Southern Observatory) 



Summary 

MASSIVE STAR FORMATION IN THE GALAXY 

Peter G. Mezger 
Max-Planck-Institut fiir Radioastronomie, 

Auf dem Hugel 69,  5300 Bonn l, F.R.G.  

3 

I. The galactic disk: We summarize the relevant characteristics of the galactic 
disk. 
II. OB star and total star formation rates and its relation to the mass 
distribution in the galactic disk: OB star formation rates (SFRs) can be 
estimated from Lyman continuum (Lye) photon production rates and warm dust 
(wd) luminosities, respectively, and total SFRs can be inferred if an Initial 
Mass Function (IMF) is adopted. We apply this procedure to the galactic disk. 
Resulting SFRs and lockup rates (i. e .  the rate at which interstellar matter 
(ISM) through star formation is permanently locked up in low mass and dead 
stars) are compared with predictions made for a closed system (MrsM+� 
=canst.) and a star formation law of the form 'focM�sM· It is found that the 
present-day SFR, inferred from the observed Lye photon production rate with 
a constant IMF, can not be reconciled with the mass distribution of the 
galactic disk. 
III. Bimodal star formation: Bimodal star formation in the galactic disk means 
that two different mechanisms of star formation are at work: In main spiral 
arms induced star formation is triggered by some global effects and only stars 
above a critical mass me - 3 me are formed .  In the interarm region stars in 
the total mass range m"'mL -O. lffiG form due to spontaneous star formation. In 
the galactic disk about -2/3 of all OB stars are formed via induced star 
formation . The bimodal IMF, together with star formation in a closed system, 
and spontaneous and induced SFRs being both proportional to the amount of 
molecular hydrogen, connects the observed present-day OB SFR correctly with 
the total mass distribution. The total bimodal SFR in the galactic disk is -
3meyr- •. The average star formation efficiency in molecular clouds is E -
1 0-9-rc1 - ( 1 - 1 0)%, with estimated lifetimes of molecular clouds ranging from 
7c1 - 1 0'-1 08yr. 

,,. 
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I. The galactic disk 

Our proto-galaxy was a sphere consisting originally of H and He 

gas. Formation of the first generation of stars and of a gaseous disk in the 

plane of rotation of the sphere occurred concurrently. These first generations 

of stars form today the galactic halo, which contains at least as much mass 

as the disk. Formation of the disk through accretion of halo gas must have 

occured over an appreciable fraction of its lifetime, but for the sake of 

simplicity I adopt in the following an effective lifetime of Td; sk - l E l Oyr. 

Stars observed in the vicinity of the sun have masses in the range m -

(0. 1 -60)mo, with some stars having masses as high as - l OOmo. o stars 

(19 -lOOmo) and B stars (3 .5-11mo) have MS lifetimes of some 1E6  yr and 

some 1E7 yr, respectively. In their final evolutionary stages stars return the 

fraction r = 1-mf/m of their MS mass m to the interstellar matter (ISM) .  The 

average mass of the stellar remnant, mf, can be that of a white dwarf 

(-0.6mo) or of a neutron star (-L4mo).  It is this circulation of ISM through 

the interior of massive stars which is responsible for the "chemical evolution" 

of the Galaxy, i .e .  the enrichment of the ISM and younger stars with elements 

heavier than 4He. Since mainly massive stars with short MS lifetimes 

contribute to the mass return it is usually considered to occur 

"instantaneously" at the time when stars are formed. This yields a simple 

relation between lockup rate d� /dt and star formation rate (SFR) 'l"{t) ,  in 

which the time delay between star formation and mass return, in essence the 

MS lifetime , is neglected 

dMe/dt = (1-r) 'l"(t) (1) 

With increasing age of the disk more and more mass is permanently 

locked up in low-mass and dead stars. Today in our Galaxy and in external 

spiral galaxies the ISM accounts for not more than a few percent of the total 

mass. Whenever the gas density exceeds - 1 E2cm-3 molecular hydrogen forms 

on dust grains. Giant molecular clouds with masses as high as 5E6mo contain 

most of the molecular hydrogen. They consist of subunits of - ( 1 E4-1E5)mo, 

which develop dense ("'1 E5cm-3) cloud cores with masses up to some 1E3� 

and which are the locations of massive star formation. Having reached the MS 

O stars ionize the surrounding gas and form HII regions which emit free-free 

continuum emission at cm wavelengths . O and B stars heat dust in their 

surroundings to temperatures of "'30K. This warm dust (wd) emission attains 

its maximum at FIR wavelengths !{, l OOµm. The bulk of the interstellar dust is 

heated by the general interstellar radiation field (ISFR) to temperatures 
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between -10-25K. Both radio and FIR emission can be observed throughout the 

Galaxy and therefore are used to trace the distribution of OB stars in the 

galactic disk. 

Table 1: Characteristics of the Galactic Disk for Ro = 8.5kpc 

Units Rkpc"0.3 1. 7"Rkpc"8.5 

Total Kass K0(R) mo 6.SES 4.4El0 
Kass of atomic H mo 0.7E9 
Kass of molecular H2 mo 1.1E7 1.5E9 
Kass of ISK:X-1[K(H)+K(H2)] mo 1.5E7 3.1E9 
Lye photon luminosity Ntyc s-• 1.8E52 1.9E53 
Stellar luminosity L Lo 7.0E8 3.0ElO 
Total IR luminosity LIR Lo 2.7E8 1.lElO 
(wd) Luminosity L'fa Lo 1.7E8 4.1E9 
(cd) Luminosity L�f Lo 5.1E7 4.6E9 
Adopted age 7Dtsk yr lElO 

Disk 

1.2Ell 
1.4E9 
1.8E9 
4.3E9 
2.1E53 
3.6E10 
1.2E10 
4.7E9 
5.3E9 

In Table 1 are compiled some of the characteristics of the galactic 

disk. Following the recent IAU recommendations a distance of the sun from 

the galactic center of Ro = 8.5kpc is adopted. We subdivide the disk into 

nucleus (R.:i0.3kpc) and spiral arm region ( l .7"R/kpc.:i8.5) where most of the 

massive star formation occurs. But some molecular clouds together with a 

modest rate of massive star formation are observed to extend outside the 

solar circle. The distribution of atomic hydrogen ends at R - 16kpc and the 

distribution of old disk population stars extends even further. We refer the 

following quantitative discussion on (massive) star formation to the spiral arm 

region, since only there all relevant parameters are known with sufficient 

precision. 

II. OB star and total star formation rates and its relation to the mass 

distribution in the galactic disk 

1) Star formation rates determined from radio and FIR observations 

The creation function 

C(t,m)dm = t(t)+(m)dm (2a) 

yields the number of stars formed per unit time in the mass range m, m+dm. 

The inital mass function (IMF) is considered to be independent of time and is 

normalized to unity 

mu J +(m)m dm 
mt 

1 (2b) 
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In the following we use the Miller and Scalo ( 1 978)  IMF with mL = O. l ffi0  and 

mu = 60m0. but modified for m"20ffi0 as described below. Integration of the 

creation function yields the SFR 

mu f c<t,m)m dm = t(t) 
m1 

which is, like the lockup rate eq. ( 1 ) ,  expressed in ffi0Yr- • .  

(2c) 

From the free-free flux density the Lyman continuum photon 

production rate N Lye can be estimated by applying small corrections for Lye 

photons which escape from density-bound HII regions or which are absorbed 

by dust grains in the ionized gas . This quantity is connected to the 

present-day SFR by the relation (see Giisten and Mezger, 1 9 8 3 ,  hereafter 

referred to as Paper I ,  and references therein) : 

with -r Ms(m) the 

mu -rMs(m) 
t(t0,mL) f +(m)dm f N1yc(m,t)dt mL 0 
MS lifetime of a star of mass m and 

(3a) 

stars in the mass range mL "'m"'mu . In the derivation of eq. (3a) it has been 

assumed that the SFR was constant during the MS lifetime of the stars. Since 

only stars with m>20ffi0 contribute significantly to NLyc the integral depends 

on the slope of the IMF for m"20ffi0. The influence of different slopes in this 

mass regime and different upper and lower mass limits is discussed in Paper I. 

A slope of 1' = 3 .2-3 .6  (+(m)0<m-1') as originally derived by Miller and Scalo 

0 978) is probably too steep (Scalo, 1986) and a slope of 1' = 2 . 6 ,  as 

suggested by Garmany et al. ( 1 982), appears to be more realistic. We 

extrapolate the Miller-Scalo IMF for ma.2om0 with this slope and refer to it as 

"modified Miller-Scalo IMF" .  Evaluation of eq. (3a) with mL =O. lffic:J, mu =60ffic:J 

yields 

(3b) 

where the upper limit relates to the original Miller-Scalo ( 1 978)  IMF, the 

lower limit relates to the "modified Miller-Scalo IMF" (see Giisten, 1986) .  

The warm dust luminosity of a molecular cloud is related to its 

stellar content by 

wd 
LIR = t fd(mil L*(mil (4a) 

with f d(m) the fraction of the stellar MS lifetime during which a star of mass 

m is still surrounded by dense (ntt-1E3-1E5cm-3) gas and dust. Cox et al. 

( 1 986) estimate that B stars contribute most to the (wd) luminosity and that 

<fd (m)> - 0.15 when averaged over the stellar mass range - (3-19)ffi0. In 
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principle we could proceed as in the case of the free-free emission and 

express the total OB star luminosity I._. (m) by a relation analoguous to 

eq.(3a). However, while only stars with masses m;,,2omo contribute significantly 

to the Lye photon production rate NLyc(m,t) when integrated over the IMF and 

the MS lifetime, the corresponding integral with L• (m, t) substituted for 

NLyc(m,t) would monotonously increase with decreasing stellar mass. This 

would mean that the relation between observed (wd) luminosity L'l'� and SFR 

,t.<(t0), corresponding to the above eq. (3b), would in essence be determined by 

the highly uncertain correction factors fd(m) in eq.(4a) and thus yield 

accordingly uncertain estimates of SFRs. 

However, for normal galaxies with continuously ongoing star 

formation one can derive an empirical relation between vra and .,,,<to) using 

our Galaxy as a calibrator. Multiplication of eq.(3b) with the ratio NLyc/L'l'� = 

4. 6E43 Lye photons s-1 /LQ, taken from Table 1 and valid for the spiral arm 

region yields 

1.3 (+�06) 10-9 Lwd (4b) IR 
In star-burst galaxies, where all OB stars are supposedly formed 

within a relatively short time interval, a larger fraction of massive stars may 

still be surrounded by dense gas and dust and the factors fd(m) are therefore 

probably larger. In this case relation (4b) would overestimate the SFR 

necessary to produce a given (wd) luminosity. 

0 
E 6 

'Tu 
a
) 

,e 0 >----��---------< �:bl.� 
� J 
!!.._ 0 

_jl c)A 'Tu 8 
:z: - 4 � 
V> 0 �4d)A �2 .., �o��2��4�-6��8� 

GALACTIC RADIUS R IN kpc 

Figure 

Fig. 1: The diagrams show as function of 
the galactic radius R:a) Total mass M0, mass of 
interstellar matter MrsM and mass of molecular 
M(H2) and atomic M(H) hydrogen. b) The ratio µ = 
MrsM/M0. c) The warm dust luminosity L'l'�· d) The 
Lye photon production rate NL vc. 
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2. Application to the spiral arm region of the galactic disk 

Some of the integrated characteristics of the galactic disk from 

Table l, such as total mass, mass of the ISM and its constituents, N Ly c and 

L'f'a are given in Fig. l a-d for concentric bins of width AR = 0.85kpc 

surrounding the galactic center. Substitution of NLyc in eq. {3b) yields the 

SFR t{t0) shown in Fig.2a. The total "observed" SFR in the spiral arm region 

obtained with the "modified" Miller-Scalo IMF is 

(Sa) 

As will be discussed in Sect.III this SFR is too high and is - 2.6Ill()yr-1 if 

bimodal star formation is considered {see eq. 1 1) .  In the context of the 

principal topic of this workshop it is of interest to note that about 10% of 

all massive stars are formed in the central region R"0 .3kpc. 

We compare the above present-day SFR with the average SFR in 

the spiral arm region 

<t(t)) _1_ � 
(1-r) 7'01 sk 

(Sb) 

derived for a disk age Tdisk = l E l Oyr and a return rate of r = 0 .42 

{computed for the Miller-Scalo IMF) and obtain a ratio t(t0)!<t> = 1 -0.67 

with the above lower and upper limit of t{t0). Both average SFR <t> and 

"observed" present-day SFR t{t0) are shown in Fig.2a as function of galactic 

radius R. 

The result t{t0) - <t> does not agree with constraints imposed by 

the chemical evolution of the Galaxy. On the assumption that most of the 

enricl\ment of the ISM with elements heavier than 4He is due to the evolution 

of massive stars formed in the disk, Maeder {1981)  estimates for the solar 

vicinity a ratio t<to>l<t> = 0.3 1 .  Direct estimates of the SFR of all stars in 

the solar vicinity {see e.g. von Hoerner, 1 968; Miller and Scalo, 1978) yield 

for the "solar bin" {i.e. in the range of galactic radii % :1: 0.425kpc) 'Yo -

0 . 1 4  Inoyr- 1.  while <t> - 0.8moyr- • computed with eq.{5b) and t{t0) -

0.3moyr-• computed with eq.{3b). From this result we conclude that even the 

"J:D.odified" Miller-Scalo IMF still overestimates the total SFR required to 

produce a given Lye photon production rate. This conclusion can also be 

expressed differently, viz. that the Miller-Scalo IMF (and other IMFs as well) 

overestimate the total mass of a newly formed generation of stars relative to 

the mass contained in O stars. 
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3) Comparison with the evolution of a closed system 

To allow a simple analytical treatment of the evolution of the 

galactic disk by successive star formation we assume that all gas had been 

assembled in the disk when l E l Oyr ago the first generation of stars has 

formed. In a closed system the sum of the total mass of interstellar matter, 

MrsM• and of matter permanently locked up in low-mass and dead stars, M.., is 

constant at any time. 

(6a) 

To obtain an analytical expression for the change of the gas 

content with time it is necessary to adopt a relation between SFR and the 

amount of ISM available to be transformed into stars, for which we choose the 

rather general expression 

the 

t "' M�sM (6b) 

Combination of eqs. (6a and b) yields the well-known solutions for 

decrease of the gas content of the disk with time. { exp<-t/TI k=l !iI..s... = µ (t) Mo [l+ (k-l) t/T] l/ (l-k) k=l 
(6c) 

T is the timescale during which more than half of the original gas content of 

the disk has been permanently locked up in low mass and dead stars. Its 

meaning as a "star formation efficiency per unit time" becomes more 

transparent when we express the SFR "'1 in terms of µ and -r and thus obtain 

#MrsM = T-1 (µk-1/ (1-r) )  (6d) 

where the expression in brackets is constant for a given exponent k .  The left 

side of eq. (6d) multiplied with a time intervall is then the star formation 

efficiency. 

For a given star formation law (specified by the exponent k in eq. 

6b) the ratio .ppre/<.Y,> can be expressed as a function of µ = MrsM/M0, with 

.y,pre the SF.R 

.y,prect> 
<.Y,(t)) 

predicted by 

[ µlnµ-• 

µ-µk 
k-1 

the closed system model. 

k=l 
(6e) 

k=l 

Note that for a constant mass return rate r the same relation holds for the 

lockup rate dM,/dt. 

Substition in eq.(6e) of µ = 0.07 (from Table l )  and <"'1> = 7.6 

meYr-1 (from eq. 5b) predicts the following present-day SFRs for the spiral 

,, 
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arm region of the galactic disk: 

7.1 k=O 
ore . , n 1 .. _n . 'ljl' \t0i .1.v .n.-v.J 1.3 k=l mEJYr-• 0.43 k=2 (6f) 

Comparison with a present-day "observed" SFR of 1"<t0> = 

5.1-7 . 6moyr- • favours an exponent k which is close to zero corresponding to 

a constant SFR. Arguments against such a star formation law have been 

discussed previously. One might argue in favour of k>O that the effective disk 

age could be considerably shorter than l E l Oyr due to a gradual build-up of 

the disk, which would result in a retarded onset of star formation. But even 

if we introduce an appropriate scaling factor between "predicted" and 

"observed" SFR (which is equivalent to a decrease of r0; sk)• neither the 

model with k=O nor that with k= 1 (or still higher exponents) can actually 

reproduce the observed ratio 1"/<1">. This is demonstrated in Fig.2b where the 

"observed" ratio 1"(t0)/<1"> (Fig.2a) is compared with the corresponding ratio 

predicted for closed-system models with k=O (scaling factor 1 )  and k=l 

(scaling factor 5 . 1 ) ,  respectively. Obviously, the simple closed-system model 

needs some adjustment to obtain agreement between "predicted" and "observed" 

lockup rates. Bimodal star formation as introduced in Paper I for quite 

different reasons (viz. to explain galactic abundance gradients),  together with 

a star formation law with k=l ,  can also solve this problem, as shown in 

Sect.III. 

Figure 2 
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4) "Observed" gas masses and star formation rates in external galaxies 

The determination of total masses in our and in external galaxies 

is based in most cases on the galactic rotation curve. The ISM in galaxies 

consists of gas and dust, with dust accounting for a few percent of the total 

mass . The main constituents of the gas are H and 4He, whose relative 

abundance ratio is primarily determined by big bang nucleosynthesis. Atomic 

hydrogen is traced by the tt:\2 l cm line which is nearly always optically thin, 

allowing straight forward H-mass determinations. Molecular hydrogen on a 

global scale is traced by rotational transitions of the CO molecule, which in 

most cases are opaque. Empirical relations are applied to convert observed CO 

surface brightnesses into column densities of the usually optically thin (but 

therefore weaker and more difficult to observe) rare isotope molecule 1 3CO. 

The extrapolation of this calibration, derived for our galaxy, to external 

galaxies assumes that their molecular clouds are comparable in size and 

distribution to clouds in our Galaxy. This assumption is highly uncertain and 

could therefore introduce large errors in estimates of molecular hydrogen 

masses. 

Dust grains mixed with both atomic and molecular hydrogen absorb 

stellar light, get warmed up and reemit the absorbed energy as blackbody 

emission with a quasi Planck spectrum vmBv(T) which peaks at the wavelength 

Amaxfµm = 5100/(3/3+m).  The exponent m is determined by the wavelength 

dependence of the dust opacity and is m-2 for A"'1 00µm and -1.5 for 

100"'A/µIl)."'40. Dust heated by the general interstellar radiation field (ISRF) 

attains values of -20-25K in the diffuse ISM and -14K in molecular clouds, 

corresponding to spectral peaks in the wavelength range A-100-200µm. Typical 

observed IR spectra of star forming galaxies, however, are double-peaked 

(Fig.3)  indicating that one deals with two dust components of quite different 

temperatures. The first peak at submm wavelengths relates to cold dust 

heated by the general ISRF which is associated with the bulk of the neutral 

ISM . The second peak at shorter wavelengths arises from warm dust (Twd,.3QK) . 

Model computations (Cox et al., 1 986)  have shown that only OB stars, which 

are still surrounded by dense dust shells, contribute significantly to this (wd) 

emission. 

.. 



12 

Sv I 
Uy! 
100 

10 

1000 

P. G. MEZGER 

Figure 3 

I 
100 A [µml 10 

Fig. 3: Typical observed dust emission spectra of spiral galaxies (Chinl 
et al., 1986), decomposed into contributions from cold and warm dust. 

The possibility of a simple separation of observed IR/submm 

spectra into contributions from warm and cold dust allows to determine both 

the total mass of the ISM and the rate of massive star formation of a galaxy 

in a rather straight forward procedure. L't'� and hence the massive SFR is in 

most cases determined with sufficient accuracy by flux densities in the IRAS 

;\lQOµm and ;\6Qµm bands. The submm flux densities at ;\�350µm, on the other 

hand, are usually dominated by cold dust emission. Integrated flux densities 

of external galaxies at ;\l300µm can be best obtained with small telescopes.  

At this wavelength Bv(Ted) .. Ted (i.e. the Raleigh-Jeans approximation can be 

applied) and the optical depth is always .,-1 300 « 1. With D the distance of 

the galaxy the mass of both atomic and molecular hydrogen can then be 

estimated with the relation 

n2 S MH "' 'ago (7) 
a

" Ted 
1 300 

where a�300 = T1300/ [N(H)+N(H2)]. the dust absorption cross section per H 

atom, ls known with an estimated uncertainty of about a factor of -2 (see 

Mezger et al . ,  1987) .  

The Lye photon production rate Ntye i s  the appropriate quantity 

for quantitative estimates of SFRs. Attempts to separate synchroton and 
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free-free emission in the radiospectrum o f  external galaxies were, however, 

with few exceptions not successful, since synchroton emission still dominates 

at longer mm wavelengths and dust emission starts to dominate at X"' l .3mm. 

The warm dust luminosity L'fM. on the other hand, can be obtained from IRAS 

observations and can be converted into SFR by means of eq. (4b) .  One has to 

be aware of the fact, however, that this is an empirical relation which has 

been calibrated with NLyc and L'f'M from our Galaxy. Even more important is to 

realize that free-free and (wd) emission relate to O and OB stars, 

respectively, which account for only -10-30% of the total mass of a newly 

formed generation of stars. Therefore, the bulk of the mass in "observed" SFRs 

and lockup rates is inferred via an IMF. 

12 - +Sb 
• Sc 

I Fig. 4 I 
o SB, PEL, UNIDENTIFIEO 
® GALAXY 11-

10 -
9- + / / �+ I 

+ -· -+ + / 'l,.'j" 
/ ®+ • + 

I 10 

I I 
0 / / -3 / / /. 

I I 11 log MgfM0 12 

- 2 
- 1 

Fig. 4: The diagram shows for 26 IRAS galaxies warm dust luminosities 
(left ordinate) vs. total gas content. The SFR (right ordinate) has been 
computed with eq. (4b), the gas mass with eq. (7) (from Chini et al., 1986). 

Fig. 4 is a diagram from Chini et al. ( 1 986) where Lwd vs MH is 

plotted for 26 IRAS galaxies. MH is determined from S1 300 with eq. ( 7 ) .  We 

find a linear relationship between Lwd and MH over three decades. Star burst 

galaxies like M82 and NGC253,  on the other hand, combine low gas content 

with high (wd) luminosity and thus occupy the upper left corner of this 

diagram. They are not shown in this diagram. 

Note, however, that the linear relation between 'tf and M1 SM for a 

sample of galaxies is not necessarily equivalent with a linear relationship 'tf "' 
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MrsM• i .e .  an exponent k=l in eq. (6b). If k=O but the star formation efficiency 

per unit time T were constant, all galaxies today would also have the same 

reiaLive gas content µ = ( i-t0/Ti .  

III. Bimodal star formation 

1) The concept of spontaneous and induced star formation 

Bimodal star formation means that the births of low and high mass 

stars involve separate mechanisms. This possibility has first been suggested 

in two review papers by Herbig (1962) and Mezger and Smith ( 1 977) and was 

put into a quantitative form by Glisten and Mezger (19S3; Paper I) to explain 

the origin of galactic abundance gradients. Since then bimodal star formation 

has offered explanations to a number of open questions in galactic evolution 

(see, e.g.  the review by Shuh et al . ,  19S7). 

We discriminate between induced star formation (triggered by some 

external events such as a sudden compression of the ISM by shock fronts, or 

the formation of GMCs when the gas flows through spiral arms) and 

spontaneous star formation in quiescent molecular clouds (in our Galaxy e.g.in 

the interarm region). We assume that in both cases the functional dependence 

of the IMF on stellar mass is the same, but that the IMF for induced star 

formation terminates at a critical stellar mass ffic - 3mo, while the IMF for 

spontaneous star formation extends to mL - O. lmo. It is shown (Mezger, 1 9S5;  

hereafter referred to as Paper II) that in the case of induced star formation 

eqs. (3b) and (4b) are reduced by a factor 

[1 -t.(mcll = O.SO m(!0·4 - 0.23 (Sa) 

valid for l"mc/mo"6. With me = 3mo as suggested for induced star formation 

[ l -t.(mc=3moll = 0.29 and 

'Ytind = [1-t.(mcll'.Pspon = 0.29 'Ytspon (Sb) 

This means that - compared with spontaneous star formation - only - 1/3 of 

the mass of ISM must be converted into stars to sustain a given Lye photon 

production rate N Lye or (wd) luminosity Lwd, respectively. A similar reduction 

is obtained for the fraction of matter of a newly formed generation of stars 

which gets permanently locked up in low-mass and dead stars. This fraction 

is (Paper II) 

(1-r)ind = (0. 1 36m(!1•4 + O.OOS) [l -l>(ffic)]-1 = 0 .13 

= 0.22 (1-r)spon 

with (1-r)spon = 0. 5S. The bimodal lockup rate 

ind spon rdM*l = (l-r) ind 'Ytind = 6_4 10-2 rdM*l 

(9a) 

{9b) 
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amounts t o  only -6% o f  the lockup rate i n  the case o f  spontaneous star 

formation. 

2. Bimodal star formation in the galactic disk 

Bimodal star formation applied to the galactic disk means that 

induced star formation occurs in spiral arms and spontaneous star formation 

occurs in the interarm region (Paper 
'
and references therein) .  Since 

observations indicate that massive stars form in dense molecular clouds we 

make the plausible assumption that the spontaneous OB SFR has a power-law 

dependence on the mass of molecular hydrogen, M(H2 ), and that the induced 

SFR is proportional to both M(H,) and the relative velocity R(oR-oP) with 

which the ISM flows through the spiral arms. This leads to a formation law of 

massive stars of the form 

(10) 

with 

the ratio of induced to spontaneous star formation at the solar circle, for 

which observations suggest oc = 1 (Paper I ) .  v(R) = (oR-Op/(00-0p) is the 

normalized relative flow speed, for which a numerical expression is given in 

Paper I. There and in Paper II is also shown that k=l in eq. ( 1 0) yields a good 

fit between the OB SFR -¥i08(R) oc NLyc and M(H,) .  The ratio oc=l implies that 

in our Galaxy -2/3 of all O stars are formed in spiral arms via induced star 

formation. 

Expressions for bimodal IMF, SFR and lockup rate are given in 

Paper II, eqs. (9a - 1 2b) together with "observed" SFRs and lockup rates for 

the case of bimodal star formation. This latter quantity, as taken from column 

( 1 0 ) ,  Table 1 of Paper II, but reduced by a factor 2 .7/4 = 0.68 to account for 

the "modified" Miller-Scalo IMF, is shown as solid curve in Fig .5 .  The bimodal 

SFR for the spiral arm region of the galactic disk is 

'¥'bm(t0) - 2 . 6mc:iyr-1 ( 1 1 )  

and thus is ·by about a factor of 2 lower than the SFR estimated for a 

constant IMF which extends from O. l -60ffic:> (see eq. Sa) . 

, 



16  

C> --
-
"'C 
........... * 
L 
"C 

0.4 

0.2 

Figure 5 

--- obs,bm 
-- ---- pred,K=1 

2 4 6 
GALACTIC RADIUS R 

P. G. MEZGER 

8 
in kpc 

Fig. 5: Comparison of the lockup rate for bimodal star formation (obs, 
bm) with that predicted for a closed system with k=l (see text). 

The dashed curve in Fig.5 is the lockup rate predicted by eq.(6e) for the 

closed system with k=l and for values µ as given in the diagram Fig. lb. The 

quantitative agreement between the lockup rate predicted by this simple model 

and the "observed" lockup rate derived for a bimodal IMF appears at first 

sight amazing. The explanation, however, is given by eq. (9b) which tells us 

that for mc = 3m0 the lockup rate for induced star formation amounts to only 

-6% of the lockup rate for spontaneous star formation. Hence, to a first 

approximation, it is only spontaneous star formation in the interarm region 

which contributes to the lockup rate, so that the amplification factor 

[l+cxv(R)] in eq.(1 0) due to induced star formation can be neglected. This 

means that in the spiral arm region of the galactic disk, where molecular 

hydrogen is the dominant component of the ISM 

(
dM*r 
dt (:�* ron 

"'M(H2l - M ISM (12) 

which corresponds to a star formation law (eq.6b) with k=l and star formation 

in a closed system model. This fact explains the quantitative agreement 

between bimodal lockup rate (d�/dt)0bs,bm and lockup rate predicted by the 

closed system model with k= l ,  (dM .. /dt)Pred = (µlnµ-1) M0(R)/To;sk• shown in 

Fig.5.  In a qualitative way one can state that in the case of spatial bimodal 

star formation the induced formation of massive stars in spiral arms appears 

like a (compared to the galactic rotation time) short firework, whose ashes is 

returned to the ISM within a short time in form of gas enriched with heavy 
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elements. Only a small fraction of the mass of ISM transformed into stars, viz. 

-13%,  remains permantly locked up in stellar remnants. In the interarm 

regions, on the other hand, about equal amounts of the mass of ISM 

transformed into stars are returned "instantaneously" to the interstellar space 

or permanently locked up in low mass and dead stars. Hence it is spontaneous 

star formation in the interarm region that accounts for the present-day 

stellar mass distribution in the galactic disk, while induced star formation in 

spiral arms is primarily responsible for the chemical evolution of the disk. 

The bimodal IMF should have a secondary maximum at m - me and 

indications of such a secondary maximum are in fact found in the mass range 

m - (1-2)111(:) (Scalo, 1 986). 

3 .) Efficiency of star formation 

Efficiency of star formation is defined as the fraction of the mass 

of e .g. a molecular cloud which is transformed into stars. With M01 the total 

mass of the cloud, t(t) its SFR at the time t and Tc 1 the lifetime of the 

cloud the star formation efficiency is 

'T 
-1 fcl " = M t(t) dt c I 

0 

(12a) 

If the SFR is proportional to the mass of ISM available to be transformed into 

stars (i.e. if k=l in eq.(6b)), " is independent of time (see eq. 6d) and is 

£ - 't(t0) T01/M01 ( 1 2b) 

as long as £«1 .  With X(H)-1 M(H,) - 2 . 1 E9111(:) (Table 1 and X(H) - 0.7) and 

t(t0) - 2.6 lll(:)Yr-1 (eq. 1 1) the average star formation efficieny is 

£ - 1 0--4 'Tel - (1 - 10)% 

for estimated cloud lifetimes ranging from T01 -(1 E7-1 E8) yr. 

4) Relevance for star burst galaxies 

( 12c) 

During a star burst the SFR t(t0) (at least of massive stars) is 

considerably higher than the average SFR<t>. A starburst is probably 

triggered by some large scale effects such as encounters or interactions with 

other galaxies. In analogy with star formation in spiral arms it appears 

plausible to assume that most of the starburst would result in induced star 

formation, with an IMF which terminates at a critical mass me. In this case 

the relation eq.(4b) between t and (wd) luminosity becomes 

tind = 1 .3 10-9 L'l'" [l -A(mc)l ( 1 3a) 

where eq.(8a) yields a numerical expression for [ 1-A(ffic )]. The corresponding 
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lockup rate is given by (eqs. 9a and b) . For 1Ilc=3mo we obtain 

>"ind = 3 .8  1 0-10 L'f� 

and 

ind [dM*] = 3. 7 10-11 Lwd dt IR 

( 1 3b) 

(13c) 

The highest IR luminosities observed by IRAS are Lrn - 1 El 2L0. If they are 

due to
. 

warm dust emission powered by massive stars m"'3lll() a SFR of 1'; nd -

380ffi0yr-• and a lockup rate of - 37ffi0yr-• would be enough to sustain this 

luminosity. This are relatively modest rates compared to the corresponding 

rates in the case of spontaneous star formation, which are 1 300ffi0yr-• and 

754 ffi0Yr- •, respectively. 
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The mass-radius-velocity dispersion relations observed among the members o f  cool 
molecular complexes is interpreted in terms of fragmentation at the gravitational instability 
threshold in a roughly constant pressure environment. The mass range of the self-similar 
fragmentation hierarchy is governed by the thermal instability thresholds. Using a,realistic 
equation of state, the gravitational stability of thermally stable clumps is analyzed as a 
function of both the local gas pressure and extinction of the mean interstellar radiation 
field. 
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1. Introduction 
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with the square of their radii1>•2),a). In the range 100 M0 - 107 M0 , the molecular gas 
is distributed in a self- similar hierarchy of smaller and denser substructures, each one 
obeying the scaling laws M ex  R2 , 6.v ex R112 ex M114 • But this hierarchy breaks down at 
the level of several 100 M0 : less massive clouds only exhibit small dense cores containing 
about 10 percent of the total mass2),4). 

Both thermal and gravitational instability play a major role in the formation of molec
ular clouds from hot, cooling interstellar gas. The mass of the largest complexes is about 
the Jeans mass for T � 104 K, while the self-similar hierarchy breaks down at about the 
critical mass of a medium which has just recovered thermal stability. From the analysis 
of the equation of state of molecular gas5»6l , it turns out that the threshpld of thermal 
instability is T. � 90 K. The limiting mass of thermally stable self-gravitating molecular 
clouds is M � 100 M0 . 

Thus we are led to distinguish between: 
- the formation and the fragmentation of massive structures (M > 100 M0 ) from hot 

and thermally unstable gas, and 
- the gravitational stability of less massive clouds and dense cores which have recovered 

thermal stability. 
Fig.1 shows, in the mass-radius plane, the location of gravitational and thermal in

stability thresholds. 

Fig. 1. The approximate stability domain of molecular clumps, limited by gravitational and thermal 
instability. The region is bounded by self-gra.vitating structures at the threshold temperature of thermal 
insta bility (T,,.92 K) and, on the left-hand side (straight line of slope 2), by gravitational instability in 

a. Po = 3000 Kcmm-3 pervasive tnedimn. S111all dense cores are nearly isothermal (T=l0-15 K} and 
experience 1nuch larger surface pressure. The relevant gravitational threshold is the straight line of slope 2. 
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2 .  Gravitational instability in a hot cooling gas . .  

We assume that the mean pressure of the interstellar gas i s  regulated at large scale by 
some specific mechanisms -such as supernovae explosions7l . Furthermore, we suppose, as 
usual, that thermal instability develops at roughly constant pressure Po =:: Po/k, where k is 
the Boltzman constant. From dimensional considerations, one can conclude that the mass
radius relation of the gravitational critical masses in a constant pressure environment is 
M ex R 2 . Consequently, the internal velocity dispersion scales as f:..v ex £1/2 ex M114 .  The 
actual normalizations depends upon the gas equation of state and the ambient pressure 

Po . 
More precisely, it can be shown3l that the family of the critical self-gravitating 

poytropic gas spheres is characterized by the scaling: 

( n + 1 ) 112 ( p0 ) 112 
2 M. = 871"-- - R 

n - 3  G (1 ) 
where n is the polytropic index. (Pressure limited polytropic spheres with 0 < n s; 3 are 
unconditionally stable against poytropic perturbations, but are unstable if -1 < n s; 0) . 

A similar result can be obtained from the traditional Jeans analysis of gravitational 
stability. One can note in this respect that the definition of the Jeans length supposes a 
static ( infinite) medium. We have shown elsewhere8l that introducing the infall velocity 
gradients which develops in a collapsing medium only diminishes the Jeans length by a 
negligible factor. 

Accordingly, Eq. (1 ) adequately represents the mass-radius relation among the critical 
self-gravitating condensations in a cooling medium. The internal velocity dispersion in a 
critical cloud (assumed hereinafter to be isothermal for simplicity) is: 

_f:.._v = 0.60 ( Po ) 1/4 (_!!___). 1/2 = 0.2 1  ( Po ) 1/8 (__!!___) 1/4 
1 kms-1  3800 Kcm-3 1 pc 3800 Kcm-3 1 M0 

(2) 
These relations depends rather weakly upon the ambient pressure. 

An interesting feature is that the total proton column density across it any critical 
cloud is a constant. Numerically, we have: 

= 4. 1020 87r 
n__ f.LH }.JH ( + 1 ) 1/2 

l cm-2 n - 3  l amu 
( - ) 1/2  

3800 �;cm-3 
(3) 

For an isothermal cloud, adopting9l NH/Av = 1.55 1021cm- 2mag - 1 and f.LH = 1.3 amu, 
the extinction at the center of a critical cloud is Ave = 1 mag . 
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We suggest that efficient fragmentation should occur in clouds at, or near gravitational 
instability. Fragmentation may be triggered by the dynamical cooling instability which 
dev..::lops ill the range 8000 K ::=; T :::; iOO K where thermai baiance is not equiiibrated lO) . 
Moreover, the transition from the atomic to the H2 molecular gas phase which occurs in 
regions with1 1 l  Av = 1 mag implies strong UV shielding and thus further destabilization 
of the thermal balance. 

__M_ 
1 0

6
.-��-,--,����-.--��������� 

J M ., 

10 

0.1 10 100 

_B._ l pc 

Fig. 2. The IU�tss-radius relation among molecular clouds. a) Equat.iou ( 1 )  with f>u = 3800 l{cin- ·3 
and f3 = ! . ,  L) with f3 "." 1 . 5 .  
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Further cooling can trigger the formation of a hierarchy of fragments of decreasing 
masses and increasing densities (nH ex R- 1 ). If the filling factor of fragments is small, as 
observed2l•12l ,  the ambient medium can efficiently pervade the interclump space, so that 
the hierarchy of the critical masses develops according to Eq. (1 )  at the typical interstellar 
medium pressure (Po � 3800 Kcm-3 ) , down to 100 M0 . 

After each fragmentation stage, (i.e. at each level of the hierarchy) , violent relaxation 
of the fragments results in a quasistatic virial equilibrium state with a radius Rvir in the 
range3l R. /2 :::; Rvir :::; 0.86 R • .  This process preserves the scaling laws Eqs. (1 )  and (2) , 
which have then to be renormalized. Adopting a contraction factor /3 = R. / Rvir = 1.5, 
the relaxed configurations obey the relations: 

M 
-� = 140 
1 M0 

(Rvir ) 2 
1 pc 

b.v = 0.20 (�) 114 
= 0.68 (_!!:___) l/Z 

1 kms- 1  1 M0 1 pc 

(4) 

(5) 

The internal kinetic energy of the parent homogeneous structures has been converted in 
part into kinetic energy of the macroscopic mass motion of the relaxed fragments. 

Fig. 3 Fig. 4 

Fig. 3. The relation between the mass and t.he internal velocity dispersion for the sample represented 

on Fig. 1. Same conventions as for Fig. 2. 
Fig. 4. The relation between the radius and velocity dispersion for the sample of Fig. 2. Same 

conventions as in Fig. 2. 

, 
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3 .  Gravitational stability of thermally stable gas 

V'./e turn now to the study uf tht:t1na.Hy :stable gas, which, a priori, is packed into 
clouds of � 100 M0. The gravitational stability of molecular clumps depends crucially 
upon the equation of state. It can be investigated <l) in terms of the local pressure (or the 
pressure P8 at the surface of a clump) and of the local intensity of the interstellar radiation 
field (or the extinction Av8 at the surface) . These quantities are subject to large variations 
inside a cloud. 

As expected, the critical mass decreases as: 
- the local pressure P. increases, and, 
- the local extinction Av. increases. 
The critical surface M. = M. (P8 , Av8 )  is reproduced on fig. 5.  

/ 
/ 

/ 
Av, 

100 1<1. 

it-�,--'�---,�--''--�-"---"--��-- P. 105 107 Avs =-10 

Fig. 5. Thermally stable molecular clumps. The locus of the gravitational limiting masses in the 
(M, P, , Av,) plane is repreBented by the surface envelop� of the dashed lines. Each thick curve represents 
t.he mass of stable clumps with a given central density (log nHc=2.(1 .JG. from the left to the right of the 
figure. ClumpB with nHc = 102cm-3 are only reported for Av, = 0 and 0 . 1  mag.) 
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The maximum mass of a self-gravitating cloud (ignoring turbulence, magnetic fields 

and embedded young stars) is Mo = 100 Me. This corresponds to the mass termination 

of the hierarchy of fragmented clouds. In practice, this is the limiting mass of unshielded 

molecular clouds, with surface pressure Po = 3000 - 4000 Kcm-3. 

The mean extinction inside a molecular complex is about Av = 1 - 2 mag, (Eq.(3)) .  
Assuming an intercloud pressure inside the complex of the same order as above, ,the critical 

mass drops to 5 - 7 Me. In much more shielded regions, Av 2 10 mag, the critical mass is 

always less than 2 M0 , and steeply decreases in regions where the pressure field is in excess 

of 105 K cm -3.  Such masses and local conditions are typical of the low mass molecular 

cores4> , found in quasistatic molecular clouds. 

4. Conclusion 

The self-similar fragmented structure of cool molecular clouds, observed in the range 
100 M0 :<::::: M :<::::: 107 M0 , can be interpreted in terms of fragmentation at the threshold 
of gravitational instability of thermally instable gas, cooling down at roughly constant 
pressure. 

The completion of the fragmentation mechanism is essentially achieved when the gas 
recovers thermal stability at T � 90K. The critical mass is then Mo � 100 M0 . Clouds 
in this mass range are then the basic components of the hierarchy. 

Self-shielding among the members of a molecular complex can induce the formation 
of dense molecular cores (M :<::::: 2 M0 ) inside individual clouds. 
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Many observational facts which indicate a different picture of the 
interstellar medium from the McKee-Ostriker's three-phase model are 
accumulated in this decade. Based upon the sequential star formation model 
in molecular clouds the gigantic superbubbles are formed by sequential 
supernova explosions. Such superbubbles stand perpendicular to the disk 
like chimneys and the hot gas can go up to the halo like smoke in 
chimneys. About one thousand of chimneys smoke in a galaxy along the 
spiral arms. At the interarm region the classical two-phase model is 
preferable. Here, several observational evidences for this picture are 
presented, and some implications to the evolution of galaxies are discussed. 
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1 .  Introduction 

Almost two decades have passed after Spitzer IJ summarized the 

fundamental processes in the interstellar medium (ISM). In that book, he 

presented a picture that the standard HI clouds are confined by pressure 

of ambient pervasive medium. This picture is formulated and confirmed by 

Field, Goldsmith and Habing 2l by examining the thermal processes in ISM. 

This picture should be modified by the discoveries of hot gas 

component. One is the discovery of diffuse soft X-ray background due to 

the thermal emission of hot gas with the temperature �106 K 3J . Another 

discovery is the absorption lines in the UV wavelength due to highly ionized 

ions like OVI 4J .  I f  they are collisionally ionized the gas tempera t u  re 

should be several times 105 K, which is a little lower than that of the X-ray 

emitting gas. Since the column density of OVI ions increases with the 

distance to the UV source these ions are thought to be interstellar in 

origin 5l. 
Since the cooling time of these hot gas components is less than 

106 years, some continuous bulk heating process is necessiated in order to 

maintain them. This means that the dynamical and thermal state of ISM is 

not static but dynamically stirred. 

McKee and Ostriker 5J ( hereafter referred as MO ) presented a 

revolutionary model of ISM, in which the hot gas component with 

Th � 5 x 1 05 K and nh � 3 x 10-3 atoms cm-3 occupies a large fraction of the 

volume, and both the cold clouds and the surrounding warm ionized gas are 

confined by this pervasive hot gas. These three gas components can not 

be in the static equilibrium locally, but can be in the mass and pressure 

balance globally. From this view, MO formulated the three-phase model of 

ISM. Ikeuchi et al .  ?J tried to calculate the time variation of each 

component by considering the mutual exchange processes driven by supernova 

remnants. Their conclusion is that both the two-phase model and 

three-phase model are right. The structure of ISM is determined by two 

parameters, the supernova explosion rate, S, and the total gas density, 

n. As is easily understood, in the low S and/or high n case the two-phase 

sturcture arises, and in the high S and/or low n case the three-phase 

structure dominates. 

However, in this decade many observational facts have been 

accumulated, which seem to indicate a different picture of ISM from this MO 

model. Here, I propose a new picture which is called CHIMNEY MODEL as is 

seen in the later. Firstly, I summarize several observational evidences 

for this picture, and then present a rough sketch of it. 
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2. New Observational Facts 

2.1. Evidences for the Chimneys Model 

(a) Superbubbles 

Cash et al. 8) have discovered an extended X-ray ( 0.1 � 0.6 keV ) 

emitting shell with the size � 450 pc in the Cygnus region. They called 

this a superbubble and indicated similar candidates in the Orion-Eridanus 

region and the Gum nebula. In the former, the X-ray emission is also 

confirmed and an extended HI and Ha loops with the size � 250 pc are 

reported 9l . 10l . From the X-ray spectrum the gas temperature is estimated 

to be several times 106 K at the shells. In addition to this, the probable 

detection of hard X-ray flux at the Cygnus superbubble is reported by TENMA 

( Koyama 1986, private communication ) .  Since t h e  iron lines at 6.7 keV 

is clearly recognized in the spectrum, the presence of hot gas with the 

temperature �108 K is highly expected. Such a high temperature suggests 

the energy input within 103-4 years, which are much shorter than the age of 

the Cygnus superbubble. The continuous energy supply in the superbubble 

occurs even now. 

(b) Supershells 

Heiles ll). l2) have discovered many shells, loops, arcs and filaments 

by the HI 21 cm lines. He reported about 50 clouds with the size 100 pc 

to 3 kpc (supershells) ,  and some of them are now expanding and others are 

stationary. In the filtered pictures for enhancing the small structures, 

the HI clouds look like worms which crawl out from the disk. These worms 

and supershells may be originated in multiple supernovae and/or superbubble 

phenomena. It is confirmed that the geometrical center of a supershell 

corresponds to the Cygnus OB association, which is the energy source of 

the Cygnus superbubble. It suggests that the cold HI components are 

expelled from the disk due to the dynamical processes at OB associations. 

(c) GMC/OB Association/HU Region/HI Loop 

In three candidates of superbubbles, all set of population I 

objects, giant molecular cloud, OB association, HII region and HI loop, 

coexist. Some of them like the Cygnus region and the Orion-Eridanus region 

associate with supernova remnants, X-ray superbubbles and pulsars. All 

these facts indicate the sequential star formartion as well as active energy 

ejection by stellar winds and/or supernovae. Tomisaka et al. 13) showed that 

the superbubbles with the size 300 � 1000 pc can be formed if the sequential 
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supernova explosions occur every 105 y during the lifetime of a giant 

molecular cloud, 1 - 2 x 107 y. Further. if such sequential explosions occur 

in  the plane stratified medium like the Milky Way the superbubble 

predominantly expands to the halo region like the cylinder perpendicular to 

the disk as shown by Tomisaka and Ikeuchi � ( hereafter referred as 

TI ).  The HI chimney with the height 1 kpc grows up from the disk and 

the hot gas goes up through the chimney to the halo. 

2.2. Observations of New Hot Gas Component 

(a) X-ray Ridge 

According to McKee and Ostriker 6) the temperature of hot gas 

prevailing 

EXOSAT 15l 
� 107 K, 

over the disk is, at most, 1 06 K. Recent observations by 

and TENMA 16) indicate the presence of hotter gas component than 

and this X-ray emitting region extends smoothly like a 

ridge. Such a high temperature gas can not be in  a diffuse form because 

it promptly escapes from the disk. The z-distribution of X-ray flux shows 

the confinement to the disk like the population I objects. This denotes 

the X-ray emitting sources to be a number of population I sources. Since 

the fluctuation of X-ray intensities to different directions is small, the 

number of sources in a line of sight should be greater than 

1 0  m. Koyama, Ikeuchi and Tomisaka 18) examined the possibility that the 

X-ray ridge is originated in many supernova remnants younger than 1 04 y, 

and concluded that the supernova explosion rate must be higher than 0.1 SN 

per year, which seems to be too high. This may suggest that the supernova 

explosion does not occur randomly but correlatedly like the superbubble 

model by TI. 

(b) Highly Ionized Ions in the Galactic Halo 

Analyzing the absorption lines in the halo stars the properties of 

the galactic gas halo have been studied by using the IUE satellite. Savage 

and Massa 19) summarized the observational data covering nine years. The 

clear conclusion is that the detection of CIV, SiIV and NV absorptions due 

to the diffuse halo gas 

temperature higher than, 

z � 2 � 3 kpc. Although 

confirms the presence of the 

at least, several x 104 K at 

the relative importance 

gas with the 

the height 

between the 

photo-ionization and the collisional ionization is not made clear, both 

processes seem to work comparably in order to explain the abundances of 

highly ionized ions 20J . This means that the hot gas supplied from the disk 

to the halo contributes to the absorption. 
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(c) Halo Clouds 

The halo gas supplied from the disk is cooled within 107 y and 

returns back to the disk as clouds 2n. 22l . Such a fountain model is 

supported by observations of halo clouds with the positive and negative 

velocity. van Woerden et al. 23l compared the velocity distributions of halo 

clouds in the sky with those predicted by Bregman 21), and confirmed that 

the velocity pattern agrees with each other. Although it is necessary to 

reexamine the Yoyo model by Bregman because it seems to be unnatural, the 

overall behavior of halo clouds can be reproduced by the fountain model. 

The above three facts strongly claim that the hot gas formed at 

the OB associations inevitably escapes from the disk to the halo through 

chimneys. 

2.3. HI Holes in M31 

Brinks and Bajaja 24) have presented an interesting result of their 

detailed HI survey of M31. They found many HI holes with the size 100 pc 

to 1 kpc, lining up on the disk plane. If we observe the HI chimneys from 

outside of our Galaxy, the orifices of chimneys can be seen as HI holes. Of 

course, the inclination of the disk plane to the line of sight and also the 

inclination of chimneys to the disk lead to various elliptical figures of HI 

holes. It will be interesting to compare the distributions of HII regions, 

continuum radio contours and X-ray sources. 

2.4. Big Halos around Distant Galaxies 

The absorption line systems in quasars are originated in the 

intervening materials between quasars and us. Especially, the narrow 

metallic-line systems are thought to be due to the gas in the halo around 

distant galaxies. This is confirmed by Bergeron 25) by discovering the 

galaxy with the emission lines at the same redshift as the MgII absorption 

line. In this case, the extension of the halo gas with MgII ions is about 

60 kpc because the line of sight to the quasar runs at this distance from 

the disk. The CIV systems are not directly confirmed as galactic halos like 

MgII syste, but the two-point correlation of CIV systems shows the similar 

behavior to galaxies 26) . Therefore, we may consider the CIV systems to be 

originated in galaxtic halos. The observed frequency of them indicates 

the average radius of distant galaxies at z � 2.0 to be � 90 kpc. Then, 

we may imagine that the galactic halos shrink from the past. 

, 
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3. Chimney Model of ISM 

3.1. Bunched Supernova Explosions 

As shown by Tomisaka et al. !4) the average time interval of 

supernova explosions in an OB association is to be 

TOB N 2 x 105 y. (1) 

Considering that the lifetime of an OB association is (2-4) x 107 y the 

expected total number of supernovae is NsN N (1-2) x 100 '2:7J. If we supose 

the lifetime of a superbubble is tss N 107 y the expected number of 

superbubbles in our galaxy is NssNNos/(2-4) N 1000, where Nos is the total 

number of OB associations N 3000 28l. As a result the formation rate of 

superbubbles is estimated as 

(2) 

The expansion law of a superbubble for -ros N 2 x 105 y is 

approximated as l3J 

Rss = 64.3 na -025 
t5°·43 pc, (3) 

where na and t5 are the average gas density at the disk and the age of 

the superbubble in units of 106 y. Then, the probability that an arbitrary 

point in the disk is inside a superbubble with the radius smaller than 

Rss("' t�) is given by 

(4) 

where ri is 0.43 and RG is the radius of the disk. 

On the other hand, the upward motion of the superbubble is also 

approximated by equation (1) in the deceleration phase, t < tcrit> if we replace 

na by the gas density n at the front of the shock wave ( TI ), i.e., 

zss N 64.3 ( n (zss) J-o·26 t5°·43 pc. (5) 
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At the critical time, tcrit. the upward motion of the shock wave changes to 

acceleration, 

(il ln zss/o ln t) > 1 at t > tcrit. (6) 

due to the density stratification. In this acceleration phase, the expansion 

within disk is limited, and the superbubble predominantly grows up to the 

halo. 

3.2. Chimneys 

Within the chimney the hot gas 

the temperature Tse > 3 x 107 K rises. 

superbubble is 

with the density nss < 10-3 cm-3 and 

The total X-ray flux from a 

(7) 

The total X-ray flux from N103 chimneys is Lx N 103lx N 3 x 1037 erg s-1, which 

is a little smaller than the flux of X-ray ridge. Since the space density 

of chimneys is N N 103 /7r(RG)2(300pc) N 108 pc-3, this is larger than the lower 

limit determined from the regularity of X-ray intensity of the ridge m .  
The energy deposited i n  a chimney i s  the order o f  N 3 x 1051 erg 

in the thermal and kinetic energy, respectively ( TI) .  

supply rate from the disk t o  halo is 

Therefore, the energy 

(8) 

On the other hand, the gas supply rate to the halo through chimneys is 

(9) 

where <v> is the average rising velocity of hot gas. The scale height of 

hot gas in the halo is Hh N 3 kpc, and the dynamical time of the gas to this 

height is td N Hh/ <v> N 1.5 x 107 y. The average gas density in this region 

is 

33 
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(10) 

The cooling time of the halo gas with the temperature Th � 105 K is 

(11)  

which is comparable to td. Therefore, once the gas rises to Hh it returns 

to the disk after td with the negative velocity � (1 -2) x 1 02 km s-1. In this 

way, we can expect the large scale circulation of the gas through the 

galactic halo. The exact motion of the gas in the halo has not been made 

clear till now, because the rotation law of the halo is not known. 

3.3. Global Picture 

The raw woods of chimneys are giant molecular clouds, and they 

are fired as OB associations. The UV flux and energetic winds ionize the 

clouds ( HII regions ), and due to the chain explosions of supernovae a big 

chimney is formed with the dense cold wall ( HI and H2 gas ) and the hot 

gas. The hot gas goes up to the halo through this chimney, and the average 

height of hot halo gas is several kiloparsecs. After (2-3) x 107 years, this 

halo gas cools and returns back to the disk as clouds. Then, the gas 

circulation time will be (3-5) x 107 years. 

The number of chimneys in a galaxy will be � 1 03, and they stand 

along the spiral arms because the giant molecular clouds are predominantly 

accumulated ( or formed ) at the arm regions. The direction of chimneys 

depends upon the original height of molecular clouds at the disk, the upper 

side or the lower side. The chimney walls with the height � lkpc are seen 

like worms crawling out from the disk 12l. 
The above picture is described by using the following 

metaphor. The factories with chimneys are lined up along the arms, and 

the smoke of hot gas is puffed up from chimneys. In this gas, the metal 

would be abundant because many supernovae contribute. Such a polluted 

gas is injected to the halo, and it infalls to the disk like the smoky air with 

dusts. This global picture resembles to the problem of pollution at the 

industrial city. 
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4. Implications 

4.1. Gas Circulation 

In this picture, the large scale circulation of the gas through 

the halo occurs with the timescale � (3-5) x 107 years. This will bring 

two problems. One is the mixing of heavy elements between the halo and 

disk, and within the disk itself. Therefore, it makes the gradient of metal 

abundance small. It should be made clear whether the observed gradient 

of metal abundances is consistent with this mixing or not. In order to 

examine this problem, we must follow the motion of rising hot gas and 

infalling cold clouds exactly. 

4.2. Galactic Dynamo 

The toroidal magnetic field is wound up by the differential 

rotation. This field is considered frozen in to the hot gas. Therefore, 

the wound-up magnetic field is enforced to go up to the halo by 

superbubbles. The reconnection will occur at the halo, and the cut off 

field escapes from the galaxy. In this way, the steady magnetic field is 

maintained. This process is similar to the classical aw-dynamo, but in the 

present picture the strengthened part of magnetic field is enforced to lift 

by the high pressure gas produced by sequential supernova 

explosions. Therefore, the dynamo action will be very efficient. It is 

worthwhile to examine this galactic dynamo. 

4.3. Propagation of Cosmic Rays 

The gas motion between the disk and halo is convective through 

the chimneys as rising hot gas and infalling cold clouds. The cosmic rays 

are also associated with these large scale gas motion. The leaky box model 

is naturally prepared in the present picture. The leaky holes just 

correspond to the chimneys. The scale length of convective motion would 

be Hh � 3 kpc. Till now the propagation of cosmic rays in the medium with 

such a large scale convective motion has not been studied. It will be 

interesting to explore the leaky box with chimneys. 

I would like to thank G. Field, M. Fujimoto, S. Hayakawa, C. 

Hayashi, C. Norman, B. Rosner, K. Tomisaka and Y. Uchida for helpful 

discussion, and H. Suzuki for careful typing of this manuscript. 
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The hydrodynamics of remnants caused by the m u ltl-supernova exploslons expected 

from an evolved OB association has become a fleld of I nterest In recent years. 

The motivation has been largely to offer an explanation to the large scale shells 

and s u pershells detected I n  HI I n  our galaxy C Helles 1 979. 1 984> . Almost all 

atte mpts . have tried exclusively to match the size of the largest structures. 

disregarding other Issues which may be more I mportant. Here I would l ike to 

point out several problems regard ing the various calcu lations available In the 

l iterature and secondly demonstrate that although supershells cannot be explained 

by such a mechanism . the m u lti-supernova explosions from evolved OB 

associations are still a fundamental event In the realm of Interstellar matter. 

, 
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I I .  The present •knowledge • 

Calculatio.-1s ui supernova remnanis in iwo d i mensions have usuaiiy Deen startea 

by placing the presumed energy of the explosion . E0 � 1 051 ergs . as thermal 

energy I n  a small section of the computational grid < Chevaller and Gardner 1 9 74.  

Bodenheimer et a l .  1 984) . To obtain a reasonable solution . I .  e .  a remnant that 

soon joins the Sedov track < with � l /3 E0 In the form of kinetic energy and � 

2/3 E0 remaining as thermal> and that enters the radiative phase at the 

appropriate time and radius while composing a dense thin shel l .  one has to care 

particularly about two th ings: 

l l  The n u merical resolutions. and 

I l l  about the amount of mass Into which the orig inal E0 Is deposited . 

This should be comparable to the amount of mass < Mej) expected 

to be released during the explosion < say . 5 Me .;; Mej s 1 O Me> . 

The latter Issue Is easy to control . although It Is also bound to the n umerical 

resolution and the n u m ber of cells I nto which the I n itial amount of energy Is 

placed . Test calculations have been made by all  authors using this method of 

sim ulating the sudden deposition of energy and these have been com pared wltr. 

the well-known analytic or n u merical solutions < see Bodenheimer et al . 1 984) . 

Here would l lke to emphasize however. several aspects which have been 

overlooked when using the same method to solve other problem s .  Problems which 

give their final physical d imension and the finite storage capacity of modern 

com puters . have been calculated with rather poor resolution . A good example is 

the remnants caused by the large n u mber of supernovae expected In a galactic 

nucleus or from an evolved OB association .  The m u lti-su pernova prolem has been 

tackled analytically by Bruhweller et a l .  < 1 980> . Mc Cray and Kafatos < 1 987> and 

n umerically; In 10 by Tomlsaka et a l .  < 1 98 1 >  and In 20 by Tomlsaka and lkeuchl 

< 1 986> and Tenorio-Tagle et al.  < 1 98 7> . The latter presents several calculations 

with a nu merical resolution 1;.Z = t;.R = o. 5 pc of multiple explosions I n  a constant 

density medium and i n  an stratified gas distributio n .  Calculations with a supernova 

rate of 2x l 0-5 yr-1 . 1 0-5 yr-1 and Sx l 0-6 yr-1 . which cover the range expected 

from a " normal" I M F .  all led to a similar qualitative resu lt.  Namely. to remnants 

which soon . after a few explosions . become highly Irregular as the shell of swept 

up matter becomes Rayleigh-Taylor < R-T> unstable. The Instabil ity occu rs once 

the remnants have grown to a radius RsN � 50 pc. and It Is promoted by the 

sequential deposition of energy < see Tenorio-Tagle et a l .  1 98 7l . Figure 1 
displays the sequence of events that result from one such calculations In a 

stratified gas distribution . The departures from spherlclty of the remnant are first 
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Figure l :  
The evolution of a remnant driven by sequential explosions < rate = 5x l 0-vyr-1 > of 
l 051 erg each I n  a stratified medium < n0 = l ; H = 1 50 pc> . Evolutionary ages 
In years are Indicated I n  each frame together with corresponding velocity scales. 
Constant density lines I n  the < r .  z> plane are plotted on a logarith mic scale. with 
density contrast t.logp = 0. 2 between adjacent contours. For some contours the 
decimal logarithm of the density < In g c m  -3> Is given . The distance between tick 
marks on the horizontal and vertical scales corresponds to 25 parsecs. 
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Figure 2: 
A low resolution run .  Last calculated model for t h e  same conditions as I n  Figure 1 .  but for a AR = t.Z = 2 pc.  See Figure 1 for explanation of symbols. 
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o f  a l l  caused by the gas distribution which al lows the remnant to become 

elongated In the Z direction . Superim posed on this deformation are also clear 

signs of the R-T Instability which leads to the development of tongues or spikes 

of dense matter which hang Into the remnant Interior and lag behind the main 

shock. Figure 2 on the other hand resulted from an Identical calcu latio n .  with the 

same code. but on a grid with lower resolution < AZ = AR = 2pcl . Evidently. the 

lack of resolution has Inhi bited the development of the R-T Instability. Note that 

all perform ing codes. regardless of resolution . will produce an 'answer' to a 

given Initial value proble m . However. It should be clear that many of these may 

have very little to do with reality and particularly the low resolution ones may not 

be physically soun d .  Take for example the calculations presented by Tomlsaka and 

lkeuchl < 1 986) . performed with a n umerical grid resolution AR = AZ = 5 pc. or 

1 0  pc for the largest grids employed . Clearly the poor resolution has I n h ibited the 

R-T Instability In all calculations. Instead . their large scale remnants In a l l  cases 

present very wide shells < width > 1 00 pcl and consequently throughout their 

evolution a very poor compression factor < less than a factor of l O. despite 

radiative coollngl Is seen behind the shock. Such odd density distributions make 

one wonder about the temperature distributions and thus about any detailed 

comparison that could be made with the observations. Such calculations can only 

be regarded as a poor. first step towards the true solution of the proble m .  On 

the other hand . regard ing the Issue of supers hells I n  our galaxy < see Hell es 

1 979. 1 984) even such preliminary calcu lations Ind icate already the enormous 

difficulties confronted by the m u lti-supernova model when lnvoqued as the 

mechanism responsible for supershells. 

The main Issue Is the total amount of kinetic energy measured at the final state 

of evolution . when the remnants have grown to their • 1argest di mension and their 

expansion velocities have dropped below 8 km s -1 ; the assumed random speed of 

motions In the ISM .  This amounts to a few times 1051 ergs < see Tomlsaka and 

lkeuc h l . 1 986. table D which Is too small when compared to the values measured 

In supershells < EK - l 053-54 erg ; see Helles 1 979. 1 984) . This Is because of 

the final size of the largest remnants Is at least a factor of two smaller than the 

dimensions of the largest su pershells.  This I m plies that the total amount of swept 

up matter Is al most a factor of 10 of that detected In supershells. The 

calculations I n  a low density medium .  simulating the conditions at 20 kpc from 

the galactic center do lead to the largest remnants . but to a smaller amount of 

mass and velocity compared to supershells. Also these remnants. as noticed by 

Tomlsaka and lkeuchl .  given the I ncreasingly larger speed of the shock In the 

u pward direction promoted by the phenomena of 'blow up' which occurs as the 
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shock encounters the lower and lower densities set by the disk stratification . fill 
not lead to an HI shell Is the u pward direction . Thus. their largest d i mension 

cannot be compared with observed su pershells.  

The above holds also for the approach of Mc Cray and Kafatos C 1 98 7 >  who 

solved the m ulti-su pernova problem with an analytical scaled up version of the 

stellar wind solution. If one drops the assumption of constant density and I nstead 

a stratified gas distribution representi ng our galactic disk Is used . then as noticed 

by Mc Cray and Kafatos C 1 987> . as soon as the radius of the remnant becomes 

comparable to the density scale height of the disk. the stellar wind approach 

would break down . This Is due to the discharge of the remnant I nner pressure 

I nto the halo. Under these circumstances the growth of the remnant C In a 

direction parallel to the galactic plane> would proceed by means of conservation 

of momentum only. 

Ill.  The role played by evolved OB associations 

Regardless of the present discrepancy among the solutions found for the 

multi-supernovae problem . It Is clear that large scale remnants wil l  result from 

such strong depositions of energy Into the i nterstel lar med i u m . and eventually one 

will  be able to track and predict their detailed structure and transendental nature. 

Presently. however. there Is one Im portant feature that all a bove authors have 

Ig nored I n  their solutions and that Is that. If multi-supernova remnants are to 

evolve for a long time C 4- 7x 1 07 yr. see Bruhweller et al . . table 2> then one has 

to account also for the fact that Interstellar matter Is not sitting at rest waiting 

for the blast wave to overrun It. Rather. at least I n  our galaxy < and I n  any other 

spiral galaxy> . It is moving In circular orbits about the galactic center and further 

It is subjected to a strong d ifferential shear promoted by d ifferential galactic 

rotation . A first attempt to account for such boundary condition to the m u ltl

supernova problem C Tenorio-Tagle and Palous 1 98 7 ;  paper ll seems to Ind icate 

the transendental and true role of evolved OB associations In the galaxy. This Is 

not the build up of su pershells or even of large scale remnants but rather the 

formation of giant molecular clouds c M > 1 05 M0> . the future seeds of star 

formation and thus the l ink In a well-determined cycle where star formation Is a 

self-regulated event. 

Our approach Is rather approximate and simple. Facts which can only be 
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justified by the three-d imensional nature of the problem and the various bou ndary 

conditions I m posed . The calcu lations are done along the galactic plane only.  

assuming typical values of density < and disk scale height;  Hl  at 5 kpc . 10 kpc 

and 20 kpc from the galactic center. Our In itial condition assumes that the 

energies deposited by an O B  association < through photo- Ion ization> has d isrupted 

and evenly spread the cloud where the association formed . Thus at t = O. which 

Is about 1 07 yr after star formation . the remnant caused by the first supern ovae 

Is assumed to have a d imension RsN � H and It Is at about to discharge Its 

overpressure Into the hal o .  We therefore assumed a cylindrical remnant containing 

a large amount of energy EsN < EsN = 1 053 erg � 1 00 supernova explosions each 

of 1 051 ergs> . 2/3 of this energy Is assumed to be In the form of thermal 

energy Inside the cylindrical vol u m e .  The remai ning l / 3  E0 Is I n  the form of 

kinetic energy. stored behind the cylindrical shock .  In about 1 1 2 of the mass 

originally fi l l ing the cylindrical volume V .  assumed to have been overrun by the 

blast wave . The other 1 / 2  of the mass I n  the original volume wil l  soon be 

ejected Into the halo from both top and bottom ends of the cylinder. The 

cylindrical shock moving parallel to the galactic plane has been approximated by a 

n u m ber of plane parallel shocks < � l OOl run ning the full thickness of the disk. 

and having originally an outward velocity u and an overpressure . caused by the 

I n itial amount of kinetic and thermal energy In the remnant. The hot gas Inside 

the cylinder I s  al lowed to expand freely < with Its own sound speed) Into the halo 

and thus controls the pressure behind the cylindrical shock. The equations of 

motion of the cylindrical remnant also allowed for the perpendicular and parallel 

components of the shocked m atter velocity which result as the blast wave shears 

due to the differential galactic rotation i m posed in the surrounding gas . For a ful l  

description o f  the method o f  solution please refer to paper 1 .  

Figure 3 shows the typical evolution of one of these remnants as a function of 

time. All evolve Into Increasingly larger ell i ptical remnants tilting over 90° unti l 

their m inor axis collapses and the remnants are refilled with undisturbed matter. 

This i m p l ies that only very young < age s 2xl o7 yr> m ulti-supernova remnants 

would look round . or ring like. In the presence of d ifferential galactic rotation . 

Throughout the evolution another I m portant Intrinsic deformation takes place behind 

the shock wave . The overtaken matter slides . by means of differential shear. 

along the shocked layer towards the tips of the ell iptical remnants and 

accu m ulates I n  these locations. We have measured the col u m n  density across the 

remnant shell as a function of time and angle. as It would be seen by an 

observer sitting at the explosion site < or center of original cylinder> . This is 
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The time evolution . Face on view of the remnant resultant from the ca!culatlons 
at l 0 kpc from the galactic center with C solid tines> and without C dashed tines> 
self gravity . at the times Indicated In units of 1 07 yr. The distance between tick 
marks equals 1 kpc .  Galactic center Is downwards and galactic rotation Is 
clockwise. 

shown I n  figure 4 for the calculations at 5, 1 0  and 20 kpc and are to be 

compared with the minimum column density derived by Franco and Cox C 1 987> as 
21 -2 required for the formation of molecular clouds. Nopecity = 1 0  z0tz c m  . Given 

the values of Z at 5, 1 0 .  

2x1 021 cm-2 . respectively. 

wou ld be destabl!!zed to 

and 20 kpc . N0pecity = 2. 5x l 020 an-2 . 1 021 cm
-3 and 

All sections of the remnants fu!fl!!!ng such a criterion 

become molecular Independently of whether or not 

self-gravitation sets I n .  In other words . for molecules to form shielding from the 

backgroun d  uv field Is the only requirement and this occurs whenever 

N > N0pac;ty· 

In the run at 5 kpc the criterion Is fulfilled everywhere I n  the remnant shell 

!rrespectlve!y of direction and long before self-gravity sets I n .  The remnant still 

presents two distinct concentrations of matter C at the tips of the remnant> with a 
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Figure 4: 
The run of column density N1 as a function of angle < e> plotted for the calcu
lations at 5. 10 .  20· kpc with selfgravlty at t = ftinai · I . e .  at 5. 5. 1 0 .  O and 
1 8 . O 1 07 years . e runs antlclockwlse with direction e = O pointing towards the 
galactic disk. 
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larger value of N .  I n  the run at 1 0  kpc N > Nopacity only at the tips of the 

e l l i ptical remnant and at 20 kpc It  wo uld need of self-gravity to take over before 

the shell col umn density can exceed the opacity c rllsrlon . 

In paper I we derived the properties < size , mass , separation> of the resultant 

g iant molecular clouds.  These are i n  good agreement with the observed val ues . 

Thus although su pernova may have been regarded as a d isru ptive eve n t ,  within 

the present context they end u p  doing the opposite Job . The remnants caused by 

the s u pernova power of an evolved OB association , i n  a d i fferential ly rotati ng 

d i s k .  lead to the agg lomeration of the swept up matter at the t i ps of the e l l i ptical 

remnants and with i t  to the formation of massive molecular cloud s .  If these 

clouds are the seeds of a new generation of OB associatio n s .  the whole scheme 

can be regarded as a well-determined sequence of events sustai ned by a self

regu lated process . by star formati o n .  
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DIFFUSE HIGH-ENERGY RADIATION 
FROM REGIONS OF MASSIVE STAR FORMATIOX 

Tlderry MONTMERLE 
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91191 Gif sur Yvette Ceclex, France 

ABSTRACT 

In the Galaxy , there is evidence that various components o f  
regions of massive star formation ( low-mass PMS s tars , 0 and 
Wolf-Rayet stars , HI I regions , molecular cloud s )  are ,  together or 
separately , emitting diffuse high-energy radiation, from sub-keV 
X-rays to GeV y-ray s .  This evidence is briefly reviewed , and the 
detectability of such radiation from nearby galaxies is examined . 
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1 .  UITRODUCTIOl!I 

I n  recent years , observational as well as theoretical work has shown 

that , in the Galaxy, regions of star formation may be associated with high

energy radiation : X-rays , y--rays , and perhaps even nuclear y--ray lines . In 

particular ,  regions of massive star f ormation, which are known individually up 

to very large distances and even in nearby galaxies,  may be emitting radiation 

from various components in the whole - 0 . 1  keV - - 5 GeV range , i . e . , over - 7 

decades in energy. 

The purpose of the present paper is to briefly review what is known 

in our Galaxy about these link s ,  and examine under what conditions our present 

knowledge could be extended to nearby galaxies . 

Table 1 summarizes the main topics covered in this paper,  which wil l  

address successively sub-keV X-rays ( §  2 ) ,  keV and MeV cont inuum and line emis

sion ( §  3 ) ,  and � 100 MeV y--rays ( §  4 ) . A brief summary and some observational 

conclusions are presented in § 5 .  

2 .  SUB-UV RADIATION ASSOCIATED WITH MOLECULAR CLOUDS 

2 . 1 .  Basic observations 

Several observations of star-forming regions by the "Eins tein" 

Observatory have shown that pre-main sequence ( PMS) s tars are strong X-ray 

emit ters . The detections are not limited to the classical T Tauri stars , but 

include many other stars previously unknown as PMS stars ( see reviews by 

Feigelson 1984 , 1987 ; Walter 1987 ; Montmerle 1987a ) . 

The best documented case to date remains the multi-epoch '"Eins tein " 

survey (bandwidth - 0 . 1-4 keV ) of the p Ophiuchi dark cloud region ( dis tance d -

160 pc)  which was not aimed at a particular sample of PMS s tars , but at a -

2 °x2 ° area overlapping the cloud using the !PC instrument (Montmerle et al . ,  

1983 ) .  

The main results of this study may be summarized as follows : 

- among the - 50 Rho Oph X-ray ( '"ROX'") sources found , N0 = 34 are located in the 

central 1 ° xl 0  overlapping the cloud core ; 

- variability s tudies indicate that the X-rays come predominantly, if not only , 

from solar-type flares , - 103-106 times more intense than solar flares ; 

- the associated bremsstrahlung-emit ting hot gas has a typical temperature kT
* 

� 

0 . 8  keV , and the ROX sources have an average luminosity q,
*

x > � 103 1  erg . s-1 ; 
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TABLE 1 - Links between regions of massive star formation and high-energy 
radiation in the Galaxy 
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- therefore , the X-ray sources are ext incted by interstellar absorption if their 

A,, > 3-5 mag ( equivalent hydrogen co lumn density NH � 102 1  - 1022 cm-2 ) ;  

- the X-ray emission seems essen tially independent of the spectral type , from 

M to early B ;  

- tbe optical counterparts to the X-ray sources , when known , are mos t ly low-mass 

PMS stars , many of them proved to be so after X-ray detect ion (Bouvier , 1987 ; 

Bouvier and Appenzeller 1987 ) .  

For the present paper , the useful conclusions are : 

- the large majority of ROX sources are � 1 M0 PMS s tars ; 

- because of X-ray absorption, ROX sources form a superficial subset of all 

young stars in the cloud ; 

- but they are - 3 times more numerous than the classical T Tauri stars already 

known ; hence ,  X-rays are a bet ter tracer of low-mass stars than the optical 

over large areas on the sky . 

2. 2 .  ROX-type sources as tracers of low-mass star format�on 1 

The data on the X-ray emiss ion from PMS stars in nearby (� 300 pc ) 

molecular clouds are still limited, since the other data concern mainly 

individual classical T Tauri star s ,  which we know from the p Oph study and a 

recent s tudy using the '"Eins tein'" archives (Feigelson et al . ,  1 9 8 7 )  are only a 

minority of the exis t ing vis ible PMS stars . Never theles s ,  alt ogether the number 

of known X-ray emitting PMS stars is relatively large ( � 100 ) .  

Hence the following suggest ion : if a molecular c loud is far enough , 

X-rays from neighboring ROX-type sources (which an ins trument like the 

'"Einstein'" IPC detects with a � 1 1  FWHM resolution) wi ll be unresolved , giving 

ri se to an ( apparently) diffuse emis sion . In other words , there should be 

sub-keV X-ray ""glows"" around molecular c louds . Such glows could then be used as 

tracers of low-mass s tars in distant cloud s ,  at least in their outer layers 

( i . e . ,  Av � 3-5 ) .  

In its  simplest form, the problem can be formulated as follow s .  Let 

�
x , o  be the total X-ray f lux coming from a reference molecular cloud ( or from a 

portion of it ) ,  detected over a solid angle � , o • and le t �x and � be the 

corresponding quantit ies for another cloud. 

Defining a quanti ty fx by : 
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fx i s  the surface dens ity of ROX-type sources in the outer layers o f  mo lecular 

c louds , normalized to the reference cloud . For this referenc e ,  we shall choose 

the central 1 ° xl 0  of p Oph : 

°x , o  = 1 sq . degree , �
. o = N0 (L

*
x �/ ( 4 w:I2 ) z 1 . 2  x lo-lO erg . cm-2s-l . 

For a molecular cloud of extent Qg • traced by any means ( CO emission , 

dust etc . ) , the presence of an X-ray " glow" as defined above implies °x z Qg . 

In practice,  the areas observed today in X-rays are much smaller than Qg ( seve

ral IPC fields , i . e . ,  several sq . degrees at mos t ) . To the extent that the PMS 

star volume density in the outer layers of a molecular cloud is proportional to 

the density o f  stars forming in the ( i nvisible) denser region s ,  fx becomes a 

( re la t ive ) measure of the efficiency of low-mass star forma tion in the corres

ponding molecular c loud . 

2.3. Diffuse sub-keV X-ray emission associated with molecu1ar clouds 

The hypothesis that sub-keV X-ray glows , related to the gaseous 

content of molecular clouds , actually exis t ,  is supported by "Einstein" observa

t ions of several dis tant star-forming regions : Orion ( - 0 . 45 kpc , Ku and Chanan 

1 97 9 ) , Carina ( - 2 kpc , Seward and Chlebowski ,  1982 ) ,  and Rosette ( - 1 . 6 kpc ,  

Leahy 1985 ) .  

In the first two nebulae , and in addition to point sources associated 

with nebular variables and 0 s tars (Orion) , or 0 and Wolf-Rayet s tars ( Carina) , 

diffuse sub-keV emission is clearly seen. From the published maps and total 

flux, one finds fx z 1 .  For the Rosette nebula , the dif fuse emiss ion is weak 

and scat tered , and fx ( 0 . 1 .  

On the other hand , the gaseous content along the line-of-sight , for 

instance traced by CO emission, is not the same for all objects : whereas the 

X-ray emission surrounds or is close to a local CO maximum , in the cases of p 
Oph, Orion , or Carina, with values of f T dv up to 200 K . km . s-1 , this quantity 

is very much smaller for the Rosette nebula ( f  T dv ( 7 K . km . s- 1 ) ( see Dame et 

a l . ,  1987 ) .  

Given the widely different content in mass ive stars of this ( admit

tedly s t ill limited) sample of 4 s tar-forming regions , running from two early B 

s tars for p Oph to 43 0 stars ( including 6 03 s tars ) and 3 Wolf-Rayet stars for 

the Carina nebula , one can tentat ively draw a double conclusion: 

( i )  sub-keV X-ray glows are closely associated with the molecular gas , and are 

a good tracer of low-mass s tar formation, even in distant region s ;  

( i i )  the efficiency o f  low-mass star format ion in a molecular cloud is approxi

mately constant , and independent of i t s  content in massive stars . 
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Work in progress (Montmerle and Grenier ,  1 9 8 7 )  is seeking to confirm 

these conclusions . 

Since IR data sugges t  that star formation still goes on inside clouds 

at the same time that X-ray emitt ing PMS stars are presen t ,  the implication is 

that high-mass and low-mass s tars appear to form independently of each other , 

giving some independent support to the "bimodal star format ion" concept .  

2.4.  X-ray g1ows i.n other ga1axles ? 

The preceding conclusion shows the interes t  of using X-ray observa

tions to determine fx in other galaxies.  Since one needs Qg ( as well as �x and 

�) , this will be for some time rest ricted to nearby objects ,  for which CO data 

is available ( e . g . , Magellanic cloud s ,  M31 etc . )  

For an !PC-type detector ,  again normalizing to the p Oph data , glows 
-8 - 1  - 2  must generate a t  least @x = Qg fx x 9 . 2  x 10 cts . s  a r c  sec to b e  s een . 

This may be smaller than the ins trumental background : for ins tanc e ,  it is a 

factor 15 too low in the 2 5 6 "  diameter !PC detection cell for the LMC ( see Long 

et al . ,  1981 ) .  

Note that ,  if fx - 1 ,  about 4 x 106 ROX-type sources must be pres ent 

in a single !PC-type frame pointed at the LMC , resolvable only by a detector 

with sub-arc sec resolution capability , not achieved by AXAF . 

3 .  DIFFUSE DV ARD MKV RADIATION ASSOCIATED WITH HOT STARS 

3 . 1 .  Structure of gi.ant ho11ow HII regions 

Giant HI! regions are excited by associations of O ,  B and lower-mass 

s tar s .  The ionization is usually dominated by a few early 0 s t ar s ,  which are 

also subject to a strong mass loss ( typically � 10-6 Ms yr-l at v - 1 500-2500 

km. s- 1 ) .  Owing to the evolution of the most massive 0 s tars , Wolf-Rayet (WR) 
stars are often also present ( see , e . g . , Maeder , this volume ) . I f  so, they 

dominate the mass los s ,  but because their winds are likely powered ( up to � 
3xl0-5 Me yr-l at 3000 km . s- 1 ) by UV radiation , little is left for them to 

contribute to the ionization of the surrounding HI! region. 

The structure of these HII regions i s  observed to be hollow (internal 

cavity created by the stellar winds ) and thick ( outer ionized shell) ; proto

types would be the Rosette nebula , with several 04 stars , and the Carina nebula , 

with several 03 and WR stars ( s ee also § 2 ) .  



HIGH-ENERGY RADIATION AND ST AR R>RMATION 53 

The standard "hot inters tellar bubble" model describes the interaction 

between a mass-los ing early 0 s tar and a dense inters t el lar gas , but leads to 

large bubbles of hot X-ray emit t ing gas surrounded by a thin , compressed HII 

region (Weaver et a l . , 1 9 7 7 ) .  Clearly, such a model cannot describe the s t ruc

ture of hollow, thick HII regions . 

D orland et al . ( 1 9 8 6 )  have recently revisit ed this problem. Two new 

features were incorporated : effects of s t ellar evolution ( i . e . ,  t ime-dependent 

total ionizat ion and mass-loss rates ) ,  and complete dis s ipation of the wind 

kinetic energy in the shock region ( i . e . ,  when the wind becomes subsoni c ) . This 

las t  effect turned out to be the most important , with the phys ical consequence 

of relaxing the wind pressure on the outer ionized shell and essent ially allow

ing its  inner boundary ( the observed cavity) to move inwards , very close to the 

wind shock. By contrast ,  the s tandard "hot inters tellar bubble" model features 

an almost adiabatic wind shock the only energy loss is the small heating and 

subsequent evaporation of the HII region by e lectron conduct ion at the hot 

bubble / ionized dense shell interface .  

Howeve r ,  as pointed out by Dorland and Montmerle ( 1987 ) ,  the linear 

conduction law, that i s , (conductive heat f lux) a VT ,  cannot be used as done in 

the standard model .  Indeed,  the temperature gradient VT between the hot bubble 

and the ionized shell is too steep, i . e . , its scaleheight is smaller than a 

critica l  length 1'.c � 500 x ( hot electron mean free path ) , as shown by recent 

work on laser-heated fusion plasma s .  Taking into account non-linear effects in 

the electron conduct ion , Dorland and Montmerle ( 1987 ) have shown that the kine

t i c  energy of the winds of the exci t ing s tars can indeed be radiated over a 

short dis tance ( (( thickness of the ionized shell )  downstream of the wind shock , 

in the form of UV and X-rays . 

3 . 2 .  KeV X-ray eaission from HII regions and the "galactic ridge" 

It has been known for some time (up to a decade ) that several well

known HII regions emit dif fuse X-rays of several keV, e . g . ,  Orion ( den Boggende 

1 9 78 ) ,  or Carina (Becker et a l . , 1976 ) .  On the other hand , the Dorland

Montmerle model ( see also Montmerle 1986 ) gives the X-ray luminosi ty Lx and 

temperature Tx of the thin downs tream layer , as a function of the total wind 

kinetic energy rate Lw and velocity Vw · The model depends on one poorly known 

conduction-related parameter , not accurately predicted by plasma physics theory , 

but adjustable to astronomical observations , for ins tance the observed X-ray 

luminos ity from a reference HII region . 
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Once this is done , the model predicts Lx/Lw � 1-2 x 10-4 and Tx � 4- 15 

keV , for Vw � 2-4000 km .  s - l . 

These values are consis tent with those measured in HII regions like 

Orion or Carina. 

More generally, recent observations by the '"Tenma'" and EXOSAT satelli

tes (Koyama et al. , 1986 ; Warwick et al . ,  1986) have shown that a large-scale 

diffuse X-ray emission above several keV is associated with the galactic plane , 

making up the so-called '"galactic ridge'" . The thermal nature of this emission 

is attested by the '"Tenma'" detection of a ubiquitous Fe 6. 7 keV lin e ,  charact e

ristic of a plasma with Tx :> 2 keV ( and already seen previously in individual 

regions like Carina , see Becker et al . ,  197 6 ) .  The temperatures differ from one 

line-of-sight to the next . Although it is sometimes difficult to associate the 

radiation with a specific emit t ing region, especially inside the solar circle,  

the facts that the observed temperature range is � 2-13 keV , and that excess 

emission has been noted in the direction of active star-forming regions like 

Perseus or Cygnus , support the view that the galactic ridge is associated with 

HII regions excited by mass-losing stars . ( For discussions of alternative 

hypotheses in terms of binary stars , supernova remnant s ,  etc . ,  see discussions 

in Koyama e t  al . ,  1986 and Warwick et al . ,  1986 . )  

3 . 3 .  Consequences and links vith the galactic 1 . 8  MeV line emission 

The total X-ray luminosity of the galactic ridge at several keV , as 

given by '"Tenma'" and EXOSAT , is Lx , to t  "' 1 . 0  - 1 . 2  x 1032 erg . s-1 • 

In the framework of the above model ,  one immediately deduces the total 

wind kinetic energy rate for the Galaxy (Montmerl e ,  1986 ) :  

Taking the ratio o f  the number of (wind dominat ing) WR stars to that 

of early O s tars as N (WR) /N(O) 0 . 2  ( e . g .  Maeder , this volume) , and average 

wind energy rates Lw(WR) "' 1038 erg . s- l and �(O) "' 1037 erg . s�1 , one finds the 

total number of WR s tars associated with HII regions which mus� be present i n  

the Galaxy to account f o r  the galactic ridge i n  terms of winds from massive 

stars : 

4000 . 
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This is not an unreasonable number (although on the high end) of WR 

stars . It is able to ac count for a sizeable fraction ( >  50%) of the observed 

1 . 8 MeV y-ray line emiss ion from 26Al , if associated with nuc leosynthesis in WR 

stars ( see Prantzos and Cas s e ,  1986 ) .  

3.4. Other galaxies: the example of the lllC 

This last result can be applied to galaxies : af ter removal of other 

sources of keV X-rays like compact ob jec t s ,  supernova remnants etc . (which may 

not be a trivial task) , these X-rays may give directly the total content in 

massive stars (WR + 0) in localized extragalactic HII regions , hence give an 

independent access to the star-forming ef f iciency for massive stars . 

Is this possible today ? In the LMC , it is known that 8 1% of all 

- 144 WR stars (Azzopardi and Breysacher , 1985) are in HII region s ,  hence 

NWR (HII) � 1 2 0 .  Us i ng N (WR ) /N ( O) = 0 . 07 ( d i f ferent from our Galaxy because o f  a 
• .l 

d i f ferent metallicity Z) , and M a z• ( see Maede r ,  this volume ) ,  gives � tot � 

39 -1 36 -1 
, 

8 . 10 erg . s  , hence Lx , tot � l . 6xl0 erg . s  • 

This is too low by a factor of - 10 to be de tected by "Tenma" , which 

has only a wide f ield-of-view (- 3 . 1 °  FWHM) and no imaging capabil i t y .  A good 

target for a future imaging ins trument at several keV would be 30 Dor . Only XMM 
would be suited f or that purpose ,  because of its sensit ivity at energies up to 

- 10 keV. 

4 .  DIPPUSE HIGH-ENERGY GAMMA RAYS 

4 . 1 .  Gamma-ray sources in the Galaxy 

A ma j or achievement of. the new f ield of high-energy gamma-rays 

(- 50 MeV-5 GeV ; y-ray s ,  for short) has been the dis covery of y-ray sources by 

the SAS-2 and COS-B satelli tes . The main results (see Bignami and Hermsen, 1983 

for a review) are as follow s :  

- - 25 sources are known , almost all very close t o  the galactic plane 

- the error boxes are typically - 1 °  in radius ; 

- the fluxes are in the range - l-lOxl0-6 photons . cm-2 . s-1 • 

They are embedded in an intense ridge of diffuse galactic y- ray 

emi s sion . To a firs t approximation , this ridge can be fully accounted for in 

terms of interactions between high-energy cosmic rays ( essentially protons , 

elect rons , and secondary positrons ) of energy density comparable to that in the 
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solar neighborhood , and int erstellar ma t te r ,  as traced by CO and HI surveys 

( e . g . ,  B loemen et a l . ,  1986 ) .  

Roughly speaking , one can break down the sources in 4 categories ( see 

Montmerle 1 9 8 5 ,  and references therein, for an update of Montmerle 1 9 7 9 ) :  

- - 1 / 3  are "passive" sources , linked with apparently clumpy molecular cloud s ,  

for ins tance such that their cross-section i s  in the plane of the sky ( e . g . , 

t angent points to galactic spiral arms) ; 

- - 1 / 6  are probably or certainly compac t ,  from their observed variability 

on various timescales ( this includes the Crab and Vela pu lsar s )  ; 

- - 1 /6 are yet unidentified 
- the remaining - 1 /3 are on the line-of-sight of "active" mo lecular clouds , 

i . e . ,  which are the seat of massive s t ar forma tion and associated energe t ic 

objects (WR stars , supernova remnant s , et c . ) .  

In these las t sources , there is a signifi cant excess ( factors - 2-5 ) 

of y-rays over what one would expect from the interactions between average

dens i ty cosmic rays and the observed matter content . 

One model of such a y-ray source associated with a region of mas s ive 

s tar forma t i on features an enhanced cosmic-ray energy dens i ty resu l t ing from in 

situ acceleration at the s tellar wind shock ( or in the s t e l lar winds themselves ) ,  

or by supernova shock wave s ,  and subsequent trapping of the accelerated parti

cles downstream of the shock, i . e . , in the surrounding thick HII region . A 

trapping mechanism may be resonant Alfven-wave scat tering (Cesarsky and 

Montmerle , 1983 ; Montmerle 1987 b ) .  

I n  such a " thick cosmic-ray source" (see Lagage and Cesarsky , 1985 )-so 

named because heavy cosmic-ray nuclei cannot leak out of the HII region due to 

s trong nuclear and Coulomb losses - the y-ray f lux at the Sun <liy, w• result ing 

from s tellar wind s ,  is approximately proportional to the local cosmic-ray flux 

( i t self proportional to the total mas s-loss rate) and to the mass of the HII 

region. Because the acceleration effi ciency remains a free parame ter , however ,  

one mus t  normalize t o  a reference objec t . Once again, the Carina nebula , iden

t ified with the y-ray source 2CG288-00 , is a good choice, which allows to 

compute <liy ,w in other HII regions , once the exci ting stars and gaseous content 

are known . 

4.2. Visibility of LMC HII regions in y--rays 

The Mage llanic clouds have not been observed by SAS-2 or COS-B . The 

30 Dor region is energized by 25 WR s tars , and several hundred 0 s t ars , not all 

known (- 360 if the average LMC ratio N(WR) / ( N(O) is applied) . This is about 10 
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times the stellar content of the Carina nebula , ioniz ing � 10 times as much mass 

( � 1 06 McJ ) ,  assuming the same gas densities.  The calculated y-ray flux �y, w  for 

30 Dor is  thus � 0 . 2  x that observed for the Carina nebula .  Even taking into 

account the pos sible additional contribution of supernova remnant s ,  30 Dor would 

probably not have been detected by COS-B . The French-Soviet experiment Gamma-I ,  

due to be launched in late 1988 or early 1989,  which has better sensitivi ty and 

angular resolution than COS-B , should be able to test this prediction . 

5 .  CONCLUSIOBS 

The associations between diffuse high-energy radiation and regions of 

massive s tar formation in the Galaxy may be summarized as follows : 

( i )  low-energy ( sub-keV) X-ray "glows" directly probe low-mass (PMS ) s tars , 

pending confirmation of our finding that their formation efficiency is 

reasonably constant ( fx � 1 )  

( ii )  high-energy ( several keV ) X-rays indirectly probe high-mass stars , through 

the dissipation of their wind energy in giant HII regions ; 

( iii ) in the framework of the " thick cosmic-ray source" model,  high-energy 

( � 100 MeV-5 GeV) -rray s ,  associated with in situ cosmic-ray acceleration, 

probe the interaction of s tellar winds ( and/or supernova remnants) with 

the surrounding ionized ma s s .  

In general ,  these statements cannot yet b e  tested in nearby galaxies . 

To test them in the LMC , for instance, requires typically an order-of-magnitude 

improvement in background rejection , sens itivity , or angular resolution. Hope

fully, this goal should be achieved by the planned next generation of high

energy as tronomy satellites . 
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MASSIVE STAR FORMATION IN THE MAGELLANIC CLOUDS 

James LEQUEUX 

Observatoire de Marseille , 1 3248 Marseille Cedex 04 
France 

Ab s tract : The properties of mass ive star formation in the c losest galaxies , 
the Mage llanic Clouds , are reviewed starting from global properties , then 
going from large s cale features ( e . g .  superassociations) to the excep tional 
s tar-forming region 30 Doradus and the smal ler cluster s .  The recent t ime 
evolution of mass ive star formation is discus sed shortly . 

59 



60 J. LEQUEUX 

The Magel lanic Clouds are the two closest neighbours of our own Galaxy. 

They are thus of special interest s ince the details  of the phenomena occurring in 

these galaxies can be s tudied almost  as easiiy as in our Galaxy with the bonus 

that we know that everything in each Cloud is roughly at the same distance , 

thus avoiding a difficul ty that is maj or in our Galaxy . In particular the mas
s ive s tars can be s tudied easily thanks to their high luminos ity and the 

Magel l anic Clouds are ideal places to look for mas s ive-s tar formation. However 

they do not belong to the same type of galaxy as our own Galaxy , and in partic

ular do not exhib it an obvious spiral pattern . Care should be exercized in gener

al izing the results obtained on the Magellanic Clouds to other kinds of galaxies : 

for example,  there is no equivalent to 30 Doradus in our Galaxy . On the other 
hand , the Large Magel l anic Cloud (LMC) has about 2 times less  heavy elements 

than our Galaxy and the Small  Magel lanic Cloud (SMC) almost  I O  times les s ,  being 

one of the lowes t-metall ic ity galaxies known .They offer the pos s ib i l ity of s tud

ying the influence of metal l icity on s tar formation, in particular on the ini
tial mass function (IMF) , so far as this  effect can be s eparated from others . 

In this review I will go from the global scale to smal ler scales , 

f irst discuss ing in Part I global parameters related to s tar formation, then 

studying large-scale s tar-formation s tructures in Part I I ,  and 30 Doradus and 
smal ler active star-forming regions in Part 3 .  Part 4 reviews briefly our s t i l l  

meager knowledge o f  the past history of mas s ive star formation i n  the Clouds . 

I .  Global properties 

I have extens ively di scussed this point in previous reviews [ I ] ,  [ 2 ]  

partly based on paper [ 3 ] . There has been much debate about the initial mas s  

function i n  the Clouds , in particular about i t s  upper mass l imi t .  Mos t  of the 

debate originates in the incompleteness of the catalogues of bright s tars and 
in smal l-number statistics for the very brightes t  of them. Moreover,  those bright 

s tars often come in smal l ,  barely reso lved or unresolved groups and this  b iases 

the statistic s .  In fac t ,  there does no t appear to exist s ignificant differences 
between the upper HR diagrams and the upper luminosity func tions of the LMC , the 

SMC and the So lar Neighborhood [ 3 ] [ 4 ] . Simi larly, comparisons of tracers 

sens it ive to different luminos ity (or mass )  ranges ( e . g .  the Lyman continuum 
photons and the far-UV emiss ion) do not sugges t  important differences .  There are 

however d iff erences in detai l s :  the statistics of the evolved s tars , in partic

ular of the red supergiants and the Wolf-Rayet s tar s ,  are not the same in the 

three systems for reasons very probab ly l inked to the different metal l icities 

[ 5 ] [ 6 ] ,  This should not affect much the gross properties . As far as the 
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evolut ion o f  massive s tars is the same i n  the studied sys tems , the s imilar lumi

nosity funct ions and upper HR diagrams suggest s imilar initial mass func tions . 

However we are s t i l l  lacking up-to-date s te l l ar evolution model s  that would a l low 

to check this point , thus a strong s tatement i s  not possib l e .  

I now examine the determination o f  the present day s tar formation rate 

(PDSFR) for mass ive s tars in the Mage l l anic Clouds , Several tracers of mas sive 

s tars can be used for this purpose [ 2 ] : direct s tar counts , Lyman continuum flux 

as derived ind irectly from the Balmer-l ine emission of the ionized gas , far-UV 

emission and far-IR emission. All  have drawbacks : the s tar counts can be very 

incomplete,  we do not real l y  know how much of the Lyman cont inuum flux of 0 s tars 

i s  used to ionize the gas , the far-UV emission i s  very much affected by far-UV 

emiss ion ; f inal l y  there is a sizeab l e ,  not wel l-known contr ibut ion f rom o lder 

s tars to the heating of the dust thus to the far-IR emiss ion, and also we do not 

know too wel l  how much o f  the stellar radiation heats the dus t :  these points are 

only beginning to be settled in the solar neighbourhood [ 7 ] .  Fortunately the 

three first tracers give cons istent results  for the Magel lanic Clouds when com

pared to the solar neighbourhood , at l east if one uses the star counts of [ 3 ] 

( the counts in [ 4 ] are quite incomplete for the Magellanic Clouds , a fact that I 

did not realize in [ 2 ] ) .  Details  can be found in [ ! ] . The LMC produces about 1 . 3 

t imes as many massive s tars per unit mass of gas than the solar neighbourhood , 

and the SMC about 0 , 3  t imes only . I persona l l y  f ind mislead ing to express the 

PDSFR per unit surface as it is of ten done , s ince we do not know we l l  the incl i

nation and the geometry of the Clouds , or the PDSFR per unit mass s ince the 

masses of the Clouds are very poorly known, especially for the SMC . 

2 .  Proper t ies of massive-star formation at large scales 

I t  is c lear that massive-star formation is neither uniform, nor well 

correlated with the gas distribut ion in the Clouds . Mass ive s tars seem to form 

preferentially in superassociations of kpc size:  see e . g .  [ 8 ] .  The s i tes of 

s tar formation move with t ime over the face o f  the C louds : this wil l  b e  discus

sed in the last sect ion. However there is also massive s tar formation in as so

ciations and more or l ess dense clusters ( see the next section) . Several authors 

have pointed out massive s tar formation a l igned along " f i l aments" with lengths 

up to several kpc in the LMC [ 9 ] [ 1 0 ] . These filaments may be connec ted with the 

distribution of gas [ I I ]  [ 1 2 ]  and may also be unders tood in the f ramework of the 

s tochastic s tar formation model s  [ 1 3 ] . The correlation between massive s tars 

and gas has been d iscussed by many authors , especially for the LMC : see e . g .  

[ 1 4 ] . This correlation can b e  good t o  fair i n  some places , but there is 
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anticorrelation in other places , where concentrations of young stars can be en

tirely devoid of gas , The best example is the Shapley III cons tellat ion in the 

North-East ot the LMC . This is a large concentration of young, massive super

giants with no associated HI and dust ( this region appears as a 1 °-diameter 

c ircular hole on the IRAS 1 00 µm map) . It is surrounded by a ring o f  HII regions. 

This description is fully cons is tent with the model of superbubble formed by the 

collective effect of several supernova explos ions and stellar winds [ I S ] . This 

is also a case of contagious star formation with a propagation velocity o f  about 

35 km s- 1 [ 1 6 ] . Another examp le o f  a superbubble where the expansion veloci ty of 

the ionized and neutral gas is .well known is LMC 2 ,  east o f  30 Doradus [ 1 7 ] . 

Recently, accurate radial velocities have been obtained us ing a corre

lat ion spectrometer for most of the red supergiants of both clouds [ 1 8 ]  [ 1 9 ] . 

Prel iminary resul ts from this material are the following : 

i) the velocity dispersion of s tars in superassociations is very small: 

5 . 3  km s- 1 on the average in 1 9  areas of the LMC [ 1 8 ] , 5 . 1  km s- 1 for Shapley 

III . This is smaller than the velocity dispersions usually quoted for young 

stars in our Galaxy . However these galactic velocity dispers ions have been mea

sured on OB stars for which the accuracy is much poorer and they are probably 

overestimated in spite of the efforts made for correcting for radial velocity 

errors . Indeed the velocity dispersion measured on the red supergiants in the 

Perseus association in the Galaxy is only 4 . 1 km s- 1 • These f igures are close 

to the velocity dispersion of giant molecular clouds and smaller than the dis

persion for neutral hydrogen, a satisfactory resul t .  

i i )  the young-star/gas correlation cart b e  studied better . An interest

ing case is that of the Shapley II constellation whose s tars are pushing the 

HI with a relative velocity of about 20 km s- 1 • In the SMC , there is an extended 

region to the NE where a fraction of the s tars are not correlated with the gas . 

The outer regions of both clouds are of particular interes t .  The SMC 

wing and its extension towards the LMC contains mainly relatively faint blue 

stars detected either directly on Schmidt plates [ 20]  or through their far-UV 

emission [ 1 2 ] . The initial mass funct ion in this region appears to be truncated 

at about 30 M
Q

. In the LMC , an extended arc 'at the extreme south exh ib i t  the 

same property with a truncation at 25 M
@ 

[ 2 1 ] ;  there are not enough hot s tars 

to ionize the gas . Indeed the high-mass cut-off could be higher i f  star forma

tion has ceased a few 1 0 6 years ago , but this is an ad-hoc hypothesis and one 

may wonder why star formation would have stopped simultaneously over so extended 

areas . 
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3 ,  30 Doradus 

30 Doradus is an enormous HII region in the LMC with no equivalent in 

our Galaxy . However NGC 604 in M33 ,  NGC 2363 in NGC 2366 or the blue compact 

Galaxy IZw 18 correspond to star formation bursts of° 
s imilar importance and CM 39  

in  NGC 4449,  the blue compact galaxy IIZw 70 or NGC 547 1 and 546 1 in  MlOl  are 3 

to 20 times s tronge r :  see e . g .  [ 22 ] , If the IMF is "normal" in 30 Dor , the flux 

of Lyman continuum photons respons ible for the ionization imp l ies the presence 

of about 300 0 s tars in the central 2 ! 5 x 2 ! 5  core and of  a total of  about 700 

0 s tars . The core of  30 Doradus alone contains about 1 /8 of all 0 s tars of  the 

LMC , This can be shown in the fol lowing ways : 

i) The far-UV flux of the core at 1 392 A as measured by ANS is 1 . 48 

1 0- ll erg cm-2 s-1 A-1 • It is  attenuated by dust corresponding to a color excess 

E ( B-V) = 0 , 38 to 0 . 46 ,  and the dereddened flux should be in the range 1 - 2 . 4  

1 0-9 erg cm-2 s-1 A- 1 • This i s  1 /4 t o  1 / 1 0  o f  the total dereddened flux o f  the LMC 

at this wavelength [ 3 ] ,  

ii)  The Lyman continuum flux in the core is 2 , 5 1 0 51 ph s-1 , The total 

flux of the LMC is not known directly but we know that of the SMC [ 3 ] ;  as the 

LMC contains about 5 times more mass ive s tars than the SMC ( see Section 1 )  its 

flux of  Lyman continuum photons can be estimated as 2 1 0 52 ph s-1 , 8 t imes that 

of the core of 30 Dor . 

iii)  The core of 30 Dor contains 1 5  or 1 6  Wolf-Rayet stars [ 23 ] , about 

1 / 7  of the total number in the LMC . 

30 Dor is the only hypergiant HII region for which we know something 

directly on the IMF . This IMF turns out to be normal , similar e . g .  to that in 

the f ield of our Galaxy . There are many very massive s tars just  because there are 

a very large number of mass ive stars ! This is discussed in detail in [ 24 ]  but 

simple considerations will suff ice here . There are about 60 05 stars or earl ier 

in the core with a mass M � 50 M© [ 25 ] [ 2 6 ] . If the IMF is  d n (M) /d log M "' w- is 
up to very high masses this corresponds to a total of 300 0 s tars (down to 20  M

0
) 

at least if mos t  of the 0 s tars formed during the burst are s t i l l  there , That 

this  is the case is shown by the s carcity of evolved stars ( there is only one 

red supergiant in the core) . To be fair, one should add to the 50 hottest 0 s tars 

the 1 5  or 1 6  WR which are probably originating from similar high-mas s  star s ,  but 

this  would not change much the statistics . 

Unfortunately we know very little of the s tars with masses somewhat 

smaller than 20 M0
, except indirectly through the far-UV flux to which they con

tribute appreciaply . This f lux appears to be that of a normal IMF ( see earlier) 
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but unfortunately the inter s tellar extinction is large and the corresponding cor

rect ion is uncertain. Nothing can be said on s t ill lower-mass s tars .  

The problem with 30 Dor is thus not in i t s  s tellar population which 

offers nothing except ional , but in its very existence . 

4 .  Clusters 

The Magellanic Clouds are well known for containing compact ( "globu

lar") clusters of all ages , including very young ones . They share this property 

with at least one other galaxy of the Local Group , M33 ,  a system rather s imilar 

to the LMC in terms of stel lar populations in spite of being a late spiral , and 

with NGC 5 5 ,  a galaxy classed as magellanic seen edge-on. Why this i s  so is not 

yet unders tood . Some of these clusters are extremely young , for exampl e  NGC 346 

which ionizes the HII region N66 , the larges t in the SMC . The four brightest  

stars in the core of NGC 346 are 0 s tars and the nearby bright s tars Sk 80  

(07 Ia+) and HD 5980 (WN3,  eclips ing binary) are probably related [ 2 7 ] . This is a 

kind of mini-30 Dor . Other clus ters in the Magellanic Clouds mus t  contain many 

O s tars . I estimate about 2800 O s tars in the LMC and 540 0 s tars and I gues s  

that a large fract ion of those stars (presently under sys tematic s tudy : s e e  [ 28 ]) 

are in clus ters or in very small groups which look l ike s ingle s tars on photo

graphs . R 1 36 is the mo s t  famous example of such a small aggregate now reso lved 

by speckle observations [ 29 ]  but there are others l ike R 1 40 in 30 Dor [ 23 ] , 

many binary WR stars that are no t necessarily phys ical binaries , etc . One should 

be aware of thi s  when studying e . g .  the luminosity funct ion s ince these clusters 

or aggregates are sources of  incompletenesses and biases in the counts .  Some 

small clusters [ 30]  are intermediate between these very compac t groups and the 

normal clus ters . 

At last point I wish to mention that is relevant to s tar formation is 

the age segregation of s tars in several clusters in the Magellanic Clouds [ 3 1 ]  

[ 32 ] : the central regions contain younger s tars than the periphery , and s ince the 

crossing t ime of the cluster is usually larger than the stellar ages this mus t  

reflect condit ions at the time of s tar formation. This is reminiscent of some 

resul ts in our Galaxy [ 33 ] . 

5 .  Evolution of star format ion in the Magellanic Clouds 

As shown a long time ago [ 34 ]  [ 35 ]  the UBV colors of a galaxy allow to 

determined the ratio of the present-day star format ion rate (PDSFR) to  the inte

grated star formation rate (SFR) since the birth of the galaxy , provided that 
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the IMF has stayed constant , Thi s  property has been extended to any comb ination 

of  colors by [ 36 ]  who showed that 

R PDSFR ;:ow SFR (t)  dt 
0 . 1 0  - 0 . 1 4 

0 . 045 - 0 .  I I 

Gyr-1 for the LMC 

Gyr- 1 for the SMC 
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If the ages of the Magellanic Clouds are 1 0 - 1 5  Gyr this is cons is tent 

with a uniform past SFR for the LMC and a SFR slightly decreasing with time for 

the SMC . However thi s  solution is far from unique : any past SFR his tory giving 

the same R is cons istent with the color observat ions , and other types of obser
vations are needed . Detailed studies of the field lumino s ity function and/or 

(better) of the HR diagram [ 37 ]  suggest that the bulk of SF in the LMC has start

ed only some 5 Gyr ago , a result which appears to be conf irmed by other obser

vations [ 38 ]  that may however be somewhat controversial : see the discuss ion after 

[ 2 ] .  Also,  if  the IMF has varied (perhaps because of b imodal SF [ 39 ] )  this may 

explain partly the above results . Unfortunately there is no trace of the early 

mass ive stars and this hypothes is cannot be checked . A more recent burst of star 

formation has been advocated by several authors in the LMC e . g .  [ 40 ] , perhaps in 

relation with an encounter with the SMC that may have o ccurred 2 1 0 8 years ago 

[ 4 1 ] ,  but the evidence appears to me even less convincing . Also,  the old (age > 
1 09 years) sys tem of globular c lusters may have a different kinematics than the 

younger clusters [ 42 ] , possib ly due to such a gravitational dis turbance .  However 
the planetary nebula system, which appears to have a mean age of (2 - 4) 1 09 

years , rotates l ike the young population [ 43 ]  and the previous result cannot be 

considered as firmly establ ished . 

Another pos s ible approach to the determination of the his tory of s tar 

formation in the Magellanic Clouds is to study the age dis tribution of star clus

ters , This has been attempted recently by [ 44 ]  and [ 45 ]  for the LMC with roughly 

consis tent resul ts . As in our Galaxy , there are less and less clusters per unit 
age at old ages . This is clearly the result of clus ter disruption , a phenomenon 

which looks as expected less important in the LMC than in our Galaxy , It is thus 

impossible to obtain the rate of formation of these c lus ters as a funct ion of 
time , What is interes t ing is that their observed age dis tribution shows no s ig

nificant peak within a factor � 2 per bin of 0 . 2  in log (age) [ 45 ] , This shows 

that cluster formation mus t have been relatively smooth and in particular that 
no strong burst has occured in the last 1 09 years . Whether this is true for 

field stars is not c lear, and one should not forget that the age scale for clus
ters is still  rather uncertain . 

Variations of the star formation in space have been studied by many 
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authors : see discuss ion and references in [ I ] .  I t  is c lear that the s i tes of  

star formation move to large dis tances in  a few 1 0 7  year s ,  perhaps in agreement 

with the stochastic star-formation theory [ 1 3 ] . Longer scale variations are also 

clear at least in the case of the SMC where the carbon stars [ 46 ]  and the plan

etary nebulae [ 47 ]  have a space dis tribution quite different from the distri

bution of gas and young stars . This is not unexpected given the dis turbed 

appearance of the SMC . 
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AP P EN D I X  

OBSERVATIONS OF THE SUPERNOVA 1 987  A 

IN THE LARGE MAGELLANIC CLOUD 

James LEQUEUX 

Observatoire de Marseille 
13248 Marseille Cedex 04 , France 

Ob servat ions of the recent supernova 1987 A in the Large Magellan ic Cloud up 
to mid-may 1 987 are summariz ed : light curve and colors , opt ical , UV and IR 

spect rum, nature of the progen itor , int erstellar l ines  in the spectrum . 

69 

It is shown that this is a somewhat atypical Type II supernova result ing from 

the explosion of a massive star,  but definitive conclusions on the exact nature 

of it s progenitor will have to wait for some t ime . 
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I .  Introduction 

Supernova SN 1 987A (the f irst one discovered in 1 98 7 )  exploded on 

February 23 in the Large Magellanic C loud , one of the satellite galaxies of our 
own Galaxy , at a dis tance of 1 5 6  000 light-years . This is the first supernova 

explos ion seen with the naked eye s ince the galactic supernova of 1 604 described 

by Kepler.  The brightness of this object and the fact that its dis tance is rather 

accurately known (the maximum uncertainty on the dis tance is of the order of 

1 5%) make its s tudy particularly important . Burs t ( s )  of neutrinos have apparently 

been observed from this supernova , and this is the birth of neutrino astronomy 

(although neutrinos are also currently received from the Sun) . There is l i ttle  
doubt that the supernova actually exploded in  the Large Magel lanic C loud as  

i)  its  spectrum shows interstellar absorption l ines from gas  in  our Galaxy and 

in the Large Magellanic C loud ; ii)  the Cloud is sufficiently transparent that 

if the supernova exploded in a foreground galaxy we would have seen this galaxy 

on plates taken before the explos ion, and iii)  the positional coincidence with 

a star belonging without doub t to the Large Magel lanic C loud in extremely good , 

�s we will see later . 

This paper will summarize the observations known to the author by mid
may 1 987 , 2 1 /2 months after the explosion ,  No attempt is done to provide a 

bibl iography. Much information has been dispatched via the Astronomical Tele

grams of the International Astronomical Union. 12 letters to the Editor have 

been publi shed in Astronomy and Astrophysics vol . 1 7 7 (May I, 1 98 7 ) , a few more 

in � but there are also many preprints circulating . Part 2 of the present 

paper will report on the light curve and evolution in color of the supernova 

and Part 3 on its spectrum; Part 4 will discuss the problem of the progenitor 

and Part 5 the interstellar line spectrum, Part 6 will present a discuss ion 

about the nature of the obj ect . 

2 .  Light curve and color evolution of SN 1 987A 

The supernova was dis covered on Feb . 2 4 ,  1 987  independently by 

I .  Shelton in Chile and A. Jones in New Zealand , but actual ly the first observa

tion was done on 2 short exposures on fi lm by G. Garrad and R. McNaught in 

Australia on Feb . 23 . 443 and 23 . 445 Universal Time . A careful reduction of these 

films has given a photovisual magnitude m 6 . 36 ± 0 . 1 5 .  On Feb . 2 3 , 6 2 ,  4 hours pv 
later, the magnitude had increased to 6 . 1 1 ;  on Feb . 2 3 . 3 9 ,  1 . 3 hour before the 

f irst observation, it was fainter than 7 mag .  The supernova was not seen on 2 
plates taken respectively between Feb . 23 . 042 and 23 . 0 5 6 ,  and between 23 . 05 9  and 



SUPERNOVA 1987A 7 1  

23 , 1 0 1 . Thus i t  has exploded between Feb . 2 3 . 08 approximately and Feb . 2 3 . 443 . 

During this time interval , neutrinos have been reported by the Mont Blanc experi

ment on Feb . 2 3 . 1 24 and by the Kamiokande and IMB e«periments on Feb . 23 . 3 1 6 ;  

both may a priori correspond to the explosion, but see later , 
The evolution of the luminosity of the supernova has been wel l  fol

lowed in the V (visual) band centered on 5500 A by many profess ional and amator 

astronomers ,  resul ting in the light curve displayed fig .  I .  The best results are 

accurate to a few hundredths of magnitude . The light has been also followed by 

the f ine-error sensor of the International Ul traviolet Explorer ( IUE) satell ite , 

which is more sensitive in the b lue (approximately 4500 A) . The light curve is 

slightly different because of the change in color of SN 1 987A . 

Figure I :  

� m•9,,itutl1 

i:11> Mud •• 1i,,,_, f  ,0 � Ma.; 1111 
Light curve of SN 1 987A in the visible (V) light . This curve has been 
buil t  on photoelectric measurements and should be accurate to a few 
hundredth of magnitude . 

After a fast rise,  the V light curve reached a plateau on Feb . 27-28 

at the magnitude V = 4 . 45 and , after a first broad minimum at V = 4 . 50 on March 

2-3 , ri sed regularly until reaching another plateau at V = 2 , 90 after May 8 .  It 
is likely that this is  the maximum light (it  was still  at the same magnitude on 

May 15)  and that the supernova will decl ine later . The absolute V magnitude at 

maximum corrected from interstellar extinction is  � = - 1 6 . 0 ,  20 , 8  mag ( 2  1 0 8 

times) brighter than the Sun at this wavelength . 

The temperature of the emitting layers has also changed during the 

evolut ion of the obj e c t ,  The UV emiss ion was very strong at the beginning and was 

detected down to 1 200 angstrom by the IUE satellite . But emission was already 

negligib le below 1 700 A on March I ,  6 days after the explosion .  At this date , the 

energy distribution was not far from that of a 6000 K blackbody , although fainter 

in the UV , and the effective temperature dropped down to 5 200 K on March I I .  The 

total luminosity can be estimated from photometry in a broad range of wavelengths: 

it increased from 3 . 2  to 5 . 5  1 07 solar luminosities between these two dates 

(I solar luminosity = 3. 8 1 0 33 erg s-1 ) ;  the effective radius (radius of a 

blackbody with the observed total luminosity and effective temperature) increased 

from 5600 to 9 1 00 solar radii ( I  solar radius = 7 1 0 10 cm) , due to the expansion 
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of the envelope ejected by the explos ion . The further evolution of the energy 

dis tribution is more complicated : the UV decrease stopped on March 18 and the 
obj ect even brightened fas ter than in the visible after April  2 6 .  I have no com

plete information al lowing to calculate recent values for the total radiated 
energy, but it  appears that the maximum in total energy comes later than the 

maximum in V noted above . Presumably it  will reach or pass 1 08 solar luminos

ities (absolute bolometric magnitude - 1 5 . 3 ,  emitted energy 4 1 0 41 erg s-1 ) .  

3 ,  Spectrum of SN 1 987  A 

The spectrum of SN 1 987A, as that of all supernovae ,  is quite smooth as 

the l ines are very broad . Exceptions are the sharp absorption l ines of Na0 , Ca+ 

and other elements which are interstel lar in origin and will be discussed later , 

The features in the ultraviolet are time-variable and hard to ident ify;  at some 

stages the spectrum resembled the UV spectrum of Type-I supernovae (see later 

for the classification of supernovae) . In the visible and the infrared , the 

spectrum is dominated by the l ines of hydrogen (Balmer,  Paschen, Brackett and 

Pfund series ) , and by a few l ines of neutral hel ium and other elements .  These 
l ines have the characteristic so-called P-Cygni profile ( from the name of a s tar 

where such profiles were discovered) : emis s ion near the rest wavelength and 

blue-shifted absorption . As explained on fig .  2 this profile is characteristic 

of an expanding envelope with a positive temperature gradient towards the 
interior . 

Figure 2 :  

Int:uisity A 

- <= - -- B 

Ra.dial 
0 �locity 

Formation of P-Cygni line profiles in a thick expanding envelope . 
On the left,  a schematic figuration . When looking at the edges (A) 
one sees material with zero radial veloci ty which gives an emiss ion 
l ine s ince there is no background emission. The central region (B)  
gives a b lue-shifted line that is seen in absorption over the 
emission of the hotter background gas of the expanding envelope . 
The corresponding line profile is indicated on the right , It i s  
seen that the expansion vel ocity i s  roughly g iven by the b lue-
shif t of the absorption dip . 
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The expans ion velocity of the envelope at the depth where the l ine is formed is 

roughly given by the blue-shi f t  of the absorption dip (converted into radial 

velocities ) .  At the beginning , this velocity was as high as 1 8  000 km s-1  for the 

Ha l ine , but was smaller for higher l ines , 1 6  000 km s-1 for HS , 1 5  500 for Hy , 
etc . This only indicates a velocity gradient in the thick expanding material , 

as we are looking to deeper and deeper levels for higher-energy l ines , The dip 

veloc ities decreased wi th time ; for example the Ha dip indicated a velocity of 

I I  OOO km s-1 on March 1 0 .  This is not due to changes in the phys ical veloci t ies 

in the atmosphere , but to the fact that we look deeper in the atmosphere while 

it  expands and its  optical thickness decreases ; in f ac t ,  the deceleration is 

negl igible and there might even be an acceleration if  energy has been inj ected 

after the explos ion e . g .  through decay of unstable isotopes l ike 56 Ni formed 

in the explosion. 

No X rays or y rays have been detected , but SN 1 987a  i s  a weak radio

source detected first on Feb . 25 . 4 ,  that reached a maximum I or 2 days later 

then decl ined . This i s  not unexpected . 

4 .  The progenitor of SN 1 987A 

Of course one of the f irst things done after the discovery o f  SN 1 987a 

was to look at earl ier photographic plates to see what was there before , The 

surprise was to find a catalogued s tar named Sk -69°202 right  at the pos ition 

of the supernova (Sk i s  for the catalogue of Sanduleak, of the Warner .and 

Swasey Observatory) . There is only l imited material about this star :  it is c las

sif ied as B3I (I for supergiant) and its magnitude and colors are V = 1 2 . 24 ,  

B - V  = 0 , 04 , U - B  = -0 . 65 .  This i s  a hot and mass ive star , wi th a mass o f  about 

20 solar mas ses . Is it the progenitor? This is a complicated ques tion that I do 

not personally consider as completely settled . 

Accurate as trometry tells that SN 1 987A coincides very wel l  in position 

with Sk -69 ° 202 within the accuracy of the measurements ,  a few tenths of an arc 

second , F igure 3 is a sketch of the immediate surroundings of this star , as 

revealed by the best previous photographs (see White and Malin, 1 98 7 ,  � 
�. 3 6 ) , S tar 2 looks similar to the main star (S tar I )  but is 2 . 5  magnitudes 

fainter .  Star 3 is somewhat fainter and redder than s tar 2 ,  Obj ect  4 is a post

supernova d i scovery and has not been seen by many authors ; it seems to radiate 

mainly in emi s s ion l ines and might be a small gaseous nebula, 
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Figure 3 :  A scheme of the region where SN 1 98 7A 
exploded . Star 1 is Sk -69°202 : the pos i tion 
of the supernova coincides with thi s  star with 
a. u i. gu ac(.;u� acy . 1ni.s s lar may itself be dou
b le (at least) with 2 components separated by 
approximately 0'.'4 NS . Stars 2 and 3 are 
fainter . Obj ect 4 is apparently visible only 
in emiss ion lines and is probably not a s tar , 
but a small gaseous nebula . The fol lowing 
table recalls the characteristics of the s tar& 
Star 1 :  B3I V magnitud e :  1 2 . 24 
Star 2 :  early B V magnitude : 1 5  
Star 3 :  redder V magnitude : 1 6  

A s  said before , the supernova stopped radiating below 1 700 A a few days 

after the explosion . There was something left,  low-resolution spectra of which 

was taken by the IUE satell ite : this spectrum shows absorption l ines typical of 

a B3 star , thus it was claimed that Sk -69° 202 was still  there and is not the 

progenitor . However a further , more detailed look to what happens in the S" x 20" 

entrance aperture of IUE reveals some compl ication : the source does not appear 

to be a single star but rather a double obj ect separated by S" ± 2" in a NW - SE 

position. This is compatible with those stars being s tars 2 and 3 of f i g .  3, in 

which case Sk -69°202 would have disappeared and thus have been the progenitor . 

Unfortunately the posit ional accuracy of IUE is not good enough to ascertain the 

identif ication directly . If the NW obj ect is an early B s tar the observed far-UV 

flux implies that it is fainter than Sk -69°202 by roughly 2 magnitudes in the 

vis ible : this is compatible with it being star 2 ,  The other component is twice 

fainter in the UV and might well be s tar 3 .  However -69°202 might be peculiar in 

the far-UV and be one of the two UV obj ects . 

Another element in the puzzle is the observation from high-qual ity 

pre-supernova images that Sk -69° 202 might not be a s ingle s tar i tself ! The 

corresponding image is elongated NS , contrary to other images in the field,  and 

suggests that Sk -69° 202 is a doub le star with 2 components s eparated by roughly 

0�4 . It may well be that one of these components is the progenitor and that the 

other is still  there : this might explain the faintness of the obj ect seen in the 

far-UV (if it can be identified with the SE obj ect seen by IUE) . If thi s  is true 

it is very hard to say something about the progenitor as we do not know the 

individual properties of the two components of Sk -69°202 . Thus we cannot yet 

conclude about the progenitor . There is a good chance that it is a blue mass ive 

star,  but this might be one of the components of Sk -69°202 ( if doub le) and thus 

its mass can be somewhat smaller than 20 solar masses and it may not be a normal 

B3 supergiant , We can however assess that it cannot be a Wolf-Rayet s tar , i . e .  a 

mas s ive star deprived from its envelope at the end of evolution: these stars 



SUPERNOVA 1987 A 

have well- recognizeable spectral features that would have been seen in exis ting 

obj ective-prism spectra of the region taken before the explos ion . 

5 .  Interstellar lines in the spectrum of SN 1 987A 

75 

Spectra of SN 1 987  show a number of narrow, comp lex lines formed in the 

interstellar matter between the obj ect and us : l ines from Na
0

, Ca
+

, K0 in the 

visible and many elements and ions ranging from Mg
0 

or c0 to Si
+++ 

or C
+++ 

in 

the far-UV ; spectra are published in Astronomy and Astrophysics .!22.• L l 7  and 

L37 . There are also interstel lar diffuse bands . They are s imilar to what has 

been obs erved previously in a number of s tars of the Large Magel lanic Cloud and 

have nothing to do with SN 1 987A itself ,  but their observations are of much 

higher qual ity as the supernova was so much brighter than the other s tars . The 

lines are produced ei ther in the galactic disk with hel iocentric radial veloci

ties 0 to 30 km s-1 , or in the Large Magellanic Cloud with velocities 200 to 

300 km s-1 • Intermediate-velocity components also exist and are generally attrib

uted to gas clouds in the galactic halo . 

6 .  Discuss ion : the nature of SN 1 987A 

Supernovae are classified according to their light curves and spectra 

into two main groups . SN! have well-defined light curves and no hydrogen lines 

in their spec tra ; they are supposed to originate in carbon-deflagration of 

carbon-oxygen white dwarf s ,  thus in low-mass star s .  SNII have a variety of light 

curves and show hydrogen lines in their spectra. They result from the explosion 

of mass ive s tars fol lowing the col lapse of their iron core ( for a up-to-date 

detailed discuss ion of supernovae in general , see the excellent review by 

S . E .  Woosley in NucleoSynthesis and Chemical Evolution, 1 6 th Advanced Course Saas 

Fee 1 98 6 ,  sold by Geneva Observatory , CH 1 2 90 Sauverny) . 

This classification gives an oversimp l ified view of the reality . Each 

class is  very diverse and encompasses a variety of light curves : actually Zwicky 

distinguished many more classes . In particular the so-called subtype lb (some

times called Type III) corresponds to the explosion of mass ive s tars stripped 

of their envelopes (e . g .  Wolf-Rayet stars ) , It must be realized that what we see 

is only the radiat ion of the external parts of the outer regions of the star 

ej ected by the explos ion and that the total amount of visible energy (kinetic 

and thermal) is only a small fraction of the energy liberated in the supernova 

phenomenon. For example , the collapse of a massive star produces some 2 I 0 53 ergs 

of gravitational energy which is ultimately converted in neutrinos , and only 
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1 0 51 ergs of kinetic , thermal and radiated energy . No surprise that the l ight

curve depends much of the properties of the external layers of the star , and of 

whether it has or not an extended envelope . The larger the envelope ,  the more 

energy is converted into radiation and the longer the time s cales for l ight 

variations . It has become recently possible to predict the evolution of a super

nova in some detail : see the cited review by Woosley ,  and Shaeffer et al . ( 1 987 : 

Astrophysical J. Letters �. L3 1 ) ,  

What can we say on SN 1 987A? I t  shows hydrogen l ines in its  spectrum 

and mus t  be Type II or related , in any case a massive obj ect . The fact that its 

UV spectrum resembled a Type I spec trum at some stages does not seem to be very 

s ignificant . The neutrino emission also points to a massive obj ect unambiguously, 

and the Karniokande - IMB burst has roughly the expected intens ity for formation 

of a neutron star during col lapse (Schaeffer et al . ,  1 98 7 ,  �· to be pub

lished) . It seems even possible to account for observations of two neutrino 

bursts separated by 4 1 /2 hours ( the Mont Blanc one and the Kamiokande /IMB one) 

if  the first corresponds to the formation of a neutron star which further 

collapses as a black hole : this requires an obj ect with a mass � 20 solar masses, 

marginally compatible with the explos ion of Sk -69° 202 (Hil lebrandt et al . ,  1 98 7  

�. t o  b e  pub lished) . 

Whatever the detai l s ,  it is c lear that SN 1 987A is Type I I ,  and that 

its progenitor was a mass ive star of mass '\; 20 M
Q 

or somewhat less . The c las

s ical progenitor of a Type II supernova is a redsupergiant . Thi s  cannot be the 

case here s ince this progenitor would have been seen and would moreover have 

produced a brighter supernova because of more efficient energy convers ion in an 

extended envelope . SN 1 987A cannot originate from a totally stripped s tar l ike a 

Wolf-Rayet star al though what is observed of its light curve and its  relative 

faintness recall of Type Ib (also cal led Type III)  supernovae which are bel ieved 

to originate from Wolf-Rayet stars : the lines typical of Wolf-Rayet s tars would 

have been observed. However the progenitor might have been a partially stripped 

star ; the relatively faint magnitude , the plateau a few days after the explosion 

and the fast initial decrease of photospheric temperature suggest an initial 

radius .{ 1 0 12 cm ( for comparison, a B3I star has a radius of about 1 . 8 1 0 12 cm and a 

Wolf-Rayet star ;;; 1 . 4 1 0 11cm ) :  Schaeffer et al . ,  1 98 7 ,  �· to be pub l i shed . 

However it is not excluded that the progenitor was a B3I s tar provided the 

density structure in the expanding material is given by homologous expans ion of 

the stellar structure (Hillebrandt et al . ,  1 987 , Nature, to be pub l i shed) . 

Only future observations will tell us more about the progenitor , in 

particular its degree of stripping . Whatever the resul t ,  i t  is somewhat surpris

ing to find a star with mass o:; 20 solar masses exploding in a stage different 
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from the red supergiant one . Conventional s tel lar evolution calculations pre

dicts that a s tar of this mass will become a red supergiant prior to the igni

tion of core carbon burning which triggers the supernova phenomenon. However if  

the  star is a member of a close b inary sys tem it  may never reach this  s tage s ince 

its  growth towards the red supergiant s tage will be l imited by capture of the 

expand ing matter by its companion . Recent model calculations of s ingle stars 

with low heavy-element abdndances also find that single stars with masses in the 

range 15 to 25 solar mas ses and reduced heavy-element abundances as are s tars in 

the Large Magellanic Cloud can explode as b lue supergiants (Hillebrandt et  al . ,  

1 98 7 ,  op . c it . ) . 

This conclusion is crit ical ly dependent on the treatment of convec tion 

in the s tar . 
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By the comparative study of adjacent stellar associations in the Magellanic 

Clouds ,  we were able to follow the spatial and temporal developments of starbursts at 

the scales of 10 Myr and 500 pc .  Most of the known s Dor type stars of the Magellanic 

Clouds were thus found to have a relatively old environment. we propose to revisit the 

current ideas on age and evolutionary status of s Dor stars ( Hubble-Sandage 

Variables ) and different subtypes of WR stars . 
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we will swmnarize here a few results obtained from the study of regions of recent 

or current star formation , at space and time scales smaller than considered by 

Lequeuxb i .  Few studies up to now have been devoted to the comparison of the physical 

data pertaining to adjacent star forming regions . Hane14 ) outlined such a study for 

the complex nebula N 11 in the LMC, from kinematical data ; Dopita3 ) discussed the 

supergiant H II shell Shapley I I I ,  where star formation began in the center 15 Myr ago 

and propagated outward . we studied several cases where star formation propagates more 

or less linearlylO ) as coarsely described by westerlund23 ) . In sect . 1 ,  we recall one 
of these cases . Consequences on the current ideas about the nature of S Dor type 

stars are developed in sect . 2  and illustrated by the region Shapley I I .  The 

nomenclature used throughout this paper for objects is explained in 7 ) and 8 ) . 

l. TYPICAL CASES OF SEQUENTIAL FORMATION 

A clear instance of sequential star formation is provided by the group of stars 

and nebulae dominated by the nebulae N 83-84, in the Inner Wing of the SMC ( see Lortet 

and TestorlO ) and their Fig. 2a ) . Table l swmnarizes a few properties of the different 

objects , ordered by age . Spatially this sequence extends from SW to NE over a distance 

of about 500 pc .  The analysis of this region of the SMC is made easy and safe because in 

this direction, this galaxy is made of only one sheet of gas , instead of two or more in 

the north or in the Barl2 ) : thus areas close on the sky are indeed close in space . The 

oldest objects ( cepheids which period is a good age-indicator, red supergiants and the 

X-ray source SMC X-1 ) are related to a faint extended filamentary shell DEMS 157 while 

bright compact H I I regions ( e . g .  N 8 3Al ) host non evolved o starsl 9 ) • 

On this instance , we see that the contrast in ages of the stellar population is 

reflected in the properties of the nebulae : faint extended shells/or absence of 

nebulosity are often associated with evolved stars ( as in many instances in the LMC )  
while compact H II are the place where to look for hotter ( unevolved ) stars . This 

remark is important , as it may guide deeper studies of the massive star content of the 

Magellanic Clouds and of more distant galaxies, where individual stars of moderate 

luminosity ( Mv - -5 ) cannot be resolved . 

2 .  THE RANGE IN AGES OF THE S DOR AND WR STARS REVISITED 

The WR population is sometimes schematized by statistical properties , for 

instance that they are relatively young stars ( 3--6 Myr ) with a progenitor of mass 
larger than 40'11'q ) • 11 ) . In fact , Schild and Maeder • s study for galactic starsl6 ) and 

examination of the LMC stellar associations show that some subtypes of WR stars are 

associated with stars as young as 03-4 stars ( in Car OBl ) while other ones ( for 
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Table l Sequential star formation in the Kl region in the SMC 
( data excerpted from Lortet and Testor, 1987 ) 

stellar Data 

Star 
or star cluster 

Two cepheids 
p - 25d 

SMC X-1. 
Red supergiants 

NGC 465 
NGC 460b 
NGC 456 ( part )  
NGC 456 
NGC 460a 

Spectral Type 
( hottest star ) 

BO I 1� 1" 
09 I N 85 

[ 08-9 V J  N 84Bl 
[ 08-9 V J  N 83Cl 

06 . 5-7 v N 83A1 
[ 05-7 VJ N 84A1 

Nebular Data 

faint shell 500pc in diam-
eter centered near SMC X-1 

very faint 
[OIII J/Bt3 - 2 
[OIII J/Bt3 2 
[OIII ]/Bt3 6 
[OIII J/Bt3 7 

8 1  

Age 

Myr 

I 15 

7-1.5 

6-7 
4-5 
4-5 
2-3 
2-3 

instance early WN ) are found in clusters whose hottest stars are of spectral type Bl. or 

even B2 . Recently, Schildl5 ) found the WN9-10 star Brey 1.8 ( = R 84 ) in the I.MC to be 8 

or more Myr old. Thus the span in age of WR stars extends up to 8 Myr at least , from the 

youngest ones (WN 6-7 stars of 30 Dor and car OBl ) to broad lines early WN and WN9-l.O 

stars like Brey 18 . 

on the other hand , the s Dor type stars , because they are thought to be 
exceptionally luminous ,  have been considered so far to be very young, and evolved from 

massive progenitors who never go through the red supergiant phasel , 11 ) . However, 

their high luminosity and mass ( and even chaotic light-variability ) are now 

questioned by discoveries such as the binarity of R 81. = Sk -68 631.8 ) , of total 

present mass about 35 �. Moreover, our studies show that all of them are associated 

with an older environment than was believed, namely B supergiants, the oldest among WR 

stars and even, in several cases , red supergiants . This is illustrated in Fig. 1 which 

shows the distribution of s Dor type stars compared with those of WR stars and red 
supergiants, for the region of the LMC known as the constellation Shapley II . This is a 

homogeneous region, poor in gas and dust6 ;14 ) , rich in red supergiants of similar 

spatial velocitiesl3 ) . In strong contrast to the star forming region 30 Dor located 

just to the east< 1 > ,  Shapley II contains few bright nebulae, no WN6-7 stars , and only 

one we star located in its youngest part ,  the nebula N l.44. Fig. 1 shows eight s Dor 

type stars , most of them members of tight clusters . 

< 1 J  Notice that SN 1 98 7A is sitting just at the edge of this last one ; the stellar content of 

the nearby superbubble N 1 5  7C has been analysed by Lortet and Testor and its five WR 

stars are not shown in Fig . 1 a .  
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Fig . l  : The "constellation" Shapley II in LMC . The field extends to the NW up to the 

nebulae N 144 and N 138 , to the east up to the stellar associations LH 90 , center of 

the superbubble N 157C, and LH 85+89 . 

a ) Mosaic of Hodge and Wright ' s  B charts . The Wolf-Rayet stars are indicated by circles 

( early WN ) ,  squares ( WN8-10 ) ,  filled circle { WC ,  one in N 144 ) .  The s Dor type stars 

are indicated by triangles : almost all are members of a cluster ( e . g .  SL 530 and 552 , 

NGC 1983 and 1994 • • •  ) . The Wolf-Rayet population in N 157C is not indicated ( insert ) .  

SN 1987A is shown south of N 157C. 
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Fig. l.b : Mosaic of Hodge and Wright • s v charts . s Dor type stars and red supergiants 

( only those with measured radial velocities ) . The s Dor type stars are shown as in 

Fig. la ( upwards triangles ) . The sign .> indicates red supergiants with the range of 

velocities 267 < Vhel < 285 km s-1 , typical of Shapley II . More receding velocities 

are if!dicated by a triangle downwards, more approaching ones by a square . The curved 

lines define Henize nebulae . The circles are small nebulae, not stars . 
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The star Brey 1 8 ,  quoted in sect . I ,  stands as a summary of all the points made 

above . This star, classified as a s Dor variable of Of-like typel 7 ) , has a spectrum 

Oiafpe or WN9-1022 ) and a M companion2 ) , belongs to a stellar association 8 Myr or more 

oldl5 ) , itself surrounded by the filamentary shell DEML 110 . Moreover its M companion 

is dominant in v light , which means that its bolometric luminosity would be 

surestimated by at least 1 . 5  - 2 magnitudes if the companion is ignored or were 

undetected . 

3. CXJ!rCLDSimi 

The approach of looking for a sequence of ages in adjacent regions of star 

formation is promising. The finding of an older environment than believed for s Dor 

type stars is of utmost importance . The idea that at least a fraction of them is a later 

evolutionary step following the red supergiant stage cannot be rejected , as other 
recent data have also questioned their variability, high mass and high luminosity. The 

question of their multiplicity is a basic one, indeed already raised by Walborn21 ) for 

the candles of the Magellanic Clouds5 ) and is now topical for the progenitor of the 

Supernova in LMC20 ) . 
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Abstract : Integrated infrared maps of the Magellani c Clouds are shown . 
The far- infrared spectra of the Magellanic  Clouds are very simi l ar and 
resemble the NGC 4 4 4 9  spectrum . They show an average dust t emperature of 35K . 
There i s  less 1 2  µm 'excess ' emi ssion from the Clouds than from M31 . The 60 µm 
lumi nosity of the LMC equals that of M31 . The dust temperature map resembles 
the i nfrared map of the Clouds , but there is an ant i -correlati on between 1 2/25 
µm and 60 /1 00 µm showing that the 1 2  µm 'excess ' is due to the infrared cirrus 
component . At a resolut i on of 1 5 '  there i s  a reasonably good correspondence 
between the dust and HI gas distributions , that breaks down at high i ntensity 
leve l s .  
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1 .  Introduct i on 

The Magellan i c  Clouds are close enough to be used f or a detailed  

compari son with our  M i l ky Way galaxy . On the  other hand the y  are far  enough 

away to obt a i n  i ntegrated properti es whi ch can be compared to those of other 

galaxi es . They are dwarf irregul ar galaxi es , having  l ow d us t-to-gas r at i os , 

l ow metal abundances , h i gh atom i c  gas content and a relat i ve l y  h i gh present

day star formation rate . The I RAS s atel l i te has obtained vari ous pointed 

'Additi onal Obser vat i ons ' ( AOs ) on the Clouds in the i nfrar e d  at 1 2 , 25 , 60 

and 1 00 µm ( see Israel and Schweri ng., 1 986 ) .  

2. Far-infrared i mages of the Magellan i c  Clouds 

Maps at 1 2 , 25 , 60 and 1 00 µm of the SMC base d o n  I RAS AO data ar e shown 

in Schwer i ng and I srael ( 1 987 ) , and of the LMC in Schwer i ng ( 1 987 ) . The 

i nfrared data pr esented i n  those papers have a r esolution of r oughly 1 '  i n

scan by 7 '  cr oss-scan , i n  two i nde pendent and or thogonal scan-direct i ons . 

Fi gure 1 shows the LMC total far-i nfrar e d  emi ssion ( 1 -500 µm ) obtained from 

e xtrapolat i ng the 60 and 1 00  µm emi s s i on over the whole  i nfrar ed  r ange us ing  

the 60 / 1 00 µm r atio as a l ine-of- s i ght dust t emper ature  and ass umi n g  a >. - l  
emi s s i v i t y  l aw ,  convolve d  to 8 •  resolut i on .  Thi s  F i gur e clos e l y  r es embl es the 

opti cal p i ctur e  of the LMC . The greater Doradus region produces about 50% of 

the total i nfrar ed radi at i on of the LMC . Other promi nent H I I -region complexes 

v i s i ble  on the map ar e N1 1 ,  N4 4 and N7 9 .  The LMC-Bar and Shapley 's  

Cons tell at i on III  are al so  clear l y  v i s i ble . The i ntegrated i nfrared l umi nos i t y  
8 of the LMC i s  LI R  7 x 1 0  L� . 

Fi gure 2 shows the total far - i nfrar e d  emi s s i on map of the SMC obtai ned i n  

the same manner at the same s cale and r esoluti o n .  The grayscales c ut-off at 

the same i ntensi t y  val ue , show i n g  that the SMC i s  a much weaker ( -0 . 1  x )  

i nfrar ed emi tter than the LMC . Note the H I I -regi ons that show up promi nently  

in  the i nfrare d : N66 , N7 6 in  the  NE part of  the Bar ; N81 , N83 /8 4 ,  N88  in  the 

SMC-Wi n g . The br i ght emi s si on peak i n  the SW-Bar i s  probabl y a result of a 

long l i ne-of-si ght through the SMC at that posi tion ( Mathewson et al . ,  1 98 6 ) . 

The SMC i s  surrounded by l ow level e xtended emi s s i on . The i ntegrat ed  i nfrar ed  

l umi nos i t y  of the SMC is  LI R  = 7 x 1 07 L� . 

3. The far-infrared spectrum 

The f ar - i nfrar ed s pectra of the Clouds ar e presented i n  F i gur e 3 .  The 

s pectrum of M 3 1  (Walter bos and Schwering , 1 986 ) has been scaled t o  the 

d i s tance o f  the LMC ( 53 kpc ; Humphreys , 1 984 ) . In the s pectra we note s everal 

thin gs . F i rst of all ,  as alrea d y  noted , the SMC is a factor of ten wea ker  than 

the LMC . The shape of the SMC spectrum is ver y s i mi l ar t o  that of the LMC . 
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Figure 1 :  Integrated i nfrared map of the LMC . Dar ker grayvalues indicate 

hi gher intensity levels but are cut off at the peak . 
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Figure 2 :  Integrated infrared map of the SMC , at the same scale and 
resolution as figure 1 .  
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These two s pectra ar e ,  however , ver y  d iffer ent f rom that of M31 , but very much 

l i ke that of the acti ve gi ant irregular galaxy NGC 4 4 4 9  ( Hunter et al . ,  1 98 6 ) . 

Compared to M31 the r at i o  60 /1 00 µm is hi gher ( r e s ul t i ng i n  a 1 0K hi gher 

average dust temperature for the Clouds : Td - 3 5K ) , and the 1 2 /2 5  µm r a t i o  i s  

l ower ( s howi ng l es s  1 2  µm excess ) .  I n  the Gal a xy and i n  M 3 1  t h i s  1 2  µm excess 

is ( at leas t  partly ) as cri be d  to small grai ns (Cox et al . ,  1 9 86 ; Walterbos and 

Schwer i ng ,  1 986 ) .  Thi s would mean that there is a relat i vely small 

contri bution by such gra i ns in the Magel lani c Clouds compar e d  t o  in the 

Andromeda galaxy . It is i nt er esti ng to note that the LMC has the s ame 60 µm 

l uminosity as the much larger s pi r al galaxy M 3 1 . The value of i nfrare d 

' e xces s ' L r n/L8 in the LMC is about three t i mes hi gher than i n  t he SMC and 

twelve times hi gher than in M31 ( s e e  Caspers , 1 98 7 ) . 

--;;:, >-, � 2 60 pm 
-;,. F i gure 3 .  Infrared s pectra of the 

"""' �rn' 
O') Magel l ani c Clouds , and M 3 1  scaled 
0 .A: ..-< to t he d i s tance of the LMC . LMC 

5 
Sl1C 

2 
log 'A (pm) 2 

4. The relat i on between 1 2/25 Jllll and 60/1 00 Jllll 

Helou ( 1 986 ) studied the r el a tion between the 1 2 /2 5  µm and the 60/1 0 0  µm 

rat i o  of i ntegrated I RAS flux dens i t i es of galax i es . The two r at i os are i n  

anti-corr elat i o n :  Galaxies with a h i gh 60 /1 0 0  µm dust t emper at ur e show a low 

1 2 /25 µm colour temperature and vi ce-ver s a . Ant i - correlat i on in the same way 

was noted in the ring of M31 by Walterbos and Schweri ng ( 1 9 8 6 ) . 

In the Magellan i c  Clouds the dus t temperatur e  is closely related to the 

i nfrared emi s s i on i ts el f , h i gh dust temperatures coi n c i de with h i gh i nfrar e d  

surface br i ghtness H I I -regi ons ( 30 Doradus and N 1 1 i n  the LMC ; N6 6 ,  N7 6 ,  N81 , 

N83 and N88 i n  the SMC : Td =40-50K ) . The temperature i n  the bars i s  enhanced 

( -35K ) compared to the temperature of the diffuse emi s s i on ( -25K ) .  The 1 2 /25 

µm rat i o  ant i - correlates wi th i nfrared and dus t temperature : H i gh r at i os occur 

in l ow temperature , l ow i nfrared surface bri ghtness regions . 
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F i gure 4 shows the 1 2 /25 µm versus 60/1 0 0  µm relat i on i n  a colour-col our 

diagram s i m i l ar to that of Helou ( 1 98 6 ) . Here we plotted pi xel-value ratios i n  

the i nfrared maps (wi th a cut-off a t  0 . 25 MJy/sr ) .  I n  the SMC there are n o  l ow 

dust t emperature areas with s trong enough 1 2  and 25 µm emi s s i o n  r es ul ti n g  in a 

lack of po i nts i n  the l ower r i ght area of the d i agram . The LMC shows the same 

relat i on as found by Helou . At the l ower r i ght s i de the LMC-fi gure contains 

some hor i zontal scatter due t o  the weakness of the 25 µm emi s s i o n  relat i ve to 

1 2  µm at certain pos i t i o ns .  The corr elation bends down t o  the C i rrus point 

( Solar nei ghbourhood radi at i on f i el d ,  mar ked by Xc l ·  
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F i gure 4 :  Colour-colour diagram showing the r e l at i on between t h e  1 2 /25 µm 

and 60 /1 00 µm rat i o  i n  the Magellan i c  C l ouds . 

5. Tiie relation between dust and neutral hydrogen 

From the i nfrared data and the calculated l ine-of- s i ght dust t emperatures 

we have e s t i mated the dust column dens i t y .  Thi s  is an under es t i mate of the 

true dust column density because the I RAS s at el l i t e  i s  not sens i t i ve to dust 

col der than about 20K . The maps , w i th 1 5 '  resolut i on ,  are shown in F i gure 5 .  

The dust column den s i t y  map i s  shown a s  contours , wh i l e  gray-s cales r e pr esent 

i ntegrated HI maps ( Rohlfs et al . ,  1 98 4 ; McGee and Newt on , 1 982 ) . In the LMC 

we see dust concentrations i n  the 30 Doradus complex . On the whol e there 

exi sts a reasonable agreement between H I  and dus t ,  but there is a ' dust 

e xces s ' in the HII-regions . 

The SMC also shows a good correlat i on between dust and H I . Dust 

concentr ations occur in the SW Bar ( long l i ne-of-s i ght ) and i n  N83 / 8 4 , but not 

in N66 . For t h i s  H I I -region the i nfrared appears to come from a hot source 

with a l ow dust content . The other HII-regions show a mi xture of hi gher d us t  

content and h i gh temperatures . 
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F i gure 5 :  Dust column densi ty contours shown on the i ntegrated H I  

grayval ues . Hi gher grayvalues indi cate hi gher column dens i ti es .  

The H I  peaks i n  the 30 Doradus regi on i n  the LMC and the SW-Bar 

in the SMC . 
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LUMINOUS STARS IN M31 
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CCD photometry of several associations in M31 is presented.  One may derive the 
sizes , determine the reddening , identify the younges t  stars and discuss the 
luminos ity functions from data such as these . A brief overview of the luminous 
stellar population in the Magellanic Clouds is also given . 

9 1  



92 P. S. CONTI 

The sp iral galaxy M3 1 represents the c losest exampl e  o f  an SB type in which 

individual stars may be studied.  The large angular extent , the unfavorable 

inclination of the disk to the l ine of sight , the stellar image crowding , and the 

variable internal reddening all combine to make stel lar studies difficult 

al though not intractable . The recent advent o f  CCD devices , with their high 

quantum e ffic iency and l inear detection capab i l i ty ,  have now given us the means 

to investigate the luminous hot star population of this galaxy , and others in the 

Local Group . For M3 1 the large size on the plane of the sky restricts present 

work to only samp les of relatively small regions of this galaxy ; with larger CCDs 

now coming into general use ,  this problem may be somewhat eased . Crowding o f  

stel lar images is a n  important problem for luminous stars a s  they are mostly 

found in assoc iations ; it is largely solved by using S tetson ' s crowded- field,  

point- spread- function fitt ing program DAOPHOT . I t  is absolutely critical to be 

ab le to resolve close stel lar images into the ir individual components in any 

population study such as described here . 

The work I will dep ict in this talk is based mostly upon a paper published 

with my col leagues Phi l  Massey and Taft Armandroff in which the quanti tative data 

are laid out in more detai l (Massey et al 1 9 8 6  - MAC ) . I also wish to speak a 

little near the end of the talk on the current status of s tudies of the IMF of 

the mass ive stars in the Magel lanic Clouds and will draw upon the recent work 

with Phi l  and with Katy Garmany ( Conti et al 1 9 8 6 ; Garmany et al 1 9 8 7 ) . These 

papers may be consulted for additional information . Here I would l ike to appraise 

the es sentials of these ongoing population studies o f  the mos t  mass ive stars in 

environments different from the so lar vic inity . 

We obtained CCD frames , 4 arc minute on a side , of e ight regions of M31 

containing OB associations (van den Berg 1964) . Our choices were se lected on the 

bas is of their appearance on the Hodge ( 1 9 8 1 ) atlas as having numerous luminous 

blue stars present , and the presence of apprec iable H - alpha emission as shown by 

the area survey of Pellet et al ( 1 97 8 ) . S ince we are primari ly interested in the 

0 and Wo l f - Rayet (W-R)  star population , those OB associations with subs tantial 

H-alpha are most l ikely to contain these stars . One of the main obj ectives was to 

obtain narrow fi lter images which iso late the W-R stars ( fo l lowing Armandroff and 

Massey 1 9 8 5 )  and candidates were found in many of the associat ions in these e ight 

regions . 

The main thrust of my talk today wi l l  deal with the OB population for which 

UBV frames of four of these regions were obtained.  These were centered on OB 

associations 8 , 9 ,  and 10 ; 48 ; 78 (NGC206 ) ;  and 102 , respective ly .  OB8 , 9 and 1 0  

are found w e l l  inward o f  the main spiral arms o f  M3 1 t o  the N E  o f  the galactic 

center ; OB48 is somewhat further out in this direction ; OB78 i s  in the oppos ite 
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( SW) direction from the center of M31 but we l l  within the main spiral arm 

structure ; finally , OB102 is in the far NE quadrant , we l l  beyond the location of 

the main s te l lar population of M3 1 .  

The imaging data were obtained at the prime focus o f  the 4-m telescope at 

Kitt Peak with an 800x800 Texas Ins truments chip . The details of the 

observational program , and the normal reduction procedure can be found in MAC . 

For these OB associations we have been able to : (a)  ascertain the ir s izes from 

the ir hot luminous s tar membership ; (b) determine the differential reddening 

among the associations ; ( c )  identify the youngest population , those s tars with 

ages less than 1 07 years of age ; ( d) consider the luminos i ty function of these 

most mass ive stars . I shal l  take up each of these findings in turn . 

The initial identification of the OB assoc iations and their boundaries was 

given by van den Berg ( 1 964) using eye estimation of the b lue star population 

outlines on ultraviolet Schmidt plates taken at the Tautenberg Observatory . Many 

were found to be 300 to 500 pc in s ize , somewhat larger than those identified in 

our Galactic system , or in the LMC . Hodge ( 1 9 8 6 )  has recently cons idered 

selection effects in determining association sizes . In an interesting 

experiment , he finds that use of a simi lar p late scale , color , and l imiting 

abso lute- magnitude led him to determining es sentially identical sizes for sample 

assoc iations in the LM C  and M31 . Hodge thus sugges ted that the apparently larger 

sizes found by van den Berg in M31 might not be real and he cautioned against 

selection effects in this regard . 

In our work on M31 we are able to isolate the OB population by UBV 

photometry . When these s tars are identified in the assoc iations , their 

distribution is invariably concentrated towards the centers of the boundaries 

outlined by van den Berg ( 1 964) . We confirm that the assoc iations in this galaxy , 

as outl ined by the ir OB s tars , have sizes s imilar to those found elsewhere , the 

largest being typ ically 100 to 200 pc . Of course , as Hodge ( 1 9 8 6 )  and others 

have po inted out , there are relatively fewer assoc iations in this SB galaxy , 

given its total luminos i ty ,  compared to SC and Irregular types . 

The observed color magnitude diagram for OB 48 is given in Fig . 1 .  As one 

can real ize by inspection , the number of s tars increases with fainter apparent 

magnitude down to about 2 1 . 5 ,  where they diminish ; thus we are reasonab ly 

comp lete in counts to about this luminosity l imi t .  An important init ial question 

concerns the number of Galactic stars in this diagram ( s ince we are concerned 

only with the OB population we cut off the B-V color at +1 . 0 ) .  Foreground 

galactic stars will hardly contribute to this figure : with a galactic latitude of 

- 2 1 °  for M31 , the l ine of sight passes through 1 kpc of our Galactic disc for an 

assumed disk half- thickness of 350 pc . A galactic main sequence A star would 
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therefore be brighter than V = 10 ; a G star brighter than 1 5 . The predicted 

Galactic star counts of Ratnatunga and Bahcall ( 1 9 8 5 )  sugges t  a foreground 

contamination of one or two stars per CCD frame . Further down the main sequence 

the K and M dwarfs would start to appear in somewhat larger numbers but they are 

not in the abscissa range of our plots and are not important for our discussions . 

Although all the stars with photometry in OB48 are plotted in Fig . 1 ,  we 

found it useful to initially discard those in which the internal s tatistical 

uncertainty in either U ,  B,  or V was larger than 0 . 1  magnitudes . This had the 

effect of e liminating most of the faintest stars but gave better accuracy in what 

fo llows . In Fig . 2 I show the color - color plot for OB48 . I t  is quite obvious 

that the association is reddened,  and the extrinsic uncertainty in the photometry 

is perhaps 0 . 2  magnitudes for an individual star given the scatter in the points . 

At the dis tance of M31 (Mod = 24 . 2 6 according to Welch et al 1 9 8 6 )  the faintest 

main sequence stars correspond to Mv of - 3 . 0 ,  or BOV . Thus we would expect we 

are detecting main sequence and all luminosity type 0 s tars , B giants , and B and 

later type supergiants . In Fig . 2 the straight l ine with the arrow at the end is 

the reddening line for an 09 . 5  main sequence star with s lope 0 . 7 2 .  The intrinsic 

co lors for main sequence and supergiants (FitzGerald 1 9 7 0 )  are indicated . 

The stars of Fig . 2 should be dereddened such that the main body of blue 

stars gives a best fit to the intrinsic colors of the supergiants or to the main 

sequence 0 types (near to or above the reddening line ) . With color - co lor plots 

similar to Fig . 2 ,  and trial and error , we thus estimated the mean reddening in 

each association . I s olating and comparing various regions suggested differential 

reddening within an assoc iation across the CCD frame played no important role in 
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Fig . 1 .  Color magnitude diagram for all stars with photometry in the field of 
OB48 . 
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Fig . 2 .  Two color plot for stars in OB48 . The s traight l ine with the arrow at 
the end is the reddening l ines for an 09 . SV s tar . The solid and dashed 
l ines are the intrins ic color for main sequence and supergiant stars , 
respec tive ly .  

the observed photometric scatter . The resultant mean reddening values ranged 

from E ( B -V) - 0 . 24 for OB48 and OB 8 ,  9 ,  and 1 0 ,  to 0 . 1 2 for OB78 and 0 . 08 for 

OB1 0 2 . The latter value is s imilar to the expected foreground reddening from our 

own galaxy (Humphreys 1 9 7 9 ; Burstein and He iles 1 9 84) . 

We are now in a position to plot dereddened color-magnitude diagrams for our 

four CCD fields . We found it useful to use ( U - B ) o  as the abscissa , rather than 

the ( B -V) o ,  as this will better iso late the b lue star population . In the next few 

color-magnitude diagrams evolutionary tracks for stel lar composition models of 

60 , 40 , 20 and 10 solar masses are also p lotted ( the former three from Maeder 

1 9 8 7 , the latter from Pylyser 1 9 84) . The more mass ive s tars include the effects 

of mass los s , determined emp irically . Although overshoo ting is probably 

important for s tars such as these ( e . g .  Doorn 1 9 8 2 )  it  is not included in these 

mode l s . The greatest uncertainty in plotting these tracks is the s tep in going 

from the luminos i ties and effective temperatures of the mode ls to the observed 

colors and magnitudes ,  particularly the s t i l l  uncertain bolometric corrections . 

The convers ion used the calibrations of Flower ( 1 9 7 7 ) , Conti ( 1 9 8 7 ) , and 

FitzGerald ( 1 9 7 0 ) . The tracks should only be used as a guide to the eye and as a 

rough indication of the inferred masses and ages of the s tars . We included only 

that portion of the evolutionary track in which the model is carried upwards and 
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to the right towards lower temperatures (primarily the period of core hydrogen 

burning and the immediately fo llowing phases ) .  The post core hydrogen burning 

stage is cri tical ly dependent on the phys ical bas is of the mode l s , but most 

investigators agree that the most mass ive stars will turn back to the left hand 

part of the HRD , while the less mass ive ones wi l l  become red supergiants . These 

stars , and even lower mass ones , then s lowly evolve back and forth acro s s  the 

upper part of the HR diagram , the detai ls of which depend on the input physics to 

the mode ls  and their interpretation which is not complete ly settled . 

Before proceeding to the main results it is important to separate , if 

possible , the stars of the associations from the background of the M31 galaxy 

itse l f .  We can only do this in a statistical sense s ince these s tars are all at 

roughly the same distance . The data for the small assoc iations OB8 , 9 ,  and 1 0  

enab le u s  t o  addres s  the problem s ince they are contained we l l  inside the CCD 

frame of that region . Figure 3 shows the de - reddened color -magnitude diagram for 

the stars outside the boundaries of those associations , whereas Fig . 4 shows the 

obj ects inside . Comparing the two figures one can see that the population of 

blue stars is substantial ly different ; as expecte d ,  there are many bright blue 

stars inside these boundaries yet hardly any outs ide . This not only nicely 

confirms the reality of the assoc iations it isolates the background M31 

population . We see that this population is composed of stars along the 1 0  solar 

mass track ; these typical ly have ages of some tens of mill ions of years . Inside 

the association boundar ies we see not only this background population but also a 

1 4  I 

1 5  

1 6 �  

1 1 �  

0 
1 8  

> 
1 9  

2 0  

2 1  .· ·�- , 
2 2  

2 3 L-�-'---�-'----'--'--'--'--'--'--'--'-������� 
- 1 . 3 -I . I  -0.9 -0.7 -0 . 5 -0.3 -O. I  0. 1 0 . 3  0. 5 

( U - Bl 0 

Fig . 3 .  Dereddened color -magnitude diagram for s tars outside the OB8 , 9 ,  and 10  
assoc iation boundaries on the CCD frame . The solid and dashed lines are 
evo lution tracks for stars of 60 , 40 , 20 and 10 solar masses ( see text) . 
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Fig . 4 .  Dereddened color-magnitude diagram for stars inside the OB8 , 9 ,  and 10 
association boundaries on the CCD frame . The evolution tracks are as in Fig . 
3 .  

b lue "plume " of younger stars with ages typ ically a few mil l ion years ( according 

to th� tracks ) .  If our CCD frames went to apprec iab ly fainter luminos i ty l imits , 

we would detect the even older population of stars in M31 with ages of hundreds 

of m i l lions to b i l lions of years . With the color and magnitude restrictions of 

our data , we have been able to iso late only the youngest stars , and our 

photometry can dis tinguish among them in a rough fashion . 

The boundaries of the o ther assoc iations as sketched by van den Berg ( 1 9 64) 

more or less fi l l  our CCD frames . In hinds ight , we could now redraw the 

boundaries around the b lues t  and most luminous s tars and compare the populations 

inside and out but that is beyond the scope of my discussion here . In what 

fo l lows , therefore , a l l  s tars on the CCD frames are considered to be members of 

the assoc iations and all stars with photometry are p lotted . The dereddened 

color -magnitude diagram for OB48 is shown in Fig . 5 and that for OB78 (NGC 206)  

in Fig . 6 .  In both assoc iations we see a cons iderable population of OB s tars , 

particularly those with initial masses greater than 20 so lar masses . These are 

presumably a l l  0 stars or B supergiants . We note the subs tantial numbers of 

s tars at (U - B ) o  of order of - 1 . 1  and the difficulty of determining the exact 

mas ses from photometry alone (Massey 1 9 8 5 )  except in the broadest terms . The 

higher mass evolution tracks a l l  show a loop near this po int which corresponds to 
the end of core hydrogen burning ; apprec iable numbers of b lue supergiants are 

found to the right of this theoretical l imit . As Maeder ( 1 9 8 7 )  and other have 

po inted out , this "main sequence widening" , analogous to what is seen in Galactic 

,. 
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Fig . 6 .  Dereddened color -magnitude diagram for stars o f  OB78 (NGC 206 ) . The 
evo lution tracks are as in Fig . 3 .  

color-magnitude diagrams , is not yet satisfactor i ly accounted for in the stel lar 

models . Overshooting may play a role in the eventual exp lanation for this 

anomaly . 

In Fig.  7 I show the color-magnitude relation for the field of OB102 . In 

contrast to the previous three figures , we now find a lack of the mos t  mass ive , 

luminous s tars . Very few are found with masses inferred to be larger than 20 

solar masses . It is c lear from this figure that the b lue stars are not as 
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Fig . 7 .  Dereddened color-magni tude diagram for stars of OB102 . The evolution 
tracks are as in Fig . 3 .  

luminous as those in the other associations . There are s t i l l  appreciable numbers 

of stars between the 10 and 20  solar mass tracks so the straightforward 

interpretation of these data is that OB1 02  is o lder and its more mass ive stars 

have already evolved away . It is significant that OB48 and OB78 both contained a 

half dozen or so W-R candidate stars , whereas OB1 02  has only two marginal ones . 

S ince W-R stars are the descendants of only the most massive 0 s tars ( Conti et al 

1 9 8 3 ; Humphreys et al 1 9 8 5 )  this is what would be expected if OB1 0 2  were older 

than OB48 and OB7 8 . We have thus shown here an ab ility to segregate the youngest 

assoc iations of M31 into extreme youth by photometry - - some few mill ion years as 

represented by OBS , 9 ,  and 1 0 , OB48 and OB78 , and one approaching some ten 

m i l l ion years , OB102 . We could also have predicted this on the basis of the W-R 

population . 

Luminos i ty functions are often used as a diagnostic for interpret ing the 

properties of a population of s tars . These are es sentially counts of s tars to 

fainter and fainter apparent magnitude levels . Here we can make use of the 

derived reddening for each assoc iation and use Vo instead of merely V .  Figure 8 

gives the results expressed as log N in counts of half - magnitude intervals for 

our four regions . (Had we ignored the differential reddening effects we would 

have counted stars in the lightly reddened assoc iation OB102 in magnitude 

intervals which were incons is tent with , say ,  OB48 . )  The luminos i ty functions 

differ in their ordinate values due to the different numbers of s tars in each 

assoc iation . The turnover at Vo of 21 is due to incomp leteness . For a range of 

3 magnitudes brighter than this faint l imit the func tions are parallel . The 
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Fig . 8 .  Luminosity functions ( log number brighter than Vo vs . Vo ) for s tars in 
the four fields . Long- short dashed line : OBS ,  9 ,  and 10 ; s o l id line : OB48 ; 
dashed l ine : OB78 ; dotted l ine : OB102 . 

usual interpretation of such a result is that the IMF are identical within the 

uncertainties (e . g .  Freedman 1 9 8 5 ) . Is this correct? Whi le it would appear that 

the parallelism of the luminos ity functions between Vo 1 8  and 2 1  says something 

about the mas sive s tar content , a look back to Fig .  4 - 7  will  indicate this is not 

the case . At these Vo main sequence stars of very different initial mas ses and 

ages are be ing counted together . At Vo of 1 8  and fainter the evolved 10 so lar 

mass stars begin to appear as these stars make the ir traversals back and forth 

across the upper part of the ir evolution tracks . I t  is easy to visualize that 

these stars , and even lower mass ones , will dominate the s tatistics of the 

luminos ity function at this and fainter magni tudes .  Thus the nearly identical 

s lopes in Fig . 8 say nothing about the mass ive s tar population , a point 

emphas ized previously by Massey ( 1 9 8 5 )  and graphically i l lus trated here . The 

difference in the luminos i ty function s lopes at brighter magnitudes is probably 

dominated by the small number s tatistics and one can infer nothing about the IMF 

with these data . 

The presence of hot , mass ive stars in M31 is indicated by the numerous HII 

regions found " s trung out like pear ls along spiral arms " (Baade 1 9 5 8 ) . I s  s trong 

H- alpha always found with rich col lections of 0 stars ? Let us compare the 

mass ive star content of OB48 and OB78 ; I have shown in Figs . 5 and 6 that the 

luminous stellar populations are s imi lar ; we also see parallel populat ions of W - R  

s tars (MAC ) . The ages appear t o  b e  closely comparable . Yet the H - alpha 
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photographs of these assoc iations (Pellet a t  a l  1 9 7 8 )  are dis tinctly different ; 

little emiss ion is found with OB7 8 , yet considerable H - a lpha is connected to 

OB48 . (Unfortunately there are , as yet ,  no quantitative measures of this 

emiss ion in M31 . )  The lack of s ignificant H - alpha led van den Berg ( 1 9 6 6 )  to 

suggest supernova she lls  or stel lar radiation had c leared the OB78 region of gas ; 

subsequently it was learned that this association sits in a prominent HI hole 

(Brinks 1 9 8 1 ) . It seems possible (MAC )  that the winds of the numerous hot stars 

may have created a " superbubbl e "  ( fo l lowing Heiles 1 9 7 9 )  in the vic inity of OB7 8 .  

Why not also in OB48? A potential answer would have t o  lie in the conditions in 

the ISM surrounding these two associations s ince their ste l lar content seems 

comparable . If one imagined the medium was less extens ive and of lower dens ity 

surrounding OB7 8 , in contrast to OB48 , the observations could be exp laine d .  

Perhaps the galac tic disc is thinner there . In more dis tant galaxies the star 

formation rate has been assumed to be proportional to the integrated H - a lpha 

emission . The lack of gas near OB78 indicates a need for caution in deriving 

mass ive s tar statistics from emiss ion measures alone . 

What can we learn about s tar formation in M31 from our data? We have both 

the W - R  statistics (MAC ) and the numbers discussed here . Taking into account the 

incl ination of M31 to our line of sight , and the size of our CCD frames , we find 

the W - R  population and the OB s tars to be roughly s imi lar to that of the solar 

neighborhood.  There are some regions of M33 where the W-R population is larger 

than this (Massey 1 9 8 5 )  and many where it is simi lar . On the other hand , we have 

selected regions of M31 where we expect the number of OB stars to be large . Over 

most of the face of M31 there are certainly fewer massive stars as the HII  

regions , and large assoc iations , are mos tly concentrated in the annular r ing 

containing OB48 and OB78 ; overall it would seem that M31 does not have the same 

fractional population of mass ive stars as would be inferred if one scaled-up M33 . 

Clearly that is related to the different Hubble types .  But there are small 

regions of M31 where mas s ive star population is as rich as that found near the 

sun . 

Let me turn now to a brief progress report on the stel lar population studies 

in the Mage l lanic Clouds . This is taken from data presented by Conti et al 

( 1 9 8 6 )  and Garmany et al ( 1 9 87 ) . We intend to eventual ly complete a census of 

all the 0 s tars in the SMC and hopefully , also , in the LMC . In the latter galaxy 

mos t  of the 0 s tars are to be found in the numerous associations ( Lucke 1 9 7 2 )  for 

which photometry is still only primi tive . CCD frames of many of these 

associations are now being acquired to enab le us to study the luminosity 

functions and to identify the 0 star candidates for fol low-up spectroscopy . We 

have new s l i t  spectra of 1 9 2  OB stars in the LMC and 120 in the SMC , mostly from 
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stars in the field in which previous photometry was available . Approximately 

half of each samp le were newly identified 0 stars , the other half be ing B 

supergiants . The total numbers of 0 stars in the SMC will probably turn out to 

be less than a coup le of hundred as we have already found some 50 or so and the 

number of unstudied associations is smal l . In the LMC the 0 star count wi l l  

probably b e  over a thousand and we w i l l  b e  have t o  b e  content to identify only 

the more mass ive ones , which we expect will be found in the numerous 

assoc iations . Thus the total statistics is uncertain at the present time . 

However ,  we have confidence that eventually we will be able to make an accurate 

count and then we can compare the numbers with other indirect indicators of hot , 

luminous s tars , such as the numbers of W-R stars , the integrated H - a lpha 

emiss ion , or the radio continuum , etc . , for calibration purposes . 

My numbers given above are only estimates of the mass ive s tar population in 

the Mage l lanic Clouds but they are based on the actual counts so far . In more 

dis tant galaxies the population statistics are indirect ; additionally , many 

methods assume a cons tant IMF . We hope to eventual ly address the IMF for the 

Mage llanic Clouds but for now let me j ust say that I wouldn ' t be surprised to 

find it different from the solar vic inity (within 3 kpc ) . The numbers of HII 

regions and assoc iations in the LMC seems higher than the s imi lar s ized area 

centered on the sun , whereas that of the SMC seems lower . This is also true for 

the W-R population , which numbers over 100 for the LMC , 63 or so for the so lar 

vic inity and only 7 or 8 for the SMC . Thus I would expect relatively more 

mass ive stars in the LMC and relatively fewer in the SMC , compared to the so lar 

vicinity . If this is related to a s lope in the IMF it would be " flatter" in the 

LMC and " s teeper " in the SMC . Possibly upper mass " cutoffs " operate in the lower 

mass SMC galaxy . For the eventual meaningful comparison , however ,  one will have 

to be more careful and to use s imilar volumes , and masses , and attempt to 

disentangle the star formation rate from the IMF . 

Figure 9 gives the present HR diagram for the LMC ( adapted from Conti et al 

1 9 8 6 )  where all the stars shown have photometry and spectroscopy . The ZAMS track 

is taken from Pylyser et al ( 1 9 8 5 )  and the upper emp irical boundary ( the 

"Humphreys - Davidson limit" ) has been sketched in. S imi larly , Figure 10 gives the 

HR diagram for the SMC ( adapted from Garmany et al 1 9 8 7 )  with the Pylyser et al 

track appropriate to the metal abundance of the SMC . The Humphrey s - Davidson 

limit is sketched also , and it is not the same as that for the LMC , the latter 

being brighter ,  although paralle l .  Recent calculations by Lamers and Fitzpatrick 

( 1 9 8 7 )  suggest this limit is related to the " Eddington" l imit for radiation 

pres sure , once the correct opac ities are included.  The ir theoretical prediction 

is qualitatively in agreement with the observed limits shown here although one 
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would then expect that the lower metal abundance in the SMC wou l d  result in a 

brighter limit whereas the oppos ite e ffect is s een in our data . S ince the census 

of 0 s tars in incomplete these l imits should be cons idered as prel iminary ; the 

SMC might also be cons trained by sma l l  number s tatistics  a l though I persona l ly 

doub t this . I should note that the spectroscopic paral laxes of the 0 s tars in 

the Ll1C lead to a dis tance modulus of 1 8 . 3  and that for the SMC one of 1 9 . 0 ;  

these numbers are used in p l o tting Figs . 9 and 1 0 .  

There are hardly any s tars in the SMC with imp l ie d  mas ses more than some 80  

so lar mas ses according to Fig . 1 0  ( a l though the s tars o f  NGC 346 , the brightest 

HII  region , are not yet p lo tted having no dependab l e  photometry ) . Humphreys 

( 1 9 8 3 )  has a lready po inted out the relative lack of mass ive s tars in the SMC 

based upon a less comp lete samp l e  than shown here . My susp ic ion is  that when the 

stel lar census is comp l e te , the SMC will  be demons trab ly deficient in mass ive 

s tars . Roberta fee l s  this is a statistical cut off due to the l ow total mass of 

the galaxy ; my personal b e l ief is that it  is real and addresses the recent s tar 

formation his tory or the IMF , or both . 

What of the mass ive star population in other stel l ar sys tems ? Here the data 

are very prel iminary as they are based only on the W - R  s tar populat ion . These 

are b e l ieved to derive from only the most mas s ive s tars , s ome 40 s o lar mas ses in 

the so l ar vic inity ( Conti et al  1 9 8 3 ) , and tentative ly as sumed to be s imi lar 

e lsewhere . An important test of this assumption wi l l  come from the MC population 

studies . I f  we cons ider only the detected W - R  population we have for the Local 

Group the numbers shown in Tab l e  1 ( adapted from Conti 1 9 8 7  with additions from 

Moffat and Shara 1 9 8 7 ) . 

Tab l e  1 

Wo l f - Rayet Statistics in the Loc a l  Group 

galaxy 

So lar Vic inity (within 3 kpc )  
Ll1C 
SMC 
M33  
M 3 1  
NGC 6 8 2 2  
I C 1 6 1 3  

actual 
number 

63 
105 

7 or 8 
1 2 0  

5 0  
a few 
a few 

e s t imated 
comp le teness 

1 0 %  
1 0 %  
1 0 %  
50%  

factor o f  a few 
50%  
5 0 %  
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G iven the respective total masses  o f  these galaxies ( our own cannot be accounted 

for exact ly without assumpt ions c oncerning the mas s  distribution) we see that the 

LMC s tands out as having relatively many W - R  s tars , as does M33 but to a lesser 

extent . M31  is  certainly deficient in W-R s tars even with an e s t imated factor of 

a few incomp l e tene s s , compared to the s e  systems and prob ably with respect to our 

own . In the smaller mas s  sys tems we are deal ing with smal l  number s tatis tics of 

W-R candidates s o  any conc lus ions are pre liminary . Armandroff and Massey ( 1 9 8 5 )  

have sugges te d  that I C 1 6 1 3 ,  the lowes t  mas s  and lowes t  metal abundance galaxy , 

does have s everal W - R  candidates . I f  these are a l l  indeed W - R  s tars I C 1 6 1 3  would 

be abnormally r ich in the s e  mass ive s tar descendants . More data are needed on 

this issue . 

S o  for now we are left with tantal i z ing hints ( c f .  Figs . 9 and 1 0 ; Table 1 )  

that the mass ive s tar population in the various Local Group galaxies , the only 

sys tems for which individual s tars can be s tudied , may differ in ways not 

s tr ic tly p roportional to e i ther the total galact i c  mas s  or to i ts overall  metal 

abundance .  Whether this is  a result o f  different s tar formation rate s , or 

var ious IMFs , is an issue that is  not yet settled and will  require extens ive 

additional s tudy . For thi s  p articular workshop , I know i t  is an important issue 

and one for which I would l ike to leave you with real numbers . My mes s age mus t  

instead be to keep a n  open mind about the ultimate outcome . 

I appreciate support for thi s  work from National S cience Foundation grant 

AST 8 5 - 20 7 2 8 , and I thank the organizers of this workshop for the opportunity to 

pres ent s ome s t e l lar statistics to galactic evo lution pundits . 
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MASSIVE STARS : LIFETIMES AND RELATIVE 
FREQUENCIES IN NEARBY GALAXIES 

Andre MAEDER 
Observatoire de Geneve 

CH- 1290 Sauverny 
Switzerland 

Some basic properties of massive stars are given, with particular emphasis 
on the lifetimes obtained in new models with mass loss and moderate over
shooting . There are big differences in the relative frequencies of 0 stars , 
WR stars , and blue and red supergiants in galaxies . It is shown that this 
must not necessarily be interpreted as being due to differences in the ini
tial mass function ( IMF) or in the star formation rates (SFR) between gala
xies . As a matter of fact , the lifetimes in the various post-MS stages 
seem to be very dependent on the local initial metallicity, probably 
through the influence of metallicity on the mass loss rates which in 
turn influence the lifetimes . 
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1 .  Introduction 

Masslve sta r s ,  observed e.i Lher <lirecLly or through their effects on 

gas , are a striking manifestation of starbursts and ongoing star formation . 

Attention will be focused on new results concerning the lifetimes of mas

sive stars in their various evolutionary stages , in particular in the Wolf

Rayet stage. The lifetimes are an essential property for the determination 

of the initial mass function ( IMF ) ,  the star formation rate ( SFR) and also 

for the study of the relative frequencies of blue and red supergiants and 

WR stars ,  which show great differences according to galaxies . 

2 .  Recent progress in model construction 

The general properties of massive stars were recently thoroughly re

viewed [ 7 ]  and we shall therefore concentrate only on some new results [ 2 7 ]  

in this field . 

A maj or concern in model building is that of the overshooting distance 

dover ' which is the distance up to which convective mixing really extends 

above the formal limit given by Schwarzschild ' s  criterion . Overshooting 

can significantly modify all the model outputs as it is able to increase 

the amount of nuclear fuel available . The theoretical context for over

shooting is still very uncertain . For example , it has been shown [ 3 ]  

that Roxburgh ' s  criterion , extensively used in some recent computations , 

rests on inconsistent approximations . 

To get out of this uncomfortable situation concerning a critical para

meter of stellar evolution, an observational approach has been attempted 

[ 28 ] . It is based on the fact that in the HR diagram, the location of the 

top of the main sequence (MS ) is very sensitive to the amount of over

shooting . We have collected and analysed data on well-studied clusters ,  

closely analysed for membership,  reddening , binarity, rotation and pecu

liarities . The comparisons between observed sequences and theoretical 

isochrones in the HR diagram made for 65 clusters and associations of 

various ages clearly point in favour of moderate overshooting with 

d 0 . 25 to 0 . 3  H , where H is taken at the edge of the classical over p p 
core. This result is quite consistent with some other empirical deter-

minations [ 20 ,  3 3 ] , and is also supported by the results on the WR life

times ( cf .  § 4 ) . 
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The mass loss rates M are based on recent expressions by de Jager et 

al .  [ 16 ] , completed by specific rates for LBV and WR stars . Furthermore , 

up-to-date opacities and nuclear data have been used in the models , which 

also include the effects of turbulent pressure and acoustic flux in the 

red supergiant stage . 

3 .  Mass limits and evolutionary connections 

The tracks in the HR diagram obtained from these new models ( 2 7 ]  are 

illustrated in Fig . 1 .  
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Figure 1 .  Evolutionary tracks of massive stars with initial composition 
X = 0 . 70 and Z = 0 . 02 evolved with mass loss by stellar winds and over
shooting . Hatched areas indicate the main sequence band and the He
burning phase .  For red supergiants , the broken lines indicate the tracks 
computed with ap = 1 /Hp = 0 . 3  while the continuous lines refer to the 
usual mixing length theory with a = 1/H = 1 . 5 .  The first s lash along 
the evolutionary tracks indicates

p
the ceJ>tral exhaustion of H, the second 

the beginning of the He-burning phase and the last the central exhaustion 
of He . 
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On the main sequence (MS )  the combination of overshooting and mass 

loss produces a MS narrowing for the most massive stars (with MS termina

tion in the 0-type range , i . e . log Teff > 4 . 47 ) .  The reason is that heavy 

mass loss and overshooting lead the core to be rapidly revealed at the 

stellar surface : due to the lower H content the opacity is smaller and 

the star becomes bluer , thus making the MS band narrower . For models with 

a MS termination in the range of spectral type BO or later ( log Teff < 
4 . 4 7 ) ,  the combination of the adopted overshooting and mass loss produces 

a MS widening, because the relatively large size of the core increases the 

MS lifetimes as well  as the chemical discontinuity in the star models . 

These models correspond well to the observational requirements ( 13 ,  28 ] .  

A maj or result of models with mass loss [ e . g .  7 ]  was the existence 

of three different evolutionary sequences according to the range of ini

tial stellar masses considered . The new models well confirm this view ,  

however the mass limits between the three ranges considered are s lightly 

changed : 

for M � M1 : 0-0f-BSG-LBV-WR-SN 

M1 > M � M2 0-BSG-YSG-RSG-WR-SN (0-BSG-YSG-RSG-BSG-SN for lower R)  
0-RSG (with or  without Cepheid loop ) -SN 

BSG , YSG and RSG mean blue , yellow and red supergiants respectively.  LBV 

stands for luminous blue variables , WR for Wolf-Rayet stars , SN for super-

novae . 

The limit M1 was previously placed near 60 Me . Here , M1 is found to 

be about 40 Me (maybe up to 50 Me) ,  a fact which is in better agreement 

with the observed upper limit for RSG ( 1 2 ,  14 ] . M2 lies between 40 and 

30 Me ; we see that the 25 Me model is very much "hes itating" between a 

final location in the blue and the red . On the whole , the range of ini

tial masses , where WR stars can be in a post RSG stage,  is probably rather 

narrow, as suggested by Humphreys et al . ( 15 ] . M3 , the lower mass limit 

for 0-star formation , is about 15 Me . 

Let us note that the excursions made by the 60 , 85 and 120  Me models 

to the right of the MS band (region of Hubble-Sandage variables or LBV 

stars) depend very much on the adopted mass loss rates and on the over

shooting . For example, without mass loss , the stars would continuously 

evolve to the red , never coming back to the blue . On the contrary, models 

with a very large overshooting ( 3 1 ] never enter the LBV region ( say , 

log L/Le > 6 . 0  and log Teff < 4 . 5 ) .  This hints that such models are 
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-4 probably not very appropriate . For average mass loss rates of about 1 0  
-3  - 1 

to 10 Me y [ 1 9 ]  and the present overshooting , the calculated lifetime 
4 in the LBV region is at the most about 10 y .  Since LBV stars have out-

bursts with violent mass ejections , an average mass loss rate can hardly 

be representative of the complexity of LBV stars and the value for the 

duration of this phase is to be taken with caution . 

In these models the formation of WR stars occurs for the models with 

initial M <: 40 Me , in agreement with [ 15 ] .  However , we notice that in the 

range of 25 to 40 M0 a moderate enhancement of mass loss in previous 

stages could also marginally lead to the formation of WR stars [ 32 ] . The 

extremely hot location of WR star models in the HR diagram is a conse

quence of the s imple atmospheric treatment used in the models [ 22 ] . Sub

stantial developments for matching non-static and non-LTE atmospheric 

models and internal structure are now in progress .  Recently Teff deter

minations for WR stars have led to a value of about 105 K [ 6 ,  30 ] . 

4 .  Lifetimes 

The lifetimes in the H- , He- , C-burning phases are given in Table 1 . 

The He-phase is defined here from the time of central H-exhaustion to the 

time of central He-exhaustion .  Similarly , the C-phase is considered from 

central He- to C-exhaustion . The lifetimes in the H-burning phase for 

stars with initial masses from 15 to 60 Me are given by 

log tH 
= - . 86 log M/Me + 8 . 06 (± . 02 dex) 

Table 1 : Lifetimes in nuclear phases and in the WR stage ( in unit of 1 06 y)  

Initial H-b.mrin] He-hmrln:J c-bmrlng iiR. i:tiase 1:mlto t+iw'tioc 
:nass i:tiase i:tiase i:tiase 

120 Mo 2 . 9379 . 5132 . 001051 . 508 . 17 2 . 02 

85 3 . 3245 . 4998 . 001826 . 488 . 15 1. 73 

60 3 . 7108 . 6085 . 001940 . 542 . 17 1.34 

40 4.  7912 . 6395 . 004884 . 492 . 12 1 . 22 

25 7 . 0887 1. 1718 . 007164 - - -

20 8 . 8064 1.2574 . 009136 - - -

15 12 . 1052 1. 6329 . 017900 - - -
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where tH is given in years . As is well known , both mass loss and over

shooting increase the MS lifetimes [ 7 ] . 

From the models and up-to-date temperature calibrations [ 1 7 j ,  we may 

assign an upper limit to the ages of stars of a given spectral type : 

Table 2 :  Spectral types vs age calibration for 0-stars 

Sp 04 age � 1 . 4 10
6 y 

05 1 . 6  

05 . 5  2 . 0  

06 2 . 4  

06 . 5  2 . 7  

07 3 . 0  

08 4 . 0  

09 5 . 0  

BO age � 7 . 0  10
6 y 

The ratios tHe/tH of the lifetimes in the He- and H-burning phases lie 

here in the range of 14  to 18% . In the literature, the ratios obtained by 

various authors range from about 8 to 19% [ 7 ] . 

Let us examine the effects of overshooting on the tHe/tH ratios . Life

times generally depend on the ratio of the available fuel reservoir q
cc M 

to the luminos ity L ( qcc is the mass fraction of the convective core ) .  

Overshooting increases both quantities . Thus , the lifetime in a g iven 

nuclear phase may be increased or decreased by overshooting depending on 

the relative change of both terms in the ratio qcc M/L . In the H-burning 

phase, the net effect is an increase of the lifetime tH . However , for the 

He-burning phase the lifetime tHe is decreased by overshooting ( 4 ,  2 0 ] : 

the main reason is that models with overshooting evolve at a higher lumi 

nosity . On the whole , overshooting through its effects on tHe ( decrease )  

and tH ( increase) reduces the tHe/tH ratio . Thus , we may understand why 

the present tHe/tH ratios are slightly smaller than in the corresponding 

models without overshooting [ 24 ] . This is also partly the reason why 

models [ 3 1 ] with ( too) large overshooting find tHe/tH 
equal to about 8% 

which is about half of the ratio found in the present models , which are in 

better agreement with observations ( cf .  §5 ) . 

The C-burning phase only lasts a few thousand years and typically repre-
-4  -3  

sents 3 • 10  to  1 . 5 · 10  of the MS  phase . Thus stars in  this stage,  
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with copious neutrino flux , should be quite rare: in fact , at the most one 

could exist among the 160  known galactic WR stars . 

WR lifetimes , WN and WC subtypes 

Various analyses of the evolutionary status of WR stars [ e . g .  7 ]  have 

led to the identification of WR stars with bare cores , exhibiting CNO pro

cessed elements (WN stars)  and products of partial He-burning (WC stars ) .  

For practical reasons,  we have to adopt a single definition of what we 

consider to be a bare core even if in fact the appearance of the WR pheno

menon may be more complex . Owing to the fact the H/He ratios in number 

up to two (Xs 0 . 33 )  are observed in WN stars [ 9 ] , we consider that a 

star enters the WR stage when Xs < . 3  and log Teff > 4 . 5  on the final 

bluewards track . The condition on log Teff and the final track should 

allow to avoid considering stars in the LBV region as WR stars . This re

striction is , however , not critical since the LBV stage is short ; the 

effect of different definitions on the lifetime of a WR star will be dis-

cussed below . 

The WR lifetimes tWR are given in Table 1 .  The values of t�R are typi-
5 cally about 5 • 10 y [ e . g .  25 , 3 1 ] .  We consider that once a star has entered 

the WR stage , it stays there up to the final supernova explosion . Table 1 

also shows that the differences ( tHe-tWR) increase with decreasing masses ; 

this is to be explained by the fact that for lower initial masse s ,  a larger 

fraction of the He- lifetimes tHe is spent in the yellow or red stages . 

Changes of the limiting value of Xs for defining the entry in the WR 

stage generally do not modify tWR very much . As an example,  for the 60 Me 
the limits Xs=0 . 40 and 0 . 20 g ive respectively WR lifetimes of 0 . 604 and 

0 . 53 7  instead of 0 . 542 for the adopted limit Xs=0 . 30 .  

Physically ,  tWR depends on mass loss and overshooting in several ways . 

l )  Both effects make the star enter the WR phase at an earlier time and 

thus increase tWR for a given model . 2 )  Severe mass loss in the WR stage 

also increases tWR by reducing the total mass and thus the central tempera-

ture as well as nuclear rates . 3 )  High mass loss and overshooting in the 

previous stages reduce the lower mass limit leading to the formation of 

WR stars , which contributes to an increase of the expected number of WR 

stars . 

The values of the ratio tWR/tO of the lifetimes in the WR and 0 stages 

range from 127. to 1 77. ( cf .  Table 1 ) .  The main trend is a decrease with 

decreasing stellar masses . However , the ratio tWR/t0 for the 60  Me model 
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is slightly higher . This is due to the fact that the overshooting suffi

ciently widens the MS band for this model so that only part of the MS life

time is spent as an 0-star , which contributes to an increase of the tWR/t0 
ratio . The remaining fraction of the MS band is spent in this case in the 

range of types B0-B2 . The present values of tWR/t0 are higher than those 

generally found , which are about 0 . 06-0 . 1 0 [ 7 ] . The present values are 

quite close to the observed ones (cf .  Table 3 ,  and ref . 8 ) .  

The ratios tWN/tWC of the duration of the WN and WC stages can also be 

estimated (cf .  Table 2 ) . The transition between both stages is clearly de

fined , while the beginning of the WN stage is subj ect to the same remarks 

as above . For the 40 and 60 Me models , i . e .  in the range where most WR 

stars are likely to originate [ 15 ] , the ratios tWN/tWC amount to 1 . 22 and 

1 . 34 .  The ratio t
WN£1wc is very sensitive to mass loss and overshooting . 

High � and large overshooting reduce the WN phase and cause a more 

rapid entrance into the WC stage ; thus both effects favour small  tWN/twc · 
The comparison with models by Prantzos et al . [ 3 1 ]  is enlightening . These 

authors have used nearly the same �R as we did,  but they request very 

large convective cores . For models of initial mass 50 and 60 Me they ob

tain tWN/tWC = 0 . 34 and 0 . 21 .  This clearly illustrates the sensitivity 

of tWN/tWC to overshooting . 

The observed number ratio WN/WC of WN and WC stars in the solar 

neighbourhood is about 1 . 2  ( cf .  Table 3 ) .  This is in remarkable agreement 

with our results , which for the adopted �R well supports our choice of 

the overshooting parameter d /H = 0 . 25 ,  as found from the HR diagrams over p 
of young associations . 

5 .  Massive stars in galaxies and metallicity 

The large differences in the relative frequencies of 0-stars , blue 

and red supergiants and WR stars in galaxies have been discussed by several 

authors [ e . g .  21 ] .  Table 3 ,  based on [ 2 ,  29 ] ,  shows some interesting num

ber ratios . The recent observations by Azzopardi et al .  [ 2 ]  have greatly 

clarified the situat ion . Table 3 shows impressively large changes in some 

number ratios according to the galaxies considered . 

A critical po"int frequently disputed in the literature [ 5 ,  1 1 ]  is 

whether the observed differences originate from differences in the IMF or 

from chemical effects [ 2 ,  26 ] . Table 3 convincingly supports the view that 

the large changes in the number ratios are somehow correlated with the 

initial Z content . A second argument is that a ratio like N
WR/NOBA 
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Table 3 :  Number ratio of massive stars in galaxies 

z 
N

WR 
Nwc NM 

NOBA NWN 
N
WR 

GALAXY 7 .  5 - 1 1  kpc . 029 . 24 1 . 1  . 2  

9 - 1 1  kpc . 020 . 1 7 0 . 8  . 4  

M33 . 02 . 10 ::: 1 

GALAXY 1 1 - 1 2 . 5  kpc . 01 3  . 07 0 . 7  3 . 5  

LMC . 006 . 0 7  0 . 22 9 

NGC 6822 . 005 . 08 : :so . 1 7  

SMC . 002 . 03 0 . 14 24 

IC 1 6 13  . 002 . 03 

expresses the number ratio of a given kind of star with respect to its 

progenitors and such a ratio is essentially independent of the IMF . S imi

larly for the N
WC

/NWN ratios , stars of both subtypes originate from a very 

similar ( although not necessarily totally identical) range of initial 

masses . These arguments support the view that the large changes exhibited 

by Table 3 originate from intrinsic stellar properties , most likely related 

to the initial metallicity at their place of birth ( 2 ,  26 ] . 

Let us now turn towards the possible theoretical interpretation . 

Direct structural effects due to metallicity are probably of l imited im

portance in massive stars , since the main opacity source is electron 

scattering . However , the models show that the fractions of the He- lifetime 

spent in the various sub-stages ( blue , red supergiant , WN, WC ) critically 

depend on the mass loss rates (cf .  Table 4 ,  based on ref . 21 ) .  

The question now is whether metallicity influences the mass loss 

rates . This question was answered negatively ( 10 ] , however the relevant 

observations may not have been sufficiently accurate in view of the size 

of the effects . Theoretically, an almost linear relation � vs Z was pre

dicted [ 1 ] ,  while more recent models ( 18 ]  suggest a dependence of approxi

mately � vs z1 12 . Any such direct connection , whether linear or not , 

allows to account qualitatively why the regions of high Z have a higher 

relative frequency of WR stars , and a higher WC/WN ratio . The construction 

of detailed models necessary for providing quantitative lifetime ratios 

for mass ive stars at different metallicity is now in progress .  

1 1 5 



1 1 6 A. MAEDER 

Table 4 :  Effects of mass loss on blue and red supergiants and WR lifetimes 

• tHe = tBSG + tRSG + tWR , sharing varies with M 

• BLUE SUPERGIANTS (BSG) : 

• 

no M 
with M He - phase moves to 

Blue loops reduced 

RED SUPERGIANTS (RSG) : 
t moderate M => tRSG 

tOBA 
( for low M lack of RSG }  

high M => 
tRSG \ tOBA 

• WOLF-RAYET STARS (WR) : 
M incrases tWR I tOBA 

lowers threshold mass for 
forming WR stars (most 
from Miniti a l  � 4 0  M

G )  

r e d  � 

M t => 

> 
tRSG I\ tOBA 

I 

As a general conclusion , we emphasise that the very large differences 

in the populations of massive stars (blue , red supergiants , WR stars )  in 

galaxies must be interpreted with great care and cannot be attributed 

directly as being due to changes in the IMF or SFR . 
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INFLUENCE OF METALLICITY ON THE POPULATION 
OF WR STARS 
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We present synthetic populations of massive stars for the solar neighbourhood, the 
LMC and the SMC and compare the results with the observed stellar populations. We par
ticularly concentrate on calculated and observed numbers of Wolf-Rayet stars in different 
chemical environments. We conclude that present WR scenarios and models of stellar evo
lution can reproduce these numbers reasonably well. The agreement is obtained if binaries 
are excluded. 
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1. INTRODUCTION 

Star formation processes at large scales are best studied in Irregular and blue con1pact 

dwarf galaxies (BCDGs) . Observationnally these objects offer the opportunity to study 

both the present-day star formation rate and the upper IMF (initial mass function) over 

scales of about 1 kiloparsec and under a wide range of metallicity conditions. We thus 

decided to develop a model that could reproduce the observational signatures of the ongoing 

star formation in late type and compact galaxies. In particular we require our model to 

match the ultraviolet stellar absorption lines that are observed in IUE spectra as well as 

the Wolf-Rayet optical bands detected in the optical around 4686 A. 
The framework of such a study is to construct an evolutionary model that assumes 

the IMF and a star formation scenario. The evolution of all the stars is calculated using 

theoretical stellar evolutionary tracks. The composite spectrum of the stellar population 

can then be computed as a function of time with the aid of a stellar spectra library. With 

such a tool we can study, as a backup, quantities such as the Lyman continuum photon 

production, the metallicity enrichment, the supernovae rate, the effective temperature of 

the ionizing cluster since a snapshot gives the exact distribution of stars according to types 

as a function of time. 

Here we only aim to discuss the stellar evolutionary prescriptions of our model. One 

way to test our understanding of massive star evolution is to compare the model predictions 

with available observed massive star counts catalogues. Not only can we test the validity 

of the stellar evolutionary tracks but also the treatment of mass-loss, overshooting and 

their dependence on the metallicity. Once these tests are successfully conducted will we 

apply our models to distant galaxies such as the Irregulars and BCDGs. 

2. STAR COUNTS 

Counts of stars with masses larger than 15 M0 are available for the Magellanic Clouds 

and the solar neighborhood within 3 kpc around the Sun. The most serious problem 

attached to these counts is that of completeness in particular for the Magellanic Clouds. 

For this reason we only considered stars with initial masses greater than 30 M0 for the 

neighborhood zon!J (hereafter 8) from Humphreys and Mc Elroy (1984) .  Counts for the 

Magellanic Clouds were derived from Lequeux (this conference) and obtained using the 

number of stars per kpc2 in the solar neighborhood multiplied by the ratio of the integrated 

1690 A intrinsic luminosities L 169o(LMC)/L1690 (1 kpc2 ,  8),  Vangioni-Flam et al. , 1980) . 

These star numbers are larger by a factor of about 10 with respect to those of Humphreys 
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and Mc Elroy (1984) . The numbers of  WR stars n (WR) in the 0 ,  the LMC and the SMC 

are taken from Hidayat et al. (1982) , Breysacher (1981) and Azzopardi and Breysacher 

( 1979) respectively. Table 1 lists all the adopted values. For the 3 regions the R ratios 

between n (WR) and the number of stars n (O) with masses M > 30 M0 will be compared 

with our model predictions. They are directly related to the upper mass limit of the 

IMF and the present-day star formation rate. They are also expected to depend on the 

metallicity through mass-loss and overshooting. 

N 

N 

Table 1 Star counts in the solar neighborhood 
and in the m agel l an ic clouds.  

G L M C S M C 

( st ar > 30 M0 ) 383 1 800 340 

( W N )  single 1 3  59 2 
doub l e  7 22 5 

N ( WC )  single 2 1 8 0 
double 9 1 0  1 

R e ferences 1 )  3 )  2 )  4 )  2 )  5 )  

R e ferences 1 )  Humphr e ys and Mc Elroy ; 2) Vang ioni- fl am et al . ;  

3 .  THE MODEL 

3) H idayat et al . ;  4)  Breysacher;  5) Azzopardi and 
Breysacher . 

a) The stellar evolutionary tracks 

The stellar evolutionary tracks are taken from Maeder for the 0 ( 1986, 1987) . A grid 

of evolutionary tracks for a metallicity Z= l/10 Z0 was kindly provided to us by Maeder 

to reproduce the star counts of the SMC. The WR scenario stems from Maeder's models 

where, at solar metallicity, stars more massive than 60 M0 follow Conti's scenario whereas 

if 25 M0 <M < 60 M0 the stars leave the main sequence and reach the WR phase after 

they became RSG (Maeder 1981 ,  1986). 

For SMC metallicities only stars with M> 60 M0 reach the WR stage. Note that 

at this point we have no scenario leading to WR in binary systems . The influence of 
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metallicity in mass loss has been parametrized as 

where (M)0 is the mass loss in solar unit (Maeder, case B) .  

WR subtypes have been assigned following Maeder ( 1983) prescriptions on surface 

abundances. 

b) The star-formation scenarios 

We first checked that the influence of variations in the slope x and the upper mass 

Mup of the IMF was unimportant in relation to the quantities investigated here. We thus 

adopted x=2, Mup =120 M0 and a lower limit cut-off of 15 M0 to describe the IMF as a 

simple power-law function. The star formation rate has been described using two extreme 

scenarios : 

- an "instant" burst (IB) where stars formed during the first 0.5 x 106 years and evolve 

along the HR diagram. 

- a "continuous burst" (CB) where stars are formed at a constant rate. Computations 

are performed until the stellar population of massive stars reaches a steady phase. This 

occurs after about 7 x 106 years. 

The results of the models are shown in Fig. 1 and 2 for stellar evolution at 0 metallicity, 

including mass loss and overshooting effects. Figure 1 displays the R ratio of the number 

of WR stars with respect to that of stars more massive than 30 M0 as a function of time 

for the IB scenario. After 3 x l06 years the first WR stars appear (WNL subtypes) and 

their number reaches a maximum at 5 x 106 years after the onset of the burst. At about 

7 x 106 years no WR stars remain. During a short transition period of about 1 Myr the 

ratio raises to 0.5. At variance with this result the CB scenario shown in Fig. 2 indicates 

a constant R ratio of only 0.1  after a timescale of about 7 x 106 years. This R value 

is significantly smaller than that of the IB model. When SMC evolutionary tracks are 

used, only WN-types are produced and the R ratio decreases by a factor of about 20 with 

respect to solar metallicity models. As we emphasized before, the influence of the IMF 

slope is negligible to the R ratio. The same applies to the influence of Mup when varying 

within a reasonable range. We note however that for higher Mup the WR stars occur as 

early as 2 x 106 years after the onset of the burst. 
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Fig.1:  
Time evolution of the R ra

tio of WR over massive stars num-' 
hers for the instantaneous burst 
model. The evolutionary tracks 
include overshooting and mass loss 
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Time evolution of the R ra

tio of WR over massive stars num
bers for the continuous burst model. 
The evolutionary tracks include 
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at solar metallicity. The sym
bols used are : X = WNL ; � = 
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4. COMPARISONS WITH OBSERVATIONS 

In order to compare with star counts over large regions we have first considered the 

predictions of the CB models. This is partly because the occurrence of WR stars in the 

IB models seem implausibly too short therefore the agreement with observed values could 

be fortuitous. In Table 2 we give the available data for the 0, the LMC and SMC. 

We have distinguished the single WR from the binaries WR since our models have 

no inference onto the binary formation. Note that for the SMC, Massey ( 1985) argues 

that only 2 out of the 8 known WR seem to be single. In the 0 and the LMC the 

ratio single/binary is estimated to be of the order of 0.5. With this word of caution 

regarding binarity we find that the CB models reproduce fairly well the observations for 

the 3 regions. This agreement is only obtained if binaries are excluded. It is conceivable 

that binary scenarios are increasingly important in very low metallicity environments and 

actually dominate the formation of WR stars. 

R = 

Table 2 Observed and theoret ical rat ios bet ween WR 
and massive stars in the sol ar neighborood 
and in the m age l l an ic cloud s .  

0 L M C 5 M C 

Met allicity  Z : 0 . 02 0 . 01 0 . 002 
- -

N(WR)/N(star>30Mu) : 

CB model 0 . 1 07 { 0 . 057 } 0 . 0045 
{O  . 041 } 

Observations 0 . 1 3  ( 0 . 0 2 )  0 . 055 ( 0 . 004)  0 . 024 ( 0 . 005 ) 

Without binary WR 0 . 09 ( 0 . 02 )  0 . 037 ( 0 . 00 3 )  0 . 0059 ( 0 . 00 2 ) 

Note { } These val ues o f  R are obt ained from an interpolat ion 
between the calculat ed values for the 0 and the SMC . 
The upper value corresponds to a l inear interpolat ion . �h: �?��7 value corr esponds to power- l aw approximat ion 

( ) V alues in parentheses are estimated statist ical 1 0 
errors on the star counts . 
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On the other hand, the IB models seem to be more adapted to star formation over 

small scales. Indeed because of the grainy nature of star formation processes, objects such 

as giant HII regions typified by 30 Dor or NGC 604 are not experiencing star formation 

events over periods longer than few 106 years (see Lequeux et al., 1981) .  In other words 

an HII region is a local burst of star formation "in essence" . Using Moffat et al. ( 1987) 

WR counts in 30 Dor and Lequeux's estimate of the number of 0 stars within the same 

region (this conference) we find that the R ratio is roughly 4 to 8 times greater than in 

the rest of the LM C. This leads to an age of 5 x 106 years according to the IB model. In 

this context the short-lived massive stars such as the WR can be used as age indicator of 

a small star forming region. 
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STARBURSTS IN BLUE COMPACT DWARF GALAXIES 

Trinh X. Thuan 
Astronomy Department ,  University of Virginia 

Abstract 

We summarize all the arguments for a bursting mode of  star formation in 
blue compact dwarf galaxies (BCD) . We show in particular how spectral synthesis 
of  f ar-ultraviolet spectra of BCDs constitutes a powerful way for studying the 
s tar f ormation history in these galaxies . BCD luminosity functions show j umps 
and discontinuities . These j umps act like fossil records of the star-forming 
burs ts , helping us to count and date the burs ts . 
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1 .  Introduction 

Ever s ince their dis covery by Sargent and Searlc l ) , blue compact 

dwarf (BCD) galaxies (M
B 

� 18) have been known to make mas s ive s tars in burs t s : 

during a t ime short compared to the lifetime o f  the galaxy , the s tar format ion 

rate ( SFR) in some localized region or over the whole galaxy exceeds by several 

orders of  magnitudes the SFR averaged over the l i f e t ime of  the BCD . S tar for-

mat ion in BCDs cannot be cont inuous but must proceed by bur s t s  because of  

several observational contraints : 

1) the amount of  neutral gas available to feed the star formation 

process is � 108 M0
2 ) . Convers ion rates o f  gas into s tars in these galaxies 

-1 3 , 4 ) 
are be tween 0 . 1  and 1 M0 yr so that the rate of star formation in the 

current burst  cannot be maintained for more than 1 08 - 109 years before the gas 

is dep leted . 

2) BCDs are all  metal-def icient as compared to the so lar neighborhood . 

They have met a llicity ranging from � 1 / 3  to � 1 / 3 0  of the so lar met a llicity , 

with the abundance distribut ion peaking at � 1 / 10 of the solar value and 

5 )  dropping o f f  sharply f o r  metallicities l e s s  than � Z0 / 1 0  Assuming no 

removal of the metals from the regions where they are produced , s tar format ion 

at the rate presently observed in BCDs would produce too much metals after 

� 1 08 years . In the case of  the BCD IZw 18  = MKN 1 1 6  which i s  the mos t  metal 

deficient BCD known (Z � ZQ/ 30) , the amount of  metals produced in the present 

burst  of s tar formation already exceeds the amount observed af ter � 4 x 106 

years . Of course ,  the metallicity cons traint on the age of bursts in BCDs is 

not as stringent if  processes such as galactic winds can remove me tals f rom 

these galaxies 6 ) . 

3 )  Op t ical-infrared colors of  BCDs put  s trong cons traints on the 

burst  ages . Near-infrared c o lors are direct probes of  the underlying o lder 

stel lar population known t o  exis t  in BCDs 7 , 3 , 9 , lO) , whi le opt ical colors are 

sens i t ive to the young s te llar populat ion responsible for the ioni zation of the 

gas . Infrared magnitudes , when combined with optical magni tudes , give infor-
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mation on the relative importance of the young and old s tellar populations , 

and hence on the past and present history of star formation in BCDs.  Figure 1 ,  

t aken from Thuan8) , shows the location o f  different types o f  dwarf galaxies in 

the (U- B ,  V-K) p lane . 

1 3 1  

To interpret the optical-infrared colors , the models o f  Struck-Marcell 

and Tinsleyll) are used . These models describe the color evolution in t ime of 

a star formation burst of duration 2 x 107 yr , with a solar neighborhood initial 

mass function and superposed on an old galaxy with colors similar to that of 

E and SO galaxies (U-B = 0 . 5 6 ,  V - K = 3 . 22) . Each point in the (U-B , V-K) 

plane is characterized by two parameters : the f irst is the strength b of the 

burs t ,  def ined as the ratio of the mass of stars made during the burst to the 

ID 
I 

- 1 .0 

:::> o.o 

"' 1 Burst Strenqth b 
2E7""":::-:::�����-..:g;:�;::;-"'���������� 

--Av=0.25 

V - K  

0.01 ' ' 

O Magellanic Irregulars 

LI.Blue Compact Dwarf Galaxies 

• Virgo dE 

E and SO 

Figure 1 .  The infrared-optical (U-B , V-K) color-color diagram for dwarf 
galaxies 8) , Burst models from Struck-Marcell and Tinsleyll )  have been drawn . 
The star formation bursts have a duration of 2 x 107 yr , are described by a solar 
neighborhood IMF , and occur in an old galaxy with U-B = 0 . 56 and V-K = 3 . 22 .  
Each dashed line is the evolutionary track o f  a burst o f  strength b passing 
through the ages indicated on each solid line . Arrows indicate the ef fect of 
inters t�llar reddening and two estimates of the ef fect of reducing the 
metallicity by a factor of 4 .  
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mass in the old galaxy , and the second is the time elapsed since the beginning 

of the bur s t ,  or its age . We should note that Struck-Marcell and Tinsley ' s  

models do not include the light contribution from red supergiants and therefore 

overes timate the real burst strengths . The numbers derived for b should thus 

be considered as upper limits .  The burst  ages should be  accurate.  

It is clear from Figure 1 that , of all dwarf galaxies , BCDs have the 

smallest burst ages T (all less than � 5 x 107 yr) and the largest burst  

strengths b (more than one tenth o f  the mass o f  the galaxy participates in  the 

burst) . Then come, in order of increasing burst ages and decreasing burst 

strengths , the dwarf magellanic irregulars (10 7 � T � 108 yr , 0 . 01 � b � 0 . 1) 

and the Virgo dwarf elliptical galaxies (109 � T � 8 x 10
9 

y r ,  b � 0 . 1) . Thus 

optical-infrared colors of BCDs imply that bursts of star formation in these 

galaxies do not last much longer than � 5 x 10 7 yr . 

4) Finally , the young stellar populations as probed by ultraviolet 

spectra of BCDs can provide strong constraints on the star formation history in 

these galaxies 12) . Spectral synthesis of IDE BCD spectra also strongly supports 

the idea that star formation in BCDs occurs in bursts , as shown in detail in 

the next section. 

2 .  Starbursts in BCDs : Constraints from far-UV spectra 

A detailed review of the properties of far-ultraviolet spectra of BCDs , 

has been given by Thuan12) . Two complementary approaches have been adopted to 

extract information from these spectra . The first approach, called ' evolutionary 

synthesis ' ,  consists of using the best available stellar evolutionary tracks 

and stellar atmospheres to calculate the time evolution of a composite spectral 

energy distribution (SED) . The resulting SED depends on a small number of 

parameters which characterize a particular evolutionary scenario (for example 

cont inuous star formation or bursts)  such as the s lope of the initial mass 

function ( IMF ) and the e-folding time for star formation . The evo lutionary 

models13)  which best fit  the BCD data are those in which massive s tar formation 
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occurs in bursts  lasting between 1 and 5 x 106 years and with an IMF slope 

s imilar to that found in the solar neighborhood (x  � 1 . 5  to 2 where x is 

1 33 

defined by dN/dM a M- (x+l) ) .  There is no attempt in this approach to adj ust the 

population parameters to obtain optimal fits to the SED . 

The second approach , called ' optimiz ing synthesis ' , consists o f  

deriving the stellar populat ions which best fit a SED , using linear o r  quadratic 

programming techniques which , in contrast to the evoluti onary synthesis approach , 

permit to exp licitly evaluate the goodness of fit and the uncertainties in the 

derived parameters . I report here some recent results obtained , in collaboration 

with M. N. Fanelli and R. W. O ' Connell , by applying the optimizing synthes is 

method to the far ultraviolet spectra of a few BCDs , in part icular , that of 

IZw36 = MK 209 4)  (MB = - 14 . 0) and of Haro 2 2)  (MB 
- 1 8 . 1 ) . Details on how 

to set up a far ultraviolet stellar library and on how to apply the linear 

programming techniques have been des cribed elsewhere 12 , l4)
. 

The results are shown graphically in Figure 2 ,  in the upper panels for 

MK209 and in the lower panels for Haro 2 .  The horizontal axes show the 8 main

sequence groups in which the library stellar spectra have been binned.  These 

groups were chosen by minimzing the cosmic dispersion of the stellar spectra 

within a group while maximiz ing the dif ference with neighboring groups without 

leaving gaps along the main sequence, and are intended to represent spec ific 

locations in the color-magnitude diagram14) . Although giant and supergiant 

groups were also included in the stellar library , the synthesis program did not 

p ick them out in the specific cases of MK209 and Haro 2 .  The horizontal axes 

also g ive the mean absolute visual magnitude corresponding to each main-sequence 

group . The vertical axes give the numbers of stars within the 10" x 20" IUE 

aperture in each group as derived from the spectral synthesis of the far-UV 

spectra,  divided by the range in absolute visual magnitude �Mv of each stellar 

group . In o ther words , the vert ical axes give the stellar luminosity function 

in each BCD . 

The open c ircles correspond to the best unconstrained model obtained by 
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Figure 2 .  The luminosity functions (open circles) derived from spectral synthesis 
of the far-UV spectra of the BCDs MK209 (Figures 2a and 2b ) and Haro 2 (Figures 
2c and 2d) . The f illed circles represent the number of A5-7V stars when optical 
color constraints are added . The error bars correspond to  3o limits  ( see text ) . 
Two sets of s tar formation models normalized to the 03-6V group have been 
superposed on the data points : a) a set of continuous star formation models with 
durations 1 yr,  107 yr,  108 yr and 1 . 25 x 109 yr and an IMF with x = 1 . 8  
(Figures 2a and 2c) and 2 )  a set o f  infinitely short burst models with IMF 
slopes characterized by x = 1 . 3 , 1 . 8  and 2 . 3  (Figures 2b and 2d) . 
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varying the amount o f  intrinsic extinction E (B-V) until the best fit to the 

observed spectrum is obtained . This is done by minimiz ing the quantity 

E = 100 Iri where ri is the absolute fractional f lux residual between the model 

and the observed galaxy spectrum at the ith wavelength. The best fits are 

obtained for E ( B-V) = 0 for MK209 and E ( B-V) = 0 . 15 for Haro 2 .  These extinc

tions are much lower than the values of 0 . 24 (MK209)  and 0 . 33 (Haro 2 ) derived 

from the Balmer decrement method and corrected for extinction from the Galaxy . 

The ultraviolet light,  in contrast to the op tical light , comes from regions 

nearly devoid of ext inction . 

The most important results of the synthesis work can be clearly seen 

in Figure 2 :  the best fit  models give invariably a stellar luminosity function 

which is discontinuous . In the case of MK209 , the synthesis program picks out 

the 03-06V group , rej ects the next two groups (07-BOV and Bl-l . 5V) , picks out 

the B2-3V and B4-7V group s ,  but rej ects the B8-9V , A0-2V and A5-7V groups . For 

Haro 2 ,  only the 03-06V, Bl-l . 5V ,  A0-2V and A5-7V groups are selected . The 

remaining groups are rej ected . The reality of these breaks is demonstrated by 

forcing the program to produce smooth luminosity functions . The resulting fits 

are always much worse .  

135 

In order to compare the synthesis results with simple star formation 

models , it is useful to provide error bars to the open circles in Figure 2 .  

' Maximum allowable ' or ' minimum allowable ' amounts of a given population com

ponent can be determined by forcing the best model to include or exclude suc

cess ively larger light contributions from it until E is increased or decreased 

by a factor of 3 .  I n  the linear programming f itt ing procedure, this i s  equiva

lent to a 3o upper or lower limit in the conventional least- squares technique15) . 

For some open circles , especially in the case of MK209 , a lower limit cannot be 

obtained because the corresponding stellar group can be removed completely with

out exceeding the 3E limit . This situation occurs more of ten for MK209 than for 

Haro 2, because the best fit model for MK209 has an E twice as large as that for 

Haro 2 ( E  = 7 . 2  compares to 3 . 5) . This larger value of E is due to the 
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difference in metallicity between the stars in the library (Z � Z0) and MK209 

(Z � ZQ/10) . The fit  is better for Haro 2 because i t  has a metallicity nearer 

to solar (Z � Z0 / 3 ) . The data point in the last bin ,  the number o f  A5-7V stars , 

is very uncertain because of the very small light contribution of this stellar 

group to the BCD f ar-ultraviolet spectra . We have used the BCD optical colors2 ) 

to reduce the uncertainty in the A5-7V stellar group . The data points resulting 

from this added constraint are plotted as f illed circles in Figure 2 .  

T o  interpret the synthesis results , we consider two limiting types of  

models for  star formation4) . The f irst type of  model examines the case of  

continuous s tar formation (CSF)  where stars are formed continuously with a 

constant s tar formation rate during a time T ·  Models with 4 different T 

varying from 1 yr to 1 . 25 x 109 yr have been computed . All CSF models have an 

IMF slope with x = 1 . 8 . This is the slope o f  the solar neighborhood mass 

function in the stellar mass range of  interest 16) (2 � M/MQ � 100) . The second 

type of  model examines the case of  an infinitely short burst ( ISB} . IMF slopes 

with x varying from 1 . 3  to 2 . 3  have been considered in ISB models . All models 

have been normalized to  the data point corresponding to the 03-6V stellar group . 

We f irst compare the synthesis results with the CSF models . The mos t  

stringent constraint on these models comes from the absence of  the 07-BOV group 

in both BCDs . This absence excludes all CSF models in the case of Haro 2 

(Figure 2c) . 
7 

CSF models with T � 10 yr can accomodate the upper limit for the 

07-BOV group and also all the remaining groups in the case o f  MK209 (Figure 2a) . 

We next discuss the ISB models . Again , all the ISB models can account for the 

MK209 data points when the error bars are taken into account (Figure 2b) , 

although the IMF cannot have a slope much steeper than x = 2 . 3 .  In the case o f  

Haro 2 ,  ISB models with x > 1 . 3  fail t o  account for the absence o f  the 07-BOV 

group . The ISB model with x = 1 . 3  can barely accomodate the upper limit f or 

the 07-BOV group , but fails to predict enough stars in the Bl- 1 . SV group 

(Figure 2d) . 
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In summary , neither CSF nor !SB models can account for the discon-

tinuities in the stellar luminosity function of Haro 2 .  To account for these 

j umps , several independent bursts of star formation must be postulated . The 

03-6V stars would be formed in the present burst . The Bl-l . 5V stars would come 

from a burst which happened � 15 million years ago while the A0-2V stars would 

have their origin in a burst occuring � 5 x 108 years ago . In this scenario , 
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the j umps in the luminosity function are like fossil records of all the previous 

bursts in the past history of the BCD . 

The story for MK209 is not as clear-cut because of the lack of lower 

limits to the data point s .  Nevertheles s ,  i t s  stellar luminosity function can be 

explained by a single burst (the present one) with an age T < 10 7 years and 
� 

with an IMF whose x � 1 . 8 .  The preceding burst age is consistent with the one 

derived using optical-infrared colors 7 )  (Figure 1 ) . The amount of metals 

produced during that time scale is also in good agreement with that observed4) . 

I f  we accept the interpretation that the present burst is the f irst one in the 

lifetime of MK209 ,  then the presence of an underlying older stellar population 

which is much more spatially extended than the star-forming region would imply 

a bimodal mode of star formation in the BCD , where massive and low mass star 

f ormation are decoupledlO) . 

We conclude that spectral synthesis of ultraviolet spectra offers a 

very powerful way for studying the star formation history in BCD s .  Not only 

can we count the number of bursts in each BCD but we can also date them by the 

locat ion of the j umps in the luminos ity function . 
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ABSTRACT 

The blue compact galaxies I Zw 18 and I Zw 3 6  have b een observed in 2 1  cm l ine 
with the configurations B and C of the Very Large Array* synthesis telescope , 
achieving resolutions of 5" x 5" x 1 2  km s- 1 • The new maps reveal extremely 
d ense HI  clumps located on the edge of the locus of the st ellar formation burs t s .  
The mass derived from t h e  ordered part o f  t h e  velocity f ield is o f  t h e  order of 
13 times the total HI  mass in I Zw 1 8 .  

*The Very Larg e  Array i s  one o f  the facilit ies o f  the Nat ional Radio Astronomy 
Observatory , operated by Assoc iated Univers it ies , Inc . , under contract with 
the National S cience Foundat ion . 
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Introduct ion 

The b lue compact galaxies (BCG ' s) I Zw 1 8  and I Zw 36 are by now con

sidered as prime examples among the large class of star-forming dwarf obj ect s .  

Let us simply recal l that one o f  the chief int erests in studying BCG ' s  i s  the 

search for genuine "primeval" or "young" galax ies , that is , obj ects being form

ing their very f irst generation of stars from the primeval purely gaseous pro

togalac t ic c lumps . 

I Zw 1 8 ,  who se int erstel lar metall ic abundance is only 1 /4 0  of the 

solar one , exh ib its the case for the most metal-poor act ive star-forming galaxy 

known to dat e ,  and yet its abundance is still too large for its gas not having 
. 1 , 2 , 3 )  

been contaminated b y  some enrichment from stellar nucleo synthesis product s , 

Obv ious ly , the study of the dynamical state of the gas in some extreme cases of 

BCG ' s  could shed some l ight on the processes of formation and early evolut ion 

of galaxies ; the important gaseous content of BCG ' s
4

•
5

• 6) 
favors 2 1  cm l ine 

ob servat ion s .  

Following previous 2 1  cm l ine supersynthesis a t  Westerbork with about 
7 8 )  3 5  arc seconds resolut ion ' , we have undert aken a new program with the Very 

Large Array , devoted to higher spat ial and spectral resolut ion ob servat ions of 

I Zw 18 and I Zw 3 6 ;  we report here some prel iminary result s .  

The obs ervat ions were conducted in 1 98 6  with the B and C conf igura

t ions of the antenna array , y ield ing respect ive FWHM beams of 5'.'2  x S '.'2 and 

1 2" x 1 2 "  at 2 1  cm . The velocity resolut ion was f ixed at 1 2  km s- 1 • Dat a cubes 

produced by both conf igurat ions were merged to produce f inal map s with enhanced 

signal-to-no ise rat io . 

I Zw 1 8  

The Westerbork observations
7 )  

delineated an extended , elongated H I  

cloud of 2 x 1 arc minutes a t  the detect ion threshold of  9 5  K . km s- 1 ( 1 . 7  1 020 

at. cm-2) ,  some structure was evident throughout this cloud ; a provis ional inter

pretation was g iven , based on the convolution of  the beam with s ix c lumps , two 

of wh ich being extended . The main HI core was found only approximat ely centered 

on the brightest opt ical pat ch . 

The new VLA map is d isplayed in Fig . 1 ,  with a f inal resolut ion of  

8 x 8 arc second s ,  and a det ect ion threshold of 1 00 K . km s- 1 ( 1 . 8  1 020 at cm-2) .  

A lot of  sub structure is present within a principal , elongated cloud of 60"x3 0" , 

surrounded by several small clumps whose individual extents are about one beam 

area,  one of them being larger , as an appendage at the SW end of the main cloud . 
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The main cloud encompasses all the detected opt ical structure of the 

galaxy ; at the detect ion threshold , its outer l imit coinc ides roughly,  in it s 

southern half , with an outermost isophote on a very deep C CD b lue frame taken 

in 1 982  with the Canada France Hawal 3 .  6 m telescope ( courtesy L .  Vigroux) , 

who se limit ing surface brightness is about 27 . 5  B mag arc sec-2 • The HI is 

more extended than the opt ical image on the west . The peak HI density is clear

ly d i splaced from the peak optical brightness ; the secondary faint opt ical 

patch at the NW also coincides with a depression in HI surface dens ity . (Posi

t ional accuracy of the opt ical features with respect to the rad io map was in

sured by astrometric measurements of a dozen stars in the f ield , enab l ing a pre

cision of about 0 . 3  arc sec r . m . s . )  

The peak value of the H I  column density , in the core o f  the main HI 

cloud , is extraordinarily h igh : more than 3800 K . km s- 1 on Fig . 1 ,  but on the 

orig inal 5'.'5 x 5 '.' 5 B conf iguration full resolut ion map it reaches 5 500 K . km s- 1 

(about 1 022 at . cm-2 ) ,  is st ill unresolved , and it is l ikely that the l ine is 

saturated , in which case these f igures are only lower l imits to the co lumn den

sit y .  This unresolved clump , whose diameter at 10 Mpc is smal ler than 2 7 0  pc 

( B  configurat ion proj ected FWHM beam) , contains more than 4 . 4 1 05 Ma of H I  gas 

with a mean volumic density larger than 18 cm-3 • 

The velocity f ield across I Zw 1 8  is displayed in F ig . 2 ;  an overall 

fairly regular radial velocity grad ient is seen over the main HI cloud ; assum-

ing that this gradient is due t o  rotat ion w e  derive a Kepler ian spherical mass 

of 8 . 9  1 08 M
6 

within a radius of  3 1 "  ( l . 5 5 kpc) , about 1 3  times the total HI 

mass of 6 . 7  1 07 M 7 )  However , a posit ion-veloc ity cut along what could be G 
called the opt ical maj o r  axis (best maj or axis of the principal optical feature 

in P . A .  3 2 8 ° )  shows blobs of  gas depart ing conspicuously from the main r idge 

associated with the regular velocity grad ient , suggest ing lots of turbulent 

and /or infall mot ion s .  

I Zw 3 6  

The Westerbork observations
8 )  

showed a large H I  cloud 3 '  x 2 '  in ex

tent , about 4 times larger as the opt ical image seen on the Palomar Observatory 

Sky Survey , with evidence for several subcomponent s ,  and a rather chaot ic veloc

ity f ield . A companion cloudlet with no opt ical counterpart was detected at 2 1  

NE .  The detect ion threshold was 4 0  K . km s- 1 (7 , 5  1 0 19 at . cm- 2 ) .  

The VLA map , pictured in Fig . 3 ,  has 5'.'2 x 5'.'2 resolut ion and a de

tect ion threshold of 3 00 K . km s- 1 ( 5 . 5  1 020 at . cm-2) :  any low-br ightness ex

t ended emission seen on the Westerbork map is thus l ikely to be lo st on this map . 
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The overall HI distribut ion is approximately ell ipt ical in shape , with a series 

of h igh-d ens ity clump s and a deep hole, marginally resolved , in the northeast 

half . The centro id of the opt ical emission coinc ides with a minimum in the HI 

distr ibut ion ; the maximum HI density p eaks at 3 1 00 K . km s- 1  ( 5 . 7  1 021 at . cm-2 ) 

in a marginally resolved clump contain ing about 1 . 3 1 06 M0 of HI gas with a 

mean density of 28 cm- 3 . 

The velocity f ield in the central part is once more fairly regular 

(with some evidence for non-rotat ing mot ions on a maj o r  axis posit ion-velocity 

cut )  and y ields a Keplerian spherical mass of 7 . 7  1 07 M0 at 4 , 6  Mpc over a 1 8 "  

rad ius (or . 8  kpc) , to be compared t o  a total H I  mass f o r  t h e  central cloud 

1 f 2 2 1 07 M 
8 )  

o n  y o � • 0 
As a comparison with I Zw 18 and I Zw 3 6 ,  we recall that the maj or 

extragalact ic HI complexes known to date have much lower mean densities :
9 )  

NGC 604 contains 1 . 6  1 0 6 M
0 

i n  a n  3 00 pc d iameter cloud with <n
H

> � 7 cm- 3 , 

cloud L 1 6  in NGC 4449 contains 3 . 7  1 06 M
0 

in an 4 1 0  pc d iameter c loud with 

<nH
> � 8 cm- 3 and NGC 547 1 in Ml Ol has 8 . 6  1 07 M

0 
in an 1 64 0  pc d iameter cloud 

with <n
H

> � 1 . 2  cm- 3 only . 
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Abstract . We present calculat i ons of a simple scenar i o  for dwarf irregular 
galaxies l i ke IZw1 8 that can explain the apparent paradox of having very  low 
concentrati ons of CNO in HII regions of a current s tarburs t  and yet have nearly  
s olar ratios for C/O  and N/O .  We calcul ate concentrations i n  a hot  ambi ent  
medium containi ng pri mordial clouds , whose col l i si ons initiate  n ew s tarbursts , 
and then argue that about 1 %  of today ' s  clouds have been admi xed  from that hot 
medium . 
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1 .  Introduct i on 

Observation of ultraviolet emi ssion l ines of [ N I I ]  and [CI I I ]  from 

the dwarf irregular galaxy IZw1 8 by Dufour [ 1 ]  has motivate d  the study of 

chemi cal evolut i on to be reported her e .  Despite the extremely  low concentra

tion x0 of oxygen in the HII regions , the abundance r atios N/O and C/O ar e even 

greater than in other moderately metal-poor dwarf galaxies ( e . g .  LMC and SMC ) . 

This observation alone rules out the possi b i lity that the pr esent starburst  in 

IZw1 8 i s  its  f irst one , j ust  as it  also rules out the suggestion by Kunth and 

Sargent [ 2 ]  that the HII regions observed are contaminated by supernova ej ecta 

from its present star burst . A galaxy characteri ze d  by almos t solar ratios 

C : N : O  at concentrations some forty times smaller than solar poses a severe and 

interesting problem i n  the chemical evolut ion of galaxies . We propose here an 

interesting histori cal scenario that may f ind appl ication to the problems of 

dwarf irregular galaxies in general and of IZw1 8 in par t i cular . Our approach 

will be to consider a two-phase interstellar medium ,  HI clouds surrounded by a 

matrix  of hot unseen gas , and to specify assumpt ions that allow us to calculate 

the chemical compositions of both . Our postulated hot med i um continuously 

loses mass by way of a coronal wind , whereas the otherwi se pr imordial HI clouds 

are only slowly enriched in CNO by admi xing fr om the surrounding hot mat r i x .  

Consider the following confi guration today for a dwarf irregular 

galaxy . Past bursts of star format ion have left a mass M � 1 0 8  M0 of mostly 

low-mass stars in some irregular ellipt i cal bulge . Thi s gravi tat i ng system 

supports about Mg - 1 0 5 M0 of hot ( T  - 1 0 6 K )  gas throughout a volume s omewhat 

larger than that of the star s .  Thi s hot med i um is however continuously  flowing 

away in a coronal type wind and i s  also continuously being r e placed by mass 

loss from the stars formed in pr i or starbursts . The hot med i um i s  kept hot 

even between starbursts by mechanical heating from Type I supernovae and by the 

kinet ic  energy i mported to the mass lost from intermediate  mass stars by the 

random (v  = 1 00 km/sec ) velocities of the old stars . These power inputs are 

found to be adequate to cont inuously  remove the mass of hot med i um ,  leavi ng 

only the - 1 0 5  M0 of hot gas that is in hydrostatic  equi l i br i um in the gravita

tional potential of the star s . Also contained within the system i s � 1 0 7 M0 of 

HI clouds , envisioned as some modest number of di screte uni ts or bi t i ng the 

center of mass of the star s .  These H I  clouds are cons i dered b y  u s  to be 

remnants of compressed gas that remained unchanged by the i n i t i al starburs t ,  

whi ch turned around the i nflow and set the mass of a dwarf ell i pti cal system 

[ 3 ] .  Subsequent smaller starbursts are imagined t o  occur as a r esult of coll i 

s ions of these clouds , which are ,  for the moment , considered to r etain the i r  

initial pr imordial compos i tion . Thi s  construct ion i s  consi stent with star 

formation at late times in essentially primordial matter , as observed in IZw1 8 .  
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The interpretat ion of the very low but nonzero CNO abundances 

observed in today ' s  s tarburst  is then interpreted by us as follows . The hot 

ambient medium contains large and usually var i able concentrations x0 and Xe , 
which we calcul ate below . This ambient gas i s  mixed  very slowly into the 

clouds , so that today about 1 % of the cloud mass was gathered from the hot 

medium by mixing , r esul ting in cloud concentrat ions s i milar to those observed  

i n  IZw1 8 .  

2 .  Calculati on for the propos ed scenar i o  

To be specific  w e  assume that t he dwarf galaxy has experi enced s i x  

separat e s tar bursts , spaced 1 0 9 yr apart , and thus having a n  age today of 

5 x 1 0 9 yr . The first  and l ar ge s t  s tarburst was associ ated with  galaxy forma

t i on and l imi ted the tot al mass by stopping and r eversing i nfall [ 3 ] .  The f i ve 

subsequent smaller s tarbursts are i n  our calculations taken to be equal to the 

bur s t  of star format ion toda y ,  2 x 1 0 5 M<3 . This mass for today ' s  s tarburs t  

results from taking a normal ini ti al mass funct i on and by creating enough 0 

s t ar s  to provide the Lyman continuum . 

7 x 1 0  8 M® . 
We took the i n i t i al s tarburst  to be 

Two other arbitrary characteri s t i cs were added t o  each starburst .  

Because i t  did  not seem physically plausible t o  form each star at the same 

moment , we spread each s tarburs t  out uni formly over 1 0 7  yr . Thi s  seems a 

r easonable  dynamic  t i mescal e for coll id i ng clouds . We also must s pecify the 

mass of primordial cloud gas that was di spersed into the hot med i um by the star 

format ion process . We took 1 0 9  M® of hot gas created by the i n i t i al 7 x 1 0 8 M9 
starbur s t ,  whereas the smaller subsequent bursts added 1 0 6 M® to the mass of 

the hot medium at that t i me .  This dispersed cloud mass i s  r emoved from the 

galaxy by the supernova power , but , because i t s  mass exceeds the 1 0 5 M® 
maintainable i n  hydrostati c  equ i l i br i um ,  i t  acts as a buffer to f irst  absorb 

the early nucleosynthes is  products of each s t arburst .  

For this exploratory study we did  not treat r eal i stic  hydrodynamics 

for a configuration that i s ,  i n  real cases , poorly def ine d .  We took a much 

simpler approach in order to fac i l i tate rapid results . We assumed that the 

mechanical power P ( t )  in  stellar ejecta is converted , after correction  for 

radi at i ve losses L ( t ) ,  to wind power , so that we write 

P ( t )  - L ( t ) = GM 
W ( t )  

R 
( 1 )  

where W ( t )  i s  the mass loss rate from the galaxy of mass M and radius R .  We 

take the wind W ( t )  to respond i ns tantaneousl y  to the power P ( t ) ,  even though i n  

real i s t i c  cases the supernova shocks first  create bubbles o f  overpressure that 

only later dri ve winds . Another approximat i on made for simpl i c i t y  is that the 

hot medium is well mi xed  at all t i mes , so that the r ate of loss of oxygen mass , 
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for example ,  can be set equal to x0w ( t ) .  In  trut h ,  of  course , a SNII  creates 

an O-rich pocket that requires time for distri bution throughout the volume . 

But the mul t i ple occurrence of SNII ,  overlapping i n  the hot med i um ,  v i tiates 

this problem . We take the volume to be a sphere of radius R = 650 kpc . A 

s imple calculation shows that i n  the large ini tial burst , supernovae coll ide 

before they cool , so that we take P - L = 1 0 5 1 ergs per supernova in Eq . ( 1 ) .  

I n  the smaller later bursts we also i gnored radi at i ve cool ing on the rather 

uncertain grounds that they expand into an already hot medium in their burst 

out of the HII complex . 

It i s  easy to see that the SN power in a 2 x 1 0 5  M® starburst  i s  

adequate t o  r emove the 1 0 6 M® o f  gas cloud di spersed by i t  i nt o  the hot medium ,  

because that s tarburst  produces 950 Type I I  supernovae having a total mechani

cal input of - 1 0 5 '  ergs , which , for a dwarf of thi s s i ze i s  adequate to remove 

1 0 7  Me of medium .  A s  a resul t ,  the wind following each s tarburs t  dr i ves the 

medium mass down to the 1 0 5  Me remai ning hydrostati cal l y .  Bet ween the s tar-

bursts the i ntermediate mass stars are shedding a lot of mass i nto the medium ,  

but the mechanical power associated with i t  and with a steady r ate  o f  Ty pe I SN 

is found to be adequate to cont inuously dr i ve the medium away.  The chemical 

effects will be great , however , because between bursts the O-rich supernova 

ej ecta is replaced by C-ri ch and N-r i ch ej ecta from the intermediate-mass 

stars , producing a concentration history that is novel in stud i es of chemi cal 

evolut i on .  

Dur ing the burs ts we calculate a mass for the hot medium ,  taking i t  

t o  satisfy 

dMg/dt = E ( t )  - W ( t )  ( 2 )  

where E ( t )  i s  the ej ection rate fr om stars , and wher e the boundary condi tion on 

Mg for each burst  is determined by the mass of cloud that was d i s persed i nto it 

by the starburst . The well-mi xed metall icity Z of the hot medium deri ves from 

�t ( ZM
g

) = E
z

( t )  - Z ( t )  W ( t ) ( 3 )  

where E2 ( t )  i s  the ej ect i on rate o f  element Z .  With the a i d  o f  Eq . ( 2 )  thi s 

equation i s  transformed to Mg dZ/dt = Ez ( t ) -Z ( t ) E ( t ) , which i s  the equation 

that we i ntegrat e .  The Type II SN are der i ved from 1 0- 1 00 Me progeni tors whose 

deaths are not mass ordered because of the spread of 1 0 7  yr i n  the s tarburst .  

The oxygen yield and supernova power are therefore d istri buted over a 3 x 1 0 7 

yr per iod beginning with the explos ion of a massive star formed n ear t = 0 i n  

the burst and ending with explosion o f  a 1 0  Me star that was born at t = 1 0 7  

end of the bur s t .  

It  i s  a n  important ingred i ent o f  our calculat ion that carbon i s  

produced in both SNI I  and i n  i ntermediate-mass stars . We take the yi elds t o  be 
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such that when averaged over the ent ire  mass spectrum , as in a normal cont inu

ously evolving galaxy , half of the carbon  ori ginates in SNII and half of it in 

the intermediate-mass stars . We calculate expl icitly  the t i me dependence of 

carbon production because the deaths of those stars are mass ordere d .  This 

carbon ej ect i on has the effect of maintaining the concentrat ion of  carbon in 

the hot med i um ,  even as i t  replaces the gas ej e cted earl ier in each starburst 

from the SNI I .  

Figure 1 i l l us trates the magn i tude and time dependence o f  both oxygen 

and car bon concentr ations in the hot med i um .  The behavior o f  x 0  i s  r emar kable . 

I ts rap i d  rise  is normal ly  expected 

as Type II supernovae begin ;  but the 

peak value , x0 = 0 . 3 ,  is exceedingly - I  

lar ge for such short times , and the 

subsequent precipi tous fall i s ,  as 

far as we know , unprecedented . How 

are these surpr i ses to be inter

pr eted? The key is  the large wind 

dr i ven by the SNI I . I t  causes the 

hot-ISM mass to  decl ine rapidly .  The 

mass fract ion x0 reaches a very lar ge 

value very quickly preci sely because 

it measures the concentrat ion in the 

med i um s t i l l  remaining.  The huge SN 

yield i n  the face of fal l ing Mg 
results in the qui c k  r i se . Thi s  

log Xc-2 

-3 

0 

- I  
log X0 

-2 

-30������2���3"---�-4'-'---�-5L.J 
t ( Gyr ) 

Figure ! . Concentrations of 0 and C in 
the hot medium as a func t ion of t ime . 

changing i dentity  of the mass under di scussion i s  also r esponsi ble for the 

equal l y  sudden decl ine in x0 . The intermediate stars ej ect large amount s  of 

mass after terminat ion of the SNI I ,  and that ej ecta i s  oxygen free . The w i nd 

keeps carrying the med i um away and d i l uting the rapi dly decl i ning amount of 

oxygen r emaining with this oxygen free ej ecta . The mechani cal power can 

support a wind capable of hold i ng Mg at 1 0 5 M0 despi te the - 1 0 8  M0 of 

i ntermedi ate-mass-star ej ecta placed i nto  it dur ing the first  1 0 9  yr after the 

termination of SNII  from the i n i t i al starburst . 

The si tuation for carbon  is somewhat di fferent . The value of Xe 
increases suddenly dur i ng the SNII  bursts , but the i ntermediat e-mass-star winds 

that dri ve down both oxygen and SNI I  carbon contain new carbon themselves . 

Therefore Xe does not fall to a low value between bur s ts . The s ud den d i p  i n  Xe 
at the beginning of each burst , very narrow i n  time i n  F i g .  1 ,  appears because 

we f looded the ISM at that moment with the mass of primord i al cloud that i s  

l i berated to  the hot med i um i n  each starburst . 
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3 .  D i scussion 

Suppose that the pr i mor di al clouds move through the hot med i um .  Some of 

the hot medium will slowly mi x through them by turbulence wi thin  the clouds . I f  

we env i s i on that admi xing occurs at a cons tant rate over 5 x 1 0 9  yr , the re

sul t i ng abundance in the clouds would be proportional to a t i me average of the 

abundance in F i g .  1 ,  whi ch yi elds a carbon abundance f i ve times that of oxygen . 

Accor ding to Dufour ' s  results for IZw 1 8  the oxygen abundance i s  act ually  larger 

than the carbon abundance by a factor of 3 .  Although i t  i s ,  ther efore , very 

eas y to  explai n within this  scenari o  the surpr i singl y large abun dance of C wi th 

r espe ct to 0 ,  constant mi xing yi elds an excessi ve C/O ratio .  But a cons tant 

mi xing rat e  may not be appropr i at e .  Dur i ng the bursts of star format ion m i xing  

may be  enhanced owing to the  enhanced turbulence i n  the hot  med i um .  Oxygen- r i ch 

supernova shells  may even cool and partial l y  condense on the s urfaces of the 

primor d i al clouds , giving C/O the observed value . The condensation of the SNI I  

ej ecta o n  the clouds may also have been enhanced b y  the i r  pos i ti on r elat i ve to  

these primordial clouds . I t  i s  reasonable to assume that the  SNI I  products get 

ej ected close to the HI clouds which presumabl y r emain concentrated in the 

central region of the galaxy where the cloud col l i s io ns an d s tarbursts occ ur , 

whereas the i ntermedi ate mass s tars release carbon and n i trogen after the i r  

m i  gr a t i  o n  away . 

A non-zero i n i t i al oxygen concentrat i on may also produce more r eal i s t i c  

C : N : O  ratios . Thi s may happen if we imagine pri s tine matter fal l i ng between 

outflow i ng channel s of mat eri al from the i n i t i al bur s t  of star format i on .  

Turbulence between i nfal l i ng and outflowing channels may change the compos i tion 

of the former , whi ch therefor e  reaches the galaxy w i th nonzero oxygen concen

tration and subsequently par t i ci pates in the condensation of the clouds wher e 

the smaller bursts l ater occur . Much of todays C and N may then have been 

admi xed as we des cr i bed . 
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Ha  Fabry-Perot i nter ferometr i c  obs ervations of  the two blue compac t 
dwa r f  gala x i es ( BCDs ) 7 Zw 4 0 3  and 1 Zw 49 are pres ented . The 
veloc i ty field  of  7 Zw 4 0 3  shows no c lear large-s cale organi zed 
mot ion but the veloc ity f i e ld i s  not completely chaot i c  e i ther . 
The gas assoc i ated with the 8 H I I  regions i n  7 Zw 4 0 3  has ne i ther 
the highest  nor lowest veloci t i es . The BCD 1 Zw 49 is  domi nated by 
a s i ngle HI I region whi ch is � 5 0  t i mes  brighter than any other 
f eature in the galaxy . There is a chai n  of fainter HI ! reg i ons 
extend i ng acros s the galaxy . The veloc ity f i e ld i s  we l l  ordered 
along the HI ! region cha i n ,  but it  is very complex around the dom i 
nant H I I  region , suggest ing Ha loops and f i laments fround the 
latter . Both BCDs show ve loc ity gradi ents of � 25 km s - on scales 
of  � 1 0  pc in 7 Zw 4 0 3  and o f  � 5 0  pc i n  1 Zw 49 . These  ve loc i ty 
d i s cont i nui t i e s  compres s the gas and are probably respons ible for 
the star format ion .  
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I .  Introduction 

I t  i s  now generally agreed that blue compact dwar f  galaxies  

( BCDs ) manu facture mas s i ve s tars in  intense bur s t s  of  star forma

t ion 1 l . BCDs are ideal laboratories  for studying close at hand the 

starburst  phenomenon , because the ir masses are too sma l l  ( �  109 110 ) 

to susta in  dens i ty waves and hence the study of s tarbursts i n  BCDs 

is not compli cated by dens i ty-wave tr iggered star format i on ,  as is 

the case in  the l1i lky Way . 11oreover ,  the high gaseous content 2 ) 
and low metalli city1 ) of BCDs sugge st  that they are relat i ve ly 

young systems . Thi s  expectat i on i s  born out by det a i l ed studies of  

the i r  stel lar populat ions ( Loos e and Thuan 3 )  found that the oldest  

stars  i n  the BCD  Haro 2 are only 4 x 10 9 yr  old ) and  of  the i r  

neutral gas spat ial  di str ibut ion whi ch shows a clumpy, unrelaxed 

structure4 • 5 • 6 ) . Thus BCDs may be prototypes of  young galaxies and 

studying star format i on processes in BCDs may help us to understand 

galaxy format i on .  

The trigger i ng mechani sms o f  starbursts i n  BCDs are s t i l l  

completely unknown . I t  i s  c lear that an unde rs tandi ng of  such 

mechani s ms can only be acqui red through an under stand i ng of  the 

k i nematics and dynamics of the atomic and molecu lar gaseous compo

nent in these galax i es . The neutral atomic hydrogen component can 

be stud i ed with rad io inter ferometers such as the Westerbork and 

the Very Large Array telescopes . The se HI  interfe rome t r i c  stu

dies4 • 5 • 6 )  have already gi ven very interest ing general  resul t s . 

The HI gas shows an i rr egu lar structure w i th very high dens i ty 

clumps and holes in  the HI  d i s t r ibut ion .  The gas dens i ty i n  these  

c lumps can  reach 30 H atoms cm- 3 , as compared to  the range of  

1-8 H atoms cm-3 found in  HI complexes in  nearby galaxies 5 l . 

Although the ma in HI comp lex to wh ich the starburst  region is  asso

c i ated generally pos sesses a regular veloc i ty gradi ent cons i s tent 
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w i th rotat ion ,  expansion or contrac t i on mot i ons , the veloc i ty 

f i eld of  the outlying gas i s  not i ncons i s tent w i th the not ion that 

neutral hydrogen is infal l i ng into the galaxy , creat ing a large

scale d i sturbance to i ts interstel lar medium4 l . Larson 7 l has 

argued that indeed both a high gas sur face dens i ty and a large

scale d i s turbance to the i nterstel lar med ium of the BCD are 

neces sary to t r i gger a bur s t  of  star forma t i on .  The high gas 

den s i ty shor tens the star format i on t i me scale and i nc reases the 

e f f ic i ency for star formation . The large-scale di sturbance feeds 

rap i d ly the gas i nto the starbur st  reg ion . 

The study of the ion i zed gas component in  BCDs i s  a neces sary 

complement to that of  the neutral gas component . The i oni zed gas 

probes di rectly the k i nemat i c s  of the starburst region and detai led 

compa r i son of the k i nema t i c s  of  the neutral and i oni zed gas can 

p i npo int the poss ible influence of  stellar winds , supernovae and 

i on i zat ion on star formation . We d i s cuss here the pre l i mi nary 

results of a program to obt a i n  Ha Fabry-Perot inter ferome t r i c  maps 

of blue compact dwarf  ga lax i e s . BCDs are par t i cular ly appropr iate 

ob jects  to study with a Fabry-Perot interferometer because of the i r  

very strong and narrow Balmer emi s s i on l ines and because the i r  

star-forming regions occupy nearly the ent i r e  ga laxy o r  a large 

fract ion of  i t .  

I I .  Fabry-Perot maps of blue compact dwarf galaxies 

The ob jects were chosen from the l i s t of Thuan and ! 1a r t i n2 l  

whi ch gi ves the H I  wi dth for each BCD , an information wh i ch i s  

useful f o r  dec i d i ng the ve loc i ty range and resolut ion f o r  our 

interferomet r i c  observat ions . Other c r i teria  of s e lection included 

large angular s i z e , st rong Balmer l i ne emi s s i on and interest ing 

opt i cal  s tructure . We r eport here on the observa t i ons of  2 BCDs : 
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( -1 VH = 905 km s , 

92 km -1 s , 
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l !B = - 13 . 5 ,  d 25  = 1 1. 7 ,  f>V 50 ( HI ) = 

Zw 49 = ! IK59 = U8098 = Arp 2 6 6  = N4861 + I 3961  

! IB 17 . 3 ,  d25  = 4 ! 1 ,  nv50 ( HI )  = 92  km  s -1 ) .  

I n  the morphological clas s i f i cat ion scheme of Loose and Thuan8 ) , 

7 Zw 403 belongs to the most  common type of BCD ,  the i E  type , with 

several centers of  star format ion and i rregular ( i )  i sophotes i n  

the central region but w i th ell ipti cal ( E ) outer i sophotes . 

1 zw 49 belongs to the class of  " cometary" galax i e s , w i th a large 

dominant HI I reg ion i n  the "head " , and a chain of  smaller HI  I 

reg ions in the " t a i l " .  

The observat ions were car r i ed out on the r�ya l l  4m t e lescope 

of the Kitt Peak Nat ional Observatory on the nights of Apr i l  26- 30 , 

1986 . The instrument used was the Rutgers  I maging Fabry-Perot 

Spectrometer with a Texas Instruments 800x800 CCD detector , k i ndly 

loaned to us by Dr . J. Gunn . Br i efly ,  the spectrometer accepts a 

2 5  mm diameter f ield of  view ( � 2 . 5 '  on the 4m ) ,  col l i mates the 

l i ght , passes it through an order -select ing inter f erence f i lter and 

a Fabry-Perot etalon , and re-images onto the detector . The etalon 

used for these observat ions had a FWHll resolution of  0 .  82  A at Ha: 

and a f ree spectral range of 25  A.  The CCD detector operated w i th 

approximately 50% quantum e f f i c i ency at Ha: , and with 12  elect rons 

e f fect i ve readout no i se ( i nc luding the photon noi se of the approx i -

mately 100 elect rons pre -flash employed ) .  The image scale was 0 . 3 3 "  

per pixel . 

Both galax ies were observed in the Ha: emi s s ion l i ne and both 

had 11 e xposures of 900s each . The exposures were spaced by 0 . 5  A 
and went from 6558 . 2  A to 6564 . 0  A for 7 zw 40 3 and from 6580 . 4  A 
to 6586 . 9 A for 1 zw 49 to cover the emi ss ion l i ne and nearby 

continuum . The images were corrected with f lat -f i eld and bias 

frames , and were spat i a l ly sh i fted so that all  f rames were a l i gned .  
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A l i ne pro f i l e  was extracted at each p i xel  in the image and the 

l i ne was f i t  w i th a Gauss ian of  four parameters : l i ne intens ity,  

cont i nuum intens ity,  veloc i ty ,  and l i ne wi dth . Veloc i t ies accura-

cies , est imated 

Gauss i an f i t  and 

are better  than 5 

!1aps of  the 

both by 

by 

km 

Hex 

the 

-1 S I 

li ne 

the internal error paramet ers of  the 

agreement of nearby , independent pixel s ,  

over mos t of the map . 

i ntens ity and ve loci ty are pres ented for 

the two galaxies . Fi gures  1 and 2 show the results  for 7 Zw 403 . 

The maps cover a reg ion about 4 5 " i n  s i ze . Thi s  galaxy is domina-

ted by 8 br ight  HI I regions , immersed in faint er di f fuse H ex  emis -

s ion . The peak of the br i ghtest H I I  region i s  about 800 photons 

pi xel- 1 , whi le the d i f fuse emi s s ion is typically 5 0  photons 

p i xel  - 1 ( Figure 1 ) . The H I I  region diameters  range from - 37 pc 

to - 92 pc , adopt ing for 7 Zw 4 0 3  the d i stance of the !181 group of  

3 .  2 I1pc 9 ) . The spat i a l ly more e xtended underlying older stellar 

popu lation clea r ly vi sible i n  a deep B CCD picture 8 )  is absent in 

the Hex pi cture . 

The ve loc i ty map ( F i gure 2 )  i s  encoded w i th black at 

-70 km s -1 and whi te at - - 1 1 0  km s -1 . The H ex  l i nes are generally 

unresolved ( 6v < 3 6 . 5  km s-1 ) .  It is  clear from f i gure 2 that there 

is no s i mple over -all  or ganization to the veloc ity f i eld i n  7 Zw 

403 . Along the ma jor a x i s  of the ga laxy , black and white  zone s 

alternate w i th each other and there i s  no clear systemat i c  var ia-

t i on of  the i on i zed gas ve loc ity from one end of the galaxy to the 

other . There is no overall  rotation and turbulent random mot ions 

must  be important . But a lthough there is no clear large -scale 

organized mot i ons , the veloc ity f i eld i s  not c l early chaot ic  on 

smaller scales ei ther . The H ex  veloc i t i e s  show evident coherence in 

d i rect ions perpend i cular to the ma jor axis as can be seen by the 

bands of the same shading runni ng across the ga laxy . These bands 
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Figure 1 - Ha intens ity map of 7 Zw 40 3 .  North i s  at bottom and 
East to the r i ght . The map is 45 " x4 5 "  in s ize . The 
galaxy is dominated by 8 br ight H I I  reg ions , immersed in 
fainter d i f fuse H a  emi ss ion . The peak of the brightest  
HI I region i s  about 800 photons p i xe l -1 , wpi l e  the 
di f fuse emi s s ion is typically 50 photons p i xel- . 
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F i gure 2 - Ha veloc i ty map of 7 Zw 40 3 wi th the same or i enta t i on 
and scale as i n  f i gure 1 . The veloc i ty map i s  enfoded 
w i th black at a he l iocentr i c  veloc i ty of -70 km s - and 
w i th wh i te at - 1 10 km s-1 . The re is no s i mple over -all  
organizat ion to the veloc ity f i eld . The H a  i ntens ity 
contours are  over lai d .  
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have s i zes of - 70 x 320 pc . On yet smaller scales ( 10 to 20 pc ) ,  

there are locations i n  the BCD where ther e  are veloc ity grad i ents  

larger than 30 km -1 s . The corresponding dynamical t i me scale i s  

only � 106 year s ,  as  compared t o  a burst age between - 2 x 10 7 and 

- 5 x 10 7 yr 1 l .  A complex ve locity fi eld in such a predomi nantly 

gaseous system cannot be ma intained much longer than s everal dyna -

mical t i me scales . Thus the ioni zed gas in 7 Zw 403 cannot be i n  

a n  equ i l ibrium state and mus t have been s t i r r ed up b y  the ongoing 

starburst . 

Figure 2 also shows the contours of the 8 H I !  regi ons super -

posed on the veloc i ty map . An intr i guing fact i s  apparent : the 

gas associated with the HI ! regions , s ites of the youngest  stellar 

populat i ons in the BCD tends to have intermediate ve loc i t i e s , whi le 

both the highest and lowest ve loc ity areas occur in the di f fuse gas 

between the H I !  regi ons . 

Figure 3 shows the Ha intens ity map of  1 Zw 49 . The longer 

dimens ion of  the galaxy i n  Ha i s  - 6 5 " . There i s  a dominant H I !  
reg i ons whose diameter i s  185 pc , adopt ing a redsh i ft distance of 

7 .  2 !1pc ( H0 = 75 km s-1 !1pc-1 ) and wh ich is  - 5 0  t i mes  br i ghter 

than any other feature in the galaxy . Th i s  HI!  reg i on is  surroun-

ded by complicated loops and f i laments of  H a , sugge s t i ve o f  past 

supernova events . This impre s s ion is  reinforced by the pres ence of  

large holes i n  the H a  d i str ibution,  w i th diameters varying from 

- 50 pc to - 280 pc , also suggest i ve of explosive event s . A cha i n  

of  14  fainter and smal ler H I !  regions w i th diameters betwe en - 6 0  

and 100 pc extends acros s the body of the ga laxy . The HI ! region 

cha in strongly suggests some type of self -propaga t i ng star forma-

tion wh ich was stopped at the edge of the galaxy . The largest HI ! 
region in the Large !1agellan i c  Cloud , 30 Doradus , may be very s i mi -

lar to the dominant HI I reg ion in 1 Zw 49 , i f  the L!!C was seen more 
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F igure 3 - Ha: i nt en s i ty map of 1 Zw 4 9 . North i s  at the top and 
East to the left . The longer dimens i on of the ob ject i s  
� 6 5 "  in size . There is  a dominant HI ! regi on fol lowed 
by a chai n  of smaller H I !  regions immersed in d i f fuse 
emi ss ion . Ha: loops and f i laments can also be seen . 
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• 

Fi gure 4 - Ha veloc i ty map of  1 Zw 49 w i th the same o r i entat i on and 
scale as in f i gure 3 .  The ve loc ity f i eld is we l l 
ordered along the H I I  region cha\n rang i ng from a he lio
cent r i c  ve loci ty o\ 848 km  s - at the domi nant HI I 
region to 9 1 3  km s - at the other end . The veloc i ty 
f i eld around the dominant HI I region shows a very 
complex structur e ,  probably caused by the presence of  Ha 
f i laments ly ing e i ther in front or beh ind the rest  of  
the emi t t ing gas . 



Ha INTERFEROMETRIC OBSERVATIONS OF BCDS 16 1  

edge-on . All HI I reg i on s , includ i ng the domi nant one , are embedded 

in much f a i nter d i f fuse Ha emi s s i on .  As in the case of 7 Zw 403 , 

the much more extended older stel lar populat ions clear ly vi s ible in 

a deep B CCD frame8 l and whose diameter i s  � 4 � 1 is  not seen i n  the 

Ha pi cture . 

F i gure 4 shows the H a  veloc i ty field  of 1 Zw 49 . Contrary to 

the case of 7 Zw 403 , the change of shad i ng i s  more gradual and 

systema t i c  along the ma jor axis  of the ga laxy , reflecting a wel l 

ordered veloc i ty f i e ld along the cha i n  of  H I I  region s ,  rangi ng from 

a hel iocentr i c  ve locity of  848 km s-1 at the very br i ght  HI I region 

to 9 1 3  km s -1 at the farthest end . Th i s  veloc i ty f ield  can be 

understood as the rot at ion of a d i sk ga laxy vi ewed edge-on , w i th 

the br i ght end approach i ng and the fa i nt end reced i ng .  

On thi s  overall r egu l a r i ty i n  the ve loc i ty f i e l d  on large 

scales , are superpos ed d i sordered mot i ons on smaller  scales . The 

veloc i t y  f i eld around the dominant HI I reg i on is very complex . 

Detai led exami nat i on of the l i ne pro f i les i n  th i s  region suggests  

that they are double-peaked , whi ch ind i cates that the f i l ament s are 

d i s t inct k inemat i c  ent i t i e s ,  probably lying e i ther in front of or 

beh i nd the rest  of the emi t t i ng gas . We have not yet f i tted 

two-component gauss ians to the l i ne prof i l es i n  th i s  part of the 

galaxy, and thus the ve loc i t i es  d i splayed in f igure 4 are averages 

over the double-valued ve loc i ty f i e l d  in  th i s  reg i on , doubt less  

g i v i ng rise  to  much of the comp l i cated appearance of the ve loc ity 

map here . As i n  7 Zw 403 , there are sharp veloc i ty gradi ents ( �v -

2 5  km s -1 ) on scales of 50  pc in some loca t i ons , aga i n  suggest -

i ng that the gas i s  not i n  equ i l ibrium there . These sharp ve loc i ty 

grad i ents  on sma l l  scales appear to be a general feature of star

forming dwa r f  ga laxies . They are also seen i n  the blue i r regular 

gala x i e s  NGC 42 1 4 and NGC 4449 lO ) . These complex ve loci ty f i elds 
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are probably respons ible for the star formation i t s e l f . The ve lo

c i ty jumps compress  the gas , caus i ng i t  to col laps e and form stars . 

Clear ly, the Fabry-Perot interf erome t r i c  Ha intens i ty and 

veloc i ty maps are r i ch in i nformation and can t each us a great deal 

about star formation in  blue compact dwarf  galax i es . The i r  h i gh 

spatial  ( - 1� 5 or 2 3  pc in  7 Zw 403 and 5 2  pc i n  l Zw 49 ) and 

veloc i ty ( - 2 . 5  km s -l )  resolut ions al low to probe smaller  scales 

than is pos s ible with the HI interferometr i c  maps ( the VLA beam 

with the B configurat ion is  - 5 "  x 5 " , wi th a ve loc i ty resolut ion 

of  12 km s - 1 ) and to study the ef fects of the young stel lar popula

t ions on  the gas : dynamics of HI ! regi ons , ef fects of supernovae 

caus i ng f i lamentary structure and holes , etc . . .  These maps w i l l  

also permi t t o  ask such ques t i ons as : can the cloud mot ions be 

sustained by supernovae explos ions or are add i t ional sources of 

momentum needed such as infall of the out lying gas seen in HI 
maps4 • 5 )  or merger with another galaxylO ) ? 
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HENIZE 2-10: A STARBURST DWARF GALAXY 
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New observational results on He 2-10 are described, including 2 µm spectroscopy, 10 µm 
mapping, and CCD imaging (in B, Ha, Sil, OIII). Strong H'Y emission a 2.17 µm, CO
absorption at 2.3 µm, and the Q-branch of molecular hydrogen at 2.41 µm have been detected. 
The centre of the galaxy is clearly resolved in Ha into a stellar-like core of size 1.8"x2.5" (50 
pc x 75 pc at the adopted distance of 6 Mpc) . This is consistent with the 10 µm map which 
shows a central point source unresolved at thi:. 4" resolution level. IRAS data indicate that 
about half of the total luminosity is in the 12-100 µm range and that the mass of hot dust is r::i 
105 M0 [T(dust) r::i 50 KJ. The nucleus seems to dominate the emission. The ionizing radiation 
is equivalent to � 2500 06V star. The NIR continuum comes from starlight (red supergiants) . 
H2 emission could be due to shock excitation caused by supernova remnants. The starburst 
models of Telesco [20]are used to deduce that the burst must have occurred � 1 · 107 yr ago. 
The observed WR features in the integrated spectrum suggest a similar age of the young 
population, while the nonthermal radio flux could come from a few "radio-supernovae" .  The 
burst may have been triggered by the collision of two dwarf galaxies. 
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Introduction 

He 2-10 (or PK 248+8-1 or ESQ 495-G21) is a peculiar blue compact emission line galaxy 
[1] originally mistaken as a planetary nebula [2,3] . The galaxy is interesting because is is a 
dwarf galaxy undergoing a star burst. It is bright enough to observe, and the literature on 
it is growing [4, 5, 6, 7 ] .  I will summarize below (Section I) what is known about this object 
before I am going to describe new observational data (Section II) . The previous and the new 
data together can be used to give a preliminary analysis of the starburst but I cannot include 
this analysis here for lack of space, except for the result which is stated in the abstract. 

I. Previous Data 

1. Optical image and colours 

Allen, Wright, and Goss (1976) [1] published a prime-focus AAT plate of He 2-10 taken 
in the blue on which the galaxy looks double. This is suggestive of a merger of two dwarf 
galaxies. The galaxy measures 20" x 30" on the sky corresponding to � 1 .0 kpc x 1 .5 kpc in 
linear size if the distance is of order 10 Mpc ( [1 ,7] ) .  The colours are rather blue (B-V - 0.5 
and U-B - - 0.3) in a large aperture getting bluer towards the very centre (B-V - 0.4 and 
U-B - - 0.6) [7] .  

2. Distance, absolute magnitude, and surface brightness 

The distance is not well known, anything in the 5-15 Mpc is possible, the recent low 
values [7] more likely than the original high values [l ] .  In this paper a distance of 6 Mpc 
will henceforth be adopted [7]. The recent optical data [7] give V � 12.2 in a 43" diaphragm 
yielding Mv = - 16.7 at the adopted distance (Mv,o = - 17.3) . Thus Lv is estimated to be 
- 7 · 108 L0, the distance-independent visual surface brightness is of the order of 109 L0/ kpc2 . 
The data also indicate [7] that the visual surface brightness in the central part (4" or 120 
pc in diameter) is still an order of magnitude higher ( 1010 L0 / kpc2) .  These values are very 
high by any standard and are indicative of starburst activity [8] or nuclear activity [9] . 

3. Optical spectrum 

He 2-10 was the first galaxy in which Wolf-Rayet features such as broad bands of Niii, 
NIV and Hell were discovered [1] in the integrated spectrum (confirmed by [4,5] ) .  These 
are indicative of a large population of WN stars. From the strengths of the features several 
hundred to several thousand WN stars are needed to produce the observed bands [1 ,  4 ,  
7 ]  depending on the distance. Since the progenitors of WR-stars are young massive 0 stars, 
the large number of WR-stars points to a burst of (massive) star formation a few million 
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years ago (ie corresponding to the age of WR-stars) . Another characteristics of the optical 

spectra is appearance of the higher Balmer lines in absorption indicating a large population 

of B and A stars [1 ] . The emission line spectrum is of moderate excitation. The equivalent 

width of H/J emission is 33 A [1,7] , thus there must be a strong blue continuum possibly due 

to many blue supergiants. 

4. Internal extinction and metal abundance 

Total extinction has been estimated [7] to be Av � 0.85 mag from the Balmer decrement 

after correcting for the underlying stellar absorption lines (the uncorrected Ha : H/J ratio 

is 6.2) . Menzel Case B was assumed. Foreground extinction in the direction of He 2-10 is 

estimated to be Av - 0.6 mag, therefore the internal extinction in the visual is around 0.25 

mag. 

The oxygen abundance is 0.5 ± 0.3 times solar and the nitrogen abundance is 1 .0 ± 0.3 

solar [7] . Thus the heavy element abundance seems somewhat below solar but not by as much 

as was originally thought [1] . 

5. Non-thermal radio emission 

He 2-10 is one of the two dwarf galaxies which exhibits non-thermal radio emission (spec

tral index = - 0.6 ± 0.15) . The second dwarf galaxy of this kind is II Zw40 with which He 

2-10 shares many other similarities (cf. [10] for II Zw40) . The non-thermal flux (55 mJy 

at 5 GHz) could either be due to supernova remnants associated with a starburst or a nu

clear engine (mini-AGN) . The former hypothesis is favoured, not least because the observed 

WR-features prove the presence of massive stars. An intriguing alternative way to explain 

the nonthermal radio flux is a population of a few "radio supernovae" [11] (like SN 1979c) 
which would require a current supernova rate in He 2-10 of about 3-5 per decade, a high but 

not an impossible frequency. 

6. Neutral hydrogen and total mass 

He 2-10 is fairly rich in neutral hydrogen [1 ] . The 21 cm flux is about 0.1 Jy which implies 

a total HI mass � l .5 · 108M0 (i.e. MH1/Lv - 0.2) . The FWHM of the 21 cm line is 160 km/s 

which leads to an estimate of the total gravitating mass Mtot � 4 · 109 M0 (R/2.5 kpc) inside 

a radius R. The radius r of the HI emission is not known, and a VLA HI map would be very 

useful. Assuming r = 5 kpc the average HI surface density would amount to - 20M0/pc2 

or - 3 · 1021Hatoms/cm2 . This is quite high, and would imply a gas-to-dust ratio much in 
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excess of the Galactic value (by on order of magnitude) to match the low internal extinction. 

II. New Data 

1. The infrared spectral energy distribution 

The spectral energy distribution of He 2-10 in the near- and far infrared is shown in Fig. 

1 kindly provided by Pat Roche. It is seen that the bulk of the integrated infrared luminosity 

comes from the far-infrared implying that substantial amounts of dust are present to intercept 

and reradiate the UV-light from massive young stars. The IRAS fluxes in the 12, 25, 60, and 

100 µ bands are 1.1, 6.5, 24, and 27 Jy, respectively, while the NIR measurements at UKIRT 

(20" beam) yielded K = 9.60, J-H = 0.68, H-K = 0.35. 

0 1000 0 0 

0 0 
0 

100 

10 L..l_l_���-'-�-'--�-'-----_L__J____l_.J_JLLl1 0
���--'-��'--������1�0

-0�� 
A. (µm) 

Fig. 1 :  Infrared energy distribution of He 2-10 (from P. Roche) 

The H-K colour is much redder than is typically observed for galaxies dominated by old stellar 

populations (for those, H-K =0.20) indicating either a significant population of intermediate 

age carbon stars (from a previous starburst) or, more likely, an enhanced population of young 

cool M supergiants associated with the present si arburst (the latter interpretation is further 

strengthened by the strong CO-index at 2.3 µm[12] ; see below) . The ratio between the 

luminosity in the K-barid and the integrated luminosity in the 4 IRAS bands is 0.05 (where 
LIRAS = 2 · 109L0 and LK = l08L0 for the adopted distance of d = 6 Mpc) . LrnAs/LB 
= 2 implying that there is an important fraction of radiation that is not intercepted by dust 

perhaps related to a reduced dust-to-gas ratio. (This could be an important hint regarding 

the search for starburst proto-galaxies.) The temperature of the dust grains is � 50 K 

estimated from the ratio of the 60 to 100 µm flux. This is rather hot compared with most 
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other galaxies of a representative subsample of Shapley-Ames galaxies observed by IRAS (cf. 

Fig. 2 in [13]). This could be due to a population of small grains, for which the observed 

3.28 µm feature also provides some evidence. On the other hand, the grains in He 2-10 might 

be hotter than usual because of the unusually high radiation field in the central starburst 

region. A dust mass of � 105 M0 is calculated from the far-infrared luminosity and the dust 

temperature following Gondalekhar et al. [14]. It is possible that there is a lot more dust at 

low temperatures which would only show up at submm wavelengths. 

1 .  00 

O . BO 

0 . 60 

0 . 40 

0 . 20 

o .  00 2 . 10 2 . 20 2 . :30 

Fig. 2: 2 µm spectrum of He 2-10 obtained at UKIRT 

2. 2 µm-spectroscopy 

2 . 40 

An infrared spectrum between 2.05-2.45 µm for He 2-10 was obtained at UKIRT in 

November 1986 and improved in February 1987 (using a 20 arcsec diameter beam and a 

circular variable filter with a resolution of about 100). The spectrum is shown in Fig 2. It is 

seen that there is strong Brackett gamma emission at 2.17 µm strong CO absorption in the 2.3 

µm region, and significant emission at 2.41 µm; the latter feature is identified as the v = 1-0 

Q-branch of molecular hydrogen, and we therefore claim we have detected shocked molecular 

hydrogen in this dwarf galaxy, although the v=l-0 S(l) line at 2.12 µm is not present in the 

spectrum. There are reasons why this line might escape detection, both instrumental and 
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physical reasons, e.g., the low spectral resolution and/or the differential extinction as well as 

the lesser intrinsic strength (factor 3 or so) of the S(l) line compared with the Q- branch. 

The presence of CO absorption proves that the 2 µm continuum is starlight. The depth 

of the CO-absorption (ie the CO-index) is indicative of cool, low-gravity stellar atmospheres, 

that is red giants or red supergiants . Here an interesting question arises: since the depth 

of the CO absorption not only depends on the luminosity class of the evolved stars (it is 

larger for supergiants than for giants) it is possible to explain a given CO-index by either 

lower metallicity supergiants or higher metallicity giants. Although the metallicity has been 

estimated to be around half-solar from the optical spectrum, that spectrum reflects the post

starburst chemical composition of the HII regions. The pre-starburst composition could, 

however, have been somewhat more metal-poor when the progenitor stars of the giants or 

supergiants were born (factor 2 or so). This consideration tends to favour the supergiants as 

the source for the near-infrared light. 

Finally, let us discuss the H")' which must rank among the strongest detections in any 

galaxy (S/N = 50). The large ratio F (B1)/F(H2 S (l)) 2': 10 that comes from the nil detection 

of the H2 S(l) line at 2.12 µm is surprisingly different from cases of massive starburst galaxies 

like Arp 220 or NGC 6240 in which Bi is comparable in strength to the H2 S(l) line or 

much smaller [15, 16, 17] . The flux in the Bi line is � 1 · 10-20wcm-2 which corresponds 

to the production of about 5 · 1050 B1 photons per second which in turn corresponds to a 

Lye production rate of 4.2 · 1052 photons/sec (assuming NLyc = 84 NB, [18]predicted by 

recombination theory) . This is equivalent to the output of about 2500 06V stars. The ratio 

of the observed Bi flux to the Ho: flux is 1:6 which implies a total extinction of A., � 0.8 mag 

(assuming Case B recombination) in good agreement with the total extinction value derived 

from the Balmer decrement Since the galactic foreground extinction is estimated to be Av � 

0.6 mag in the direction of He 2-10 [7] , the internal extinction is estimated to be Av � 0.2 

mag. Since most of the ionizing flux originates in the 2-3 arcsec nucleus of the galaxy (see 

Il.3) , the different sizes of the diaphragms used for the Ho: and the B1 measurements (4 arcsec 

versus 20 arcsec) should not affect the physical ratio of the Ho:/B1 in the central region. 

3. CCD imaging 

CCD images in Ho:, Olli, Sii, and the broad-band B filters of He 2-10 have been obtained 

at the ESO 2.2 m telescope in February 1987. The images have been taken by R. Mundt. 

Previously, only direct photographic plates in Ho:, Olli and the broad-band filters B and R 

had been taken [4]. The new data resolve the Ho: bright stellar-like core of the galaxy; the 

FWHM of the core is 1.8" x 2.5" , that is 50pc x 75pc. The asymmetry results from a weak 

second component 2-3 arcsec to the west of the main component, a feature that has not been 
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4 .  lOµm mapping 

In March 1987, He 2-10 was mapped at lOµm at the IRTF using Telesco's 5x4 element 

bolometer. The observations were made by Dr. Telesco. The galaxy does not appear to be 

resolved at the angular resolution of the instrument (4 arcsec) . Thus the peak flux density 

(measuring 0.30 ± 0.02 Jy) should be that of the point source which is, however, about 

a factor of 3 below the IRAS value in the 12 µm band (1.1 Jy) . The colour correction 

for the difference in the wavelengths between the bolometer (10.8µm) and IRAS (12µm) is 

probably 20-30 % (i.e. the colour corrected bolometer flux is ;::::; 0.4 Jy) ; it is unlikely that 

observational or calibrational uncertainties account for the difference of the bolometer flux 

and the IRAS flux. Possibly there is low-level, diffuse emission which fell below the bolometer 

noise level. The fact that the lOµm nucleus is not resolved is consistent with the fact that 

the nucleus is just resolved in Ho: due to the smaller pixel size in the optical CCD. It may be 

worth mentioning that He 2-10 exhibits an unidentified 11.25 µm feature [19] , a feature not 

observed in IIZw40, thus an interesting difference between two otherwise similar objects. 
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INFRARED PROPERTIES OF NEARBY DWARF IRREGULAR GALAXIES 
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Abstract : Far-infrared IRAS detections for a number of nearby dwarf irregular 

galaxies extend the hitherto known LIR/L8 properties for galaxies to very low 

values and show a large spread in dust temperatures and LIR/LB values . 
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1 .  Introducti on 

The I RAS mission resul ted i n  a large database of broadband emi ssion at 

1 2 , 25 , 60 and 1 00 µm ( IRAS, 1 984 ) .  In gala xi es without acti ve nucleus the 

far - i nfrared emi ssi on is mainly caused by thermal re-emi ssion by dust gra i ns 

of UV and op ti cal radiation absorbed from the i nterstel l ar radi ation f ield . 

Thi s emi ssion can be modelled by essentially two thermal components .  A hot 

component due to direct heating of dust by nearby stars and a colder cirrus 

component due to dust heated by the diffuse i nterstellar radiat i on f i el d .  

Although much of the latter emi ssion may b e  radi ated a t  wavelenghths l ar ger 

than 1 00 µm and both components tend to overlap at 60 µm , the s1 00 1s50 flux 

density  r atio  is a useful indicator for the relati ve importance of s tar 

formati on act i vity  and dust content in these galaxi es . 

2. Observati ons 

From the Lei den I RAS ( CRDD ) database 60 and 1 00 µm flux-dens i t i es were 

extracted off a large number of nearby dwarf galaxi es of Hubble type Sd to Im . 

Most of these are systems with ver y low far-infrared l um i nosi t i es . Thi s  surve y  

yiel ded a number of 2 3  (out o f  80 ) detections o f  galaxies with LI R  between 1 06 

and 1 08 Ll'.l . 

3. The Infrared Properties 

In Figure 1 the lum i nosity  rat i o  L rn/L8 is plotted for t hese galaxies 

versus the flux ratio s1 00 ;s60 as descri bed by De Jong et al . ( 1 984 ) .  Here LI R  
represents the i nterpolated lumi nos i ty a t  80 µm . For compar i son a sample o f  

blue compact galaxi es a s  descri bed by  Kunth and Sevre ( 1 98 5 )  and a number of 

nearby galaxies of var i ous mor phological types are also plotted ( data for M31 

from Walterbos and Schwering , 1 986 ; for LMC and SMC from Schwering , 1 987 ) .  The 

sol id  l ine corresponds to the correlat i on found by De Jong et al . ( 1 984 ) in a 

sample of RC2 spiral galaxi es . 

As can be seen , the dwarf irregular galaxies populate a l ar ge part of the 

diagram and do not correlate  with the spiral galaxy s ampl e .  They are l es s  

lumi nous i n  the i nfrared and tend t o  have hi gher colour temperatures a t  1 00 t o  

6 0  µm . 

The i nterpretation of thi s di agram i s  hazardous as i t  depends on a 

combination of warm and cold dust as well as extinction effects , but one may 

speculate on the general character i st i cs .  The e xplanat i on of  the l ocati on of 

the blue compact sample with respect to the s pi r al galaxi es seems 

straightforwar d :  thi s sample very  l i kely  repres ents dwarf galaxies whi ch are 
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Figure 1 :  Plot of i nfrared to  blue lwni nos i ty rat i o  versus 1 00 µm to 60 

µm flux densi t y  ratio  for the sample of nearby dwarf irregular 

galaxies ( see text , open c i rcels ) ,  a sample of blue compact  

galaxi es ( Kunth and  Sevre , 1 985 , dots ) and  a number of nearby 

galaxies of var i ous morphologi cal types ( s quares ) .  The l ine 

repr esents the correlation shown by a sampl e  of s piral galaxi es 

( De Jong et al . 1 984 ) . Str i pes i nd i cate upper l i mi ts .  
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in a stage of enhanced star formati on and therefore have a hi gher dust 

temperature caused by the more i ntense i nterstellar radiation f ield .  I n  this 

way one may expect to f i nd the more act i ve galaxies i n  the di agram at hi gher 

LI R/LB and l ower s1 00 ;s6o values , shifted along the spiral galaxy correlation 

l ine . 

Another factor i s  the total gas-to-dust rat i o  i n  the galaxy . Removal of 

dust , thereby causing a decrease i n  the absorption optical depth of the galaxy 

may resul t  in a shift in the di agram perpendicular to the correlat i on l ine . 

Removal of dust causes fewer photons to be absorbed . Indi victual grai ns are 

less in number but on average hotter as they are heated more effecti ve l y  by a 

stronger i nterstellar radiation field . 

Especially  for dwarf irregulars , one expects thi s  mechani sm to be related 

to the metal l i city of the system as this i nfluences the stell ar mass-loss 

rate , and therefore with the star formati on histor y .  Thi s  hypothes i s  f i nds 

some support in the labelled dwarf irregulars in the plot . For e xample NGC 

1 569 shows the character i st i cs of a recent s tar formati on burst  ( Gallagher and 

Hunter 1 98 4 ,  Israel and De Bruyn 1 987 ) and a metal l i c ity  between that of the 

LMC and SMC . The metal l i c i ty of the Sextans B system is cons i derably lower 

than the other three ( Vi groux , Stasinska and Comte 1 987 ) 

4. Conclus i on 

In the ir far-infrared proper t i es , nearby dwarf irregular galaxies are 

distinct from spiral galaxies i n  the diagram . General l y  the far-i nfrared  

emi ssion at  60 and 1 00 µm  impl ies hi gher dust temperatures and lower 

l uminousi ty . This  is probably related to the low gas-to-dust ratio , and 

generally  low metallici t i es i n  these s ystems . 
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We briefly discuss the results of a multifrequency study of the blue compact 
galaxy ESO 400-G43. This galaxy, one of the most luminous BCG:s known, is 
embedded in a massive HI cloud and shows clear signs of a global burst of star 
formation. There are substantial evidence that this is the first grand star 
formation epoch in the history of this galaxy. 

·
Based on observations made at the European Southern Observatory, La Silla, Chile 

and on I U E  observ.ations collected at the Villafranca ESA Satellite Tracking Station, 

Madrid, Spain 
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1. Introduction 

Blue compact galaxies (BCG:s) frequently show conspicuous bright knots 
revealing ongoing active star formation. At lower light levels, however, a 
majority of the BCG:s show a sm�oth extended structurel,2. A few of the known 
BCG:s display an irregular morphology in the near IR combined with a very 
short scale length of the optical luminosity profile. Such cases are of particular 
interest since these galaxies might be experiencing their first major star forming 
event, thus lacking an underlying old stellar disk. 
Here we briefly report on results from a study of one such galaxy, ESO 400-G43, 
based on observations obtained at ESO (visual, near IR), the Very Large Array 

(VLA) of the NRAO* and with the IUE satellite3, and from a study of spectral 
evolutionary synthesis4. It is one of the most luminous BCG:s known (My = 
-20.4) and it has low metal abundances (-1 /8 Z0), typical of this class of objects5. 

The galaxy was detected by IRAS at 60 µm and 100 µm. The fact that S6o > S100 
indicates that it contains dust of unusually high temperature, even for BCG:s6. 
We assume that hot stars are responsible for the heating of the dust. This is 
reasonable since FFIR - FB; thus is the energy in the stellar flux sufficient. Fig. 1 .  

shows a CCD Gunn I image of the galaxy. 

1 0 "  

Fig. 1 .  A CCD image of ESO 
400-G43 obtained through a 
Gunn I filter (-8000 A) with the 
MPI 2.2 m telescope at ESO, La 
Silla, Chile. For an H0 of 
75 kms-lMpc-1 1" corresponds to 
380 pc. 

'
The National Radio Astronomy Obervatory is operated by Associated Universities 

Inc., under contract with the National Science Foundation 
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2. The Stellar Population 

Slit spectra obtained at ESO reveal gaseous emission across the whole main body 
of the galaxy. The excitation reaches a maximum in the hot spot north of the 

main body. Stars with masses up to 100 M0 are required in order to explain the 

observed line intensities in this area. A slightly lower level of excitation is found 

close to the luminosity maximum. We have also obtained a spectrum of ESO 

400-G43 with the IUE satellite using the SWP camera. This spectrum, shown in 

Fig. 2 is rich in absorption features characteristic of young massive stars. 

1200 
5 S W P 19535 FLUX 

1400 1600 1800 

Fig. 2. A low resolution IUE 

spectrum of ESO 400-G43 

2000A 

The observed UBVRIJHK fluxes, [OIII] /HP-ratio and the HP equivalent width in 

emission, W(Hp), were compared to predictions from an evolutionary model of 

a metal poor star forming region. All observations were corrected for extinction 

based on an averaged Ha/HP ratio in a long slit spectrum across the galaxy (after 

compensating for underlying absorption lines). The corrected continuum 

distribution in the optical/near-IR region is displayed in Fig. 3. This figure also 

shows a model continuum of a young stellar population with an age of 20 Myrs 

and a constant star formation rate (SFR). We used a Salpeter IMF7 and a mass 

range of 0.1  - 50 M0,constraining the model so that the predicted W(Hp) and 

[OIII] / HP ratio agree with the observations. From the evolutionary model we 

calculate the total mass in young stars and ionized gas (obtained from the total 

HP flux) to be 1 .2 109 Me and M/LB = 0.1.  A critical parameter in models of this 

type is the adopted lifetime of red supergiants. In this case the lifetime was 

estimated from statistics made on bright stars in the SMC8. Models of this kind 
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clearly depend on several parameters whose values are rather uncertain. Here 
we merely intend to illustrate that it is possible, adopting commonly accepted 

values of the parameters of the mass function, to explain the observed properties 

of the stellar component without invoking old stars. 
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Fig. 3. Johnson UBVJHK and 

C o u s i n s  I R  b r o a d b a n d  

photometry of ESO 400-G43. The 

aperture diameter was 30". The 

solid line shows the predicted 

continuum distribution for a 

burst of an age of 20 Myrs, a 

Salpeter IMF and an upper mass 

limit of 50 M0. A constant SFR 

was assumed. 

A conclusive test of the presence of an old stellar population may be obtained 
from spectroscopic observations in the near IR. The spectral energy distribution 

was calculated using evolutionary tracks and synthetic spectra of metal poor 
stars4. Continuous gaseous emission from H+ was included. The model 

spectrum is shown in Fig. 4. A calculated spectrum for an old burst is also 
shown. We see that red supergiants dominate the spectrum of the young burst. 

If young stars dominate the mass features like the CO bands should be well 

above typical detection limits, e.g. a 4cr detection in a 2 hour observation using 

the ESO 3.6 m telescope and IR spectrograph (IRSPEC). Such observations are 

evidently of crucial importance. 

Fig. 4. A plot of the predicted 

profiles at 20 Myrs and 3 Gyrs 

(normalized on the former) 

using the model described in the 

text. The CO bands are identified. 



THE YOUNG FACE OF ES0400-G3 1 8 1  

3 .  Radio continuum and 21 cm line 

In 1985 observations of ESO 400-G43 were carried out in the 6 and 21 cm 

continuum and in the 21 cm line of HI with the VLA in the B+C hybrid 

configuration3. The spectral index between the continuum bands was found to 

be -0.4. After subtraction of the thermal contribution derived from the model we 

obtain a spectral index of -0.7, a typical value for SNR. 

Fig.  5 .  The integrated HI 

distribution of ESO 400-G43 and 

its companion obtained with the 

VLA. The synthesized beam size 
(20"x 20") is indicated in the 

figure as well as the optical 

extent. 

The integrated HI map is shown in Fig. 5. ESO 400-G43 is evidently a member of 

a double system where both galaxies are surrounded by extensive HI halos. We 

derive a total HI mass of the system of 1 .1 1010 M 0 ,  of which the principal 

component constitutes 50 %. Optical spectra of the companion show striking 

similarities to those of ESO 400-G43. The velocity difference between the two 

components is negligible. 

The HI distribution of ESO 400-G43 has a fairly regular morphology. The cloud is 

showing rotation and the rotation curve is plotted in Fig. 6. We assume an 

inclination of 50° and a p.a. of the major axis of 200°. The mass derived for the 

optical disk is less than 2 1 Q9 M0. 

I 

R Q<pc) 

I Fig. 6. The rotation curve of ESO 

400-G43 as deduced from HI 

observation. Note that the beam 

smearing effects is substantial in 

the inner parts. 
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4. Conclusions 

The spectroscopic and photometric data as well as the dynamical arguments 

presented above are consistent with a young stellar population dominating the 

mass in the optical region of ESO 400-G43. The relative fraction of HI gas mass is 

extremely large. When considering the present rate of gas consumption in the 

galaxy one finds that the ongoing starburst cannot be very old. The low metal 

abundance leads to the same conclusion. To summarize, we consider ESO 400-

G43 to be a prime candidate of a galaxy presently experiencing its first major 

burst of star formation. 
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ABSTRACT 

SPECTROPHOTOMETRY OF A BCG . IZW 207 
J. Masegosa and M. Moles 

Instituto de Astroffsica de Andalucfa 

SPAIN 

We present spectroscopic observations of the Blue Compact G alaxy IZW 207. 
When comparing with HII galaxies and High Luminosity ones it appears more similar 

to HLG in chemical abundances and infrared properties suggesting different histories 

of star formation in both. 
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I. INTRODUCTION. 

Since the pioneering work of Zwicky10 1  important effort has been devoted to discover galaxies of as low 
metallicity as IZW 18 ( 1/50 Z0) (Kunth and Sargent10 1 ,  Kinman and Davidson9 1 ,  Lequeux et al.1 1 1 )  but 
not sucess has been obtained till now. In the spectroscopic catalogue of HII galaxies (Terlevich et al. 15 1  ) 
which includes about 500 Blue Compact Galaxies we could extend the known low metallicity BOG up to 
1/30 Z0 but we did not find any galaxy with lower metallicity. 

The aim of the present. investigation was to get the spectroscopic properties of IZW 207, in particular 
to obtain the metallicity in different regions of the galaxy. IZW 207 was discovered by Zwicky101 and 
Sargent14 1  classified it as a galaxy with sharp emission lines. Moles et al. 12 1  have found that the broad 
band colours of !Zw 207, as compared with other spectroscopically similar BOG, are unusual in t.he sense 
that it. is significantly bluer in B-V and U-B and redder in V -R and V- I. They suggested that the red 
colours could be produced by the presence of a great proportion of supergiants. However, as its extreme 
blue colours are similar to the ones found for IZW 18 (Huchra71 ), we suspected to be another candidat.e of 
low metallicity, but after the spectroscopic observations were made it came out not to be the case. Thus the 
blue colours could only reflect the presence of a very young burst. 

II. OBSERVATIONS AND DATA REDUCTION 

We got long slit spectra of !Zw 207 with the Isaac Newton 2.5 m telescope at the Observatorio de! 
Roque de los Muchachos, La Palma (Spain). The 235 nun focal length camera was used with the IPOS as 
detector. The setup of the instrument resulted in a spatial resolution better than 2 arcseconds and a spectral 
resolution of 1 A/channel. 

Data reduction was carried out in the standard way using the SPICA package at the VAX 1 1/750 of the 
IAA. Three standard stars from the list by Oke ( 1974) were observed to get flux calibrated results. Internal 
consistency between the calibration curves from each star indicates that the fluxes are in error by less than 
153 . The line intensities were measured with ALICE, an interactive program kindly supplied to us by Jorge 
Melnick. Assuming that the main source of error is the positioning of the continuum they amount to 5 and 
30 3 depending on the intensity of the line. 

III. RESULTS 

The spatial distribution of the H,B flux along the slit for the three spectra we got is shown in figure l ,  
with the different regions marked on it. The distributions of [OIIIJ and Ha are similar to that of H,B and 
are not presented here. 

The spectra, shown in figure 2, are typical for HI! regions ionized by hot stars. These figures illustrate 
well the differences between the different regions. Particularly noticeable are the strong absorptions in the 
Balmer lines present in regions 0 and E of the knot 2 indicating that it could be in a more evolved state 
that knot 1 .  

Th� redshift o f  !Zw 207 i s  found to  be  0.0187, in agreement with the value given by  Sargent14 1  • We 
checked for velocity differences between both regions in the galaxy using cross correlations techniques with 
negative result. The upper limit to any redshift difference is 30 km/s. 

To correct for extinction we have estimated the reddening from the Balmer decrement and the Withford 
law has been assumed. · The reddening can only be estimated in knot 1 where the Balmer lines do not present 
absorption components. Considering case B recombination for Te=l0000°K and nc = lOOcm- 3 , a consistent 
solution has been found for Cf1= 0.36 for the three regions in knot 1. For the second knot we have assumed 
the same reddening. For region 0 this seems to be a reasonable guess since the (uncorrected) [OIIJ/ [OIIIJ 
ratio is similar to that found in knot 1. For region E however that ratio is 303 lower in C and assuming the 
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same reddening would result in a higher excitation for this region, what does not look very realistic in view 
of its spectrum. The reddening we found is almost completely internal in origin since the external extinction 
only amounts to E(B-V) = 0.04. 

The electronic density was estimated from both the [OII]A-\3726,3729 and [SII]AA6717,6731 doublets 
for the regions with good S/N ratio. To cleblencl the [Oil] lines we used an iterative deconvolution program 
assuming that both lines are gaussians with a FWHM equal to that of the [OIII].X5007. It is to note that 
when both doublets are available for the density determination the values from the [OIIJ lines are always 
smaller than those from the [SIIJ lines. These differences have also been noticed by Deharveng et aI.21 and 
Danks and Manfroicl l I for some HII regions. 

No direct electronic temperature determination can be made except for region A where an upper limit 
could be set to [OIII]A4363. The temperature we found from the [OIII]U4959,5007 / [OIII].X4363 ratio is 
Te=lOOOO"K. For the other regions, B and D, coming from the same knot in the galaxy, the temperature 
was set equal to that value. An indirect estimation was obtained from the Pagel calibration (Edmunds and 
Pagel l I ) . Both results are in good agreement and are presented in table 2. For the knot two only the 
indirect method can be nsecl for region C and E. In those regions the strong absorption in H/1, particularly 
noticeable in C, give an overestimation of the [OII] + [OIII]/H/1 ratio and consequently an overestimation 
of the temperatures. 

The ionic chemical abundances were derived assuming the same temperature for low and high ionization 
species and the total abundances for heavy elements were obtained following Peimbert and Costero13 i and 
are given in table 1 .  

For the Helium abundance we have used HeI 5876 since HeI 4471 is  not detected. We estimate that 
assuming the Hel 5876/HeI 4471 recombination value, HeI 4471 should have an equivalent width well below 
1 A. We have corrected the Hel 5876 line for collisional effects after Ferlancl51 • Finally to compute the 
Helium total abundance we have used the ionization correction factor given in Kunth and Sargent10 1 .  The 
final value for the helium abundance is given in table 1 .  

I V .  DISCUSSION 

The first point to note is that the excitation does not seem to change in a given knot. Due to the 
fact that the reclclenning in knot 2 cannot be estimated it is possible that a difference in excitation between 
both knots is present, in particular regarding region E, as we note before. We consider that could be clue 
rather to a difference in extinction than in the excitation. In any case, the differences, if any, cannot be very 
iinportant. 

Consid�ring only the knot 1, regions A and D present the same physical conditions and metallicities but 
region B shows some important differences. We have pointed out that the same temperature can be assumed 
for the three regions but the density in B is a factor of three greater than in the other. It also presents an 
overabundance in Nitrogen and Neon by factors of 1.5 and 2 respectively. This result is difficult to interpret 
because if Ne and 0 are supposed to be produced by the same stars the oxygen abundance should show the 
same differences and that is not the case. Moreover the similarity in excitation and in the equivalent width 
of H/1 between the three sections seems to indicate that the stellar content of the three regions is similar. 
This situation is at variance with the results by Diaz et al.31 for NGC 604 where they find no differences 
in heavy element abundances between different parts of the nebula. Marked spatial differences are however 
found by them in excitation, which they discuss to be the result of evolutionary effects. 

These possible anomalies could be an artifact produced by a bad choice of the temperature since we have 
no a direct estimation of it. We have considered the resulting temperature in region B from the calibration of 
Pagel but that does not change very much the situation since it is not far from the previously adopted value. 



1 86 J. MASEGOSA and M. MOLES 

In fact to avoid an overabundance in Ne we should rise the temperature but in that case the overabundance 
of N would become larger. It is then clear that some kind of anomaly is present in !Zw 207. 

The results can be compared with those for other Blue Compact G alaxies (French6 1 ,  Kinman and 

Davidson9 1 ,  Kunth and Sargent101 and Terlevich et al. 1 5 1 ) . Among them the class of High Luminosity 

Galaxies (HLG) defined by French are particularly interesting in that context . With respect to excitation 

and anomalies in the Ne and N abundances !Zw 207 is similar to the HLG with the same oxygen abundance, 

in particular to Mkn 168 for which the overabundances of Ne and N are less marked. 

The plot Ne/O versus N /0 for HI! galaxies, HI! regions and High Luminosity Galaxies is presented in 

figure 3.  The HLG stand out from the others no matter their metallicity is. In figure 4 the distribution of 
Ne/N values for the same galaxies is also shown. As we can see all types of galaxies displays the same range 
of Ne/N values and on that basis they are no differences between all of them. Thus overabundances of N 
and Ne go together and can be very important for not very metal rich galaxies. 

The star forming activity of IZW 207 can be compared with that of other star forming galaxies on 

the basis of their respective Ha and IRAS fluxes. In table 2 the relevant parameters for that galaxy, Blue 

Irregulars from the sample by Hunter and Gallagher8 1 and the HLG from the list of French are given. 
Unfortunately no IRAS data are available for Mkn 168 since it is confused with that of UGO 06441 .  The 
other three HLG have larger IRAS fluxes than !Zw 207 but this galaxy has on its side a larger IRAS flux 

than the low luminosity Blue Compact Galaxies and Irregulars. 

The high formation rate for !Zw 207 becomes moderate if we normalize to the blue luminosity. Thus 
the relative importance of the present burst of star formation in !Zw 207 is smaller than in other HLG or 
even smaller than in HI! galaxies, taken I!Zw 40 as a good representative. This is illustrated in figure 5. It 

can be inferred that the star formation in !Zw 207 was very important from the last 108 - 109 yr till now. 

This high rate could not be sustained from its very beginning and in that sense !Zw 207 can be considered 

a " lazy Galaxy" but not as much as IIZw 40 for example. In that case the very red V-R and V-1 colors 
found for IZw 207 are the result of an important contribution from giant stars from the previous bursts with 
sOJne contribution fro1n supergiants. 

A point to note is that I!Zw 40, a low metallicity HII galaxy has the highest normalized rate of star 

formation whereas it is not clear if it is forming stars with a higher efficiency or it is producing more bright 
stars than the HLG the situation is compatible with the IMF becoming flatter for metallic poor galaxies as 
suggested by J. Melnick (this meeting) . 

Also interesting are the differences between the normalized star formation rates for HLG. As their 

metallicities are similar, differences in their respective IMF cannot reasonably be invoked. We are then lead 

to admit very different efficiencies in the gas to stars conversion process. They are all three in interaction 
and this seems to be a candidate to explain those differences. 

The Ln, to L,. ratios for HLG are always greater than for other objects in the table. As a consequence 

the star formation rates derived respectively from the IRAS flux and from the Ha flux are very different for 

HLG whereas they are much more similar for the other galaxies. Then whereas in IIZw 40 what is observed 

in the optical and the IR ranges is essentially the same process, in HLG including !Zw 207 only a small 
fraction of the star formation process can be observed at optical wavelengths. This result could means that 
for IZW 207 and HLG the dust is also heated by rerarliation from hot stars embebed in molecular clouds 

which do not contribute to the Ha luminosity, in agreement with the inferences previously quoted from 

the L1 fl to Ln data. Further work on HLG is needed to look for differences in the star formation process 

comparing with HI! galaxies, which in this context appear to be " lazy" galaxies with not much star formation 

in the past. 
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Table 1 

Parameters/Region A B c D E 

LOG (3727 /5007) 0.04 0.05 -0.01 -0.01 -0. 18 

LOG (5007 /H/3) 0.048 0.042 0.72 0.47 0.66 
LOG (6584/Ha - 1 . 17 -0.98 -0.29 

LOG (F H/3) - 14.66 - 14.91 - 16.07 - 14.54 -14.95 
EW(H/3) 30. 26. 2. 34. 19. 
[OIIJ+[OIII]/H/3 0.87 0.80 1 . 10 0.84 0.98 

N ( [Sii]) 100 300 
N ( [Oil]) 100 100 170 100 
T 9600 8800 9100 1 1400 
12+ LOG ( 0 /H)rag<·I 8 .38 8.44 8.38 8 .20 

12+LOG(O/H) 8.35 8.28 8.37 8 .41  

12+LOG (o+ /H+ ) 8.09 8.03 8.03 8.04 

12+LOG(O++ /H+)  7.99 7.93 8 . 1 1  8 . 17 

12+LOG (N+ /H+ ) 6.50 6.69 
12+LOG(N/H) 6.75 6.94 
LOG (N/O) - 1 .60 - 1 .34 

12+LOG (Ne++ /H+ ) 7 .13  7.48 7 .26 

12+LOG(Ne/H) 7.48 7.83 7.53 

LOG(Ne/O) -0.87 -0.45 -0.84 
He 0.08 1 0.084 
y 0.273 0.280 

Table 2 

GALAXY LOG (S ioo/Soo) LOG Lrn LOG(Lrn /Ln ) LOG(L1n/L,. )  SFR1n SFR,. 

DDO 47 0.70 40. 19 -0.52 2.64 0.002 0.0002 
DDO 50 0.15 41 .20 -0.38 1.67 0.020 0.02 
N 4449 0.30 42.87 0.38 1.90 0.990 0.65 
N 1569 0.00 42.69 0.46 1.50 0.650 1 .10 
IIZW 40 -0. 10 42.73 1.23 1.32 0.720 1.80 
N 3690 0.02 45.30 1 .16 3.87 267.0 1.90 
N 7714 -0.006 44.2 1  0.47 3.07 22.0 1.00 
IZW 207 0.26 43.69 0.23 2.98 6.56 0.36 
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MM-OBSERVATIONS OF MARKARIAN GALAXIES 
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We present high sensitivity continuum measurements at 1 300µm of 1 4  
Markarian galaxies. The spectral index between 100 and 1 300µm clearly 
indicates that the emission must be thermal radiation from dust. We find a 
relation L "' M� · 7 2 between M9 and the total luminosity L of the galaxies. At 
the low luminosity end classical star burst galaxies like M82 or NGC253 also 
follow this relation. This implies that the basic parameter for the strength of 
the activity is the gas mass. 

Recently, a very similar dependence L "' M� ·9 was found to hold for nonactive 
galaxies and visually obscured HII regions, but with L/M9 a factor of 20 
lower. We conclude that a galaxy can be in either one of two modes: active or 
inactive. In both modes the luminosity is roughly proportional to the gas mass 
and therefore originates from star formation. 
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1. Introduction 
The first Byrakan Spectral Sky Survey is a catalog of 1 500 active galaxies 
which exhibit a strong UV continuum and an emission line spectrum. About 
1 0% of the objects are Seyferts and a large fraction are so- called star burst 
and HII region galaxies. Extensive references to the Markarian objects ar� 
compiled by Mazzarella and Balzano ( 1 986) and we use the information given 
in their tables thoughout this paper. 

Our sample consists of 14 galaxies with strong FIR emission and turnover 
wavelength around l OOµm. We investigate their spectral appearance at 1 300µm. 
The only selection criterion for our sample was a flux density at l O Oµm 
greater than l OJy. The sample contains two Seyfert 1 ,  two Seyfert 2 ,  eight 
star burst or HII region galaxies. Two remammg objects have not been 
classified, but they probably also belong to one of these classes. The 
observations were carried out at the 30m MRT on Pico Veleta, Spain, using 
the bolometer system developed at the MPifR (Kreysa 1 985) .  The HPBW of the 
Gaussian shaped beam was 1 1  " .  
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1 1  . 0 6  

1 1 .  6 6  

1 0 .  7 0  

1 0 . 4 1  

1 2 .  20 

1 1 .  3 5  

1 1 .  3 4  

1 0 . 6 5  

( 1 0 )  

a c t i v i t y  
c l a s s  

S B  

HII 

S B  

S y 1  

S y 2  

S B  

S B  

Sy2 

S B  

S y l  

S B  

S B  

Table 1: The spectral index (5) and the color temperature (6) refer to the 
wavelength interval from 1 00 to 1 300µm and are explained in section 2. In 
column (1 0) "SB" stands for star burst galaxy and "HII" for Hll region galaxy. 
Upper limits in column (4) are 3a values. 

2.  Results 
Our 1 300µm fluxes (see Table 1 )  together with the IRAS points allow us to 
determine the spectral index between 1 00 and 1 300µm; ex is defined by S,, � 

vex. The mean ex of our sample (Table 1 )  is 2 .83 ± 0 .26 ,  so most likely the 
radiation is due to thermal emission from dust. The temperature Td (Table 1 )  
has been derived as a color temperature asuming the dust emissivity to vary 
like v2 Bv(Td) .  For the distance determination we used a Hubble constant of 
7 5km s - • Mpc- • .  The total luminosity L was obtained by integrating the 
fluxes as available in the literature. Generally, most energy is emitted in the 
IRAS bands. We convert the flux at 1 300µm into a gas mass as described in, 
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Chini et al. ( 1 987 ,  paper I) and find that the luminosity L increases with the 
gas mass M 9 ; a least-square fit yields (Fig . 1 )  

log (L/Lo) = (0 .72 ± 0 . 1 1 )  log(M9/Mo) + (4 .70 ± 0 .98) .  ( 1 )  

Our Markarian galaxies are all unresolved by IRAS and listed in the IPC so 
that their sizes are smaller than 30" at 1 2µm and smaller than 1 20" at 
l OOµm. Their mean optical diameter on the Palomar plates, as given in the 
original tables by Markarian and coworkers, is only 2 6 " ±  1 4 " .  We may 
therefore expect that the region which emits the bulk luminosity is contained 
in our 1 1 "  beam at 1300µm. In other words, we assume that all flux densities 
refer to an 1 1 "  area and the juxtaposition of L vs. Mg is thus meaningful. 

LOG 
IL/l,,,J 

12 

11 

10 

131 

' w n 
LOG IM9/M0l 

Fig. I :  Luminosity L vs. gas mass Mg for our sample of Mrk galaxies. L was 
obtained by in tegrating the flux densities as available in the literature. Mg 
was derived from the 1 300µm poin t as described in Chini et al. (1 987). A rrows 
pointing to the left are on those galaxies with only upper flux limits at 
1 300µm. The solid line is a least-square fit given by Eq. (l). 

3. Discussion 
Before we proceed with the interpretation of Eq. ( l )  it is useful to recall that 
a relation L "' Mg · •  has recently been established for optically invisible HII 
regions (paper I)  and bright IRAS galaxies, mostly late type spirals (Chini et 
al. 1 986 ,  paper II) .  It is valid over eight orders of magnitude and it was 
obtained in the same manner as here by comparing the 1 300µm flux with the 
integrated spectrum. There are two straight-forward conclusions from this 
remarkable dependence. First, the luminosity is always due to the formation of 
massive stars and ,  second, there is a fair proportionality between star 
formation rate and gas mass, no matter whether one is dealing with a humble 
HII region or a giant galaxy. 

The present Eq. ( l )  has a similar slope as the above mentioned relation of 
paper I and II, but it yields some twenty times larger luminosities.  This leads 
to a new definition of activity: Active galaxies have a high ratio L/M of 
order 1 00 (in solar units) in contrast to the nonactive with L/Mg around 5. In 
this definition it is not the absolute luminosity that counts, but the 
luminosity per available gas mass . So we argue, for example, that Arp 220, 
which is the most luminous member of the sample of paper II, is not a star 
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burst galaxy, but derives its enormous luminosity from the prodigious amount 
of internal gas. On the other hand, the two classical star burst galaxies M82 
and NGC253, for which I mm fluxes have been obtained by Elias et al. ( 1 978) ,  
follow Eq . ( l }  for active galaxies (see Fig.2} .  

LOu 
IL/L.,l 

12 

10 

/ 
/ 

/ 
/ 

10 12 

Fig.2: Here the relation between luminosity and gas mass is shown for our 
Mrk sample as well as for inactive galaxies and optically obscured HII regions 
(papers I and II). HII regions and inactive galaxies lie on the same line, i.e. 
they have the same luminosity or star formation rate per unit of gas mass. In 
active galaxies the star formation rate is some twenty times higher. 

Fig. 1 shows L vs. M9 and the best fit line for the Markarian obj ects. Fig.2 
displays in addition the optically obscured HII regions of paper I and the 
nonactive galaxies of paper II. A few prominent sources are indicated. The 
extragalactic sample is limited, but unbiased, as our only selection criterion 
is strong apparent l OOµm luminosity. Fig.2  therefore suggests that galaxies 
exist in two modes: active and inactive. In either mode the luminosity is 
roughly proportional to the gas mass. We naturally conclude that the origin 
for the luminosity is star formation. The idea that star formation is at the 
root of infrared galaxies was first proposed by Harwit and Pacini ( 1 975) .  

In  active galaxies the star formation efficiency is  extremely high, probably for 
two reasons: an increased efficiency for converting interstellar matter into 
stars and a bias of the initial mass function (IMF) towards higher masses. 
Both effects are needed to explain the brightness of the nuclei in NGC7 7 1 4  
(Weedman et al . ,  1 9 8 1 )  and in NGC253 and M82 (Rieke et al . ,  1 980 ;  Kronberg 
et al . ,  1 985) .  

To maintain a luminosity of  1 0 1 0 1.o from steady state star formation, a few 
solar masses of gas have to be transformed annually into stars for a typical 
Miller-Scalo IMF. The activity stage is therefore time-limited because all the 
available interstellar matter will be used up in less than l 08 yr (see Eq. ( l } } .  
S o  an active galaxy eventually resettles into the nonactive mode and, 
conversely, an inactive galaxy is occasionally pushed into activity. 
The important question is: what triggers the activity? The fashionable answer 
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says: merging of galaxies. Indeed, almost half of the present Mrk objects have 
"some sort" of companion according to the list of Mazzarella and Balzano 
( 1 986) .  While the idea of dynamical interaction to explain star bursts is very 
suggestive, no details have been worked out so far. In the classical process 
by Toomre and Toomre ( 1 972) , which is always cited in this context, the tidal 
forces during the collision lead to an inflow of mass into the nuclear (a few 
kpc) region thus providing the fuel for the star burst. No further analysis of 
how this fuel is transformed into stars is available. Contrary to this, we 
argue on the basis of Fig.2 that it cannot only be fuel which is needed for 
activity because for a given gas mass we find both active and inactive 
galaxies. The effects of merging that are conducive to star formation can lie 
only in the stirring up of the interstellar medium. 

Merging cannot be the sole cause for activity and its importance may 
sometimes be overestimated. A number of cautioning remarks in this direction 
have been made by Mazzarella and Balzano ( 1 98 6 ) .  It must be realized that a 
considerable fraction of active galaxies are singles. Eight objects in our 
sample do not show signs of close pair interaction. In those isolated systems 
star bursts have to occur through some intrinsic mechanism. Two scenarios 
with periodic star formation have been worked out quantitatively. 

First, Loose et al. ( 1 982)  propose a dynamical scheme for a galactic nucleus 
(- 1 kpc diameter),  where the gas swings in the gravitational field of the 
central stars like a piston. The inward motion is caused by gravitational 
attraction and proceeds through the dissipation of turbulent cloud motion (and 
the transportation of angular momentum through viscosity) . It is stopped when 
the gas density is high enough for rapid star formation to occur. The outward 
motion of the gas is driven by the subsequent supernova explosions. The 
period of the burst is determined by the rate at which gas is replenished by 
mass loss from (old) population II  stars (or by the inflow rate of gas from the 
disk) and by the life-time of the progenitor stars of supernovae. A typical 
period is 1 08yr, of which the activity stage comprises some 25% of the time. 
The transition phase, where a galaxy would be observed between the two 
lines of Fig .2 ,  is less than 1 0% .  This would explain why we do not observe 
objects there. In the models the activity stage is terminated by the dispersive 
effects of the supernovae and not by an exhaustion of gas mass. This may 
explain why we do not detect objects above the upper line of Fig.2 .  The 
observed increase in luminosity from inactivity to activity by a factor of 20 
is also qualitatively correctly reproduced in the Loose et al. scenario. 

Second, Ikeuchi et al. ( 1 987)  investigate a simple balance equation for the 
destruction and creation processes of giant molecular clouds. These giant 
molecular clouds are assumed to be the site of star formation and the 
analysis leads to periodic solutions in their surface density and thus also to 
a periodicity of star formation itself. Whether such a process would work in 
the nuclear regions of galaxies needs, however, further investigation. 

4. Conclusions 
We have detected 1 300µm continuum radiation at the l OmJy level from 
Markarian galaxies. From the relation between gas mass M9 and luminosity L 
found in this and in two preceding papers (I and II) we draw the following 
conclusions: 

The star formation rate per unit gas mass is the same in individual HII 
regions as well as in nonactive (spiral) galaxies, irrespective of the 
luminosity. Markarian galaxies,  which comprise a variety of activity types 
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including Seyferts, are also powered by star formation, but with a very 
enhanced efficiency. Nonthermal point sources in such galaxies can therefore 
only be a byproduct, but not the cause of the activity. In the (L,M ) -plane 
the distinction between active and inactive galaxies is very clear. The large 
fraction of isolated active systems suggests that merging of galaxies cannot 
be the only reason for activity. Alternative scenarios are discussed . In those 
cases where merging is responsible, the activity is not generated by the 
increase in gas mass, but by some other mechanism. 
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The UVOIR properties of galaxies with extreme star formation rates are exam
ined. These objects seem to fall into three distinct classes which can be called (1) 
extragalactic HII regions, (2) clumpy irregulars, and (3) starburst galaxies. Extra
galactic HII regions are dominated by recently formed stars and may be considered 
"young" galaxies if the definition of young is having the majority of total integrated 
star formation occuring in the last billion years. Clumpy irregulars are bursts of 
star formation superposed on an old population and are probably good examples 
of stochastic star formation. It is possible that star formation in these galaxies is 
triggered by the infall of gas clouds or dwarf companions. Starburst galaxies are 
much more luminous, dustier and more metal rich than the other classes. These ob
jects show evidence for shock induced star formation where shocks may be caused 
by interaction with massive companions or are the result of an extremely strong 
density wave. 
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1. Introduction 

The zoo of star forming galaxies (SFG's) contains many creatures. In fact al

most every type of galaxies is forming stars, some albeit slowly. For the purposes 

of this talk however, I will restrict the use of that definition to those galaxies that 

are currently involved in "significant" episodes of star formation. One finds that 

there are basically three classes of object which meet that slightly loose definition. 

These are the Clumpy Irregulars (named by Heidmann and Casini) , the Extragalac

tic HII Regions (named by Sargent and Searle 1970), and the so called Starburst 

Nuclei or Starburst Galaxies (named by Weedman) . All of these objects are basi

cally undergoing a current burst of star formation that dominates their observed 

properties. 

As in any review, I think it is important to describe what we are trying to learn 

about the subject. The problems in question are (1) the age or timescale of the star 

formation episode - are there young galaxies? how often do such epidemics of star 

formation occur? (2) the Initial Mass Function (IMF),  especially as a function of 

environment, eg. metallicity, parent galaxy luminosity, galaxy interaction rate, etc., 

(3) the Star Formation Rate (SFR) that describes the history of the galaxy, (4) the 

Metallicity and its role indetermining the SFR and IMF, and (5) the role of dust. 

In particular, all of this information is required to understand the MECHANISMS 

responsible for star formation in galaxies, including our own galaxy. 

Also of interest to me is the connection between nearby star forming galaxies 

and cosmology. Studies of bursts of star formation in local systems give cosmologists 

important clues about galaxy evolution and the expected appearance of objects at 

high redshift and .of primeval galaxies. By definition, this is important for under

standing deep galaxy counts. 

Since an excellent recent general review of star formation in dwarf galaxies and 
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related objects already exists (Kunth, Thuan and Tran Than Van 1986) , I will not 

try to duplicate that work but instead concentrate on several different insights and 

observations that I think are important in understanding extreme episodes of star 

formation in galaxies. 

2. The Program at CfA 

Inorder to try to answer some of the above mentioned questions, I have been 

involved for over a decade in programs to study galaxies undergoing intense bursts 

of star formation. This work has been in collaboration with L. Hartmann and M. 

Geller (at CfA) , M. Aaronson (at the University of Arizona) , J. Gallagher and D. 

Hunter (now at Lowell Observatory) , and P.  O'Brien and R. Wilson (of University 

College London) . The basic data consist of UV-IR energy distributions (SED's) 
and spectroscopy for objects from each class obtained with IUE, the MMT, at Kitt 

Peak and from the literature. Some examples of galaxies in each class are: 

Eg HII: Mk 36, I Zw 18 = Mk 116, Mk 59, II Zw 70 

Clumpy Irr: NGC 4214, NGC 4670, NGC 5253 

Starburst: NGC3310, NGC 7714 

In addition to our own observations, the IUE archives contain a wealth of data 

obtained for similar purposes by Thuan, Oke, Peimbert and others. An excellent 

compilation can be found in Rosa et al. (1984) . The primary use of these SED's is 

for comparison to evolutionary models which will be described in more detail below. 

Some representative spectra of galaxies from the three above-mentioned classes are 

shown in Figures 1 and 2. We have made special effort to observe several higher 

redshift starburst galaxies to measure Ly a emission for comparison with primeval 

galaxy models. 

In addition to SED's, we are also obtaining detailed internal kinematics for 
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(A} Markarian 36 

Eg HII Region 

(B) D Zw 70 
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Figure 1 .  Optical spectra of star forming galaxies of different types . (A) and 
(B) Markarian 36 and II ZW 70, both extragalactic HII regions with spectra 
dominated by [OIII] and Balmer emission lines and with very weak [NII] and 
[Sii] lines. (C) the clumpy irregular NGC 4214, and (D) the starburst galaxy 
NGC 3310. Note the presence of a relatively strong [OIJ >.6300 line in NGC 
3310. Note also the stronger continua in both (C) and (D) compared to (A) 
and (B) . 
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Figure 2. UV spectra (obtained with IUE) of star forming galaxies. (A) Markarian 
59 from J. B. Oke is an example of an Eg HII galaxy. (B) is the composite 
spectrum of NGC 4214 and NGC 4670 from Huchra et al. (1983) , clumpy 
irregular galaxies. Note the P Cygni profiles in the CIV and SiIV lines. (C) 
NGC 7714 from C. Wu, the archtypical starburst galaxy. It also shows the 
normal UV absorption lines seen in 0 and B stars, but the spectral shape is 
much flatter than those in (A) and (B) . 
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several of the nearest and thus most spatially resolved objects using echelle spec

trographs at Mt. Hopkins. Other kinematical and morpohological studies of SFG's 

have recently been started ( eg. Thuan in this conference and Loose and Thuan 

1986) , and these will be important in sorting out the various dynamical mecha

nisms that can be responsible for star formation. 

3. The Classes of Star Forming Galaxies 

The in troduction of a taxonomy for objects is only of use if it enlightens one 

about differences in physical processes between objects. The first steps in under

standing such processes, however, is often just recognizing that differences may 

exist. In this section I would like to outline the major differences I see between 

the three general classes of star forming gala.xias mentioned above. Later, we will 

discuss possible differences in evolutionary states and the physical mechanisms of 

star formation in these classes. 

The optical colors of galaxies of the three classes are similar. The Clumpy Irreg

ular (CI) and Starbmst (SB) galaxies are onlyslightly redder than the Extragalactic 

HII regions (Eg HII) ; all three classes are significantly bluer than more normal spiral 

and irregular galaxies (Huchra 1977a) . The differences between the classes become 

much more obvious in the infrared and ultraviolet. The Eg HII are m.ich, much 

bluer in V-K and have ultraviolet continua that are still rising strongly below Ly a. 

The SB galaxies have spectra that are nearly fiat in the UV. Both the CI and SB 

galaxies have strong stellar absorption lines in the ultraviolet; the C IV and Si IV 

lines are in P Cygni. The Eg HII have no strong lines in the ultraviolet - neither 

absorption nor emission. 

The optical spectra of Eg HII are completely dominated by emission from hot 

gas; they have only a weak continuum and extremely weak metal absorption lines. 
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The optical spectra of CI and SB galaxies are cooler, more metal rich, and more 

dominated by the underlying stellar continua. In addition, 'nonthermal,' or shock 

excited lines like those of [01] are usually strong in SB galaxies. 

The far infrared properties of SFG's can be studied using data from the IRAS 

survey. Starburst galaxies, in fact, account for a large fraction of extragalactic 

IRAS sources. If the 60-100µ color is simply interpreted as a dust temperature, the 

Cl's are only slightly warmer than ordinary late type spiral galaxies, but still fairly 

cold, F60 < Fioo. The starburst galaxies, on the other hand, are warmer with 

F60 � F100 • Few of the catalogued Eg HII galaxies have other than upper limits 

in the IRAS point source catalog, which could be due either to their generally low 

apparent luminosities or, more probably, to their low metallicity which implies a 

lower dust to gas ratio. In the SB galaxies, it is interesting to note that F6o/ Fioo 

increases with infrared luminosity, L50, while Fi2/ F6o decreases with Lao. 

Morpologically, the Eg HII galaxies are usually very compact objects, sometimes 

multiple. They are usually of very low luminosity although examples have been 

found that are as luminous as the Milky way. CI galaxies are Magellanic irregulars 

that are undergoing excessive star formation. In general, star formation activity is 

proceeding vigorously over the whole of the galaxy, unlike, for example, the LMC 

where most of the very recent star formation is centered only on 30 Doradus. The 

Cl's are generally more luminous than the Eg HII, but are rarely more luminous than 

the Milky Way. SB galaxies tend to be distorted spirals, and are often interacting. 

In most of the cases I have examined, vigorous star formation is not confined to 

the nuclear regions, but proceeds over most of the disk. For example, their U-B 

color does not decrease significantly with radius (Huchra 1977a) . SB's are generally 

luminous objects. 

Statistically, in a B magnitude limited sample (eg. the CfA Redshift Survey 
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galaxies selected from the Zwicky catalog) , Eg HII galaxies constitute less than 1 % 

of the sample, Cl's are a few % of the sample and SB's are approximately 10% of 

the sample (Burg 1987). SFG's are not as rare as originally thought although the 

extreme examples (Eg Hil's) are. 

4. Evolutionary Models 

The integrated spectral energy distributions of the three classes of galaxies can 

be compared with simple evolutionary models to try to determine ages, star for-

mation rates and possibly IMF's. The simplest such models just integ::c.'.;! over the 

contributions of stars at different points in their lifetimes (Huchra rn77b, Tinsley 

1968, Struck-Marcell and Tinsley 1978). The galaxy flux at time t in the ith band, 

Fa(i, t) ,  is given by 

Fa(i, t) = E;Ek[w(k,j) f Fk(i, t') dt'] (1) 
where Fk(i, t') is the flux of star of type k in bandpass i at age t', and w(k,j) is the 

birthrate function for stars of type k in jth timestep. 

The contribution from gaseous emission can be computed assuming Stromgren 

sphere ionization (i.e. assuming the HII regions are ionization bounded) . The 

continuum emission is given by 

(2) 

where V is the volume ionized and I is the continuous emission coefficient. The 

Balmer line emission is calculated following Zanstra (1931) where N(Ho) 

c/ff (Te) 
FnfJ = 4.lxl0- 12 ergs s- 1 N(Ho) HfJ( ) (3) Ci.E T. 

is the number of ionizing UV photons and the o.'s are the Hp and total recombination 

coefficients. An ionization bounded Stromgren Sphere implies 

(4) 
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Figure 3. Spectral energy distributions computed for a variety of population models 
of galaxies (A) old galaxies, (B) galaxies with constant SFR's, and (C) bursts 
of star formation. (D) shows the observed SED's of representative galaxies for 
each of the classes Eg HII(Mk36, Mk59, Mk116), CI (N4214 and N4670), and SB 
(N7714 and N3310) . Note the steepness of the SED's for the EG HII galaxies. 
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(5) 
With these assumptions, the total emission from gas is only a function of the 

number of ionizing photons F(N(H0)) ;  it does not depend very strongly on the gas 

temperature T • .  

For evolved (old) galaxies, the birthrate function is usually parameterized as 

(6) 

where the IMF is assumed to be a powerlaw. For example, in the Solar neighbor-

hood, a - 2.35, the Salpeter slope. The star formation rate is assumed to be 

exponential in time; if f3 = 0, the SFR is constant, if f3 is large, most of the star 

formation takes place while the galaxy is very young. 

Figure 3 presents the energy distributions calculated for 3 different types of 

models as well as examples of the observed overall spectral energy distributions for 

objects in the three classes of SFG's. These energy distributions cover the range 

1200 Ato 2.2 µ. The models shown are for old galaxies with different exponentially 

decreasing SFR's and the same IMF; galaxies with constant star formation rates but 

different ages and different IMF's; and pure bursts of star formation (burst duration 

= 25 million years) with different IMF's seen after 10 million and 50 million years. 

Note that these models differ significantly from the models of Struck-Marcell and 

Tinsley (1978) in that they include both the effects of gaseous emission and the 

very important contribution from red supergiants. Our yougest and bluest burst 

models never reach U-B = 0.0, whereas the bluest SMT models have U-B = -0.5. 

Some interesting and important features of these models are that (1) the bursts 

become red very fast after they turn off, (2) the IMF has little or nu effect on the 

SED of a burst although objects with steep (low mass star enriched) IMFs will 

redden faster after the burst turns off, and (3) the SED of a galaxy with a constant 
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SFR will redden slowly with time. 

Observers often use color-color plots to detect and quantify subtle differences 

in SED's. One such plot useful for distinguishing the properties of the differenct 

classes of SFG's is the infrared-optical V-K versus the ultraviolet-optical U 1-V plot. 

U 1 is the magnitude at 1400 A. Figure 4 shows this diagram for a variety of models 

as well as selected objects from the three classes. There is a clear separation of the 

Eg HII galaxies from the other two classes; the Cl's are less well separated from 

the SB's, but are noticeibly bluer in U1-V than the SB's. The properties of this 

diagram will be discussed further below. 

Another very important diagnostic for star formation in galaxies is their emis

sion line properties. I introduced the notion of using the equivalent width of H,8 to 

try to measure the slope of the IMF (Huchra 1977b) . Kennicutt (1983) has shown 

that the total Ha flux of a galaxy is a good measure of its integrated star formation 

and has used this to derive SFR's for a large number of spiral galaxies. More re

cently, Campbell, Terlevich and Melnick (1986, preprint 1987, and Melnick in this 

volume) have used gas temperatures and equivalent widths to show that the IMF in 

SFG's is a function of metallicity, with low metallicity galaxies forming stars with 

flatter or high mass star enriched IMF's. 

5 .  Results from Energy Distributions and Spectra 

Eg HII galaxies are dominated by low metallicity 0 Stars. From the extensive 

work of the Piemberts, Pagel, Kunth and others (eg. Kunth 1985) we know that 

[Fe/HJ � 0.1 in these objects. Mk 36, for example, contains 300 0 stars and perhaps 

1 M supergiant or 100 K-M giants (Huchra et al. 1982) . These objects are almost 

pure bursts of star formation and could even be called young galaxies. Most of the 

star formation that has ever taken place in the galaxy has happened recently. If 

we adopt a quantitative definition of "young" as having more than 50% of their 
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Figure 4. The V-K versus U1-V color-color diagram for several models plus the 
actual observed colors for the galaxies in figure 3 (d) . The galaxies are shown 
as large circles with their identification enclosed (14 = NGC 4214; 10 = NGC 
3310; 77 = NGC 7714; 70 = NGC 4670 and the others are Markarian numbers) . 
The crossed boxes are pure burst models; the straight solid line near the bottom 
represents the locus of old galaxies with slightly declining SFR's; the solid circle 
is a galaxy with a constant SFR; the dotted lines and solid curving lines are loci 
of models with bursts of star formation superposed on old populations. The 
percentages refer to the fraction of mass involved in recent star formation. 

100 

BO 
0 

BO 

40 

$,. 20 NGC 4449 ' 
• 180 < v < 190 

0 • 190 < v < 200 
• 200 < v < 210 

-20 • 210 < v < 220  
• 220 < v < 230  

-40 o 230 < v < 240 

-00 
100 BO BO 40 20 -20 -40 x· 

Figure 5. The observed velocity field map for NGC 4449 from observations at the 
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integrated star formation in the last 109 years, these galaxies are it. The average 

age of the dominant population is � 5x107 years (and depends slightly on the 

IMF). The only alternative to the "young" galaxy hypothesis is that population II 

stars (low metallicity) never evolve into red supergiants or giants. 

In the color-color plot of figure 4, these galaxies lie near the tip of the pure burst 

branch in V-K but are slightly redder than predicted in U1-V. This could easily be 

due to a very small amount of reddening, Av's of 0.1 to 0.2, since E(u, -v) � 5 Av. 

This is consistent with their low metallicity and with other measures of internal 

extinction. 

The Cl's are also dominated by 0 stars, but are more metal rich. 50% of their 

UV continua is from 0 stars of mean spectral type 06 or 07. The observed P Cygni 

profiles are indicative of normal population I stars with mass loss. Morphologically, 

these galaxies are dominated by giant HII regions. In NGC 4670 there are the 

equivalent of 2000 05 stars, in NGC 4214 ther are � 500 05 stars, and the observed 

radio emission is free-free (Huchra et al. 1983) . These galaxies are best described 

by a burst of star formation superposed on a 'well developed' old population. A 

few % of the galaxy's mass is involved in the current episode of star formation. 

The SB's are much like the Cl's in stellar content. They are slightly more metal 

rich and dustier (larger IRAS fluxes and a position further to the red in U1-V). 

They are more luminous. Radio emission is partly Synchrotron, probably from 

supernova remnants. A major difference w.r.t the other two classes of galaxy is 

the strong [01] lines which are usually indicative of significant amounts of shocked 

gas. Morphologically many of these galaxies are interacting with relatively massive 

neighbors, although a small fraction are apparently isolated. 

6. The Internal Kinematics of Irregulars 
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An important diagnostic of possible causes of the enhanced SFR in galaxies is 

their kinematics. We have been obtaining high precision (1 km s- 1) echelle velocities 

for HII Regions in NGC4214, NGC4449 (Hartmann, Huchra and Geller 1986) and 

several other galaxies. Similar work has been described at this conference by Thuan 

and collaborators using a scanning Fabry-Perot. Figure 5 is the velocity map for 

NGC 4449. 

In the galaxies we have studied, which are primarily clumpy irregulars, we find 

that chaotic motions dominate on small scales. The velocity dispersion (Chaotic) is 

of the same magnitude or larger than any systematic motions ( eg. Rotation) seen. 

ugal - 20 to 30 kms- 1 . In addition, the line widths of individual HII regions in 

the clumpy irregulars are - 20 kms-1 • The masses of NGC 4214 and NGC 4449 in 

HI are both - 109 M0. The momentum input from the stellar population (winds 

from 0 and B stars plus supernovae) is - 5 x 1046 g cm s- 1 , which is only enough 

to move 107 M0 at 20 km s-1 . The mass in the central regions of the galaxies is 

> 108 M0. Clearly additional momentum input is needed. Both NGC 4214 and 

NGC 4449 have dwarf, gas rich companions. We have suggested that the intense 

star formation seen now in such galaxies is the result of recent mergers or collisions 

with gas clouds or gas-rich dwarf galaxies (Hartmann, Huchra and Geller 1986) . 

7. Summary 

I have made the case that SFG's fall into three distinct classes: (1) extragalactic 

HII regions, (2) clumpy irregulars, and (3) starburst galaxies. Extragalactic HII 

regions are dominated by recently formed stars. If the definition of a "young" galaxy 

is one where the majority (> 50%) of its total integrated star formation has occured 

in the last billion years, Eg HII galaxies are probably "young" galaxies. Clumpy 

irregular galaxies are bursts of star formation superposed on an old population. 

The star formation pattern in these galaxies is chaotic and they may be examples of 
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stochastic star formation. The few detailed kinematical studies that have been done 

suggest that star formation in these galaxies is triggered by the infall of gas clouds 

or dwarf companions. Starburst galaxies are much more luminous, dustier and 

appear to be more metal rich than the other classes. These objects show evidence 

for shock induced star formation. Since many of these galaxies are interacting 

with massive (as opposed to dwarf) companions, the shocks are almost certainly 

caused by dynamical interaction and/or gas transfer from the companion. In those 

SB galaxies that do not show evidence for interaction, I think the enhanced star 

formation may be the result of an extremely strong density wave. 

This work has been supported by NASA grant NAG-5-87. 
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HII GALAXIES 

J o rge Melni ck 
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HII galaxies are the simplest systems where the starburst phenomenon can be 
s tudied at galactic scales. Some relevant properties of HII galaxies are 
reviewed and new results on the morphology and environments of these objects are 
presented. About 50% of the HII galaxies s t udied are starlike and i s o lated.  They 
are promising candidates for being young galaxies . 



2 1 6  J. MELNICK 

1 .  INTRODUCTIOll 

HII galaxies are a c lass of blue compact galaxies ( BC G ' s ) characterized by 
having giant HII region-like spectra. This c lass was fi rst i dentifi ed by Sargent 
and Searle 1 ) who called them Isolated Extragalactic HI I Regi ons . Since , however ,  
n o t  all HII galaxies are isolat e d ,  we prefer to c a l l  them HII galaxies.  

In this contribution I would like to review some of the generic properties 

of HII galaxies. In particular, I will present some s ta t i s t i cal results from our 
"Spec troph o tometric Ca talogue o f  HI I Galaxi e s "  (henc e fo rth the SCHG ) 2 ) , I will 
briefly review the re sults on the IMF of HII galaxies and d i s cuss recent results 
on the kinematics of HII galaxies and their application as distance indicators .  
T o  conclude I will present new results o n  the morphology o f  HII galaxies based 
on recent CCD imagery . 

Most of the work I wi ll desc ribe has been done in collaboration with 

Roberto Terlevich and Mariano Moles.  Bernard Pagel ( this vo lume ) has des c ribed 
the results of using the HII galaxies of the SCHG to determine the primordial 
abundance of helium. 

2. STATISTICAL PROPERTIES OF HII GALAXIES 

The SCHG contains close to 1 000 spectra of s omewhat more than 400 H I I  

galaxies selec ted from obje ctive prism survey s ,  mos t ly in t h e  southern hemi
sphere. Most of the spectra in the SCHG are l ow res o lution e i ther IDS or RETICON 
o bs ervations aimed at determining fluxes and redshifts as well as a spec tral 
c lassification. About one hundred objects were selected for higher reso lution 
s tudies with the purpose o f  determining abundances and gas kinematics ( from line 
profile analysis ) .  I will discuss these results in the fol lowing two s e c ti o n s .  

T h e  only result from t h e  low resolution data I would l i k e  t o  present here 

is the abs olute magnitude dis tribution. This is shown in F igure 1 .  The absolute 
blue magnitudes were computed as 3 ) , 

where L ( H � )  is the integrated H� luminos i ty ,  corrected for reddening and W (H� ) 
the equivalent width of the line. The large luminosities of HII galaxies re flect 
their large star format i on rates.  Using the equations o f  Terlevich and 
Melnick3 ) , one estimates that after the massive s tars disappear ,  HII galaxies 
will be on average 4 magnitudes fainter than the present values and thus the 
"evolve d "  values for the absolute magnitudes will range from MB = - 1 9 to -9 

which is the range of values commonly assigned to dwarf galaxies4 ) . 

.. 
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Fig. 1 .  Dis t ribution of 
absolute blue magni tudes 
for more than 400 H I I  
galaxies i n  t h e  SCHG. 

Figure 2 shows a series of representative spectra of HII galaxies c ompared 

to the spect rum of the pro t o typical giant HII regions 30 Doradus . The simi lari
ties a re evident. Figures 1 and 2 i l lu s t rate the obs e rvational basis of the 
c lassification of HII galaxies as giant HII region-like dwarf galaxies . 

;; 2._0. Doradus 

J. THE IMF 01' HII GALAXIES 

! 004 29GNW F I L E •  0 Fig. 2 .  Spectra of three 
representative HII galaxies 
and of the proto type giant 
H I I  region 30 Doradus . 

R i c hness and sto chas t i c  effe c ts 5 • 6 ) preclude most efforts to determine 

ste llar initial mass functi ons ( I MF )  from the luminosity function of isolated 
parts of galaxies and lead to questioning the meaning of a galaxy-wide IMF7 ) . 

The only places where the stellar IMF can be dire c t ly observed are very young, 
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massive , star clus t e rs where stochastic effects are minimal and where the ful l  
mass range may be realized. In the Galaxy, the IMF o f  the largest open clus t e rs 
has been s tudied by Taff8 ) and Burk i 9 ) , and I l o ) have s tudied the luminosity 
function of the 30 Doradus cluster in the LMC . The general conclusion of these 
s tudies is that the IMF of these systems di ffers signi ficantly from the Sa lpeter 
function. 

Terlevich and I have argued in several diffe rent papers 3 , 5 , 1 1 , 1 2 ) that the 

slope of the IMF in giant HI I regions and HII galaxies mus t  decrease as the 
metallicity of these sys tems goes down. I would like to review h e re very briefly 
the evidence fo r this conclusion. More detailed discussi ons of these is sues can 
be found in the above references and in the papers by Melnick et a l . 1 3 ) and 

Campbe ll et a l . 1 4 ) . 

3. 1 .  Dynamical results 

The integrated H� luminosities of HII galaxies correlate wi th the velocity 
dispersion of the nebular gas , o, as 1 4 ) , 

4 . 5 ± 0 .  5 oc a 

The same correlation is valid for giant HII regions and in fact this is one o f  
the defining properties of giant H I I  regions 1 3 ) . These c o rrelati ons are i llus
trated in figure 3. In fact L ( H � )  depends not only on a but also on the OXYgen 
abundance of the nebular gas ( O /H ) .  A multi-parame ter analysis shows that the 

( L ( H � ) , o, O/H) relation has the funct i onal form l 4 ) , 
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Fig. 3 .  C o rrelation 
between integrated H� 
luminosity and ve locity 
dispers i on for giant HII 
regi ons and HII galaxie s .  A 

Hubble cons tant of H0 = 1 00 
km s- 1  Mpc- 1  has been used 
to compute the luminosities 
o f  HII galaxies • 
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Giant H I I  regions exhibit the same correlation except that there L ( H � )  � 

R c a2/ ( 0 /H )  1 3 ) . Both results are equivalent since ( for giant HII regions ) the 
core radii , Rc , s cale as a3• Thus , if we as sume that giant HII regions and HII 
galaxies ( that is the HII region component ) are gravitational ly bound and that 

R c a2 measures their total mas ses , eq. 1 imp lies that the ratio between the 
s t ellar mass and the ioniz ing luminosity of s tarburst c lusters increases 

approximately linearly with oxygen abundance .  We have comput e d  population 
synthesis models to investiga te the origin of this correlation l 5 ) , and concluded 

that it can only be explained if the IMF gets steeper with increasing 
metallicity 1 1 ) . Of course, this conclusion is valid only if the gas mot ions are 
due to gravit y .  The case for nebular turbulence driven by ste llar winds has not 
yet been convincingly made but remains an intriguing possibility that must be 
investigated further l 3 ) . 

3 . 2 .  Spectrophotometric evidence 

There are about 70 HI I galaxies in the SCHG for which we have oxygen 

abundances based on a di rect measurement of the strength of the [ O I I I ] A4363 
line . From these data we arrive at re sults which cannot (at leas t easily ) be 
explained by models with constant IMF. F igure 4 presents a plot of the electro

nic temperature of the ionized gas ,  Te , as a func tion of oxygen abundance. The 
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F ig. 4. ( upper) Relation 
b e tween elect ronic t empera
ture and oxygen abundance 
for HII galaxie� (adapted 
from T e rlevich 5 J ) .  
( lowe r )  Dist ribution of H� 
equivalent widths as a 
function of abundance for 
HII galaxie s .  The shaded 
area represents the locus 
of zero-age clusters.  
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dotted lines represent the predictions of models with a fixed IMF for 2 
different values of the upper mass limit (Mu = 30 � and Mu = 1 00 �) and the 
dashed line represents a mod e l  with variable Mu between 30 and 1 50 �· The solid 
line shows the fit of a variable slope using the relation between IMF slope and 

metallici ty derived by Terlevich and Melnick 1 1 ) from the mass to light ratios . 
Both the variable Mu and the variable slope models are seen to fit the data 
reasonably we l l .  The lower panel in figure 4 shows a plot of the equivalent 
width of the H �  line , W ( H � ) , plotted against abundance. Since W ( H� )  depends on 
the age and on the luminosity of the underlying ste llar component one does not 
expect a c o rrelation between W ( H � )  and abundance but a broad dist ribution with 
an upper envelope corresponding to zero-age clusters with no underlying 
galaxy5 ) . Variable Mu models for ZAMS stars ( dashed line ) a re a poor 
representation of the data while the variable s lope mod e l  ( s o li d  line ) fits 
remarkably well the z e ro age envelope. Therefo re in order to s imultaneously fit 

both the (Te , O /H )  and the ( W ( H � ) , O/H) diagrams either both the upper and the 
lower cutoffs of the IMF must change with metallicity or the slope must change 

with abundance.  If the lower cutoff ML is varying , in o rder to explain the large 
values of W ( H � )  observed for the most metal poor HII galaxies ML must be close 
t o  1 0  M@ 1 1 ) . I f  globular clusters are the descendants of starburst clus t e rs , as 
seems to be suggested by the cont inuity in the properties of LMC c lusters of 
ages ranging from less than 1 0 7 yrs to a Hubble time 6 ) , a strong metallicity 
dependence of ML can be ruled out . 

4. HII GALAXIES AS DISTANCE INDICATORS 

The rms dispersion of the L ( H � ) , o, ( O /H )  relation is 0 . 55 magnitud e s ,  
comparable to the scatter o f  the best available dis tance ind i cators. Thus the 
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parameter Mz = cr5/ (0/H )  can be used to predi ct the luminosities of HII galaxies 
and thus to estimate their distances. Figure 5 shows a logarithmic plot of L (H� ) 
versus Mz for the same HII galaxies as shown in figure 4. Also shown in this 
figure are 1 4  giant HII regions with accurate metallicities and distances known 
from Cepheid variables which we used as zero point calibrators. Notice that the 
shift of HII galaxies relative to giant HII regions which was apparent in the 
(L(H� ) , cr) plot ( figure 3) has disappeared. This is because the HII galaxies in 
our sample are on average a factor of 1 . 6 t imes oxygen poorer than the 
calibrating HII regions . From these data we obtain a "raw" value of H0 = 1 1 0  
km s- 1 Mpc- 1 which, after correction for Malmquist bias and for the motion of 
the sun relative to the Cosmic Microwave Background , yields a final value of H0 
= 89±1 0 km s- 1  Mpc- 1 , compatible with some previous determinations l 6 , 1 7 ) and 
incompatible with others , notably with that of Sandage and Tammannl 8 ) . A 
complete discussion of these results will be presented elsewhere l 4 ) . 

T ·1 025 - 2 8 +  M I CH 't 6 1  

6 

• •  

Fig. 6 .  CCD images of four HII galaxies of multiple morphology . North is at the 
top, west is to the left. The linear and the angular scales of each 
picture are also shown. 
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5 .  THE MORPHOLOGY OF HI! GALAXIES 

Using the Danish 1 . 5m te lescope at La Silla we have recently obtained CCD 

pictures of 30 HII galaxies with the purpose of measuring diameters and s tudying 

their morphology and environment s .  On the basis of these data HII galaxies can 

be divided into three broad morpho logical types :  

a )  Multiple systems : These galaxies are dominated by more than one giant 

HII region. The small radial velocity differences between the components 

indicates that they are not parts of interacting systems. Four examples of 

this class are shown in figure 6. 

b) Interacting systems : Here the HII galaxy is part of an interacting 

system characterized by tidal tails and/or distortion. Examples of this 

class are shown in figure 7 .  

c )  Isolated objects: The H I I  galaxies in this class are isolated and in 

most cases stellar or semi-stellar. Typical examples are shown in figure 8.  

A fourth class of objects which lies at the boundary of what we would call 

HII galaxies are amorphous galaxies with one or several giant HII regions in 

r r J CH 1 3 3 
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• 

• 

- . 
Fig. 7. CCD images of HII galaxies in interacting systems . 
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their central part s .  Three examples of this class are shown in Figure 9. The 
starburst component of NGC 1 705 has no emission lines but is a massive, young 

223 

(� 1 07 yrs ) starburst cluster1 9 ) . The spectrum of this cluster, shown in figure 
9, i l lustrates the evolutionary connection between giant HII regions, starbursts. 
and young globular clusters in irregular galaxies . 

In total, 20% of the objects surveyed appear to be parts of interacting 
systems , 30% have double or multiple HII region components and 50% are isolated 
with stellar or semi-stellar morphology. These results show that galaxy colli
sions and mergers are an important but by no means unique mechanism to induce 
starburst activity. In fac t ,  the isolated semi-stellar objects which comprise 
half of our sample are probably the best candidates for being young galaxies . 

CONCLUSION 

The study of HII galaxies opens a number of urgent questions about violent 
star formation ( starbursts ) . Particularly intriguing are the suggestion that the 

T 0 -l 27 - 3'.37 

Fig. 8. CCD images of typical isolated HII galaxies . 
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Fig. 9. Amorphous galaxies with HII region spectral characteris tics. The 
starburst component of NGC 1 705 is a massive young cluster, the spectrum 
of which is shown in the figure. 

IMF of starbursts depends on chemical composition and the fact that a large 
fraction of HII galaxies are isolated and stellar and therefore may be young 
galaxies. High resolution 21 cm maps are badly needed to investigate the role o f  
collisions between intergalactic neutral hydrogen clouds i n  the formation of 
these objects. 

The galaxies with multiple morphology are also very interesting; in general 
the different components have different ages (as evidenced by their excitations 
and H� equivalent widths) and in many cases there are age gradients across the 
galaxies. This strongly suggests that violent star formation self-propagates in 
gas-rich dwarf galaxies. 

I conclude with the usual plea for more observations ; detailed 21  cm maps 
of HII galaxies are absolutely essential to progress further in our under
standing of how HII galaxies ,  the simplest galaxies , are formed. 
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Summary 

STARBURSTS AND THE CHEMICAL EVOLUTION OF HII GALAXIES : 
AGES OF BURSTS VS LOCAL ENVIRONMENTAL POLLUTION 

B E J Pagel 
Royal Greenwich Observatory , Herstmonceux Cas tle , 

Hailsham ,  Eas t Sussex BN27 lRP 

Results previously published for oxygen , nitrogen and helium abundances 
in HII galaxies are revised to allow for collisional contributions to 
t he helium lines and a few further obj ects added . The relationships 
found are similar in general to those found previously , though with 
f ewer obj ects  departing from the dY/dZ relation derived by Peimbert and 
his colleagues , and are confirmed by a principal component analysis 
which shows that O/H accounts for about half of the variation in helium , 
but N/H for essentially all of i t .  
These effects are consistent with an addi tional component o f  helium and 
s e condary nitrogen , superposed on primary nitrogen , with the additional 
component either coming from low-mass stars made in very old burs ts  or 
resul t ing from local pol lution of the observed HII regions by winds from 
mass ive stars within them . Evidence from different regions of POX 4 and 
NGC 5253 gives some slight support to the latter hypothesis . 
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1 . Int roduct ion 
Chemical evolution of gas-rich dwarf galaxies may in some ways be 
especially simple in the light of correlat ions of abundance with gas 
f ract ion and mass l-4 )  but in other ways complicated by the discrete 
nature of starburstss- 7 ) . In mos t  cases , fur thermore ,  information on 
their abundances comes from HII regions which may be locally pollu ted by 
newly synthesised elements in winds8 )  or supernova ej ecta9 ) . Such 
pollution by winds has been observed in WN ring nebulae1 0 )  1 1 ) and in a 
small outlying region of 30 Doradus1 2 ) . In this paper I discuss 
pecul iarities result ing from starbursts  in HII regions and HII galaxies 
with well known hel ium , as well as nitrogen and oxygen , abundances8 ) l 3-

2 1 ) 

2 .  The data 
In previous work8 )  19 )  new data for HII galaxies by Terlevich and 
Melnick2 2 )  23 )  were used to study the primordial helium abundance Yp and 
the relat ionship between Y ,  0 and N .  While conf irming the exi s tence of 
a dY/dZ slope against oxygen abundance O/H ,  as maintained by Peimbert e t  
�· , we found this t o  b e  greater f o r  HII galaxies than f o r  H I I  regions 
in nearby irregulars ,  but that both kinds of obj ects fit ted a s ingle 
relat ion between Y and N/H. We suggested local pollution of HII regions 
in HII galaxies by winds from massive stars . Since then we have added 
further obj ects and made an agonis ing reappraisal of the helium 
abundances to allow for a collis ional contribution following Ferland24 ) , 
This is usually less than 5 per cent , and the resul ts  are described in 
detail elsewhere2 1 ) . Fig shows the new (He , O/H) and (He , N/H) 
relat ionships , which are qualitatively s imilar to those derived 
before8 ) , but the outstanding high-weight obj ects in the upper panel are 
few in number (to wit :  1 2 1 4-27 7 , NGC 5253A and marg inally I I  Zw 40) and 
they need no t be dis tant HII galaxies ; nor is there any correlat ion with 
the visibility of WR features . 

3 .  Statistical analysis 
Roberto Terlevich has carried out ML and PC analyses for the data in Fig 

using the program TABU writ ten by J. Melnick . Linear maximum 
l ikelihood solut ions (with lo errors ) are (exclud ing NGC 604)  
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y . 2 297  + 1 3 5  (O/H) , rrns .0092  ( 1 )  
± 54 ± 45 
.2 320 + 2730 ( N/ H) , rms .0083 ( 2 )  
± 40 ± 820 

confirming our previous findings8 )  that the 
HII  galaxy s amp le gives a larger value of 
dY/dZ than the value of about 3 . 2 found for 
nearby irregulars compared with one 
another 1 ) or with Galactic HII regions2 5 )  

and that helium is better corre lated with 
N/H than with O/H .  Without the three high-
weight obj ects lying above the l ine in the 
upper 
4 in 
f rom 
d a t a .  

panel of Fig 1 we would have dY/ d Z  "' 

accord with Peimbert2 5 ) , but dif fering 
Vigroux e t  al . 26 )  who used very poor 
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Fig . 2 . N/O plotted against O/ H for the 
obj ects in Fig .  l ,  with a few others ( I  Zw 
1 8 30 ) , NGC 60420 J and Orion3 1 » added for 
purposes of illustrat ion . 

4 .  Discuss ion 
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Fig . 1 .  Helium mass 
f raction Y plot ted 
against O/H and N/H .  
Lines are maximum-
1 ikel i hood regressions 
with ± la e rror limit s .  
Sizes of  symbols are 
inversely related to the 
error s .  

Theoret ically2 7 ) , C and N product ion peak for s tars around 2 . 5  � ·  
l ifetime 500 Myr , and He near 5 � ,  lifetime � 1 00 Myr , both long 
compared to HII region , but shortish on galactic , time-s cales . However ,  
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some of all three elements comes f rom mas s ive stars , in winds or 
supernova ej ecta.  Mat teucci and Tosi 6 )  explain lack of corre lat ion 
between N/ O and O/H in irregular galaxies on the basis of primary N from 
s tars below 5 � combined with a burst ing mode of star format ion which 
g ives enough time since the last burst to enable this ni trogen to swamp 
secondary N from high-mass stars . However , the nit rogen in subdwarf s 
seems also to demand primary product ion in mas s ive stars at some 
s tage7 ) . This still leaves open the origin of the scatter in N/ O ( Fig 

2 ) ,  which could quite read ily be associated with age differences2 8 )  

among the bursts but f o r  the close associat ion that we now f ind with 
helium which is produced in the normal way in about 1/ 5 of the time 
s cale for ni trogen . 
How much of the scatter in N/ O is real? Fig 2 shows that in most cases 
the data are cons is tent with a cons tant value 0 . 034 .  Tol 652 9 )  and NGC 

4 8 6 1 1 3 ) are over 2a below , which might be due to recent starbursts , but 
their errors may be undere s t imated . This leaves our three obj ects  with 
abnormally high helium for their oxygen as the only ones standing out 
s ignificantly with a corresponding excess of nitrogen . In principle 
this could be due to pol lution by stellar wind s8 )  or j ust  poss ibly the 
s tarbursts  in these galaxies could be so excep tionally old that there 
has been time for stars wi th little over lM" ( l ike the red giants in 
g lobular clusters3 2 ) ) to have contributed ext ra N and He . In both cases 
the addi t ional nitrogen is secondary , but the consequences in the two 
cases are not ident ical . Only in the case of winds from WN stars we 
have the straightforward situat ion that all the original hydrogen has 
been changed into hel ium and all the CNO into nitrogen2 7 ) . If such 
material is mixed with ambient inters tellar gas with original mass 
f ract ions X of hydrogen and Zco of C + 0 ,  then the changes satisfy the 
s imple relat ionships 

X/ Zco ( 3 )  
and 

6 Y/ 6 ( N/H) = 14X( X-6 Y) / ZcNO ( 4 )  
Table shows that equation ( 4 )  fits  our best data and the WR ring 
nebulae fairly well , consis tent with the idea of local pollut ion8 )  1 9 )  
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Table 1 ----

He and nitrogen enri chment in WR nebulae and an HII galaxy 

Or ion1 1 )  RCW58 1 1 ) RCW1 0 4 l l )  MR26 l l )  NGC5 25 3  A2 l )  

1 04 _2._ H 3 . 5 3 . 5 3 . 3 3 . 3 1 . 4 

1 05 B_ H 2 . 5  26 17 5 . 6 1 . 1  

1 05 Li (B.) H .o  23 . 5  1 4 . 5  3 . 1  0 . 6 4  
y . 29 . 5 4  . 4 5  . 3 6  . 26 2 ± .007 
Li y .oo . 2 5 . 1 6  . 0 7  . 0 1 7  
2CNO 0 . 006 0 . 006 0 . 006 0 . 006  0 . 002 : 
Li Y/ Li ( N/ H) 1 1 00 1 1 00 22 50 : 2700 
observed 

Li Y/ Li ( N/ H) 7 3 5  880 1030  3600 : 
f r om eq(4 ) 

The alternat ive ( youth vs age of the underlying populat ion) is more 

d i f f icult to tes t , except in cases where one can compare abundances in 
d i f f erent parts  of one galaxy : age implies uniform abundances while 
p ollut ion imp lies excess He and N in the affected HII reg ion . The data 
in Table 2 are far from conclusive , but they give a li t tle support to 
p ollution and suggest the need for further careful long-slit  
observat ions . 

Table 2 
Evidence for nitrogen and helium gradients 

1 06 ( 0/H) l07 ( N/ H) t,. Y  

POX 4 (nucleus) 90 ± 5 29 )  35  ± 329 
. oo 2 1 ) 

9 6  ± 3 2 1 )  3 4  ± 32 1 )  

POX 4 ( NW) 98 ± 1 22 9 )  1 7  ± 42 9 )  - . 0 1 : 2 1 )  

NGC 5 253A 1 37 ± 1 52 1 ) 1 1 0 ± 1 5 2 1 ) . 0 2  2 1 )  
1 6 0  3 3 ) 100 : 3 3 ) 

NGC 5 25 3 B  200 ± 602 2 )  62 ± 1 5 2 2 )  

I thank Roberto Terlevich and Jorge Melnick f o r  supplying observat ional 
data  and for carrying out the s tatist ical analysis . 
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INFRARED PROPERTIES OF IRAS GALAXIES 

M. Rowan-Robinson 

Theoretical Astronomy Unit, 
Queen Mary College, 

Mile End Road, London, El 4NS 

ABSTRACT, The infrared emission from IRAS galaxies is modelled in 
terms of 3 components: a normal disc component, due to interstellar 
'cirrus'; a starburst component, modelled as hot stars in an optically 
thick dust cloud; and a Seyfert component, modelled as a power-law 
continuum immersed in an n(r) oc r-1 dust cloud associated with the 
narrow-line region of the Seyfert nucleus. The correlations between 
the luminosities in the different components, the blue luminosity and 
the X-ray luminosity of the galaxies are consistent with the model. 
Spectra from 0.1 to 1000 /.lm are predicted and compared with 
available observations. The models are compared with those of other 
workers, 

1. INTRODUCTION 

The main properties we have to explain are: 
(i) the great range of far infrared luminosities in IRAS galaxies, from 
4xl07-4xl012 Le at 60 µ (Fig 1 ) .  
(ii) the great range of ratio of far infrared to optical luminosity, in 
IRAS galaxies, from 0.05 to several hundred (Soifer et al 1984, 
Rowan-Robinson et al 1986), 
(iii) the correlation of LFrnlLopt with S( lOOµ)/S(60µ) (de Jong et al 
1984, Rowan-Robinson et al 1986), 
(iv) the distribution of IRAS galaxies in the IRAS colour-colour 
diagrams, 
(v) the fact that many Seyferts show a peak at 25 µ (Miley et al 
1984, de Grijp et at 1985),  

Far infrared ( 10-100 µ) radiation can be expected from a normal 
spiral galaxy due to a variety of mechanisms. Dust in interstellar 
neutral hydrogen clouds, illuminated by the general interstellar 
radiation field, radiates prominently at 100 µ and in our Galaxy has 
been called the infrared 'cirrus' (Low et al 1984) ,  The cirrus is also 
seen at 60 I.I and more recently has been found to be radiating 
surprisingly stongly at 25 and 12 µ (Gautier and Deichman 1985, 
Boulanger et al 1985) .  To radiate significantly at 12 µ, interstellar 
grains must include a grain population much hotter than the thermal 
equilibrium temperature and it has been postulated that this 

235 



236 

0 

' 

-2 

lg ¢ 
(Mpc-3 dex-1> 

- 4  

- 6  

-8 

8 9 10 1 1  12 

lg L60/ L0 

• sb •Sey · otlier 
1 ... 

13 

M. ROW AN-ROBJNSON 

Fig 1 60 I.Im luminosity function 
for IRAS galaxies : fil led circles 
( Lawrence et al 1986) , crosses 
( Soifer et al 1986) , x ' s  (Rieke 
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their LIR = 2 . 7  L60) , calculated 
for Q = 1 ,  Ho = 50. The solid 
curve is the two power-law fit 
of Lawrence et al . 
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population consists of very small grains (radius 0.001-0.003 µ, � 50 
atoms) or, alternatively, or large molecules (Sellgren 1984, Leger and 
Puget 1984). Dust in the surface layers of molecular clouds will also 
be heated by the interstellar radiation field and in addition may be 
heated by young OB associations recently formed from the cloud 
complex. However uv photons will not be able to penetrate further 
than Av � 1 into the clouds, so the bulk of the dust within 
molecular clouds should be at a temperature significantly lower than 
that in the HI clouds. Dust in the vicinity of protostars and newly 
formed stars embedded in molecular clouds will also radiate strongly 
in the far infrared. Crawford and Rowan-Robinson (1986) have shown 
that compact, high surface-brightness IRAS sources in the Galactic 
plane, many of which are associated with compact HII regions, can be 
modelled as hot stars embedded in a high optical depth dust cloud. 

Finally high optical-depth circumstellar dust shells around late type 
stars, OH-IR sources and young planetary nebulae, form a related 
population of far infrared emitters which dominate the 12 and 25 µ 
emission from the bulge of our Galaxy (Habing et al 1985, 
Rowan-Robinson and Chester 1986) and could make a significant 
contribution to the 10-25 µ emission from the discs of some quiescent 
spirals like M31. 

Turning to active galaxies, some categories like 'starburst' galaxies 
(Balzano 1983) may differ from normal spirals in the far infrared only 
in the relative proportions of the different ingredients discussed 
above. On the other hand galaxies with a quasar-like nucleus, eg 
Seyfert 1 galaxies, might be expected to produce additional far 
infrared radiation. Both quasars and Seyferts are known to have 
power-law spectra in the wavelength range 1-10 µ, with spectral 
index oc (S(v) oc �) in the range 0.5 -2 (Neugebauer et al 1979, Ward 
et al 1986) ,  At visible and ultraviolet wavelengths quasars also have 
roughly power-law continua with a mean spectral index around 0.5 
(Richstone and Schmidt 1980, Cheney and Rowan-Robinson 1981).  
Where such a nuclear source is located in a galaxy containing dust, 
for example a spiral galaxy, some of this visible and ultraviolet light 
will be absorbed by dust and reemitted in the far infrared. 

2. DECOMPOSITION OF INFRARED SPECTRA INTO COMPONENTS 

2.1 The Sample Studied 

Rowan-Robinson and Crawford (1986, 1987 a,b) have selected from the 
IRAS Point Source Catalog all those sources which have high-quality 
fluxes in all 4 IRAS bands (12, 25, 60, 100 µ) , which are not flagged 
as associated with months-confirmed small extended sources (SES) in 
any band, and which are associated with catalogued galaxies. 
Associations were only accepted if they were within 2 ' of the IRAS 
position. Where accurate optical positions are available for the galaxy 
the positional agreement with the IRAS source is generally better 
than ION for this sample. After deletion of 2 sources whose far 
infrared spectra were clearly those of stars (and for which there 
were also stellar associations), of the source 15463-2845 which is 
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flagged as confused and of the planetary nebula NGC 6543, which 
picked up a spurious association with a nearby galaxy, the sample 
consisted of 227 galaxies. 

The SES-flag condition was necessary both to eliminate contamination 
by cirrus emission and to ensure that the fluxes measured by IRAS 
represent the total flux from the galaxy. Where the emission from a 
galaxy is extended with respect to the IRAS beam the fluxes reported 
in the Point Source Catalog may be seriously underestimated and 
corresponding IRAS colours will be distorted. 

175 have measured velocities. For the 52 which do not, we clearly 
have no information on their activity type either (see below) ,  24 are 
elliptical or lenticular, 129 are spiral or irregular, 74 are of unknown 
Hubble type, 18 are starburst or HII galaxies, 15 are Seyfert 1, 23 
are Seyfert 2. Arp, Vorontsov-Velyaminov and Zwicky compact 
galaxies appear to be represented on a basis proportional to their 
frequency in the general galaxy population. 

2.2 IRAS Colour-Colour Diagrams 

Figures 2 a,b show the 12-25-60 and 25-60-100 µ colour-colour 
diagrams for the sample, with different symbols for starburst (+HII), 
Seyfert and other galaxies. Some striking features of this 
distribution are immediately apparent. (a) The starburst galaxies 
occupy well-defined areas of the 2 diagrams and in fact have colours 
very similar to those of compact HII regions in our Galaxy (Crawford 
and Rowan-Robinson 1986);  (b) the bulk of the 'normal' galaxies 
(non-Seyfert, non-starburst) lie in a band stretching from the zone 
occupied by the starburst galaxies towards warmer S (25)/S ( l2)  
colours in Fig 2a and towards cooler S ( 100)/S(60) colours in Fig 2b; 
(c) the Seyferts spread out from this band towards lower values of 
S (60)/S ( 25), indicating the presence of a component peaking at 25 µ. 
Such a component was first noticed by Miley et al ( 1984) in 3C390.3. 
Low values of S (60)/S(25) have been successfully used as a criterion 
for selecting Seyfert galaxies by de Grijp et al ( 1985). 

2.3 A 3-Component Model for Far Infrared Spectra of Galaxies 

As a first step towards understanding the range of galaxy far 
infrared spectra implied by Fig 2, we postulate that these spectra 
can be considered as a mixture of 3 components: (1 )  a normal 'disc' 
component, (2) a 'starburst' component, (3)  a 'Seyfert' component. 
The colours adopted for these 3 components are indicated in Fig 2 by 
the letters D, B and S, and Fig 3 shows the corresponding spectra of 
the 3 components normalised to 12 µ, after colour-correction for the 
effect of the IRAS pass-bands. We now discuss models for each of 
these 3 components. 

In Fig 4a the spectrum of the 'disc' component is compared with the 
spectrum of an isolated piece of cirrus in our Galaxy, a small cloud of 
interstellar neutral gas and dust with Av � 0.15 presumably 
illuminated by the interstellar radiation field (Boulanger et al 1985). 
The agreement is remarkably good, showing that it is plausible to 
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Fig 3 12-100 µ spectra, normalized 
to 12 µ, of adopted model components : 
D( ' disc' ) ,  B ( ' starburst' ) and 
S ( ' Seyfert ' ) .  The broken curve Q is 
the a =  0 . 7  power-law ( ' quasar ' )  
component cons idered for 3C273 
(Fig Sc) . 

Fig 4 Model fits to the 
spectra of the adopted 
components ( fil led cirlces) . 
(a) ' disc' component .  The x ' s  
denote the spectrum o f  an 
isolated cirrus cloud in our 
Galaxy studied by Boulanger et 
al ( 1985) . The crosses are 
the composite spectrum of our 
Galaxy compiled by Cox & 
Mezger ( 1987) . The dotted 
curve is the interstellar grain 
model of Draine and Anderson 
( 1985) • The so lid curve is an 
empirical fit of the form 
Sv =av By(30K) + J311Bv(210K) . 
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(b) ' starburst '  component . The smal l crosses are the data of Telesco 
et al ( 1984) for th 3-kpc ring in NGC 1058, which they attribute to a 
starburst .  The large crosses are the average spectrum for regions of 
118Ssive star formation in our Galaxy derived by Rowan-Robinson ( 1979) . 
The solid curve is a simple model for a star-forming region of the 
type discussed by Crawford and Rowan-Robinson ( 1986) , a uniform 
spherically symmetric dust cloud illU11inated by a hot star 
(Ts=400000K) , with optical depth Tuv = 100, ratio of inner to outer 
cloud radius r1/r2 = 0 . 0015 . 

0 

-2 

3 

• 

2 0 
1g X <f> 

(c) ' Seyfert ' component .  The 
solid curve is a model 
consisting of an ex =  0 . 7  power
law continuum source 
( indicated by the broken line) 
embedded in a spherically 
symmetric dust cloud with 
density distribution 
n( r)«r-1 , r1 (r(r2, optical 
depth Tuv = 1 (Av=0 . 23) , 
temperature of the hottest 
grains T1 = lOOOK, and 
r1/r2 = 0 . 0056 . 
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regard the 'disc' component as radiation from interstellar dust in the 
galaxy illuminated by the general galaxy starlight. Rowan-Robinson 
and Chester ( 1986) have estimated that emission from the bulge 
component identified by Habing et al ( 1985) would not make a 
significant contribution to the integrated flux from most galaxies at 
12-100 µ. We have also shown an empirical fit to the 'disc' component 
spectrum of the form <XVBv (30K) + /311Bv (210K). The cool component 
gives a good representation of the 30-lOOµm emission from larger 
(0.01-0.1 µm) grains modelled by Rowan-Robinson ( 1986) ,  but the hot 
component will give only a very approximate representation of the 
emission from very small grains or large molecules. 

Fig 4b shows the spectrum of the 'starburst' component compared 
with the spectrum of the 3 kpc disc observed in NGC1068 by Telesco 
et al (1984) ,  with the average spectrum of star-forming clouds in our 
Galaxy calculated by Rowan-Robinson ( 1979) and with a simple model 
for a cloud containing a newly-formed massive star (stellar 
temperature Ts = 40000K, grain condensation temperature T 1 = 1000 K, 
uniform density, ratio of inner radius of dust cloud, r 1, to outer 
radius, r2, r1/r2 = 0.0015, composite interstellar grain properties 
adopted by Rowan-Robinson ( 1982),  ultraviolet optical depth, T uv = 
100). The latter model is one from a sequence used by Crawford and 
Rowan-Robinson ( 1986) for high surface brightness sources in the 
Galactic plane associated with star-forming regions and compact HII 
regions. 

The agreement of the 'starburst' component spectrum with the model, 
with the average spectrum for star-forming clouds in our Galaxy, and 
with the 3 kpc disc in NGC1068 which Telesco et al ( 1984) argue to be 
a burst of star formation, is excellent. 

Fig 4c compares the spectrum of the 'Seyfert' component with a 
simple model consisting of a central source with a power-law 
continuum extending from :>. = 0.1 I.I to 1 mm embedded in a dust 
cloud with density distribution n(r) oc r-1, T1 = 1000 k, r1/r2 = 
0.0055, Tuv = 1 (Av = 0.23). The agreement is satisfactory. The 
spectral index oc = 0.7 was selected because quasars detected by IRAS 
appear to have 12 - 1001.1 spectral indices centred on this value 
(Neugebauer, Soifer and Rowan-Robinson 1986).  Models with oc = 0.5, 
0.9 also give a reasonable fit. The dust is presumably located in the 
narrow-line region of the quasar-like object (see section 7).  We were 
not able to obtain a satisfactory fit with n(r) oc r-2 or n(r) = constant. 

We conclude that there is a reasonable observational and theoretical 
basis for the separation into the 3 components of Fig 3 and that this 
separation may give valuable insight into the nature and energetics 
of infrared-emitting galaxies. 

2.4 Deconvolution into Components 

Let t\v1, i = 1-4, be the effective bandwidths for the IRAS 12, 25, 60 
and 100 I.I bands (i.e. 13.48, 5.16, 2.58 and 1.00 x 1012 Hz 
respectively, IRAS Explanatory Supplement 1984) and suppose Si are 
the fluxes in Jy in each band for a particular galaxy. 
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4 
Let Stot l S i Avi ( 1 ) 

i=l 

and Yi = Si/ Stot , i = 1-4 .  (2 ) 

For the 'disc' component (j = 1 ) ,  'starburst' component (j = 2) and 
'Seyfert' component (j = 3),  let the flux in band i be Tj,i (Jy) and let 

4 

Tj , tot l 
i= l  

tj , i = T · . J , l  

T · · AV · J , l  l 

/Tj , tot • 

(3 ) 

(4) 

We then look for the least-squares solution of the over-determined set 
of equations 

3 

Yi = l aj tj , i  , i = 1-4, 
j=l 

(5 ) 

to determine the relative proportions, aj, j = 1-3, of the spectrum 
attributable to component j. If any of the aj are found to be 
negative, the most negative is set to zero and the equations 
re-solved with one fewer variable. If one of the aj is still negative, 
the remaining one is set to be 1. 

Table 1 summarizes the number of each mixture combination for each 
galaxy type. All Seyferts but one have a 'starburst' component and 
all but 3 have a 'Seyfert' component. The 3 exceptions are all Type 
2 Seyferts, 

2.5 Correlations Between Luminosities in Components 

To calculate the far infrared luminosities in each component we need 
to apply a correction for the incomplete wavelength coverage of the 
IRAS bands. Lonsdale et al ( 1985) have shown that the quantity 
l.26(S3 Av3 + S4 Av4) is an excellent approximation to the 42.5-122.5 µ 
integrated spectrum of sources with blackbody or powerlaw spectra. 
The great range of spectral behaviours over the wider range 
10-100 µ make it impossible to achieve as good a result over this 
whole wavelength range. However the quantity 

4 
1 . 26 Stot = 1 . 26 l S iAVi 

i=i 

(6) 

is a good approximation to the integrated spectrum from 10-120 µ of 
the 'Seyfert' component model adopted here and is within 15" for the 
'starburst' model, so we adopt this as a measure of the 10-120 µ far 
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infrared flux from galaxies. 

We have then calculated luminosities in each component, using 

Lj = 1.26 OCj Stot .4 11d2 (7)  

where d is the luminosity distance calculated in an Q = 1 universe for 
H = 50. We have also calculated optical luminosities based on v Sv in 
the B-band applying the de Vaucouleurs et al ( 1976) internal 
extinction correction. Corrections for interstellar extinction have 
been derived from the maps of Burstein and Heiles ( 1978),  assuming 
Ae = 4 E(B-V). Optical luminosities have not been quoted for galaxies 
with /b/ < 10° unless direct estimates of interstellar extinction are 
available. 

Fig 5 shows the correlation of Lo, the luminosity in the 'disc' 
component, with Lopt• the B-band optical luminosity, for non-Seyfert 
galaxies with Le/L0 t < 4, with different galaxy types indicated by 
different symbols. �f the 'disc' component is interpreted as emission 
from interstellar dust as a result of absorption of starlight, then the 
ratio of these two luminosities can be interpreted in terms of a 
characteristic optical depth in dust 

Lo/Lopt,tot = ( 1 - e-T) (8) 

where Lopt , tot = f 
opt-uv 

Lvdv = 3 . 3  L0pt by integration over the 

interstellar radiation field model of Mathis et al ( 1983) .  Lines of 
constant T as given by (8) are indicated in Fig 5. As might be 
expected, early-type galaxies (E and L) have lower values of Lo/Lopt• 
consistent with a low dust content. Any contribution from dust near 
newly-formed stare or from circumetellar dust shells would also be 
lower for early-type galaxies. The values of T are consistent with 
internal extinction formula of de Vaucouleurs et al ( 1986).  We see 
that there is no evidence for exceptionally high internal extinction in 
these galaxies. For galaxies with Le/Lopt > 4, one third of the 
galaxies have values of Lo/Lopt > 3.3, inconsistent with eqn. (8) for 
any T, Either part of the illumination of the cool 'disc' component is 
provided by the starburst (but without enhancing Lopt> or the 
internal extinction is considerably higher than that given by the de 
Vaucouleure et al formula (cf Moorwood et. al. 1986, de Jong and 
Brink 1987) ,  

Fig 6 shows the correlation of Le, the luminosity in the 'etarburst' 
component with Lopt• Here there is a great deal of scatter, 
consistent with the idea of a transient, high luminosity event. There 
is clear evidence that barred spiral galaxies have significantly more 
luminous etarburst components than non-barred spirals and this is 
the explanation of the correlation of far infrared colour with the 
presence of a bar, found by Hawarden et al ( 1985) .  

A broad correlation is found between Ls, the luminosity in the 
'Seyfert' component, and Le suggesting that there may be a common 
cause (for example, the sudden feeding of a galactic nucleus with 



INFRARED PROPERTIES OF IRAS GALAXIES 

gas) for the starburst and power-law continuum source. Fig 7, Ls 
versus Lx, the X-ray luminosity, shows a good correlation, consistent 
with the idea that the 'Seyfert' component is dust illuminated by the 
central quasar-like source. Seyferts appear to have rather low 
values of Lo/LoPT• even when they are spirals. 

Of the 14 galaxies in our sample which have Lrn > 3.101 1L0 the far 
infrared spectra of 1 1  are dominated by starburst components 
(including the galaxy NG06240 studied by Joseph et al 1984, Becklin 
et al 1985). The exceptions are the quasar 30273, the Seyfert 1 
galaxy I Zw 1, and the Seyfert 2 galaxy Mk 463. 

2.6 Model Fits to Infrared Spectrum of Selected Galaxies 

For several galaxies in our sample the spectra are known at 
wavelengths outside the 12-100 Jl range studied by IRAS, in some 
cases covering the range from ultraviolet wavelength to 1 mm. These 
spectra provide a strong test of our models. The main conclusion of 
this comparison is that while our models give an excellent fit to the 
infrared spectra of more than 60% of the galaxies with good spectral 
data, the remainder require modification to give a good fit in the 
range 1-10 JJ, These cases are almost all Seyfert galaxies and the 
modification required is that the optical depth across the dust cloud 
in the narrow-line region should be > 1.  

There are 2 other galaxies which require an additional ingredient to 
bring their predicted spectra into line with observations. Arp 220 
(not actually in our sample) and NGC 4418 both have anomalously high 
{S (25)/S ( l2 ) }  ratios, most easily understood as due to heavy 
extinction by interstellar dust in the parent galaxy. 

We now discuss these 3 classes of galaxy in turn: 

2.6.l, Galaxies for which the models of section 4 are a good fit. Fig 
Sa,b shows the visible to far infrared spectra of several galaxies for 
which the basic model of section 4 gives a good fit. These include 
the galaxy NGO 6240, for which we attribute most of the far infrared 
emission to a starburst component (oc2 = 0.95),  The contribution of 
starlight can be seen at wavelengths shorter than 3 Jl (except for 
NGO 7469, for which it has been subtracted), Fig Sc shows the data 
for 30273 compared with our 3-component model and for a model with 
an additional pure power-law component. Although the latter 
improves the fit to the IRAS data, the fit to the overall spectrum is 
not improved. Although we can not resolve the issue of whether 
dust is present in the emission line region of 30273, the IRAS data do 
point to the existence of a starburst in this galaxy. 

2.6.2, Galaxies for which a higher optical depth Seyfert component is 
required. The best observed galaxy in this category is NGO 1068. 
Fig 8d shows the spectrum of the core ( (100 pc) of this galaxy 
compared with our standard 'Seyfert' component and with a high 
optical depth model (/3=1, T1=500K, Tuv=75, r1/r2=0.00215),  The latter 
model, which involves a dust mass of 3xl05 Me distributed between 4 
and 180 pc from the central power-law source, is a much better fit to 
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the observations. 

On rerunning our deconvolution programme with this higher optical 
depth Seyferts model, there are several other galaxies for which this 
gives a much better fit to the overall spectra: NGC 1275, 1386, 3783, 
5253 and 6764 and Mrk 3 and 231, illustrated in Fig 8c and e. 

These high optical depths can not, however, apply to the 
line-of-sight to the central source, since uv excesses are seen in 
several cases. The dust must be clumped into clouds which do not 
cover the central compact source. 

2.6.3. ArD 220. Fig 9 shows two possible models for the unusual 
galaxy Arp 220. This galaxy does not actually qualify for the sample 
studied in the present paper, since the 12 µ flux is not of sufficient 
quality, but the interest generated by it (Soifer et al 1984) warrants 
trying to understand its far infrared spectrum within the framework 
of the present paper. 

The IRAS colours of this galaxy are unique (for example, 
Log{S(25)/S ( 12) }:1,25) and it cannot be understood as a mixture of 
the 3 components used in section 4. It can however be modelled 
either as a starburst behind very strong (Av = 78 mag. ) interstellar 
extinction (arising perhaps because the galaxy is seen virtually 
edge-on) or as a quasar embedded in a high optical depth 
(T uv = 186, Av = 40) dust cloud. The predicted outer angular radii 
of the dust clouds are 1;·7 for the starburst model with extinction 
and 0:·37 for the embedded quasar model, and since the 20 µ emission 
tends to come from the inner edge of the dust cloud these are both 
consistent with the < 1 "  size at 20 µ reported by Becklin et al 1986. 

2.6.4. NGC 4418, This galaxy has an unusually high S (25)/S (12) ratio 
and a very deep 10 µ absorption feature (Roche et al 1986), both of 
which suggest exceptionally high extinction. It is located at 1=290, 
b=61, where the interstellar extinction is low. Our model for this ( Fig 
8f) consists of a pure starburst model with an additional Av=37 
magnitudes of extinction, most of this presumably due to internal 
extinction in NGC 4418, which would again have to be almost edge-on. 

2. 7 Discussion 

The model fits to the far infrared spectra of the assumed components, 
illustrated in Figure 3 can be used to estimate the dimensions and 
masses of the dust clouds responsible for the infrared emission. For 
the 'starburst' and 'Seyfert' component models, which involve a 
specific optical depth in dust, the angular and linear radius of the 
dust cloud can be derived from the integrated flux, Stot (eqn ( 1) )  
and the luminosity Lj (eqn (7))  respectively. 

For the 'starburst' model we find, for a spherically symmetric cloud 
illuminated by a central cluster of stars, 

lg e2(")  = -7.83 + 0.5 lg ( 1.26 cx2 Stot) 
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and (9) 

lg r2(cm) = 14.59 + 0.5 lg (LB/Le) 

The inner edge of the dust cloud is defined by 

The corresponding dust mass is 

( 10)  

For the galaxies in the present sample, r2 lies in the range 3 pc to 
250 pc, so the starburst activity is confined to a small region of the 
galaxy, presumably in most cases the nucleus. However our 
assumption of spherical symmetry clearly underestimates the extent if 
the stars are distributed through the cloud or if the starburst is 
actually located in a ring. For example for the NGC 1068 'starburst' 
component we find 62 = 3" and r2 = 30 pc, considerably smaller than 
the observed 3 kpc diameter ring. The very high light-to-mass 
ratios implied by eqn ( 10) means that the starburst involves only 
high-mass stars and that the efficiency of star-formation must be 
very high. 

For the 'Seyfert' model we find 

lg 62( " )  = -7.32 + 0.5 lg (1.26 oea Stot> 

and (11)  

lg r2(cm) = 15.11 + 0.5 lg(Ls/Le) 

with a corresponding dust mass 

lg (Mn/Me) = -7.81 + lg(LslLe>· ( 12) 

The inner edge of the dust cloud is defined by 

For the galaxies in the present sample r2 lies in the range 30 pc to 
400 pc, consistent with the dust being located in the narrow line 
region of the Seyfert nucleus. The gas in Seyfert narrow-line 
regions is known to be highly clumpy, with a very low filling factor 
and, as we saw in section 2.6.2, the same must be true for the dust. 

For the 'disc' model we assumed Tv ex v, but the model does not 
involve any specific value of Tuv so we can only calculate T100112 62, 
where Tv = T100(100µinfA) is the optical depth in 30K grains. 
We find 

or (13) 
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lg{T 100H e2( " ) }  = -6.90 + 0.5 lg {1,26 o:1 Stotl• 

The optical depth at 12 /.J in 210 K grains, T1 2, is related to that in 
30 K grains by T1 2 = 0.98 x 10-4 T100• For a source to be a point 
source at 60 and 100 J.J, the full width to half-power cannot be 
greater than 1'. Galaxies with o:n > 0.5 yield T100H e2(" )  in the range 
0:"6 to 1:·2 and this implies T100 ) 0.0004. Using the interstellar 
grain model of Rowan-Robinson (1986),  we can translate this lower 
limit on T100 to one on Av and find Av > 0.8. This is broadly 
consistent with the optical depth estimates derived from Fig 5. As 
many of the galaxies in the present sample have Holmberg diameters 
considerably greater than 1', we must presume that the bulk of the 
far infrared emission comes from the inner part of the galaxy. This 
is still consistent with being reemission of starlight obscured by 
interstellar dust, since the halfpower width of the optical light is 
much smaller than the Holmberg diameter. 

3. OTHER STUDIES 

(i) de Jong and Brink (1987) 
de Jong and Brink decompose the far infrared energy distribution 
into two QvBy(T) components with Qv oc v and the dust temperatures 
T = 15, 60 K. 

The warm component is heated by recently formed stars (Ts=30000 K) 
inside molecular clouds. 50% of the luminosity of these stars is 
assumed to be absorbed inside the clouds and 50% is assumed to 
escape and contribute to the cool component, 

The cool component is heated partly by older disk stars (T s=7000 K) 
in the general interstellar medium and partly by light from recently 
formed stars which escapes from the molecular clouds where the stars 
have formed. 

They solve for A� , the face-on extinction, 11 , the luminosity of the 
disk stars, and L2, the luminosity of recently born stars, such that 
the IRAS 60 and 100 /.J fluxes and the observed blue magnitude are 
reproduced. The calculation takes account of the inclination of the 
galaxy and the >.-1 dependence of extinction (so there are different 
optical depths for 30000 and 7000 K radiation) .  The analysis has 
been applied to two samples: a representative sample of 120 galaxies 
from the Revised Shapley Ames Catalog, and a subset of 20 
minisurvey galaxies studied in detail by Moorwood et al (1986), 

de Jong and Brink conclude that: 
(i) A large fraction of the disk infrared luminosity is emitted at 
wavelengths > 100 J.Jm, 
( i i )  For· the RSA galaxies the values of A� and their dependence on 
galaxy type agree well (within a factor of two) with those derived 
from optical data by Sandage and Tammann ( 1981 )  and by de 
Vaucouleurs et al ( 1976). 
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(iii) The minisurvey galaxies show eehanced star formation (hi�er 
values of L2/L1 ) ,  higher values of AB (50% of the sample have AB> l ,  
compared with 9% for the RSA sample), and a tendency to be more 
highly inclined (40% of the sample have a/b > 2.5 compared with 15% 
for the RSA sample). The minisurvey sample can be subdivided into 
40% which are highly inclined normal galaxies and 60% which have N3 
times larger star formation rates. Galaxies in the latter group are 
about twice as dusty as normal galaxies. 
(iv) The model gives a natural explanation of the distribution of 
galaxies in the Lrn/LsT versus S(100)/S(60) diagram. 

(ii) Helou (1987) 
The sample studied by Helou consists of all galaxies in 'Catalogued 
Galaxies and Quasars Observed in the IRAS Survey' (Lonsdale et al 
1985) having high quality fluxes in all four IRAS bands and not 
flagged as extended. Most galaxies with S(60)/S(25) < 5.5 are 
Seyferts (de Grijp et al 1985) and are not considered further by 
Helou. In a plot of S(60)/S( 100) versus S(l2)/S(25), 'normal' galaxies 
(those with S(60)/S(25) > 5.5) spread out along a band such that the 
warmer they are in S( 12)/S (25), the cooler they are in S(60)/S( 100). 

The band corresponds to progressively greater star formation activity 
as it proceeds from the lower right hand corner to the upper left 
hand corner of the diagram. Galactic cirrus (Low et al 1984, Gautier 
1986, Leene 1986) is found at the lower end of the band, together 
with very quiescent spirals such as M31 and M81. In contrast the 
upper end of the band is occupied by starburst galaxies like NGC 
6240 (Wright, Joseph &. Meikle 1984) and blue compact galaxies or 
'extragalactic HII regions' such as Mrk 158, and compact Zwicky 
galaxies (Kunth and Sevre 1986, Wynn-Williams and Becklin 1986).  
This interpretation is supported by a model in which a realistic 
mixture of grains including polycylic aromatic hydrocarbons (PAH) is 
subjected to increasingly intense radiation fields (Desert 1986). 

Two other samples of IRAS galaxies confirm the reality of the band in 
the colour-colour diagram: a sample of Virgo cluster spirals complete 
to B = 12.8 (Helou 1986b) ,  and a sample of near-by galaxies, roughly 
complete to an apparent diameter of 10' (Rice et al 1986). However 
the restriction to unresolved galaxies in the Helou and 
Rowan-Robinson and Crawford studies does lead to underpopulation of 
the low surface brightness, cooler (in S(60)/S(lOO) )  end of the band. 

Helou argues that the spread across the band implieR that a simple 
mixing of two fixed components, C ('cirrus') and A (active component 
related to HII regions) is inadequate. He argues that two physical 
parameters are required to characterize the distribution: the intensity 
in its active regions, A, and the ratio A/C, where C is the (fixed) 
cirrus component. As the ambient radiation field goes from solar 
neighbourhood intensity to several hundred times this value, A traces 
out the upper envelope to the observed band so the model is capable 
of explaining all galaxy colours. 

The C component is due in large part to older disk stars and cannot 
be identified with recent star formation. The close relation between 
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non-thermal radio and far infrared emission becomes even more 
intriguing, as it seems to apply independent of IRAS colour (Helou, 
Soifer and Rowan-Robinson 1985). 

5. DISCUSSION 

The 3 models reviewed here for the observed normal galaxy -
starburst sequence are strikingly different in their predictions of the 
optical properties of IRAS galaxies. In the Rowan-Robinson and 
Crawford model, the starburst component is immersed in over 50 
magnitudes of visual extinction, so there would be virtually no 
additional radiation observed in the visible. de Jong and Brink allow 
50" of the radiation from the starburst to escape, so that IRAS 
galaxies with strong starbursts should differ in colour and intensity 
profile from normal galaxies. Helou's calculation (curve D in Fig 9b) 
is essentially an optically thin one, so would imply drastic changes to 
the visible appearance of a strong IRAS starburst galaxy. However 
Helou (1986a) argues that the dust optical depth must in fact increase 
for strong starburst galaxies because of the high value of L1R/Lopt• 
Further study is needed to establish whether the presence of a 
strong, warm component at 60 and 100 µ is accompanied by changes 
in the visible appearance of the galaxy. My impression of the work 
published to date is that there is in general no drastic change. A 
preliminary look at the distribution of LD/Lopt versus LB/Lopt in the 
model of Rowan-Robinson and Crawford shows no evidence of the 
strong correlation that would be expected in the de Jong and Brink 
model, 

The question raised by de Jong and Brink as to whether galaxies 
with high values of infrared-to-optical luminosity ratio also have 
abnormally high internal extinction deserves further study, as also 
does the question of whether edge-on-galaxies are over-represented 
(de Jong and Brink) or under-represented (Burstein 1986) in the 
IRAS survey. My own recommendation is that these studies should 
not be carried out on the minisurvey sample, much of which lies near 
the Ophiucus and Taurus mole'cular clouds, where the magnitude of 
interstellar extinction in our •own Galaxy cannot be reliably 
estimated. Finally it is clear that the current star formation rate in 
a galaxy can not be calculated simply by multiplying the far infrared 
luminosity by an appropriate constant. 

Finally it is clear that the current star formation rate in a galaxy 
can not be calculated simple by multiplying the far infrared 
luminosity by an appropriate consant. 

REFERENCES 

Balzano V.A., 1983, Astrophys.J. 268, 602 
Becklin E.E,, De Poy D.L. and Wynn-Williams C.G., 1985, Proceedings of 

the Infrared Detector Workshop, Laramie, Wyoming 
Boulanger F. Baud B. and van Albada G.D., 1985, Astron.Astrophys 144, 

L9 



INFRARED PROPERTIES OF IRAS GALAXIES 

Burstein D., 1986, preprint 
Burstein D. and Heiles c., 1978, Astrophys.J. 225, 40 
Cheney J. and Rowan-Robinson M., 1981, Mon.Not.R.astr.Soc. 195, 831 
Crawford J. and Rowan-Robinson M., 1986, Mon.Not.R.astr.Soc., in press 
Cox P. and Mezger P., 1987, Star formation in Galaxies, ed C.J. 

Lonsdale (NASA Printing Office) p.23. 
Desert F.X., 1986, in 'Light on Dark Matter', First IRAS Symposium, ed. 

F. Israel (Reidel) p. 213 
Draine B.T. and Anderson N., 1985, Astrophys.J. 292, 494 
Gautier T.N. III, 1986, in 'Light on Dark Matter', First IRAS Symposium, 

Noordwijk, ed. F. Israel (Reidel), p. 49 
Gautier T.N. and Beichman C.A., 1985, BAAS 16, 968 
de Grijp M.H.K., Miley G.K., Lub J. and de Jong T., 1985, 

Nature 314, 240 
Habing H.J., Olnon F.M., Chester T., Gillett F., Rowan-Robinson M. 

and Neugebauer G., 1985, Astron.Astrophys. 152, Ll 
Hawarden T., 1985, in 'Light on Dark Matter' ed. F.P. Israel (Reidel) 
Helou G., 1986a, Astrophys,J. (in press) 
Helou G., 1986b, in 'Star Forming Dwarf Galaxies and Related Objects', 

ed. Kunth D., Thuan T.X., and Tram Thank Van, J. 
(Gif-sur-Yvette; Editions Frontiers) 

Helou G., Soifer B.T., and Rowan-Robinson M., 1985, Astrophys.J. 298, 
L7 

IRAS Explanatory Supplement, 1984, C.A.Beichman G.Neugebauer, 
H.J.Habing, P.E.Clegg and T.J.Chester (eds), JPLD-1855 

de Jong, T., et al, 1984, Astrophys.J., 278, L67 
Joseph R.D., Wright G.S. and Wade R., 1984, Nature 311, 132 
Lawrence A., Walker D., Rowan-Robinson M., Leech K.J., and Penston 

M.V., 1986, Mon.Not.R.astr.Soc. 219, 687 
Leene A., 1986, Astron.Astrophys, 154, 295 
Leger A. and Puget J.L., 1984, Astron.Astrophys. 137, L5 
Lonsdale C.J., Helou G., Good J.C., and Rice W., 'Catalogued Galaxies 

and Quasars Observed in the IRAS Survey', 1985, Preprint -1932, 
Jet Propulsion Laboratory 

Low F.J. et al, 1984, Astrophys,J. 278, L19 
Miley G.K., Neugebauer G., Clegg P.E., Harris s., Rowan-Robinson M., 

Soifer B.T. and Young E., 1984, Astrophys.J. 278, L79 
Moorwood A.F.M., Veron-Cetty M.-P. and Glass I.S., 1986, preprint 
Neugebauer G., Becklin E.E., Oke J.B. and Searle L., 1976, Astrophys.J., 

205, 29 
Neugebauer G., Soifer B.T. and Rowan-Robinson M., 1986, in 'Structure 

and Evolution of Active Galaxy Nuclei', ed. G. Giuricin et al 
(Reidel), p.11 

NeugeJ:>auer G., Oke J.B., Becklin E.E. and Matthews K., 1979, 
Astrophys.J, 230, 79 

Rice W.L., et al 1986, preprint 
Rieke G.H., and Lebofsky M.J., 1986, Astrophys.J, 304, 326 
Richstone D.O. and Schmidt M., 1980, Astrophys,J. 235, 361 
Roche P.F., Aitken D.K., Smith C.H., and James S.D., 1986, preprint 
Rowan-Robinson M., 1979, Astrophys,J. 234, 111  
Rowan-Robinson M., 1982, Mon.Not.R.astr.Soc. 201, 289 
Rowan-Robinson M., 1986, Mon.Not.R.astr.Soc. 219, 737 
Rowan-Robinson M., Helou G. and Walker D., 1986, Mon.Not.R.astr.Soc. 

(in press) 

253 



254 M. ROWAN-ROBINSON 

Rowan-Robinson M. and Chester T., 1986, Astrophys,J, in press 
Sandage A. and Tammann G.A., 1981, 'Revised Shapley Ames Catalog of 

Bright Galaxies' (Carnegie Inst. Washington) 
Sellgren K., 1984, Astrophys.J. 277, 623 
Soifer B.T, et al, 1984, Astrophys.J, 283, Ll  
Soifer B.T. et al, 1986, Astrophys.J. 303, L41 
Soifer B.T. et al, 1985, Astrophys,J, 278, L71 
Telesco C.M., Becklin E.E., Wynn-Williams G.G., 1984, 

Astrophys,J, 282, 427 
de Vaucouleurs G., de Vaucouleurs A. and Corwin H.Jr, 1976, 

'2nd Reference Catalogue of Bright Galaxies' (Univ. of Texas, 
Austin) 
Ward M., Elvis M., Fabbiano G., Carleton N., Willner S.P., Lawrence A., 

1986, preprint 
Wright G.S., Joseph R.D., and Meikle W.P.S., 1984, Nature 309, 430 
Wynn-Williams C.G., and Becklin E.E., 1986, Astrophys.J. (in press) 



INFRARED PROPERTIES OF IRAS GALAXIES 255 

3 

Table 1: numbers of galaxies with different combinations of 'disc' (D), 

'starburst' (Bl and 'Seyfert' (S) components 

D 5 

B 6 

s 1 

DB 138 

DBS 55 

DS 7 

BS 15 

2 

(NGC 2076, 4750 , 5078, 5530 ; 23260-4136) 

(NGC 1614, 4418; UGC 8335 ; 10039-3338, 20551-4250 , 

23128-5919) 

( IC 4329A) 

(NGC 4047 , 5656, 7624, 781 7 ;  01091-3820 , 0206�2339, 

20243-0226) 

(NGC 1275 , 1377 , 4253, 5253 , 6552 ; UGC 3426, 4203 , 8058, 8850 

941 2 ;  003449-334 , 08171-2501 ,  08341-2614 , 13197-1627 , 

20481-5715) 

-9 

-1 1 

0 

Fig 9 Models for Arp 220 
(broken curve : ' starburst ' 
model with ' an  additional 
Av = 78 mag. of extinction by 
interstellar dust.  Solid curve: 
power-law (or-0 . 7 )  continuum 
source embedded in uniform 
spherically symmetric dust 
cloud with Tuv = 186 (Av=40 ) .  
The upper and lower solid 
curves at larger wavelengths 
correspond to whether the 
power-law source continues 
beyond 100 µ or not . )  and NGC 
4418 (dotted curve : ' starburst '  
model with an additional 
Av = 39 mag. of ext inction by 
interstellar dust ) .  
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Several observational hints suggest that most of the IRAS galaxies are undergoing 

bursts of star formation. A simple photometric model of starburst galaxy was developed in order to 

check whether starburst events are really able to account for the far-infrared and optical properties 

of all the IRAS galaxies with HII region-like spectra. FIR activities up to a few hundred are actually 

easily reached with rather small bursts in red host-galaxies, and Lrn/LB , EW(Ha) and (U-B) versus 

(B -V) diagrams can be used to estimate burst strength and extinction. But more observations are 

required to conclude about the most extreme cases. Four typical infrared-selected IRAS galaxies are 

presented and their burst strength and extinction estimated. 
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1. Introduction 
The existence of galaxies exhibiting infrared-to-blue luminosity ratio (Lrn /LB ) up to 100 or even 

more, while "normal" galaxies show ratios of the order of unity, has been one of the most striking IRAS 

discoveries. Regarding their spectral energy distribution (from near-infrared to radio wavelengths) ,  

UV,  optical and infrared spectra, near-infrared colors and the tight correlation found between far

infrared emission and nonthermal radio emission, most of these galaxies have been proposed to be 

starburst galaxies [l] . 

So, it was interesting to check whether a simple photometric model of starburst galaxy is really 

able to account for the far-infrared (FIR) and optical properties of all the IRAS galaxies with HII 

region-like spectra, or whether an other mechanism is responsible for generating at least a part of the 

FIR emission in some cases. 

Such a model was developed at the Institut d'Astrophysique de Paris, in collaboration with 

R. Mochkovitch [2] . The F IR luminosity is computed as the starlight absorbed by dust throughout 

the galaxy from 912 to 9000 A and the energy of Lyman continuum and Lyman alpha photons 

absorbed by dust within HII regions. The amount of dust is described by the extinction E1 (B- V) 

for stars less massive than 20 M0 and E2(B-V) for stars more massive. This selective extinction is 

required to account for the Ha equivalent width in normal galaxies. The fraction of Lyman continuum 

photons directly absorbed by dust in HII regions is described by the factor ( 1 -f ) .  Typically, in normal 

galaxies E1 (B-V)=0.05 and E2(B-V)=0.40, ( 1 -f)=0.3 . 

Several FIR and optical quantities are computed : Lrn/LB ratio (sometimes referred as FIR 

activity), reddened UBV colors and Ha equivalent width, infrared excess, etc . . .  

2.  Normal galaxies 
Before discussing the starburst and IRAS galaxies, the model has been applied to a sample of 44 

normal galaxies. Figure 1 shows their distribution in the diagram Lrn/LB versus (B-V) .  The FIR 

luminosities are deduced from the IRAS Point Source Catalog [3 ]  and Small Scale Structure Catalog 

[4] fluxes, according to the relation given by Boulanger et al . [5] , and the blue luminosities and (B- V) 

colors are from the RC2 [6] . The two theoretical lines correspond to the model predictions with the 

IMF proposed by Kennicutt [7] and two choices for the extinction : an extinction which is rather 

large for normal galaxies and a small one. 

A Sab tr Sb 0 Sbc D Sc 
O Sm/Spec 

D 

D 0 

D D D 0 

D D D D "' D D D 0 tr � 0 D D 
D 

0 .4 0.6 

(B-V) 
0.8 

Figure 1 : 1111 /Ln versus (B-V) diagram for nor
mal galaxies. 
upper line : Ei ( B - V) =0 . 1 0  and E2 (B-V)=0.80.  
lower line : Ei ( B - V ) =0.025 and E2 ( B - V)=0.20.  
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The agreement between the predictions and the observed FIR activities is quite good since most 

of the galaxies lie within the area delimited by the curves. The galaxies above and below can be 

easily accounted for by slightly larger or smaller extinctions, except for NGC 4666 and NGC 6574, 

which FIR activities (� 4.7 and 3.3, respectively) likely require a slightly enhanced star formation. 

3. Starburst galaxies 
In the starburst model, burst have been assumed in progress for 2 107 years. The strength b is 

the ratio of the mass of stars formed in the burst to the mass of stars ever formed in the underlying 

galaxy, as proposed by Larson and Tinsley [8] . The extinction Eb (B-V) is the same for all the stars 

in the burst and the burst IMF is that of the host-galaxy. 

The Figure 2 shows the F IR activity of star burst galaxies as a function of b and Eb(B- V) .  Heavy 

lines correspond to burst strengths of 0.005, 0 .01 and 0 .05 with a 3-magnitude extinction. The blue 

luminosities and (B-V) colors are then those of the underlying galaxies, while the F IR emission is 

dominated by the burst. On the contrary, when Eb (B-V) decreases, the contribution of the burst to 

the optical range becomes important . The (B-V) color becomes bluer and the FIR activity lowers 

(thin lines) . 
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Figure 2 : Lr n /LD versus (B-V) diagram for star
burst galaxies. 
heavy lines : b=0.005, 0.01,  0.05 and E1, (B-V)=3. 
thin lines : h=0.05 and E1, (B-V) decreasing from 
3 t.o 0.3 magnitude. 

At a given burst strength, the FIR activity is naturally larger for red host-galaxies but even weak 

bursts in blue host-galaxies produce Lrn/Ls ratios greater than 3. Furthermore, FIR activities up 

to 100 are easily reached with very reddened bursts of a few percent in red host-galaxies, and even 

larger values will be reached if the underlying galaxy is also very dusty [9] . 

Such a diagram can be used to estimate the strength of a possible burst in IRAS galaxies with 

known (B- V) colors, but it is also possible to estimate the burst extinction if an other color is 

available. Figure 3, for instance, shows the effects of different bursts on the Ha equivalent width as a 

function of the extinction. Heavy lines correspond to "normal" sequences, thin lines show the effect 

of decreasing extinction and dashed lines are sequences of identical extinction. 
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Figure 3 : log EW(Ha) versus (B-V) for starburst galaxies : (a) b=0.005, (b) b=0.01,  (c) b=0.05 

As an example, if the cross on Figure 3b corresponds to a galaxy with a FIR activity suggesting 

a burst strength of �1 % (Fig.2), the extinction Eb(B-V) can be estimated about 1 magnitude. 

Of course, UBV color diagrams may be used in the same way, and burst strength and extinction 

have been estimated for a sample of 51 starburst, interacting and blue compact galaxies by Belfort, 

Mochkovitch and Dennefeld [2, 10]. 

4. IRAS galaxies 
In order to study the IRAS galaxies as a class, about 30 infrared-selected IRAS galaxies have 

been observed through BVI and Ha filters by M. Dennefeld (IAP) and P. Bouchet (ESO) with the 

CCD camera of the ESO 2.2-meter telescop. Four of them, typical of the complete sample, are shown 

in Figure 4. 

On the first image (a) , the IRAS galaxy lies between the ticks, while an other large spiral with 

the same velocity is visible on the right. IRAS 091 1 1- 1007 presents the largest FIR activity of 

the sample galaxies (LIR/LB � 2 10), suggesting a rather large, strongly reddened burst. IRAS 

09234-1146 (b) corresponds to a pair of highly interacting galaxies, but with a small FIR activity 

of only �2, suggesting that interactions do not systematically imply bursts of star formation. IRAS 

12422-2009 (c) does not show any companion or interaction. However, its Ha equivalent width 

indicates a small burst with a rather small extinction, which explains its moderate FIR activity (�3) . 

And the last image (d) shows a nearly edge-on IRAS galaxy (IRAS 12481 -2005, between the ticks) 

with at least one faint companion and a large spiral in the foreground. Its FIR activity is about 47, 
which corresponds to a burst of a few percent. 

� 
• 

· ·" 

(a) IRAS 091 1 1-1007 

0 

0 

0 

(b) IRAS 09234-1146 
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(c) IRAS 12422-2009 (d) IRAS 12481-2005 

Figure 4 : B-images of four typical IRAS galaxies with HII region-like spectra. North is at top and east is on 
the right. The length of the ticks represents 10" . (observations made by M. Dennefeld and P. Bouchet at ESO) 

The FIR and optical properties of these four IRAS galaxies are summarized in the following 

table, together with the corresponding estimates of their burst strength and extinction. 

IRAS Lrn/LB (B-V) EW(Ha) b Eb(B-V) 

091 1 1 -1007 210 1 .07 33 A � 0.05 ;.._, 1 . 5  

09234-1 146 1 .9 0.40 25 A 0 

12422-2009 3.4 0.76 23 A < 0.003 � 0.5-1 

12481 -2005 47 0.93 56 A � 0.02 � 1 

5. Conclusion 
A simple photometric model of starburst galaxy is actually able to account for the far-infrared 

and optical prpperties of IRAS galaxies with Lrn/LB ratios up to a few hundred. It is difficult to 

conclude about the most extreme IRAS galaxies [ 1 1 ,  12] because their (B-V) colors are unknown, 

but starbursts forming only massive stars and occuring in very dusty host-galaxies could produce 

such FIR activities [2 ,  9] . 
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Some exampl es of an optical study of faint IRAS -selected galaxies are presen
ted . Deep , direct CCD images h ave been obtained for 1 0 0 f i e lds . In many cases 
one or several galaxies with extremely peculiar structure are found at the 
I RAS positions . Long- slit CCD spectra show emi s sion lines typical for HI! and 
starburst galaxies . Obvious interactions are very common among these obj ects . 
Redshifts between 0 . 0 1  and 0. 2 4  h ave been measured in 40 f i e lds . Broad band 
CCD B and R photometry results in absolute B magnitude MB of quite normal 
galaxies between - 1 9  mag and -2 1 mag . All objects are very powe r ful in the far 
infrared ,  luminosities between 40 µm and 1 2 0  µm ranging from 1 0 1 0  up to 
1 .  s· 1 0 1 2  Lc;i . Thus the ratio Lp rRILB extends from 1 to extreme values of 
about 1 0 0 .  Ver y  red regions in the B-R colour maps are supposed to indicate 
the sites o f  the f ar infrared radiation sources . 



264 U. KLAAS 

1 .  I ntroduction 

The IRAS al l-sky survey has revealed a class of extragalactic obj ect s 

which are bri ght in the infrared - mai n l y  at 60 and 1 0 0 )l1ll - but opt i c a l l y  

faint , e . g .  the mini survey galaxy sample described by So i fer 1 ) . We have 

started to search for simil ar , previous l y  unident i f i e d  ob j ect s in other s elec-

ted sky regions and to study thei r  physical properties i n  detai l .  In order to 

obtain a large sample and simultaneousl y  detect faint structures i n  the 

galaxies , the recently insta lled 3. 5 m telescope of the Max-Planck -Institut 

flir Astronomie on Calar Alto , Spain was used for all observat ions . 

2 .  S e lection of sources 

The search for infrared-bri ght galaxies i n  the IRAS Point Source Cata

log2 ) was restricted to two areas : a ten degree-wide strip around the north

ern pol e  ( RA :  0 h - 2 4  h ,  DEC : +s o 0  - + 9 0 ° ) ; and a f i e l d  south o f  the galactic 

plane within the boundaries RA: 0 h - 2 h 30 m and DEC : +30° - +40° . All 

obj ects in these fields have l b l  > 20° and could be easi l y  observed from Calar 

Alto during the ava i l able telescope t ime . A second mot ive for choosing the se 

r egions was that the source identifications were possible in two areas not 

covered by other large survey programs 3 , 4 l . 

The IRAS point sources had to ful f i l l  the fol lowing sel e ct i on cr iter i a : 

no po sition al match with other catalogues ; and h i gh f l ux quality in the 6 0 

and/or 1 0 0  )l1ll band . If the 25 )l1ll f l ux had a h i gh quality leve l , the 60 )l1ll f l ux 

had to be larger by a factor of at least two . Th i s  dem and for an increasing 

flux towards longer i nfrared wave lengths and the high galact i c  latitude o f  the 

sources gives a high probab i l ity to discriminate galaxies from stars and other 

galact i c  ob j ects 1 ) .  If on l y  the 1 0 0  )l1ll f l ux was of good qual i ty , the sum of 

the two cirrus f l ags CIRR 1 + CIRR2 had to be less than or equal to 1 0  ( see 

I RAS explanatory supplement s )  for a det ailed description ) .  A total number o f  

3 2 0  IRAS galaxy candidates w a s  s e l ected . We t r i e d  to ident i fy a l l  sources on 

the Palomar Sky Survey Prints by plotting overlays with source po sitions and 

error boxe s , but about 20% could not be definit e l y  ident i fied on POSS , mai n l y  

those which were on l y  detected at 1 0 0  )lll\ · I t  i s  probable that a large part o f  

these unidentified 1 0 0 )l1ll sources a r e  infrared cirrus , because t h e  se l e ct i on 

criteri a  were not very severe . 

3 .  D i rect imaging 

Deep , direct imaging was performed usi ng the prime focus CCD camera 
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Fig .  1 :  Morphology of IRAS galaxies . Peculiar fine structures are still found 
for the most distant galaxy in this s miple , which is IRAS 04203+8 1 2 0 ( bottom 
right ) at a redshift of z = O .  24 . For each image the orientation on sky is 
north to the left and east to the bottom. The grey scale display i s  
logarithmic . 



266 U. KLAAS 

equipped with an RCA ch ip . Typical exposure times were between 1 50 0  and 2 0 0 0  

sec . The obj e ctive of the imaging was 

1 .  to find peculiar fine structures in the morphology of the candidate 

galaxies , and 

2 .  to search for possible galaxy candidates in those fields where either 

only objects at the plate l imit or no objects were found on POSS .  

Thus far , 7 7  f i elds have been observed i n  broad band B and R fi lters ( 2 5  

additionally i n  an I f i lte r )  and 2 3  onl y i n  the R f i lter . The results obtained 

from this sample are that galaxy candidates can be found for all IRAS sources 

with h i gh flux qual ity at 6 0  JJill or 6 0  and 1 0 0 µm . In about 50 f i e lds one or 

several ob j ects with peculiar morphology - tidal tai l s  and arm s ,  faint light 

bridges , double nuclei , bright knots outside the center or disturbances in the 

isophotal structure stretching out from the core - are observed ( Fi g .  1 ) .  

4 .  Spectros copy 

Long- slit , low resolution ( 1 0  - 1 5  K l  spectroscopy was performed in the 

wavelength range 4 7 0 0  - 7 3 0 0  ( 82 0 0 ) K with the Boller and Chivens spectrograph 

attached to the Cassegrain focus of the 3 . 5 m telescope . A 1 0 24 x 656 pixel 

RCA -CCD detector was used . The expectation was to find emi s sion line obj ects 

within the IRAS position uncertainty el lipse 

1 .  to confirm the galaxy candidate as well as associated or interacting 

companions , 

2 .  to determine the excitation mechanisms and classify the galaxy among 

the different types o f  active galaxie s ,  

3 .  to derive distances , si zes and absolute luminosit ies , and 

4 .  to get the spatial dependence of emission lines and line ratios . 

74 spectra have been taken in 50 fields together with corresponding flux 

standards . In nearly all observed fields galaxies with strong emission lines 

are detected ( Fig. 2 ) .  The high percent age of interacting galaxies in this 

sample found by direct imaging is confirmed . The spectra are typical of 

HII -region and starburst galaxies . The redshifts of the obj ects range between 

0 . 0 1  and 0 . 24 ,  yielding far infrared luminosities mainly in the range 1 0 1 0  to 

1 0 1 1  r..., . Ho wever , there are a few obj e cts of the Arp 220 class which reach I R  

luminosities o f  more than 1 0 1 2  L® . Some obj ects show several discrete emission 

regions which coincide with the nucleus and the bright opti cal knots found in 

the direct images ( Fi g .  2 ) .  Line intensities of these obj ects often differ in 

the individual emission regions . 
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Fig . 2: Spectroscopy of IRAS 0 2 2 58+3 4 5 1 .  The direct image shows a group of 
three galaxies , two having a very disturbed appearence . Two spectra of this 
obj ect have been obtained , the slit orientations are drawn in the image and 
the object positions are marked . From both spectra, the wavelength regions 
around Hae and the (OI I I J /H t  line compl ex respectively are displaye d .  All three 
galaxies show strong emission lines , having the s ame redshift . 

B R 

B - R  1 0  ARC SEC 

Fig. 3 :  Photometry of IRAS 1 4 1 68+8256. The two upper images show the red 
( right ) and blue ( left ) surface brightness . Isophotal contours between 2 0 .  5 
and 27 mag/ arcsec2 are displ ayed .  For this object a � IR/La ratio of 8 has 
been deduced . There are two prominent regions in this butterfl y-shaped object , 
where strong line emission is observed , too . Colours between - 0 . 1 and 1 . 3  mag 
are displayed in the B-R colour map . The reddest region ( B-R = 1 .  4 mag ) is 
situated in the gap between the two optically brightest regions . This may 
indicate the location of a dust layer , which is the source of the far infrared 
radiation . 
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5 .  Photometry 

In addition to the exposures of the obj e ct fields , CCD standard star 

f ields pub l i shed by Christian et a1 . 6 )  were observed , several per night , at 

different air masses to enable the determination of surface brightness and 

integrated brightness and the construction of colour maps . 

The half hour exposured direct images allow us to outline the galaxies to 

a l imit of 2 7  - 2 7. 5  mag arcsec- 2 • The optical absolute brightness of the 

obj ects turn out to be like those of normal galaxie s , with MB between 

- 1 9  mag and - 2 1 mag . However , all these sources show a large infrared exces s , 

with the ratio 4' IRILB extending from to extreme values of about 1 0 0 .  

The B-R colour maps o f  many o f  these obj ects show striking structures , e . g .  

relat ivel y red central regions , reddened bars , significantly redder a s  we l l  as 

bluer regions whi ch may have a rather compl ex form ( Fi g .  3 ) ,  whereas other 

galaxies h ave a quite diffuse appe arence with B -R colours larger than 2 or 3 

magnitudes .  We assume , that these colour maps give us some hints where dusty 

regions as we ll as star forming sites are located . 

I thank Dr s .  H .  El sasser and F . v. Hes smann for a criti cal reading of the 

manuscript . 
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Follow-up observations of a complete sample of 154 IRAS galaxies, optically identified 
down to B=21 , indicate that between 3 and 9% of the samfle are ultraluminous (LIR > 
1012 L0) depending on the choice of H0 (75 to 50 km s- Mpc-1). VLA observations 
at 20 cm of the complete sample indicate that 85% are detected above lmJy and for the 
most part the radio emission is centrally concentrated. The tight linear relation between 
radio and infrared luminosities is valid at the highest luminosities. Of the 11 most 
luminous objects one is a quasar : it fits the radio infrared relation very well which 
suggests that the infrared and radio emission has the same origin as in the other IRAS 
galaxies, ie. it probably originates primarily in regions of star formation in the host 
galaxy. The other 10 very luminous galaxies are either close but resolved mergers or 
double galaxies, presumably interacting. Radio observations of the 10 original empty field 
sources in our sample with no optical counterpart (B <( 21) allow us to conclude that 4 of 
these are fainter galaxies just outside the IRAS error ellipse with high values of Lrn/L5. 
One other object, with a radio source at the edge of the error ellipse but no optical 
counterpart brighter than B = 23, may prove to be a highly luminous galaxy with LIR"La 
:<: 1250. 
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I. Introduction 

We are carrying out a comprehensive program of optical identification of all 

sources in the IRAS Point Source Catalogue in the South Galactic polar cap at 1 b 1 :::<: 
60 •. Optical identifications down to a limiting magnitude of B = 21 yield a candidate 

within the IRAS error ellipse for 97 .5% of all catalogued sources we refer to the 

remaining 2.5% of sources as empty field objects. Wolstencroft et al. [1 ] have described 

the identification methods used and the results obtained in a study of a small area (304 

deg 2)  (the small SGP sample) which is part of the survey field covering a total area of 

about 2600 deg 2 (the large SGP sample). The objects identified in the three main classes 

are : 

Area Number of objects Empty 
Sample (deg 2)  All Stars Galaxies Fields 

Small SGP 304 31 2 148 1 54 1 0  
Large SGP 2600 2800 1480 1255 65 

The figures for the large SGP sample are still preliminary but are unlikely to change by 

more than 1 % .  

We have been carrying out follow-up studies of galaxies and empty field 

sources in the small SGP sample with the principal aims of (a) determining an infrared 

luminosity function for a complete sample of IRAS galaxies, (b) understanding the source 

of the very high luminosities of some of these galaxies and (c) seeking to obtain 

identifications of the empty field objects. The following data are being gathered 

spectra, typically at 5 A resolution, to give redshifts and emission line strengths ; broad 

band CCD images of the highest luminosity galaxies ; and 20 cm radio continuum maps. 

2. The Highest Luminosity Galaxies in the Small SGP Sample 

Redshifts have so far been obtained for about 1 30 (85%) of the galaxies : the 

median and maximum values are z = 0.03 and 0.33 respectively. These redshifts have 

been used to calculate distances, using H0 = 75 km s-1 Mpc-1 and q0 = 0 ,  and far 

infrared luminosities, LIR· The histogram of LIR/L0 peaks between 1010 and 101 1 . If 

we define ultra-luminous IRAS galaxies to be those with LIR > 101 2  L0 (H0 = 75) then 

from a sample that is 85% complete there are 4 such galaxies (3.1 % ) out of 130 :  for 

reference it is worth noting that Arp 220 is not ultraluminous on this definition since on 

our scale its luminosity is 8 .00 x 1011 L0. In their IRAS bright galaxy sample Sanders et 

al. [2] found 3.1 % were ultraluminous, identical to our figure. Note that because Sanders 

et al. define LIR in the range 8 to l OOOµrn whereas we define it between 43 and 123 µm 

(eg they find LIR = 1 .55 x 1012 L0 for Arp 220), the fraction of ultraluminous galaxies 

in the two samples are not exactly comparable. This fraction depends sensitively on the 
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assumed value of H0 : if H0 = 50 is adopted, the fraction of ultraluminous galaxies in 

our sample becomes 1 1  or 8 .5% of the sample. In our large (small) SGP sample there 

are 1 255 (154) galaxies, and we therefore expect to find 39 (107) galaxies with LIR > 

1 01 2  L0 for H0 = 75 (50) in the large sample. For the remainder of this paper LIR is 

calculated using H0 = 75. 

A provisional infrared luminosity function, <Ii (LIR),  based on the 85% complete 

sample has been determined. We find a change of slope of the luminosity function at 

LIR "' 101 0  L0 with <P(LIR) "' L-2.4 at LIR > 3 x 1 01 0  L0 and a shallower slope at 

LIR < 101 0  L0 : because there are relatively few galaxies with LIR < 3 x 1 09 L0 the 

exact value of this shallower slope is uncertain. This result is consistent with the 

luminosity function derived by Lawrence et al. [3] for a sample in the north galactic 

polar cap. 

During July and October 1 986 we mapped all 1 54 galaxies and 10 empty fields 

at 20 cm with the B/C array of the VLA. 131 (85%) of the galaxies were detected 

above l mJy of which 120 were classified as compact and 1 1  as extended based on a 

visual inspection of the maps. 38 of the optically smaller galaxies {diameter < 20 arc 

sec) were mapped at higher resolution with the NB array (� 4 arc sec FWHM beam) and 

78% of these show the same flux in the two arrays. These results imply that the radio 

flux from most IRAS galaxies is centrally concentrated and that the great majority of 

IRAS galaxies are 20 cm radio sources at flux levels above l mJy. Radio luminosities, 

LRAD, derived for those galaxies with redshifts, range between 5 x 1 020 and 2 x 1 024 w 

Hz-l and correlate extremely well with LIR The correlation is consistent with the 

relation LRAD "' LIR holding over a very wide range of luminosities with no signs of 

saturation at the highest values of LRAD : the dispersion is very narrow with 50% of 

the sample having a value of log (LIR/LRAD) within 0.15  of the mean value. A full 

description and interpretation of these radio results will be presented elsewhere (Unger et 

al. ,  1987). 

The four ultraluminous galaxies in our sample are 

IRAS Lrn!L0 z LIR/LB F60/F1 00 B 
Name 

235 1 5 -2 9 1 7  >1 . 1 8x 1 0 1 2  0 . 334 >42 >0 . 47 1 9 . 3  
00275 -2859 1 . 45 x l Q 1 2  0 . 279 23 0 . 85 1 8 . 3  
00406 -3 1 27 1 . 07xl0 1 2  0 . 246 1 1 9  0 . 72  20 . 0  
0044 1 -2221 1 .  83x1 0 1 2  0 . 3 1 4  1 1  0 . 4 1 1 7 . 3  

Three of 'these four objects are double and one, IRAS 00275-2859, is single. 

This latter object is atypical of the sample and is in fact a quasar we discuss it later. 

If we consider a larger sample, namely the 1 0  most luminous galaxies (excluding the 

quasar) (LIR > 4.4x1 01 1  L0), we find that all 1 0  are double galaxies. Based on optical 

morphology alone 5 of these doubles are well separated galaxies (50 to 1 35 kpc), with the 

optically brighter galaxy identified as the IRAS source, and 4 are close interactions or 
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resolved mergers with clear evidence of tidal disruption ; one galaxy is a radio double 

but optically single with a separation of 1 03 kpc. 2 of the 1 0  are both radio and optical 

doubles and 7 are optical doubles only. The projected separations of some of these 1 0  

double galaxies are surprisingly large, ranging from 6 to 1 35 kpc with a median value of 

53 kpc. If a recent interaction is the source of the high luminosity of these galaxies 

then, assuming a relative velocity of 1 50 km s-1 , the earliest time of closest approach for 

a pair with the median separation would have been 3.5x108 yrs ago. This is consistent 

with estimates [5,6,7] of T max• the time between closest approach and maximum infrared 

luminosity, of a few x 1 08 years. However in the case of interactions producing 

ultraluminous galaxies we expect that the onset of starbursts in individual molecular clouds 

would need to occur in a narrow time 'pulse' which could bias Tmax to smaller values. 

For the 3 double galaxies with projected separations between 90 and 1 35 kpc it becomes 

more difficult to argue that the corresponding smallest values of T max<5.9x108 and 

8.9x108 yr) are consistent with a previous close encounter. The extreme case of IRAS 

23515-2917 almost certainly requires a different explanation. The optically brightest of the 

two galaxies, A, which is identified with the IRAS source, is a radio source (5 .1 mJy) 

the optically fainter companion, B, which is 20 arc sec (135 kpc) SSE of A, is also a 

radio source (2.2mJy) and has a close, still fainter companion, C, 5 arc sec due N. One 

possible explanation is that galaxy A is currently undergoing a merger or close encounter 

which at a scale of 6.7 kpc per arc sec cannot be resolved in the CCD image, and that 

any past interaction that may have occurred between A and the galaxy pair B and C is 

not influencing the present emission for A. Such an explanation in terms of unresolved 

mergers might also explain the two other pairs with separations greater than 90 kpc. A 

variation on the above explanation might be to suppose that the current merger or close 

interaction is more effective because the tidal disruption produced by the earlier encounter 

(with the now distant companion) was still very evident when the second event began, ie 

the target was 'primed' .  

IRAS 00275-2859 has a spectrum totally different from that of  all other objects 

in our sample. Our spectrum between 4750 and 6250A shows that the H� emission line 

is very broad (3500 km s-1 FWHM), with an absorption trough 180 A wide on its blue 

side reminiscent of broad line absorption quasars (see eg [8]). Other emission lines seen 

are [OII] 3727A and [Ne III] 3869A. This source was discovered independently by Vader 

and Simon [9] to be a quasar, who noted the presence of strong Fe II lines in its 

spectrum. Our measurement of the 20 cm radio flux of 3.6mJy places the quasar firmly 

on the narrow radio-infrared luminosity relation found for our sample. This suggests that 

the radio and infrared emission originate in regions of star formation in the host galaxy. 

3. Empty Field Sources 

Radio sources are very valuable guides in the identification of empty field IRAS 
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sources, i.e. sources with no optical counterpart (B<21) within the 95% confidence IRAS 
error ellipse. This is because (a) 85% of IRAS galaxies are radio sources above lmJy, 
(b) the chance of finding an unrelated radio source with F(l .4 GHz) > lmJy within the 
IRAS error ellipse is low, and (c) the ratio of infrared to radio luminosity lies in the 
narrow range established for the identified IRAS galaxies. Thus empty field sources due 
either to cirrus or faint cool stars are not expected to be radio sources. The 
identification of galaxies just outside the error ellipse of an empty field which coincide in 
position with a radio source can be confirmed note that our optical and radio positions 
differ on average by about 2 arc sec in both right ascension and declination. We expect 
to find about 5% of our identifications just outside the 95% confidence error ellipse. 
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Relation between LIR/LB and the 100 to 60µm flux density ratio for those galaxies with 
good or moderate quality fluxes at both 60 and l OOµm (taken from [1 ]). The asterisks 
show the 4 empty field objects identified with galaxies just outside the error ellipse. The 
dashed line is the relation for an optically selected sample of Sbc galaxies [10]. 



274 R. D. WOLSTENCROFf et al. 

We obtained the following results for the 1 0  original empty field sources : 4 

are galaxies just outside the error ellipse ; is a merger of 2 nearby infrared sources 

resulting in a spurious IRAS position ; 1 is a peculiar M star ; 3 are cirrus sources ; 

and 1 is an object with a radio source at the edge of the error ellipse and no optical 

counterpart brighter than B = 23. This latter object, IRAS 01 127-2648, is the most 

interesting of the empty field sources the radio source which may be its radio 

counterpart lies 46±3 arc sec from the IRAS position on the major axis of the error 

ellipse. The infrared to radio ratio based on the 60µm flux density (the l OOµm flux 

density is an upper limit) is consistent with the correlation found for IRAS galaxies. The 

relation between LIR/LB and the ratio of 60 to lOOµm flux density provides a further test 

of the credentials of an IRAS galaxy. This is shown for our sample in fig 1 : the 4 

empty field objects identified with galaxies just outside the error ellipse (shown as 

asterisks) fit the relation well, but in the case of IRAS 01 1 27-2648 the l OOµm upper limit 

and lower limit on B (and hence LIR/LB) complicate the interpretation.  If the radio 

source is truly the radio counterpart of IRAS 01127-2648 then the most conservative 

assumption would be that it is an ultraluminous galaxy with B "' 23, LJR/LB "' 1 250 and, 

F60IF100 = 1 .6.  Deep CCD imaging to identify the radio counterpart, plus spectroscopy 

and coaddition of the IRAS data will be carried out to settle this question. 
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Huge extragalactic hydroxyl masers have recently been discovered with 

the Arecibo, Nangay, Jodrell Bank and Parkes radio telescopes. These 

objects seem to belong to a very peculiar class and are called megamasers, 

regarding their high 1 667 M hz OH line luminosity witch can be greater than 

one thousand solar luminosities, in contrast to the masers appearing in 

molecular clouds and in circumstellar shells which are detectable only at 
distances less than a few kpc and are thus several order of magnitude less 

powerful. Most of these galaxies were first detected by the I RAS satell ite 

and are characterized by a strong far infra red luminosity. They would be 
undergoing strong bursts of star formation, giving rise to a n umber of 

short-lived massive stars which are responsible of a strong UV radiation 

field and radio continuum emission, through supernovae formation, the UV 

radiation field heating the dust particles witch radiate in the far IR,  at 60 
and 1 00 µm. An OH and HI survey is carried out with the Nangay radio 

telescope and additional high resolution data (VLA and M ERLIN) have been 

obtained. These observations will provide essential data for a better 

understanding of these objects. 
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INTRODUCTION 

The first extragalactic OH absorption has been discovered by Weliachew in 

NGC253 ( 1 971) .  Narrow emission features have been detected later in the 

same galaxy (Whiteoak: and Gardner, 1 976) and in M82 (Rieu et al. 1 976). 

More recently, galaxies showing nuclear continuum emission were searched 

for OH absorption (Rickard et al. 1 982, Baan et al. 1985, Kazes and Dickey, 

1985). The OH 1 667 MHz line optical depth has been found increasing with the 

inclination of the galaxy upon the plane of the sky as expected for absorption 

lines originating in a molecular disk (Baan et al. 1 985). In the course of these 

surveys, a huge OH emission has been discovered in Arp220 (=IC4553) at 

Arecibo and in Mrk23 1 and NGC3690 at Green Bank ( Baan, 1 985, Baan,Wood 

and Haschick, 1982). These galaxies were detected by the IRAS satellite as 

strong far infra-red (FIR) emitters, and thus have large FIR/B luminosity ratios 

with total FIR luminosities reaching 10 12 L0. They obviously belong to a new 

class of masers, and are called "megamasers" . It is therefore of great interest to 

detect other such powerful galaxies and also less luminous OH maser sources, 

in order to make a statistical study and to compare with other galaxies which 

have the same FIR and optical properties but have not been detected in the OH 

lines. 

A survey of selected luminous IRAS galaxies, catalogued and uncatalogued, 

is being conducted with the Nam;ay radiotelescope, in connection with optical 

spectroscopy and photometry (ESO and OHP) . 5 megamasers have been found 

in both catalogued and uncatalogued sources: Mrk273, IRAS l 720-00 14, 

Zwl 5 10+0724, Arp148 and 11Zw96 (Bottinelli et al. 1 985a,b,1 986). Additional 

data have been obtained on IRAS 1720-0014 with the VLA array and MERLIN 

interferometer. 

THE MAIN PROPERTIES 

The OH emission lines are different from what is observed in our Galaxy: 
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The galactic source W3(0H) is stronger in the 1 665 MHz and is highly 

polarized, its luminosity is of about 5x1 0-6 L0• On the other hand, megamasers 

have stronger 1 667 MHz line with a 1 667/1 665 ratio between 3 and 5, except 

for IRAS 1017 +0828 and IIIZw35 (Mirabel and Sanders, 1 987) and no 

polarization has been found in IRAS 1720-0014, within a confidence level of 

15% (fig. 1 ,3).  These lines are strong, with isotropic luminosities ranging from a 

few solar luminosities to 1200 L0 in IRAS 1720-0014, compared with M82 

which luminosity is only 0.1 L0• Moreover, these lines are always broader than 

100 km/s, with in some cases, two or more emission and/or absorption 

components, and also high velocity features were detected in Mrk23 1 and in 

Mrk273 (L. Staveley-Smith et al. 1 987). 

T1 .! HI content has been measured in most of the megamaser galaxies. Wide 

HI osorption has been detected in Arp220 , Mrk23 1 , NGC3690 , Mrk273 

(bottinelli et al. 1 985a) and IRAS 1 720-0014 (600km/s, fig.2, Bottinelli et al. 

1985b). This suggest the existence of unusual HI clouds infalling, or being 

ejected along the line of sight, in addition to rotation velocities. In the other 

sources, either narrower emission or absorption profiles have been measured. 

The brightest megamasers are also very luminous in the FIR, the FIR 

luminosity ranges from 1 .2 to 1 l x l 01 1  L0 but there is another property which 

must be pointed out: the megamasers' FIR colors are different from other IRAS 

galaxies, as is has been shown by S .W. Unger et al. (1 986). We found a similar 

criterion for selecting the candidates for our survey. The 1 2/25 µm flux ratio is 

greater for megamasers than for other spiral galaxies (>2) and the 60/100 µm 

flux ratio equals about 1 .  Arp220 has a bigger 1 2/25 µm ratio which is greater 

than 1 6. 

Most of the megamasers are distant ( =100Mpc) and their apparent size is 

small. However, the optical images display galaxies with various morphologies: 

half of them are clearly interacting objects, like NGC3690, Mrk23 1 and 
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mergers like Arp220 and Arp148 which is a ring galaxy. Mrk273 has a long 

tail with no visible cause as it is mentionned in the Vorontsov-Velyaminov 

catalogue ( 1 977) but it might be the result of the merging of two galaxies. 

The optical spectra of the megamasers are similar to other IRAS galaxies, 

revealing low-ionization emission lines (Dennefeld et al. 1 985) and also a large 

reddening derived from the Balmer decrement: in Zw1 5 1 0+0724's spectrum 

the HB line is not detected. 

All these observational properties fit well the simple model which has been 

presented by Baan ( 1 985). In this scenario, a starburst galaxy is needed. The 

UV radiation field heats the neighbouring dust which radiates again in the FIR. 

The OH molecular clouds are then inverted by the FIR radiation field, according 

to Baan ( 1 985) and Norris et al. ( 1 986). This point is under investigation. The 

OH molecules amplify the radio continuum emission from the supernovae 

remnants. In fig. 4, the OH and FIR luminosities are well corelated. 

HIGH RESOLUTION OBSERVATIONS 

We observed IRAS 1 720-00 14 in march, 1 986 with the VLA radio 

telescope (A-array). The beam's size was one arcsecond. After data reduction 

has been done on the site, we found that the source is not resolved in 

continuum and in the line channels at a wavelenth of 1 8  cm (fig.5). This result 

is strengthening the interpretation that the continuum radio emission from 

central parts of the galaxy is amplified by the neighbouring OH molecular gas. 

We made also a continuum map of the same galaxy with the MERLIN 

radiotelescope in december, 1 986: The nucleus is unresolved at an angular 

resolution of 0.25 arc second (fig. 6). We need higher angular resolution to 

understand the structure of the masing regions, first to find their physical 

properties, to explain the dynamics of the molecular clouds around the nucleus 

and the masing amplification process. 
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Fig. l : average ( linear H and V polarizations ) OH spectrum of IRAS 
1720-0014 with a resolution of 4 . 5  km/s . Radial velocities are 
given in terms of heliocentric optical redshif t .  The central 
feature corresponds to the 1667 MHz transition , the redshifted 
secondary feature corresponds to the 1665 MHz transition . 
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Fig. 2 : HI profile of IRAS 1720-0014 with a velocity resolution of 21 
km/s . The dashed part corresponds to an external interference 
spike . 
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Fig . 3 :  OH spectrum of IIZw96 centered for the rest frequency of the 
1667 MHz transition with a velocity resolution of 4 . 5  km/s . 
Radial velocities are given in terms of the heliocentric optical 
redshift . No instrumental baseline was removed . The 1665 MHz 
transition is not detected . 
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Fig . 4 :  Isotropic luminosity a t  1 6 6 7  MHz vs . far infrared luminosity 

determined from IRAS data for megamaser galaxies . 
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Fig. 5: VLA-A array 18 cm OH lines + continuum map of IRAS 1720-0014 . 
The beam size is l " . The source is clearly unresolved . The 
r . m . s .  noise is of 0 . 3  mJyj beam. 

Fig. 6 :  MERLIN phase referenced continuum map of IRAS 1720-0014 . 
The beam size is 0 . 25 " . The r .m . s .  noise is of 0 . 4  mJy/beam . 
Only the central feature is real . This observation has been 
made in collaboration with S .  W. Unger , J . M .  Chapman , R .  J. Cohen , 
and L. Staveley-Smith . 
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T H E  G A S  C O N T E N T  I N  S T A R B U R S T  G A L A X I E S  

I . F .  M i r a b e l  
I n s t i t u t o  d e  A s t r o n o m i a  y F i s i c a  d e l  E s p a c i o , A r g e n t i n a  

a n d  U n i v e r s i t y  o f  P u e r t o  R i c o  

a n d  

D . B .  S a n d e r s  
P a l o m a r  O b s e r v a t o r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y  

T he results from two large and homogeneous surveys , one i n  HI , the other in 

CO , are used for a statistical review o f  the gaseous properties o f  bright 

infrared galaxies . A constant ratio between the thermal far-infrared 

radiation and non-thermal radio emission is a universal property o f  star 

formation in spiral galaxies . The current rate of star formation in star

burst galaxies is found to be 3-20 times larger than in the Milky Way . 

Galaxies with the higher far-infrared luminosities and warmer dust , have 

the larger mass fractions o f  molecular to atomic interstellar gas , and in 

some instance s ,  striking def iciencies of neutral hydrogen are found . A 

statist ical b lueshift of the optical systemic velocities relative to the 

radio systemic velocities , may be due to an outward motion of the optical 

line-emitting gas . From the high rates of star formation , and from the 

short times required for the depletion of the interstellar gas , we conclude 

that the most luminous infrared galaxies represent a brief but important 

phase in the evolution of some galaxies , when two galaxies merge changing 

substantially their overall properies . 
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1 .  Introduction . 

Among the extragalactic sources detected by the Inf rared Astronomical 

Satellite ( IRAS ) , the most luminous far-infrared galaxies are very 

interesting objects , since they host several unusual phenomena . Their study 

is  important because they are the best sample to explore the link between 

starburst objects on one hand , and quasars and active galaxies on the other 

hand . There are indications that Superluminous Far-infrared galaxies 

represent a brief but important phase in the evolution of some galaxies , 

when a galaxy mass of interstellar matter is rapidly converted into stars . 

The morphology and kinematics of the gas in these galaxies suggest that 

they are the results of galaxy-galaxy interactions . The most energetic 

obj ects , like Mrk 231 , IRAS 1 2 1 1+03 , or Arp 220 , appear to be advanced 

mergers . 

In this note , after a summary of the correlations found by Sanders 

and Mirabel [ l ]  between the far-infrared , the total radio continuum , and 

the CO fluxes , we describe the main results from a neutral hydrogen survey 

of bright IRAS galaxies , recently finished at the Arecibo Observatory . 96 

sources from the Bright Galaxy Sample [ 2 ]  with far-infrared luminosities in 

the range of 2 x lOlO 
- 2 x 1 01 2  

solar luminosities , observable from 

Arecibo were surveyed in the 21 cm line of atomic hydrogen . The results 

from this survey are combined with the results from the CO surveys by 

Sanders and collaborators ( 1 , 3 , 4 ] , to determine statistical properties of 

the IRAS bright galaxy sample , such as the mass of atomic hydrogen , the 

kinematics of the gas , and the molecular to atomic gas content . One of the 

advantages of this comparative study between the content of molecular gas 

and the content of atomic gas is that we use only data from two large and 

homogeneous surveys . 

2 .  Radio continuum and far-infrared fluxes .  

The far-infrared flux from spiral galaxies is  a good indicator o f  star 

formation , since it comes from dust heated by stellar radiation . If the 

nonthermal radio emission is an indication of the number of supernovae , a 

correlation between the far-infrared flux and radio emission should b e  

expected . Figure 1 from Sanders and Mirabel [ l ]  shows that the radio flux 
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flux at 1 .4 GHz for bright radio spirals. Canpact radio canponents less than lOJ pc 
:in size were substracted (horizontal l:ines) fran the total flux :in several galaxies. 

at 2 1  cm and the thermal FIR flux coming from the discs of spiral galaxies 

are strongly correlated . This implies that bright radio spirals are among 

the strongest far-infrared extragalactic sources , further strengthening the 

argument that bright radio spirals are powered by energetic starbursts . 

A similar correlation was found by Helou et al . [ S ]  for a larger 

sample of spiral galaxies . Figure 1 shows that the ratio between the radio 

and FIR fluxes is similar for high luminosity galaxies like Arp 220 , and 

lower luminosity galaxies l ike M 83 . In f igure 1 ,  the poinlike (d smaller 

than 100 pc ) ,  and jetlike radio sources , usually associated with active 

nuclei , were substracted from the total radio flux . The nearly constant 

ratio between far-infrared and radio emission in the discs of spiral 

galaxies seems to be a universal property of massive star formation in 

extragalactic systems . The fraction of massive stars seems to be 

independent from the global star formation rate . 

3 .  The molecular gas .  
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CO observations of bright radio and far-infrared galaxies [ l ]  have 

shown that this type of galaxies have masses of molecular hydrogen in the 

range o f  3 x 10
8 

to 4 x 1 0 10 solar masses . The galaxies with the broadest 

CO emission lines are strongly interacting contact pair s . Furthermore , the 

galaxies with the higher far-infrared IRAS fluxes at 60 and 1 00 µm have the 

higher CO intrinsic luminosities . 

In figure 2 is made a comparison of the far-infrared luminosity with 

the CO luminosity for the sample of galaxies initially studied by Sanders 

and Mirabel [ l ] . The far-infrared and CO luminosities i n  bright IRAS 

galaxies appear to be similar to the values found for the c lassic starburst 

galaxies M 82 and NGC 253 . The ratio LFIR/M(H2 ) provides a measure of the 

current rate of star formation and it is found to be 3-20 times larger in 

these galaxies than for the ensemble of molecular clouds in the Milky Way . 

This larger L
FIR/M(H2

) ratio implies that the total star formation in 

starburst galaxies is determined by ; ( i )  the total amount o f  molecular gas , 

and ( ii )  an enhanced efficiency of star formation when compared with the 

Milky Way and other spiral galaxies . Similar conclusions have been reached 

more recently by Young et a l .  [ 6 ] . 

High resolution ob servations of the CO in Arp 220 [ 7 ] , and NGC 3690 

[ 8 ] show that more than 40 % of the molecular gas is concentrated in 

regions smaller than 2 kpc in d iameter , with densities 1 0- 1 00 t imes greater 

than in the inner 1 kpc of the Milky Way . The abnormally large 

concentrations of molecular gas in the cores of superluminous far-infrared 

galaxies is likely to be the result o f  galaxy-galaxy interactions between 

spiral galaxies . The current star formation rates from the L
FIR/M( H2 ) 

ratios imply that the molecular gas will be d epleted in less than 1 0
8 

y r s . 

This time is of the same order as the dynamical time required to 

concentrate mo�t of the interstellar gas in the merger nucleus o f  two 

colliding spiral galaxies . 

4 .  The atomic gas 

One of the most striking results from the 21 cm line survey of bright 

inf rared galaxies i s  the freqUO>nt presence of velocity broad absorption . The 

absorpt ion signals arise in the HI located in front of the bright radio 
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cores . In the Arecibo survey , we have detected 1 5  galaxies with HI 

absorption , up to redshifts of 22 , 000 km/ s .  

The absorption may b e  a s  broad a s  900 km/s . The galaxies IRAS 1 2 1 1+03 , 

IRAS 1056+24 and Arp 220 show absorption features with fluxes greater than 

3 rms extendidg over velocity ranges of 700 to 900 km/s . This result is 

indicative of high turbulent , non-circular motions along the line of sight 

to the nuclear radio source . The high turbulent motions of the 

interstellar gas detected in H I  are consistent with the optical morphology 

of these galaxies as strong interacting systems and advanced mergers . 

To estimate the column density and mass of the absorbing HI , a nuclear 

radiocontinuum source of 2 kpc in diameter can be assumed . This assumption 

is justified by VLA continuum maps made by Condon [ 9 ]  of several of the 

brightest galaxies of our sample . Furthermore , VLA-A observations of the HI 

in Arp 220 [ 10 ] , show that the HI in this galaxy has an extension of 1 . 5 
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kpc . Assuming that the absorbing HI covers uniformly the nuclear radio

sources , column densities of atomic neutral hydrogen in the range of 1019-
1 020 T atoms/cm2 are found . These column densities are more typical of the s 
column densities found along the discs of spiral galaxies , rather than of 

the column densities in neutral hydrogen high velocity clouds , which are 

about two orders of magnitude lower than those values . The masses of the 

absorbing HI in the galaxies of our sample are smaller than 3 x 10
8 

solar 

masse s ,  if Ts= 100 K .  

The H I  masses and far-infrared luminosities seem t o  be only loosely 

correlated . For a given far-infrared luminosity we find galaxies with HI 

masses that differ by as much as a factor of 50 . This large scatter implies 

that star formation depends more from the total amount of molecular gas , as 

shown in figure 2 ,  than from the total amount of atomic gas . 



GAS CONTENT OF ST ARBURST GALAXIES 

Among the galaxies surveyed in HI at Arecibo , there are 23 galaxies 

with well determined total CO luminosities by Sanders and collaborators 

[ 1 , 3 , 4 ] . These 23 galaxies are at redshifts greater than 4 , 000 km/s , and 

are unresolved by the 21 cm Arecibo telescope beam , as well as by the 2 . 6  

mm beam o f  the 1 2-m telescope at Kitt Peak . For this sample of galaxies we 

f ind tight correlations that are important for our understanding of 

starburst galaxies . 

In figure 3 ,  the m o l e c u l a r  to atomic gas content versus the far-

infrared luminosities are plotted . For five galaxies with HI absorption , 

only the upper limits of the molecular to atomic gas ratics can be given , 

since the absorption signals against the nuclear continuum flux may 

neutralize the detection of hydrogen emission . The lower limits of HI mass 

were calculated multipling a flux equal to 3 times the rms by a velocity 

width of 300 km/s . The cancellation of emission signals by the absorption 

would result in an underestimation of the total mass of HI , and therefore , 

in an overestimation of the molecular to atomic gas ratio . Because of beam 

dilution effects , the HI observations of bright radio spirals at high 

red shifts are more sensitive to the absorbing HI , which contributes , at 

most , 3 x 1 08 solar masses to the total mass of atomic hydrogen . 

Despite of the previous considerations , there are indications that the 

relative deficiency of HI in the most luminous far-infrared galaxies is 

real . Hydrogen emission was searched in Arp 220 by Mirabel at Arecibo , and 

by Baan et al . [ 10 ]  using the VLA-C configuration . A limiting mass of 4 . 6  x 

109 M0 was found . There is a striking absence of HI emission in Arp 220 as 

compared with the estimated amount of molecular gas . A lower limit for the 

HI to H2 mass ratio can also be found from models of the H2CO maser 

detected in Arp 220 by Baan et al . [ 1 1 ] . Similarly , for the galaxy IRAS 

101 7+08 we find an upper limit for the mass of atomic hydrogen of 3 . 2  x 109 

Mo . Although these are not stringent upper limits for the HI masses , they 

put these galaxies on the lower edge of the observed HI d istribution in 

irregulars and early spirals . 

We f ind that the star formation rate per unit of interstellar mass and 

the molecular to atomic mass ratios are correlated . A high fraction of gas 

in molecular form must be a condition for a high rate of star formation . 

Figure 4 shows that the molecular to atomic gas ratio is proportional to 
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the far-infrared color , namely , to the temperature of the dust . A h igher 

fraction of molecular gas must be a condition for the production of the 

stellar photons that heat the dus t .  

5 .  Discussion . 

A striking f inding from the neutral hydrogen profiles i s  a clear 

preponderance for the HI  absorption to be redshifted relative to the 

opti cal systemic velocity of the brighter far-infrared galaxies . In figure 

Sa a histogram of the VHI ABS- VOPT difference is shown . This d ifference is 

positive for 14 galaxies ,  and it  is  negative only for one galaxy . For the 

15 galaxies with HI absorption , a mean difference of 106 km/s is found . The 

HI velocities were calculated following the optical definition . They are 

the unweighted mean radial velocities of the absorption s ignals greater 

than 3 times the rms . The optical redshifts are from Palomar , [ 1 2 ]  and [ 1 3 ] .  
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From the analysis of the data we conclude that the trend for the H I  

absorption velocity t o  b e  greater than the optical i s  not a consequence o f  

systematic errors i n  the HI velocities . There are two possibilities which 

we now discuss in turn . ( i )  The HI velocity does not represent the systemic 

velocity of the galaxies , and this trend is due to the infall of HI towards 

the nuclear radio sourc e .  This possibility is unlikely .  A comparison of the 

HI redshifts with the CO systemic velocities show no significant trend . 

Figure 4b shows a histogram of the radial velocity difference between the 

HI absorption and the CO em�ssion for 10 galaxies . Since no significant 

trend is found when comparing the HI and CO redshifts , we conclude that the 

velocities of the HI absorption represent more accurately than the optical , 

the systemic velocity of the galaxies . 

( ii )  We tentativelly favor a real difference between HI and optical 

redshifts , due to gas moving radially , probably outward , in the central 

regions of these galaxies . I f  the outwardly moving line-emitting gas is 

mixed with dus t ,  the attenuation of optical emission from the far side 

leads to an optical redshift below systemic . Mirabel and Wilson [ 14 ]  have 

claimed that this effect takes place in Seyfert galaxie s .  More recently , 

Hutchings et al . [ 1 5 ]  have found a similar trend in quasars . The interpreta 

tion of the statistical blueshif t of the optical radial velocities in terms 

of outflowing gas is consistent with the discovery of superwinds in 

Starburst galaxies by Heckman et al . [ 16 ]  and McCarthy et al . [ 1 7 ] . The 

wind ' s  ram pressure may drive slow shocks into high density cloud s ,  

producing optical l ine emission . 

I t  is tempting to speculate that the relative deficiency of neutral 
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atomic hydrogen in the most luminous far-infrared galaxies could be due to 

ionization , and/or the removal of HI by supernovae induced winds corning 

from the nuclear regions . However , a substantial contribution to the 

relative deficiency of HI could also be a consequence of an enhanced 

efficiency in the formation of molecular gas in nuclear regions having 

abnormally large concentrations of gas and dust . 

The extraordinary star formation rates in super starburst galaxies must 

cause the depletion of the interstellar gas in the environs of the nuclear 

regions in less than 108 years , leaving the system void of interstellar gas . 

In this context , we find attractive the idea that bright infrared galaxies 

may be the predecessors of some kind of early type galaxies . 
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STARBURSTS IN INTERACTING GALAXIES 

R D JOSEPH 
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London SW7 , England 

JHKL and 1 0  µm photometric studies of interacting galaxies show that 
i nteractions between galaxies produce mass-to-light ratios smaller than 
can be understood in terms of a normal popoulation of evolved star s .  We 
will then investigate whether starbursts or ' monsters ' are l i kely to be 
the energy source powering the IR acti vity in these galaxies . Using 
available IR, optical , radio ,  and ultraviolet observations we show that , 
in general , starbursts appear to be ubiquitous in interacting galaxies .  
Finally , we  investigate the larger implications of  interaction-induced 
starbursts . Such starbursts are likely to have played a maj or role in the 
spectral , chemical , and morphological evolution of many galaxies .  They 
are also l ikely to figure prominently in the physi cs of other types of 
activity in galactic  nuclei , although the way in which they do remains 
unclear . 
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1 .  Introduction 

One of the most fundamental and most neglected ques tions el i cited  

by  the discovery of ' activi t y ' i n  the  central regions of galaxies i s ,  

what tri ggers this act ivity  i n  i ts man i fold var i et y  o f  forms? One of 

the most obvious poss i b i l i t i es i s  that i nteractions between galaxi e s  

could provi de such a tri gger , a n d  several o f  u s  have been exploring  thi s  

i dea from various points o f  v i ew over the past few years . The t i dal 

perturbations resulting from an i nteract ion should di sturb the qui escent 

equilibrium con d i t ions i n  a disc galaxy and might be expected to promote 

cloud-cloud coll i sions , lead i ng to shocks , gas compression ,  and an  

enhanced star formation rate . D issipati ve processes coul d  r esult i n  

mater i al fall ing toward the bottom o f  the gravi tational potential  of the 

galaxy , and if  there is  a compact obj ect present in the galact i c  

nucleus , accret ion o f  this mater i al onto the obj ect could fuel Seyfert

type activity . Thus i nteractions might be expected to be associ ated 

with ei ther ' starbursts ' or ' monsters • 1 l .  In  ei ther cas e ,  it should 

be evi dent that interacting galaxies are a seminal class of gala x i es to 

study to i nvestigate the origin  of act i vity  in galax i es . 

2 .  Infrared activity in interacting galaxies 

Before embark i ng on a search for act ivity  in i nteract ing 

galax i es , it  may be prudent to pause and consi der j ust what we are 

looking for . I shall take as a work ing definit ion of act i v i ty i n  

galaxies that used b y  Bal i ck & Heckman2 l
: ' qualitat i vely unusual , 

quantitat i vely energeti c ,  compared to the evolution of normal stars . '  

One useful indi cator of such act i vi ty i s  the mass-to- l ight rat i o ,  MIL . 

For a thermonuclear energy source , 

MIL ( 1 )  

where E i s  the fract ion of the mass undergoing hydrogen burn i ng and the 

l ifetime is ' ·  For E = 1 0% and T = 1 0 1 0  yr , MIL = 1 M
01L0 . Thus , 

we have activity i n  the central regions of a galaxy i f  MIL < 1 .  I f  the 

lumi nosity  is  dominated by the IR emi ssion , we have IR act i v i ty i f  

MIL
I R  < 1 .  In  As examples the ' starburst ' galax i es M82 and N253 have 

MIL
I R  ratios o f  0 . 04 and 0 . 001  respect i vely ,  whereas a ' normal ' galaxy 
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like  M31 has a rat i o  of 48 .  

The principal observat ional approach to  measur ing LI R  has been 

to do photometry at 1 0  µm.  However , to obtain  good sens i t i v i ty at 1 0  µm 

is  d ifficul t , and to do it for a l arge sample of galaxi es requires more 

telescope t ime than is eas i l y  obtainab l e .  We therefore , undertook JHKL 

photometry ( 1 . 2 , 1 . 6 ,  2 . 2 ,  & 3 . 8  µm ) ,  and we used a K-L colour excess 

over normal galaxy colours as an indi cat ion of the ri sing I R  spectrum 

whi ch characteri ses l arge I R  luminos ity  and , perhaps , small M/LI R · we 

obser ved t he central 8 arcsec of a s ample of 22 pairs of interact i ng 

galaxies from the Arp 3 )  Atlas w i th representation of several 

morphologi cal types . Two conclus i ons emerged from this study4 l . 

i )  There is a K-L excess over normal galaxy colours ( i . e .  

K-L > 0 . 5 )  for one member of an i nteract i ng pair for - 85% 

of the sample .  

i i )  I n  no case does more than one member of a pair exh i b i t  a K-L 

exces s .  

Thus , i f  a K - L  excess is  a good indi cator o f  a l arge I R  luminosi t y  a n d  a 

small M/L
I R • i t  appears that i nteract ions are extremely efficient i n  

tri ggering I R  nuclear act i v i ty in galax i e s .  

W e  have foll owed u p  this  study w i t h  1 0  µ m  photometry of galax i es 

i n  the JHKL sampl e .  Thi s  dat a ,  i n  addi t ion t o  other 1 0  µm data i n  the 

l iterature5 l , 6 l provides a s ample of - 40 interact ing and merging 

galaxies for which 10  µm lumino s i ties i n  5 -8 arcsec aper tures i s  

ava ilable7 ) . W i th this  data w e  can inves t i gate more quanti tatively 

the evidence for I R  act i v i ty i n  the central regions of i nteracting 

galax i es . 

2 . 1 Cont inuum energy distribut ion 

The cont inuum spectra of a few of these galaxies are d i splayed i n  

Fig . 1 ,  along w i t h  that for N25 3 .  I t  may be seen t hat they all have the 

quasi -thermal spectra typi cal of galacti c H I I  regions : a s teep r i se ,  but 

slower than a Planck funct ion , indicating thermal emi ss ion from dust at 
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a range of temperatures . By compari son , the mid-IR  spectra of quasars 

and Seyfert 1 galaxies are generally much flatter8 ) . 

8 / +-' 7 i::: (lj / +-' 
[fJ 6 i::: 0 u 
+ 5 / :>, 
+-' 
.,., 4 � [fJ i::: (!) c:1 

\ _ _  � 3 � 
;:J 

rl Ii-< 2 
b.C 0 / ..:i 

1 

lOµm lmm lOcm 
Wave length 

Fig .  1 .  Continuum energy distributions for several i nteracting galaxi e s .  

2 . 2  I R  luminos i ties 

The I R  luminosi ti es of these i nteracting galaxi es are l arge . In 

Table 1 the 1 0  µm l uminos i t ies of interact ing and merging galax i es are 

compared with other classes of galaxies--Seyferts , classic starbur s ts , 

and bri ght spiral s .  I t  i s  evident that the interact ing galax i es a r e  at 

least an order of magni tude more luminous than the bright spirals , and 

substantially  more l uminous than the classic  starbursts . Mergers are 

more luminous than non-merging i nt eracting galaxies by nearly another 

order of magn i tude , and are essen t i ally  as l uminous as the Sey ferts at 

1 0  µm . 
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Tabl e  1 .  Luminos i ties at 1 0  µm for various classes of galax i e s .  

Class o f  galaxy N Range ( L0 ) Mean ( L0) 

Interact i ng 24  4x 1 0 7-7x 1 0 9  2 . 5x 1 0 9  

Merging 9 4 x 1 0 9-5x1 0 1 0  2x1 0 1 0 

Seyfert s  5 0  4 x 1 o • - 1 0 1 1 4x 1 0 1 0 

Starbursts : M82 1 0 9 

NGC253 6x 1 0  8 

NGC2903 1 x 1 0 8  

Bright spirals 1 7  1 0 5-7x1 0 8  2x 1 0 8  

2 . 3  Mass-to-IR l uminos i ty ratios 

There are rotat ion curves avai l able for nine of the galax i es in 

the s ample ,  and i t  i s  possible  to  place upper l imits on the masses of 

two more . In Table 2 the M/LIR rat ios are l i sted for these eleven 

galax i es .  Note that these ratios are for the mass and total I R  

l umino s i ty w i th i n  t h e  same apertur e ,  usually ei ther 5 or 8 arcs ec .  All  

the M/L
I R  rat ios are subsantially  < 1 .  Clearly ,  then , on the 

cri terion stated at the outset , there is  IR act i v i ty in every galaxy i n  

t h i s  sample for whi ch w e  can estimate a mas s .  

Our conclusions from this  data are :  

i )  There i s  I R  act i v i t y ,  i nd i cated by a M/L
I R  <<  1 ,  i n  the 

central few arcsec of every i nteracting galaxy for which the 

appropri ate data i s  avai l ab l e .  

i i )  The emi ss i on mechani sm appears to b e  thermal emi s s ion from 

' warm ' dust , l i ke that i n  galactic  H I I  regions . 
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Table  2 .  Mass-to-IR luminosi ties for interact ing galaxies . 

Galaxy 

NGC 

520 

1 6 1 4  

2798 

2992 

3227 

3256 

3396 

3395 

4088 

4 1 94  

5 1 94 

6240 

771 4 

3 .  The energy source 

Arp 

1 57 

1 86 

283 

245  

94  

270 

270 

1 8  

1 60 

284 

M/L 

( solar units ) 

< 0 . 01 * 

0 . 003 

< 0 . 4 *  

0 . 001  

0 . 02 

0 . 0 1 

0 . 002 

0 . 007 

0 . 02 

0 . 03 

0 . 3  

<0 . 08* 

0 . 0 1 

There have been two proposals for the energy source which powers 

this IR  activity in the central regions of i nteracting galax i e s :  a rap i d  

burst  o f  star formation ( ' starbursts ' ) ,  o r  accret ion onto a compact 

obj ect ( ' monsters ' ) .  Undoubtedly both processes are often present , but 

whether one or the other dominates is an outstanding controversy  which 

rages as i ntensely for interacting galaxies as it  does for spiral 

galaxies general l y .  In  the following I will  summar i se t h e  var i ety  o f  

observational approaches which have been undertaken t o  d i s t i ngui sh 

between these two energy sour ces . 

3 . 1  The spatial extent of the mid-IR emi ssion 

Imagine a dust grain at a d i stance R from a l uminosity  sour ce .  

The dust grain whi ch reach an equ i l ibrium temperature T at whi ch its  

thermal emi ssion equals the rate of  absorption of energy from the 

luminosity source:  
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( 2 ) 

For typi cal grain parameters this  gi ves 

R ( 3 )  

I f  there i s  a s ingle central source o f  luminosity - 1 0 1 0  L
0

, i . e .  a 

monster , i t  can heat dust grains to T - 300 K ,  i . e .  hot enough to that 

they radiate at 1 0  µm , only out to a d i stance of - 3 pc . Thus , i f  there 

is measurable spatial extent at 1 0  or 20 µm , it cannot be due to heat ing 

by a s ingle , central source i . e .  a monster , and must be due i nstead to 

d istri buted sources of luminosity , i . e .  a starbur s t .  

We have been pursuing a n  observing programme along these l ines , 

and the result i s  shown i n  F i g .  2 for the i nteract ing galaxy N2798 . I t  

exh i b i ts spat i al extent a t  1 0  µ m  ( s imilarly a t  2 0  µm , compared to an 

unresolved star , at a 5 cr s i gn i f i cance . I f  we i nclude data in the 

l i terature7 l , four i nteract i ng galaxies , N2798 , N3227 , N3 690 , and 

N51 9 4 , and f i ve merging galax i e s ,  N624 0 ,  N1 6 1 4 ,  N3256 ,  N331 0 ,  and IC883 , 

have measured spatial extent at 1 0  µm . Thus 25% of the sample i s  

resolved a t  1 0  µm .  Thi s  suggests rather strongly that the 1 0  µm 

emi ssi on in these galaxies is powered by a single quasar-l ike  nucleus , 

whi l e  starbursts rather naturally produce such spat ial extent . 

3 . 2  Opti cal spectra 

Another approach to determini ng the underlying energy source i s  

t o  use diagnost i c  di agrams for various opti cal l ine i ntensity  ratios , 

such as those developed by Baldwin , Phi l l ips & Ter l ev i ch9 ) , and 

others . There are the required opti cal spectra in the l iteratur e for -

3 1  of the i nteracting galaxies  i n  the sample ,  and we have plotted 

[ OI I I ] /HB vs . [NI I ] /Ha l ine i ntensity ratios for these i n  F i g .  3 .  The 

areas outli ned i n  the diagram are those whi ch Baldwin et al . i dent i f i ed 

as regions of �xci tation character i st i c  of HII regions , L iners , and 

Seyferts . For 21 of the interacting galax i e s ,  the excitat ion i s  

characteri stic  of H I I  regions , 4 are l i ke L i ners , and 6 are l ike 

Seyferts . Thus the excitation spectrum is characteri s t i c  of HII regions 
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F i g .  2. The spatial extent of N2798 at 1 0  µm compared to that 
of an unresolved star . The tel escope was moved in 0 . 75 arcsec 
steps alternately north and south while  chopping east-west for 

both the star and the galaxy . 

R. D. JOSEPH 

i n  two-thirds of the cases , and thus strongly ind i cative of an 

associ ated starburst . I n  Section 4 . 4  I shall consi der the poss i b i l i t y  

that ' Warmers ' ,  extreme Wolf-Rayet s tars whose exi stence i s  i nferred b y  

Terlevich & Melnick
l O ) , account for some o f  the associations found 

between interactions and Seyfert-type activity .  If  there were s uch a 

stellar evolutionary phase ,  i t  would be natural to find some exc i tation 

characteristic  of a harder spectrum present as the consequence of a 

starburst , and therefore i t  would not be unl ikely that the 1 0  non-HI I  

galaxi es have also experienced a starburst whi ch has now evolved to  the 

' Warmer ' phase a la Terlevich & Melnick .  

3 . 3  Radio data 

The characteri s ti cs of the radio emi ssion from these galaxies 

provi de another approach to distinguishing starbursts from monsters as 

the underlying energy sources i n  interact ing galaxies . The hallmarks of 

radio emi ssion from Seyfert-l ike  nuclei are flat spectra and small , 

usually unresolved s i zes . By contras t ,  steep spectra and extended 

nuclear radio emission would be expected for the supernovae and 

supernova remnants associated w i th a starbur s t .  
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F i g .  3 .  Opti cal l ine rati os for i nter acti ng galax i es . 

Radio data is available for three-fourths of the sample of 

i nt eract i ng galax i es7 l
. Virtually all of these have a s teep spectra 

inde x ,  - -0 . 7 .  For - 80% o f  the sample the nuclear radio source i s  

resolved , and the s izes are o f  the order of several arcsec . These radio 

features are not character i s t i c  of monsters , but qual i tat i vely 

consistent with the supernova activity  subsequent to a starburst . 

3 . 4  Ultraviolet spectral features 

The presence of strong UV emi ss ion l ines due to CIV ,  HeI I ,  and 

CIII  is one of the hallmarks of Seyfert-type activity  in galaxies . By 

contras t ,  one m i ght expect starbursts to show absorpt ion f eatures due to 

CIV and S i I V ,  s i nce these features are characteri s t i c  of giants and 

supergiants .  In fact , SiIV  absorption is luminosi t y  

dependent--strongest  i n  supergiants and about zero i n  dwarfs 1 1 ) . We 

have devoted an entire observing shift on I UE to the most nearby example 

of an ultraluminous merging galax y ,  N3256 1 2 ) . The low resolut ion 

s pectrum shows that the most prominent UV features are those due t o  S i IV 

and C I V ,  and there are no emi ss ion features typ i cal of Seyfert-type 

act i v i ty . This i s  strong supporting evi dence , from a rather d ifferent 

observat ional perspect i ve ,  that there i s  strong s tarburst  act ivity  i n  

this copybook example o f  a merging galaxy . 
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In s ummary ,  we have adduced observational evi dence with the broad 

perspective provi ded by insights from variety of UV , opti cal , I R ,  and 

radio measurements . All of these observat ional approaches point toward 

the ubiquitous presence of starbursts in these luminous I R  galaxi es .  

These data do not exclude the concurrent presence of a monster i n  some 

or all of these galaxies . However , it is d ifficult to avoi d the 

conclusion that , in  the l arge maj ority of cases , starbursts are the 

dominant energy sources driving the l arge IR luminosi ties we have shown 

to be a common feature of these galaxies .  Apparently ,  i nteract ions 

produce starbursts . 

4 .  Wider issues and implications 

4 . 1  How prominent are interacting galaxies among luminous I R  galaxies? 

There has been anecdotal evi dence pres ented i n  recent years 

suggesting that interacting galaxies are unusually l uminous in the 

IR5 • 6 • 1 3 ) . In  parti cular , Joseph & Wri ght 1 4 l 
argued that mergers of 

d isc galaxies produce ultraluminous IR galaxies .  Supporting evi dence 

for these ideas is  cont inuing to accumulate .  Allen et al . 1 5 ) , i n  

their stud i es o f  opti cally faint I RAS sources , f i n d  many to b e  s trongly 

disturbed or i nteract ing gal axies . Soifer et a1 . 1 6 )  have i denti f ied a 

sample of the 1 5 most luminous I RAS galaxies , and their CCD images 

i nd i cate that most , if  not all , are strongly interact i ng .  

There is  an apparent ' age effect ' i n  the sample o f  mergers 

studied by Joseph & Wri ght 1 4 ) whi ch is related to this quest ion . They 

classified their sample of merger s  into ' young ' , ' middle-aged ' ,  and 

' ol d '  on morphologi cal cri ter i a .  They found the ' middle-aged ' group to 

have an average IR luminosity - 1 0 1 2 L0 , whereas the other two 

categories were about 5 times less l uminous . they suggested that some 

of the spread in IR luminosi ties may be due to this ' age effect ' ,  and 

that l uminosi t i es - 1 0 1 2 L0 may be more typical of the peak starburst 

activity in mergers of large , gas-ri ch galaxies .  



ST ARBURSTS IN INTERACTING GALAXIES 

4 . 2  Formation of ellipticals from mergers of disc  galax i es 

Lynden-Be11 1 7 )  and Toomre 1 8 l , among others , have pointed out 

that the violent stellar dynami cal rel axation whi ch results from a 

merger will  produc e  a l i ght d istribution very much l ike an ellipt i cal 

galaxy . I f  this s cheme i s  correct , one must find a way for the merged 

remnant to r i d  i ts el f  of the interstellar gas it  i nher i ts . I f  mergers 

produce starbursts of the very l arge spatial extent descri bed above , 

then galact i c  winds dri ven by the associated supernovae should sweep the 

remnant free of gas and dust over a similar spatial  exten t .  Graham e t  

a1 . l 9 )  show that a starburst  with M/LI R  < 1 ( for a typi cal supernova 

pregeni tor of - 1 0  M
0

) to be energet i cally adequat e ,  and that such a 

process may be underway i n  N32 5 6 .  

4 . 3  Spectral evo l ut ion o f  galaxi es 

On the most s imple assumpt ions , the frequency of interact i ons 

between galaxies w i l l  be proport ional to the galax i es ' pecul i ar 

vel oc i t i es divi ded by the i nteraction mean free path . Thi s  frequency 

w i l l  scale with redshift , z ,  roughly as ( 1 +z ) ' .  Thus , i f  we see about 

5% of galaxies i nteracti ng now , most galaxies will  have experien ced one 

i nteract ion at z - 1 .  Whil e  this  is probably too naive an anal ys i s ,  

i t  indi cates that w e  mi ght expect t o  see the effects of 

i nteract ion- induced starbursts in the spectral and chemi cal evolution of 

most galax i es .  

4 . 4  Relat ion to other forms of act i vity  i n  galaxies 

It  is becom i ng increas ingly more evi dent that galaxy interact ions 

are associ ated with other classes of galactic nuclear activity .  Seyfert 

galaxies frequently  exhibit  ti dal distortions and have companions2 • 20 ) 

L i l l y  & Longair21 ) descri be evi dence of the effects of s tarbursts at 

h i gh redshifts based on the opti cal-IR colours they find for 3CR radi o  

galaxies . Smi th et a1 . 22)  f ind that i n  their  deep CCD images of low 

redshift quasars , about half are hosted by morphologi cally pecul i ar 

galax i es .  And recently Heckman et al . 23)  have shown that powerful 

radio galaxi es are associated with morphologi cally disturbed galaxies .  
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One possible l ink between int eract ion-induced s tarbur s ts and some 

of these other forms of activity  is provi ded by the proposed existence 

of ' Warmers ' by Terlevich & Melni ck 1 0 )  ( and cf. Terlevi ch elsewhere in 

this volume ) .  These authors argue that such stars can account for most 

of the high exci tation spectral features whi ch characteri s e  Seyfert 

galaxi es and quasars . Since i nteraction- induced star bursts are 

apparently efficient i n  producing h i gh mass star s ,  one can see that 

i nteractions mi ght play a major role in producing these h i gh excitation , 

high luminosity  galact i c  nuclei . 

Another suggestion whi ch has been current i s  that the 

i nteractions provide fresh fuel for accret ion onto a compact obj ect 

lurking in the centre of a galaxy ( e . g .  Heckman et a1 . 23 l ) .  However , 

if i nteraction- induced starbursts do have the l arge spat ial extent 

which seems to be typical , strong galact i c  winds dri ven by the ensuing 

supernovae should very quickly sweep a large central region free of gas , 

thereby depri ving the monster of any more food . 

Although i t  is clear that there is an association between 

interact ions and non-thermal nucl ear act ivity  in galaxies , the phys i cal 

and causal connections are not at all clear . However , it is l i kely that 

the powerful starbursts tri ggered by interact ions are an important clue . 
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Opti cal s pectra , Ha images and photometry , and I RAS data have been used to 
compare star-form i ng proper t i es of otherwi se simi l ar i nteracti ng and non
i nteracting s piral galaxi es . Star formation on all l i near scal es is enhanced 
dur i ng i nteractions , parti cularl y  in very close encounters . Compari son of 
conti nuum colors and Ha e qui valent wi dths with simpl e  models i ndi cates that 
ei ther the bursts of star formation i nduced by close i nteracti ons are very bri ef 
( l ess than 1 07 years ) or that they are enri ched i n  the most massi ve s tars . These 
processes are mi nor effects on the evolut i on of a typi cal gal axy now ; whether 
they were ever dominant depends on yet-unknown dynami cal proper t i es of binary 
galaxies . 
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1 .  I ntroduction 

Several l i nes of evi dence have been used to support l i nks between galaxy 

i nteractions and strong burs ts of s tar formation . The opti cal colors [ 1 ] ,  radio 

luminos i t i es [2]  and i nfrared properties [3]  of known i nteract ing sys tems , as 

well as the occurrence of obviously i nteracting galaxies in radio [ 4 ]  and 

i nfrar ed-sel ected [5 ] samples , all i ndi cate that at leas t some i nteract i ng 

galaxies have much hi gher s tar-formation rates than thei r  more isolated cous i ns . 

I t  i s  thus i mportant both to know the range of phenomena whi ch can be i nduced by 

i nterac tions , and to have a quanti tative s ta ti s t i cal picture of the resul ts of 

these processes . Indi vi dual systems may be al tered greatly ,  but are these 

processes important in the evolution of a "typical" gal axy? This r e port 

summar i zes several studi es deal i ng w i th these questions , pri mar i l y  undertaken i n  

collaboration with R . C .  Kennicutt , Jr . ,  J .M .  van der Huls t ,  and E .  Hummel .  I 

deal i n  turn wi th star-formi ng proper ties of galacti c nuclei , d i s ks , i ndivi dual 

H II regions , and effects on galactic  evolution . 

2 .  Nuclear H I I  regions and starbursts 

We have already publ i shed resul ts of opti cal s pectrophotometry of the 

nuclei of 1 6 0 i nterac ting spirals , in comparison with noni nteracting ones [6 J .  

We exami ned three samples of galaxi es : one selected for probabi l i ty of a 

companion ' s  being physical l y  associ ated , wi thout consi deration of mor phology ; 

one drawn from the Arp atlas , cons i s ti ng of strongl y d i s turbed s ys temfl ;  and a 

group of more isolated s piral s  i n  a magni tude- l i mi ted sample . We may thus probe 

several i nteraction regimes , and do so i n  a differenti al way . The mos t rel evant 

r es ul ts here are :  

S tar formation rates determi ned from Ha are s ys temati cally  h i gher i n  nucl ei 

of i nteracti ng spirals than noni nteract i ng ones . The degree of enhancement has a 

l arge range , wi th the greatest excess (factors > 1 0 ,  star burs ts ) found 

preferenti al l y  in " contact" pairs  having proj ected separati ons less than the 

combined de Vaucouleurs radi i . 

The emi ssion s pectra of these nucl ear s tar-form i ng regions i ndi cate ei ther 

excess massi ve s tars ( rel ative to a Sal peter IMF ) or cons i derably lower 

abundances i n  the gas than normall y  seen i n  such nuclei . 

There i s  a mild dependence of normal i zed s tar-forma tion rate ( from 

the Ha e quivalent wi dth )  on proj ected pair separati on ,  after taking selecti on 

effects i nto account [7 ] .  

Enhanced nuclear s tar formation i s  present for galaxies separated by as 

much as 50 kpc ; a fairly weak ti dal dis turbance can have noti ceable 



ST AR FORMATION IN INTERACTING GALAXIES 309 

consequences . The preference of s trong burs ts for very close pairs  sets  an 

immedi at e  l imi t of order 5x1 O7 years o n  the duration of opti cal l y  prominent 

bur s ts , in accord wi th model f i ts for the surroundi ng d i sks ( below ) .  

Note that only a fraction -25% of closely i nterac ting  s ystems show very 

s trong nuclear (or d i s k )  s tar format i on .  Whil e  such s ys tems are s trongly 

repr esented i n  flux-li mi ted sampl es s elected  i n  the UV , I R ,  emi ssion-l ine or 

rad i o  surveys , i t  should be remembered  that mos t i nteracti ons , as seen at a 

given moment , do not have s trong effects on s tar formation . 

3 .  D i s k  s tar formation :  enhancements and extensi ve bur s ts 

We have esti mated d i s k  s tar-formati on rates f or mos t of the galaxies i n  the 

nuclear sam pl es v i a  Hex images and lar ge-aperture photometr y ;  crude comparison 

was pos s i bl e  wi th I RAS measures , mos tly for pai rs taken together . Full details  

are gi ven elsewhere [ 8 ] .  Our primar y  conclusions are :  

As wi th nuclei , a small subset o f  di s ks s how s trong responses ; mos t are 

only sl i ghtl y enhanced above normal for their  mor phological type . 

I n  s trong i nt eracti ons , both members of a pai r  show s i mi l ar d i s k  res ponses , 

i ndependent of orientation or morphology ; i n  such pairs , the dynami cs of the 

i nterac t i on i tself  has overri dden each d i sk ' s  i ni ti al condi ti ons . Thi s i s  a 

version of the Holmberg effect [ 9 ]  f i r s t  seen i n  broad-band colors . 

D i s k  and nucl ear enhancements of s tar formation occur toge ther only i n  the 

most s trongly enhanced systems . Strong disturbances produce simul taneous 

res ponses i n  all parts of a gal axy . 

The i nner d i sks (wi thi n 3 kpc ) seem to respond to i nteractions more readil y  

than the outer parts , perhaps due to timescale differences ; thi s i s  seen also i n  

the wor k o f  Bushouse [ 1 0 ] .  Thi s effect may bl end wi th that s een for nuclei  [6 ] ;  

the dis tinction  may reflect convention rather than physi c al l y  dis tinct nuclei  

and i nner di sks . 

The UBV col ors  and Hex e quivalent wi dths may be f i t  by models  of old 

populati ons wi th superi mposed  burs ts . The results i ndi cate ei ther burs t  

durations l ess  than 1 07 years , o r  an excess o f  very massive  s t ars . The bursts 

may have l ong tai l s  up to  1 08 years , but if the IMF is normal , the peak durat i on 

must be smal l . 

U s i ng the I RAS fluxes ( part i cularl y  25-60 m i crons ) as rough i nd i cators of 

star-formation r ate broadly confirms the Hex resul t s ;  detail s  cannot be tested 

i ndependently  because too f ew pai rs can be separated i n  the I RAS dat a ,  even 

after e xtensi ve reprocessing . 



3 1 0  W. C. KEEL 

4 .  H I I  regions i n  i nteracting gal axies 

Our Ha images all ow quanti tati ve measure of the s patial and l umi nos i ty 

distributions of the H II regi ons i n  nearby s ys tems , as l ong as differ enti al 

extinction across a galaxy i s  not s trong . Such data can , in princ i pl e , be used 

t o  address both the preferred si tes of induced s tar formati on ( l ocati ons of 

shock fronts [ 1 1 ] ,  effect of the direction of tidal distur bances [ 1 2 ,  1 3 ] )  and 

any preferred s cale for such s tar formation . The der i ved Ha luminos i ty functi ons 

mus t be i nter preted with care ;  resolution differences can domi nate physi cal 

changes . 

From prel imi nary analys i s ,  i t  appears that mos t i nteracti ng galaxies s hare 

the power-law form for the H I I  region l uminos i ty function seen i n  such normal 

s piral s  as NGC 628 [ 1 4  J .  A few ( NGC 275 ,  54 74 , 771 4 )  show different slopes or 

"bumps" . These features suggest differences i n  scale , but whether this  per tai ns 

to i ndividual H II regions or the i r  clumping cannot be determi ned with  availabl e 

resolution . Work on further obj ects i s  in progress . 

The s patial di s tr i bution of H I I  regions l i kewi se  s hows a var i et y  of forms . 

Many obj ects , again , show nothing remarkable .  Some ( NGC 4 038/9 , NGC 3 6 9 0 )  show 

acti ve s tar formati on along the expected contact surface between two d i s ks . In  

some cases , s trong arcs are seen , as  predi cted by the  cloud-col l i sion models of  

Noguchi and I shibashi [ 1 1 ] .  There i s  no  s trong , general preference of H I I  

regions for t h e  si de of a galaxy towards or opposi te a companion ( when the s pace 

ori entati on can be recons tructed ) ;  summi ng the f i nal resul ts for all such 

systems shoul d all ow weak trends of thi s kind , or time-lag effects , to be 

uncovered . 

5 .  Interacti ons and galaxy evolution 

From these data ,  we may address the ques tion of whether i nteracti on- induced 

s tar formation i s  important i n  the evolution of a typi cal galaxy ( which issue is  

d i s ti nct from dynami cal effects and mergi ng ) . For s piral s  compr i si ng an 

approximately volume-limi ted sam pl e ,  interactions account for 6±3% of current OB 

s tars , wi th errors mos tl y from such factors as Hubbl e t y pe and luminos i ty 

dependences . A substanti al fraction of s pirals have probably undergone 

s i gnificant bursts of induced s tar formation at some time , but thi s is not an 

crucial l y  important process at i ts current rate . 

I nt eracti ons were almos t cer tai nly common i n  the earl y h i s tory of gal axi es , 

and one might consi der whether their effects were ever l i kely to be dominant . An 

i mportan t  uncertainty i s  in what ki nds of sys tems mos tly produce i nteracti ons . 

Encounters of completel y unrelated galaxi es are not important , as there are too 
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few , wi th vel oci ti es too hi gh for maximum ti dal i nfluence . Ini tial l y  bound 

systems or subsystems are more l i kely pros pects , but the crucial i ssue - how 

s trongly bound - is near l y  immune to observati onal tes t i ng .  Tightly bound pai rs 

will have a d ifferent i nteraction his tory than marginal l y  bound ones , whi ch may 

only now be approach i ng one another for the first  time . Given the current 

uncertainti es , i nduced s tar formation mi ght have been dominant , or trivial , 

compared to i nternal l y  regulated s tar formati on ear l y  i n  gal act i c  h i s tory . 

Further approaches , both observational and theoreti cal , to this problem are 

urgently  needed . 

Indivi dual s ys tems , however , can cl early have t he i r  s tar-formi ng h i stor i es 

s trongly affected by i nteractions . Not only can mergers i nduce such strong 

burs ts as to cl ear the remnant of gas [ 1 5 ] ,  but some exce ptional l y  long-l i ve d  

episodes may be tri ggered by companions . A case i n  poi nt i s  I I  Z w  2 3 .  Thi s 

lumi nous blue compact shows an ear l y- type s tellar populat i on and gaseous 

f i l aments that are apparently i nfal l i ng [ 1 6 ] .  The i ntegrated pro per t i es indi cate 

that s tar formati on at the present rate has been goi ng on  for several 1 08 years ; 

this will e xhaus t the availabl e  H I i n  a comparabl e  time if i t  conti nues , 

analogous to some phases of galaxy formati on .  A candi date compani on i s  presen t , 

whose d i sturbance mi ght have preci pitated i nstab i l i ties  i n  the H I envelope 

l eadi ng to the observed s tar-formi ng epi sode . Events i n  numerous merging s ys tems 

may proceed in a similar , but more rapi d , fashion . 

6 .  Summary 

Galaxy i nteracti ons , as seen i n  s pi ral s , may have important temporary 

effects on both nuclear and d isk  s tar formation ( i nduced s tarburs t ) . A small 

fraction have very s trong burs ts , whi ch are well seen i n  several kinds of 

surveys , but they are not representative of the average si tuation . Uncertainti es 

i n  the dynami cs of bi nary gal axi es l imi t extrapolation of local resul ts to early 

galactic  evolution . 
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It is now w ell-known that interactions between galaxies or the presence of a 

bar in the center of a spiral can induce two-arms density waves in a galactic disk. The 

consequent increase in interstellar cloud collisions, the form ation of giant molecular 

clouds giving birth to stars, and the formation of rings by angular momentum transfer, 

could explain the starbursts phenomena in spiral galaxies. 
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Starbursts appear to be related to dynamical phenomena , like bar w av es in 

galaxies or tidal interactions and m ergers. This concerns m ainly s piral galaxies ,  which I 

only consider here. The cas e of blue c o m pact d w arfs might be different, sin c e ,  be cause 

of their sm all m asses, these systems could be dominated by stochastic star form ation 

(one giant HII region). What are the m e chanis ms that link dynamics and star formation? 

E vidences for dynamical trigger 

1 .  Interacting galaxies 

In 1 9 7 8 ,  Larson & Tinsley com pared the color diagrams of a sam ple of 

interacting galaxies with a control sam ple, and concluded that tides w ere triggering 

bursts of star form ation in interacting galaxie s .  From H 1 h 
em ission, Bushouse ( 1986)  

a p a 
reaches the sam e  conclusions . The tidal interaction seems to favor also nuclear a ctivity 

( K eel et al 1 9 85). The IR A S  survey has now added overwhelming evidence for enhan c e d  

star formation in interacting galaxies (de Jong et al 1 98 4 ,  S oifer et a l  1 98 4). A cc ording 
1 1  

to S anders et al (1 986), m ost galaxies with far infrared luminosities larger than 1 0  Lo 

are interacting galaxies or m ergers. 

Y oung et al (1986) have studied m the C 0 line a sam ple of 26 galaxies :  1 3  
isolated and 1 3  interacting. They notice first that their m ole cular content is similar, 

according to their similar ratio of blue luminosity to total m ole c ular m ass (L
B 

I M H2 ). 

This point is interesting since w e  can distinguish two steps in the star form ation 

triggering :  first the gas density (either atomic or m olecular) could be enhanc ed,  and 

second the star form ation efficiency for a given gaseous m ass could also be enhanced. 

From the sam ple here , there seems to be no evidence that the global m ole c ular content 

of interacting galaxies is different from that of the isolated galaxies.  The dynamical 

action is concentrated m ainly on the star form ation efficiency: The dust tem perature 

obtained from the ratio 60µ/1 00µ em issions is m ultiplied by a factor 
2 

in interac ting 

galaxies; the star formation efficiency (S F E )  as qualitatively m easured by the ratio 

L
IR

/ M H2 is about 7 tim es higher in interacting galaxies (this is coherent with the 

larger dust tern perature). 

Joseph & W right (1985)  claim that m ergers are a class of ultraluminous 

infrared galaxies (at 1 0µ); their luminosity (4 1 09 
L G>- 5 1 01 0  

L e) reaches the level o f  

Seyfert's,  m uch brighter than ordinary starburst galaxies (5  1 08-1 09 
L @), while bright 

spirals range bet w e en 1 05 -7 1 08 
Lo in luminosity. 

T o  determine which triggering m e chanism is at play ,  it is necessary to kno w  

pre cisely where in the galaxy is going on the starburst: this req uires that we kno w  the 

S F E  (L
IR 

I M H 2 )  with high spatial resolution. This becomes n o w  available with 

near-infrared observations, and m m  C 0 observations with large single dishes or 

interferometers. 
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o Arp 299 

From interferom etric C 0 observations of these m erging galaxies,  S argent et  

al  ( 1987)  found two com pact m olecular re gions, each 1 .4 1 09 M o  of H2 • O ne is 

co1ncident with the nucleus of IC 694 ,  but the other one is a re gion of a s piral feature, 

possibly formed by the tide .  The first re gion has LIR I M H 2 of 280 ,  it has a flat radio 

spectru m ,  that requires a nonther m al source. In the spiral arm re gion the S F E  ratio is 

4 0 ,  typical of a starburst re gion (for the M ilky W ay, the m ean S F E  is _3). 

o Ring galaxies 

These galaxies contain only a nucleus and a ring feature, the archetype is 

the C artwheel; they are likely to have suffered head-on collisions (cf Theys & S piegel 

1 9 7 6 ;  Lynds & T oo mre 1 9 76). The ring is a density w ave, born in the collision, where 

star form ation occurs : A ppleton & Struck-M arcell ( 1 9 8 7 )  have studied the ratio bet w een 

far-infrared an d blue lum inosities in a sam ple of ring galaxies; they found that rings 

are starburst re gions, with color tem peratures of the dust higher than norm al. The 

location of these starburst is non a m biguous; in some  ring galaxies,  even the nucleus 

has been separated from the rest of the disk. 

o N G  C 3 6 2 8  

In this edge-on galaxy, part o f  the L e o  Triplet, B oisse et al ( 198 7 )  found a 

discrepancy betw een the IR A S  position and the C 0 m axim u m ,  also co1ncident with the 

continuum position. It is likely that star form ation has been enhance d  outside the 

central re gion by the tides (inducing gas infall and shocks). 

2. Barred galaxies 

In the IR A S  survey (de Jon g  et al 1 984 , S oifer et al 1 984)  barre d galaxies 

are also strong far-infrared emitters. A ccording to Haw arden et al (1986), barred 

galaxies have twice as m uch infrared luminosities than non-barre d galaxies; they are 

also easily distinguished in infrare d  color-color diagrams.  B arred galaxies often possess 

resonant inner rings, that are regions of starbursts (hot spots in H 1 h ). a p a 
According to recent high resolution C 0 observations of the nucleus of s o m e  

bright spirals, the m ole cular gas reveals as a very good tracer o f  bar w aves and 

nuclear rings : examples are N G C 25 3 ,  M 82 (Lo et al 1 9 8 7 ), N G C 6 946 ( Ball e t  al 1 9 8 5 ,  

W eliache w e t  al 1 9 8 7 ), N G C 1 06 8  ( M yers & Scoville 1 9 8 7), N G C 1 0 9 7  (G erin et a l  1 9 8 7 ). 

Interesting enough, in m ost of these exa m ples, the bar is present together with a 
com panion. 

How do these m echanisms w ork? 

A central bar and a passing-by com panion, both have similar actions in the 

disk of the perturbed spiral galaxy: bisym m e trical forces (in cos(2 (1 ), (}- being the 

azim uth in the disk). These forces generate a t w o-arms density w ave in the disk (see 

e .g. T oomre 1 9 7 7). 
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Once the density-w ave developped, the accum ulation in density in the arms,  

and the crow ding of orbits, creating system atic encounter velocities bet w e en gas 

clouds, favorise cloud c ollisions. C ollisions bet w e en m olecular clouds are highly 

inelastic , and coalescence forms giant m olecular clouds (G M C ), where young star 

associations are produced. 

Noguchi & Ishibashi (1986) have sim ulate d  such a scenario, w ith a passing-by 

com panion perturbing a disk of colliding test-particles. A ssuming the star form ation 

rate proportional to the collision rate, they found in their best m odel that star 
8 form ation is increased by a factor of about 8 with respect to norm al, 3 1 0  years after 

perigalactic passage. T hey also found that, after several galactic rotations, particles 

loose their angular m om entum and settle do wn into a ring. 

The oc curence of a bar is m uch m ore frequent: 2/3 of the spiral galaxies are 

classified as barred, and oval com ponents are very frequently observed even in 

non-barred systems (Zaritsky & Lo, 1 986). The oval potential generates a spiral 

structure in the gaseous com ponent. W ith a collisional m odel involving a m ass-spectrum 

of m olecular clouds, we have shown ( C ombes & G erin 1 9 8 5 )  that G M C  w ere for m e d  

preferentially in the bar-induced spiral arms,  im plying a n  enhancem ent o f  star 

form ation there . 

The torque exerted by the bar on th e spiral arms transfers angular 

m o m entum:  outside corotation, particles flo w towards the outer Lindblad resonan ce 

( 0  L R ), and inside corotation, they flo w  towards the inner resonanc e  (IL R) if present. 

The gas settles into rings, where it is no longer subje ct to torques (S chwarz 1 984). In 

our m olecular clouds sim ulations, w e  found the form ation of inner rings very efficient, 

occuring within a fe w rotations with a strong bar; the position of the ring could be 

very close to the nucleus, according to the angular velocity of the bar (cf Fig. 1 .). 

Sim ulations carried on with a passing-by com panion, w ith the spiral disk as an orbit 

plane, give similar results (cf Fig. 2 ). 

A passing-by companion reinforces the bar action, provided that the c ollision 

is not head-on. W e  have run N-body sim ulations ( G erin, C o m bes, A th anassoula 1 9 8 7 )  to 

test the gravitational influence of a com panion on a barred galaxy. Provided that the 

perigalactic passage of the com panion is not too close, that the stars contributing to 

the bar are not ejected by the tides, the tidal action alw ays reinforces the bar (cf Fig. 

3). W hen the bar is not yet settled (m odels where the apparition of the bar is 

postponed by the presence of a m assive hot bulge), the com panion passage destabilises 

the disk with respect to bar form ation (Fig. 4 .). 

These cum ulated actions could be at play in m any starburst galaxies 

(N G C 1 068,  N G C 1097  ••• ), and m ust be invoked to explain the sudden increase in activity 

of the bar; indeed, the starburst phenomenon is necessarily short-lived, and a 

stationnary bar could not be the origin. 
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Figure 1 :  F ormation of a nuclear ring 
in a barred galaxy. C ontours of the 
am ount of energy dissipated in cloud 
collisions are represented here for an 
angular velocity of the bar of 1 6  
Km/s/kpc. 
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Figure 3:  N-body sim ulations of a 
disk of stars having already form ed a 
bar by previous evolution; comparison 
of the bar strength in function of 
tim e for two cases: - with a 
perturbing companion; - - - reference 
run of the isolated disk. 

Q is the strength of the bar 
m ea�ured by the maxim um ratio of 
the tangential force (provided by t?e 
2nd harm onic) to the total radJ.al 
force. 
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Figure 2: Same representation for an 
axisym metric m odel for the galactic 
disk, perturbed by a com panion. 
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Figure 4: Similar diagrams for a disk 
of stars perturbed by a passing-by 
com panion, before the formation of 
the bar (cf G erin et al 198 7 ). 

3 17 



3 18 F. COMBES 

References 
A ppleton P.N.,  Struck-M arcell c ., (1 987)  A p.J. 3 1 2 ,  566  
Ball R.,  Sargent A.L,  S coville N.Z. ,  Lo  K . Y . ,  S cott S . L., (1 985)  A p.J. 2 98,  L 2 1  
Boisse P.,  C asoli F . ,  C om bes F.,  (1 987)  A & A  1 73 ,  2 2 9  
Bushouse H .A .  ( 1 9 8 6 )  PhD T hesis, University o f  lllinois, Urbana 
C om bes F., G erin M ., (1985)  A & A  1 5 0 ,  3 2 7  
G erin M ., C om bes F . ,  AthanassoulaE. (1 987)  A & A  in prep 
G erin M ., Nakai N., C om bes F., (1 987)  A & A  in prep 
H a w arden T. G ., M ountain C . M ., Leggett S. K., Puxley P.J. (1 986 ) M . N.R. A .S. 2 2 1 ,  4 1  P 
de Jong T. ,  Cle gg P.E . ,  S oifer B.T ., R o w an-Robinson M ., H abing H.J., Houck J. R. ,  

Aumann H.H.,  R aim ond E . ,  (1984) A p.J. 278,  L67 
Joseph R . D., W right G .S. (1 985)  M . N . R . A.S .214 ,  87  

-

Keel W .  C ., Kennicutt R. C . ,  Hum m el E. ,  vander Hulst J. M .  (1 985)  A.J. 90,  708  
Larson R . B., Tinsley B. M ., (1 978)  A p.J. 2 1 9, 46  

-

Lo K . Y . ,  C heung K. W ., M asson C . R ., Phillips T. G. ,  S cott S .L. ,  W oody D.P.  (1 9 8 7 )  A p.J. 
3 1 2 , 5 7 4  

Lynds B. ,  T oo� A .  (1 9 76) A p.J. 2 0 9 ,  3 8 2  
M yers S.T.,  S coville N . Z .  (1 987)  A p.J. 3 1 2 ,  L 3 9  
Noguchi M ., Ishibashi S . ,  (1 986)  M . N . R. A . S .  2 1 9, 305 
Sanders D. B.,  Scoville N.Z. ,  Y oung J. s:;-soifer B.T. ,  S chloerb F.P.,  Rice W . L., 

Danielson G . E .  (1 986)  A p.J. 305 , L45 
Sargent A.L ,  Sanders D. B., S coville N. Z., Soifer B.T. (1 9 8 7 )  A p.J. lll, L35 
Sch w arz M . P. (1 984) M . N .R .A .S .  209,  93 
Soifer B.T . et al (1984) A p.J. 2 78;""L71 
Theys J. C ., S piegel E . A. (1 9 7 6)Ap.J. 2 1 2 ,  6 1 6  
T oomre A .  (1 9 7 7 )  A. R . A. A .  1 5 ,  4 3 7  

-

W eliachew L., C asoli F.,  C om bes F.,  (1 987)  A & A  sub 
Y oung J.S., K enney J.D. ,  T ac coni L., Claussen M .J., Huang Y. L., T acconi-Gar m an L., 

Xie S., S chloerb F.P. ,  (1 986)  A p.J. 3 1 1 ,  L l 7  
Z aritsky D., Lo  K . Y .  (1986) A p.J. 303 ,  6 6  

-



COMPOSITE DISK/HALO MODELS OF S PIRAL GALAXIES 

E .  Athanassoula and A. Bosma 
Observatoire de Marseille 

2 Place Le Verrier 
13248 Marseille Cedex 04 , France 

3 1 9  

We briefly discuss mass models of spiral galaxies involving decomposition 
into disk and halo components using rotation curves and radial luminos ity 
profiles . Suitable models are obtained by assuming constant mas s - to - light 
ratio in the disk ( and bulge , if present ) , and constraining the value of 
this ratio by spiral structure theory . 
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1 .  Introduction . 

Several dynamical quantities are required for the study of the chemical 

evolution of spiral galaxies , e . g . the mass surface density in the disk as 

function of radius , the mass - to - light ratio as function of radius , and the 

relative dis tribution of disk and halo material . The observable quantities 

from which these can be obtained are the light distribution in the galaxy and 

the velocity field . Several modeling procedures have been used so far , such as 

a) assuming all the mass is in the disk , e . g . the Monnet - S imien models [ 13 ] , 

used by McCall is his compilation [ 12 ]  ; or the Nordsieck [ 14 ]  models . The 

Monnet - S imien models attempt to fit a rotation curve with an r� -bulge and an 

exponential disk , each with constant mass - to - l ight ratio , and thus fail in the 

outer parts of a galaxy , where the rotation curve stays flat . The Nordsieck 

models imply a strong increase of the mas s - to - light ratio in the outer parts 

( e . g .  [ 4 ] ) .  Neither is very satisfactory to use . 

b) assuming ' nothing ' , i . e .  use only considerations about the global form of 

the rotation curves [ 5 ] . This does not help us for detailed analys is of 

individual galaxies . 

c )  us ing some scheme to decompose a galaxy in a disk and a halo component . We 

will review here briefly the procedures used sofar , and focus on a 

particularly promis ing scheme , which we intend to use in the future to examine 

questions like e . g .  the ratio of gas to total mass in a disk as function of 

radius , and its relation with the observed oxygen abundance gradients . 

2 .  Disk/halo decompositions 

The general outline of the modeling procedure is given as a block diagram 

in figure 1 .  The basic assumption is always that the mass - to - l ight ratio of 

the disk is constant with radius . This seems j ustified by the fact that there 

are no appreciable color gradients ( e . g .  [ 19 ,  7 ,  10 ] ) .  An independent , but 

still constant , mas s - to - light ratio is considered for the bulge , whenever this 

component exists . Following a method pioneered by Kalnaj s [ 9 ] , the rotation 

curve for the disk ( and for the bulge , if necessary) can be calculated from 

the observed radial luminosity profile , using the mass - to - l ight ratio ( s )  as 

free parameter ( s ) . If there is a difference with the observed rotation curve , 
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as is always the case in the outer parts of the galaxies provided the velocity 

data extend sufficiently far out , the difference is attributed to a halo 

component . The rotation curve for the halo can , once determine d ,  be 

parametrized . For this a particular shape , e . g . spherical , and sometimes a 

particular mass distribution , e . g .  isothermal , must be assume d .  However , since 

these assumptions influence only the halo parameters and not those of the 

vis ible material , we will not discuss them here any further .  In many cases [ 6 ,  

2 ]  the gas has been included as a separate component .  An example o f  such a 

model is given in figure 2 .  

To escape an infinity o f  models with different mas s - to - l ight ratios choices 

have to be made to fix this parameter .  Several ways have been proposed 

a) ' best fit' models [ 10 , 11 ] , where a least squares fitting to a predetermined 

halo function is obtained . This has the disadvantage of prej udicing our 

knowledge about halos , without j ustification . 

b )  ' maximum disk models ' .  Two such classes can be distinguished .  

b l )  The ' truely maximum disk ' , considered e . g .  i n  [ 9 ]  and [ 10 ] , where the 

mass - to - l ight ratio is taken as high as possible without overshooting the 

central parts of the observed rotation curve . In such cases a hal o ,  if 

present , has a hollow core . 

b2 ) The ' maximum disk without a hollow core ' , for which the mass - to - l ight 

ratio has been somewhat lowered so as to allow a more reasonable halo profile 

( [ 17 ] and [ l ] ) . 

c )  Constraints on the mas s - to - light ratio of reasonably symmetric two armed 

spiral galaxies can be set from the theory of swing amplification [ 16 ]  ( c f .  

[ l ] ) .  This shows that a mass ive halo , unless it is cold and responding, 

inhibits spiral structure and that the halo mass necessary for this is a 

function of the number of arms in the galaxy . Thus a disk-halo decompos i tion 

such that most of the mass is in the halo is incompatible with the existence 

of spiral structure . If one considers consecutively larger and larger disk 

mass - to - l ight ratios one will reach a threshold;  values below this excluding 

two armed spirals and values above it allowing i t .  This we will call "no m=2 " 

solution . I f  we continue rais ing the disk M/L we will reach a second 

threshold,  between M/L values excluding or allowing m=l spirals or asymetries . 

In a number of cases the "maximum disk without a hollow core " solution has 

been reached before the m�l instabilities become allowed and in mos t  cases the 

two solutions are very close [ l ] . We will , for the purposes o f  this talk , not 
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distinguish between them . One can thus define an allowed region bracketed by 

two extrema : on the lower side the ' maximum disk with no m-2 ' and on the upper 

s ide the ' maximum disk with no m-1 '  [ l ] . We have submitted the ' maximum disk 

with no m-1 '  to a number of tests to check whether it is a reasonable 

solution . We find that 

- I t  gives good fits to the observed velocities 

- It allows the observed spiral s tructure , both in number of arms and in 

radial extent 

- It gives reasonable gas fractions 

- It gives reasonable mass - to - l ight ratios , agreeing both with the s tellar 

populations models and with values obtained from different dynamical 

constraint ( i . e .  the vertical equilibrium of galactic disks , [ 18 ] ) .  

These arguments and the corresponding analysis can be found in [ l ]  for the 

sample analyzed in that paper . 

For one galaxy of that sample , NGC 488 , measurements of the velocity 

dispers ion are available [ 8 ] , while an extended HI rotation curve has been 

recently obtained [ 3 ] . It is thus pos sible to build a mass model and calculate 

its axisymetric stability parameter Q [ 15 ] . A preliminary analys is shows that 

the Q values obtained from the ' no m-1 ' model are reasonable . 

Although the above tests cannot cons titute absolute proof they certainly 

provide s trong indication that the ' maximum disk with no m-1 ' is a good model 

and can be used for further studies , in particular those of dynamical or 

chemical evolution and population models . We are much less favourable to the 

model corresponding to the lower l imit , ' maximum disk with no m-2 ' , since this 

is faring less well for a couple of the above issues . Finally we cannot , at 

this stage , assess any intermediate model . 
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Galaxies are not isolated systems of stars and gas, "independent universes" as 

believed by astronomers about ten years ago, but galaxies are formed and evolve by 

interaction with their environment, mainly with their nearest neighbors . Gravitational 

interactions produce enormous tides in the disk of spiral galaxies, generate spiral arms 

and trigger bursts of star formation. Around elliptical galaxies, the collision with a 

small companion produces a series of waves, or shells. A galaxy interaction leads, in 

most cases, to the coalescence of the two colliders : second generation galaxies are 

therefore still forming now by galaxy mergers, essentially elliptical galaxies, but also 

compact dwarfs. Collisions between galaxies could also trigger activity in nuclei for 

radiogalaxies and quasars . • •  
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Galaxies are formed in groups and clusters, and this increases considera bly 

the frequency of interactions: an evaluation of this frequency based on the m ean 

galaxy density , as if their repartition was ho m o geneo us in the Universe ,  

und erestimates totally the pheno m enon. In average , it can be extrapolated from 

observations that a massive galaxy has sw allo w ed several s mall co m panions in  a Hubble 

tim e .  Gravitational interactions considera bly perturb the disk of spiral galaxies ,  and 

are often the ca use of their pee uliar spiral morphology (cf the case of M essier 5 1 ,  

fig. I .). These interactions brake the galaxies on their relative orbit , and the 

com panions merge to form a ne w sy ste m ,  possibly an elliptical galaxy : w e  are still 

witnessing such merging events today. Their study is fund amental to our knowledge of 

galaxy formation. 

The physical nature of galaxy interactions 

It is only very recently that the nature of galaxy interactions has been 

elucidated ; in the 1940 's,  the sw edish astronomer Erik H olm berg had ye t already 

established the basis of the right interpretation,  but his pioneer w ork had little 

im pa ct.  He predicted the giant tides generated by the interaction,  the conse quent 

merging of the galaxies : he even carried out analogic sim ulations of the pheno m enon! 

W ith the help of light bulbs , which intensity decreases as the square of the distance,  

and therefore can sim ula te the gravitational forces, he  co m p uted the behaviour of  an 

ense m ble of interacting stars : he solved the N-body proble m .  T w o  syste m s  of 74 bulbs 

mobile on a table sim ulated t w o  interacting galaxies .  

During the follo wing 3 0  years, the theory only stepped back wards : astronom ers 

were convinced that the long and very thin fila m ents observed around interacting 

galaxies (cf fig. 2)  co uld not com e  from tides , but they believed in a hydro magnetic 

origin, since thin fila m ents were re miniscent of matter collim a tion by the force tubes 

of the magnetic field. The more familiar tides in the solar sy ste m ,  and in particular 

the earth tides, co uld not ind eed lead to im agine such fila m entary perturbations: tides 

on earth act only on solid or liquid materials with strong cohesion ,  while galaxies are 

a very loose ense m ble of stars and gas, without any cohesion except by 

self-gravitation. A fter the 1 9 64 discovery of quasars, these extre m ely energetic 

phe nom ena in gala ctic nuclei, it was even thought th at the centers of galaxies w ere 

the seat of giant explosions, which co uld be at the origin of the fila m ents. 

The fam o us article by the Too mre brothers in 1 9 7 2  brought to an end all 

these hypothesis. Alar Too mre was at this time searching for a mechanis m to generate 

spiral structure in galaxies;  he had just de monstrated that de nsity waves were 

transient, and co uld not maintain the m selves since galaxy formation .  G ravitational 

galaxy interactions co uld be such a mechanis m .  The num erical sim ulations that he 
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Figure 1 :  The galaxy M essier 5 1 , from the 

constellation C anes Venatici. The co m panion 

N G C 51 9 5  at the top left w o uld be the cause 

of the M 51 spiral struc ture . C om posite 

photograph , enhancing the weak luminosity 

levels, by Burkhe ad ( 1 9 7 8 )  • 

• 

Figure 2 :  The tidal interaction be t w een 

galaxies form s  very thin fila ments joining 

the parent galaxies .  These fila m ents 

believed to be matter collimated by 

w ere 

the 

magnetic field lines.  (from Arp Atlas, 1 9 6 1 )  
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und ertook then with his brother established the efficiency of the mechanis m ,  but also 

the gravitational nature of all galaxy intera ctions: gravity alone was able to produce 

long and thin filam ents in intergalactic space . 

A very sim ple numerical model 

The sim ula tions of the Too m re brothers co uld have been achieved long ago , 

they were technically feasible , requiring very little co m p uting po w er: they are based 

on the restricted 3-body proble m .  All stars of the targe t  galaxy and of the co m panion 

are represented by test-particles, of negligible mass . They are subjec t  to the mean 

gravitational field of the two galaxies, whose relative orbits are computed in the 

fram e  of the 2-body proble m .  It is justified to neglect the self-gravitation of 

particles, since the tidal perturbations affe c t  mainly the external parts of galaxies, 

less gravitationally bound. 

Tidal forces have a bipolar sy m m etry in the perturbed gala ctic disk : they 

represent the differences over the whole disk of attraction forces from the 

co m panion; an attraction excess on one side , and a corresponding la ck in the other 

side , disrupt the disk. This bipolarity , which explains the existence of two earth tides 

in 24H, is at the origin of the tw o-arms spiral structure of most spiral galaxies.  A 

typical exe mple is the galaxy M essier 51 , of the constellation C anes Venatici: Fig. 3 

show s  ho w the com panion N G C 51 9 5  has generated one of the greatest spiral structure 

in the sky.  

When the two interacting galaxies have equal mass, the t w o  internal spiral 

features form a bridge, which will soon be accreted by one of the galaxies ;  the two 

external spiral arms are spread out in two antennae , which will subsist during one or 

two billion years, genuine re m nants of the past interaction. Two fam o us exem ples are 

presented in Fig. 4 -5:  The A ntennae (N G C  4038-9) and The M ice (N G C  4676 A-B ). 

these two syste m s  are close to merging, final step of the intera c tion. The sim ulations 

show that stars in the antennae reach the escape velocity : they will disperse in 

intergala ctic space in a near future . B ut at the tip of one of The A ntennae , dense 

gaseous com plexes have formed,  as revealed by interferometric radio-observations of 

atomic hydrogen (fig 4b). These com ple xes have also large quantities of ionised gas, 

suggesting an enhanced star formation; it is likely that this activity has been 

triggered by the encounter of the antennae with the intergalactic medium . O nce 

separated fro m the parent galaxies ,  the dense c o m plexes will form d warf co m pact 

galaxies, of second generation. 

Galaxies warped like pancakes 

O ur own galaxy, The Milky W ay,  is itself in interaction with the M agellanic 
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Figure 3 :  Num erical 

sim ulation of the tidal 

interaction bet ween 

Messier 5 1  and its 

com panion by the T oomre 

brothers (1 9 72). The initial 

state c onsists in two 

horn ogeneous disks. The 

two spiral arm s  generated 

in each galaxy are due to 

the bipolar geom etry (cos2/1 

) of tidal forces. 
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Figure 4: b) isophotes of atomic hydrogen 

emission observed by interferometry at 21 c m  

wavelength (from van der Hulst 1 9 7 8). 

Clouds. A gaseous loop links like a bridge these two irregular galaxies to the Milky 

W ay ,  and is called the " M agellanic Stream", observed in atomic hydrogen at 2 l c m  

wavelength . Numerical sim ulations, intricated b y  the presence o f  three galaxies ,  can 

still account for the observations ( Fig. 6). 

Another manifestation of this interaction is the deformation of the plane of 

the Milky W ay like a pancake : from a galactocentric distance corresponding to the 

Sun, the disk plane is warped upwards, and dow nwards in the diametrically sy m m etric 

regions. This warp is observed in most spiral galaxies,  and is of co urse more easily 

defined in edge-on galaxies (cf Fig. 7); in galaxies of different inclinations, it is the 

perturbed dynamics that reveals the phenomenon. The deformation is not static, the 

warping is in fact an oscillation of the plane around the equilibrium position, which is 

the plane defined in the central regions. The restoring force is the gravitational 

attraction from the unperturbed disk of stars. The phenomenon has been a proble m for 

a long time , because the rate of differential oscillation of the disk is very fast:  the 

vertical oscillation period of matter depends upon the gala ctic center, and after a fe w 

mean periods, the stars no longer oscillate in phase , and the disk would look like a 

corrugated plane, which is not observed even for ''isolated" galaxies without near 

neighbors (for which the interaction is not recent), W hat is the mechanis m that could 

extend the oscillation period, until it becomes of the same order as a Hubble time (ten 

billion years) One solution is to add some unseen mass as a halo around spiral 

galaxies :  this dark matter is already suspec ted by the flat rotation curves of atomic 

hydrogen far from the gala ctic centers. But these rotation curves do not yield any 

clue on the 3 dimensional distribution of the dark matter, which could also be 

confined in the disk. To solve the proble m of persistence of warps, the dark matter 

must be distributed spherically : the more flattened the mass distribution, the stronger 

the restoring force, and the shorter the oscillation period (in the extre me case, in a 

spherically sy m metric potential, there is no longer any oscillation). 
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Figure 6: O ur own galaxy , The Milky W ay ,  

is in gravitational interaction with th e  two 

M agellanic Clouds (L M C  and S M C ). One 

evidence is the " M agellanic Stream", a loop 

of atomic gas observed around the Milky 

W ay plane, and numerically simulated here 

(Fujimoto & Sofue 1977 ). Another 

manifestation of the tidal interaction is the 

warping of the plane of The Milky W ay ,  

from a galactocentric distance 

corresponding to the Sun. 

33 1  

Figure 5: The galaxies 

N G  C 46 76 A and B are well 

known as the M ice. They 

are two galaxies of 

comparable mass, similar 

to the Antennae. These 

systems  could give birth to 

dwarf 

after 

tails 

space. 

compact galaxies, 

dispersion of the 

in intergalactic 
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A nucleus remover for galaxies 

W hen the impact para m eter of the collision is varied ,  the generated spiral 

arm s  are more or less w o und , and they close on the m selves in a ring for a he ad-on 

collision ,  as sh o w n  in Fig. 8. Tho ugh a m uch rarer event, the ring formation is 

how ever observed in a certain num ber of galaxies, such as the C artwheel ( Fig. 9). 

M os t  often, the co m panion at the origin of such a morphology is observed on the 

minor axis , confirming the almost hea d-on collision; sometimes the ring galaxy has 

com pletely lost its nucle us ,  which might be fo und further out tow ards the com panion. 

W hen the two com panions are disk galaxies ,  tw o rings are form e d  by reciprocity (cf II 

Hz 4, Fig. 10). 

A theory of formation of elliptical galaxies 

W hat is the fate of violently interacting galaxies ?  The large perturbations 

involved re quire a lot of potential energy, pum ped from the kinetic energy of the 

relative orbit. Each galaxy is braked dow n  by dynamical friction, and spirals in 

towards the barycentre. The t w o  galaxies merge , and a violent relaxation of stars 

begins : the final sy ste m is a mass distribution which looks like a truncated isothermal 

syste m ,  very similar to an elliptical galaxy. In the object NG C 7 2 5 2  ( Fig. 1 1 ), where 

the tw o long tails attest of a past interaction, the tw o galactic nuclei are merged in 

one radial mass distribution, which obeys the well-kno w n  luminosity profile of 

ellipticals. 

If it looks very likely th at the merging of tw o spiral galaxies for m s  an 

elliptical galaxy , could tidal interaction be at the origin of all ellipticals ? This wo uld 

be one solution to the old proble m of ellipticals formation. In th e conventional 

interpretation where all galaxies are form e d  at about the sa m e  ti m e ,  just after the 

Big-Bang, the existence of t w o  types of galaxies, spheroids and disks, is explained by 

a tw o-speeds star formation: stars in elliptical galaxies are for m e d  very efficiently 

out of the pro togalactic clo ud, before m uch dissipation of the gas com ponent. Stars in 

spiral galaxies, on the contrary , are for med more slow ly from gaseous clo uds, which 

bad time to condense and flatten, forming a disk by rotation. In the m erging theory , 

all galaxies w o uld form as spirals first ,  which is attractive . 

It is possible to estimate the number of merging galaxies since the Big-B ang. 

Based on the observed num ber of today merging syste m s  with long tails (cf N G C 7 2 5 2 ), 

and on the kno w n  duration of this merging period of 1-2 billion years, one can 

extrapolate to 10-20 % the fraction of merged galaxies since the beginning of the 

Univers e .  This percentage corresponds to the observed fraction of elliptical galaxies in 

the sky! Y et this the ory of formation of ellipticals has fa ced a large num ber of 

objections : the very large abundance of globular clusters in ellipticals co uld not be 



COWSIONS BE'IWEEN GALAXIES 

Figure 7 :  O n  this ed ge-on spiral galaxy 

N G C 5907 , the warping of the plane is 
clearly visible , from the atomic hydrogen 

isophotes (2l c m )  (from Sancisi 1976). 
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• •  

Figure 8: W hen the im pact 

param eter of the c ollision 

is progressively reduced, 

the generated spiral arms 

are transformed in a ring 

head-on collision), (from 

To om re 1 9 77); the unit of 

tim e  is here 100 million 

years. The photographs at 

right display a fe w 

exe m  ples of ring galaxies 

observed in the sky. 

.,. 
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explained by the merging of two spirals, where globular clusters are m uch less 

num erous; the merging of tw o diffuse star-syste m s  could not lead to the formation of 

a very concentrated elliptical galaxy; dwarf elliptical co uld not be formed by the 

sam e  mechanis m .  

Recent observations and theoretical work n o w  bring ne w arguments in the 

debate , and in particular the phenomenon of shells around ellipticals. 

Galaxies surrounded by shells 

Already in 1 9 6 1  H .  Arp had observed very thin structures like rings aro und 

som e  elliptical galaxies, but it is mainly the two australian astronom ers M alin and 

Carter in 1983  which revealed the pheno m enon, in observing 137  shell galaxies (cf Fig. 

12 ). With the help of filtering techniques (unsharp masking,  nam ely) m ore and more 

elliptical galaxies (from 20 to 40 % according to som e  authors) are observed with these 

thin star struc tures like arcs, interlocked up to ten galactic radii, reaching a nu m ber 

as high as 25 aro und the sam e  galaxy . The observation of shells by Sch w eizer (1983)  

aro und m erging syste m s, where the tidal interaction is  evident (cf  N G C 7 2 5 2 ,  Fig. 1 3), 

suggests that the collision between two galaxies could be at the origin of shells 

formation. 

The numerical sim ula tions by Q uinn (19 84) of the accretion of a small 

co m panion by a massive elliptical confirm this hypothesis : the com panion has a nearly 

radial orbit (almost hea d-on collision) tow ards the central elliptical galaxy; it is 

dispersed by tidal forces, and its stars then independently oscillate in the 

gravitational potential well of the massive galaxy. W hen the stars reach their 

apocenter (maximal elongation of their pendular motion), their velocity is zero, there 

is an accu mulation point: this is a shell. If there exists shells at various distances 

from the center, this is provided by the spread in energy of the co m panion stars , and 

their consequent spread in apocenters. The distribution of shells is discre te , since the 

stars have different oscillation periods, they do not oscillate in phase, and they do not 

reach their apocenters (shells) at the sa me time (cf. Fig 14). 

The results of sim ula tions agree perfectly with observations, the model 

explains for instance the interleaving of shells in those shell syste m s  which are 

aligned with the major axis of the elliptical galaxy . This allow s  the determination of 

im portant physical quantities of elliptical galaxies :  in particular the 3 dim ensional 

shape and the mass repartition in the shell galaxies. Fig. 14 displays the results of 

two sim ula tions of shell formation with tw o different shapes for the massive elliptical: 

oblate and prola te spheroids: in the prolate case, shells are aligned with the apparent 

major axis of the central galaxy , and interleaved in radius ; in the oblate case , shells 

are spread in all azim uths around a galaxy observed round in projection (face-on). 

Shells can therefore help to deduce the real geo m etry of the underlying elliptical. 
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Figure 9 :  The archetype of ring galaxies : 

The Cartwheel. This structure is due to a 

companion present today near the ring axis, 

at the top right. 

Figure 1 1 :  The archetype of merging 

galaxies N G C 7252 ;  the two long tails coming 

out of this unusual object, a mixing of 

galactic nuclei, attest of the tidal 

interaction at the origin of the merger (cf 

Sch weizer 1982). 

335 

Figure 10 :  In a head-on collision, when the 

two protagonists are disk galaxies, a ring is 

formed sym metrically in the two syste ms: II 
Hz 4 is an exemple of a double ring (cf 

Lynds & Toomre 1976). 
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Indeed it is well-know n  since 1 9 7 8  that elliptical galaxies are not ro tating sy ste m s :  

their apparent flattening cannot b e  attributed to rotation as fo r  spirals, but pro bably 

to an anisotropic velocity dispersion.  Their 3 dim ensional shape co uld then be oblate 

(pancake), or prolate (cigar) or even triaxial. 

Besides, in the sa m e  manner as iron filings are used to trace the magnetic 

field lines, shells co uld be used to test the gravitational potential aro und elliptical 

galaxies;  namely they can be used to test the radial repartition of mass and determine 

the presence of any hypothetical unseen matter, there fore to play the role of the 

atomic gas in spiral galaxies .  For the fe w shell galaxies for which we possess eno ugh 

information, there does not se e m  necessary to add any dark matter to account for the 

radial distribution of the shells. This result has to be confirmed with a larger nu m ber 

of shell galaxies.  

Statistics on the observed shell geo m e tries together with the efficiency of 

shell formation obtained in the sim ulations, allow to deduce several conclusions : there 

w o uld exist in the Universe twice as m uch oblate than prolate elliptical galaxies ;  and 

when taken into account the high fraction of shell galaxies in the sky and the lo w 

efficiency of shell formation, one can estimate at 4 or 5 the mean num ber of 

swallo w ed co m panions by each massive elliptical galaxy . The accretion phe no menon is 

th us very com mon. 

W hen the capture of small co m panions is taken into account, the formation of 

elliptical galaxies by merging is not ye t finished! Several recent arguments have given 

a boost to the old debate around the merger theory of formation of ellipticals: the 

merging of tw o gaseous syste ms,  in contrast to star syste ms,  by dissipation would 

allo w the formation of concentrated distributions; also the far-infrared observations 

carried on by the satellite IR A S  in 1 984 have revealed that the brightest objects in 

the sky at these wavelengths were the mergers and interacting galaxies .  The 

far-infrared flux is direc tly related to the rate of star formation, since it is e mitted 

by the dust heated by very young stars, still em bedded in their interstellar clouds 

where they w ere born. Huge bursts of star formation are therefore occ uring in 

merging galaxies .  This active star formation could easily explain the large abund ance 

of globular clusters in the final elliptical, and also the depletion of gas, swept away 

by the galactic wind generated by supernovae and gas ionisation. 

There re m.ains this convincing argum ent of Alar Too mre in 1 9 7 7 : if merging of 

galaxies are not the origin of ellipticals, where are gone the re m nants of mergers, 

whose archetype is NG C 7 2 5 2 ? These mysterio us objects would represent, as we  have 

already estimated,  at least 10 % of galaxies in the Universe ! 
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Figure 1 2 :  Three photographs at different 

exposure times, and different scales, of the 

elliptical galaxy N G  C 39 23:  25 shells are 

observed around this galaxy , aligned with 

the major axis, and interleaved in radius. 

Shells are very sharp structures, very weak 

in luminosity , consisting only of stars (fro m 

M alin & C arter 1983). 

Figure 1 3: Three merging syste ms A )  

Fomax A ,  B) C entaurus A ,  C ) N G C 7 252,  

observed directly in the left column, and 

after unsharp masking in the right column. 

This filtering of low spatial frequencies 

enhances the shell contrast. Shells are 

present in the three syste ms, which suggests 

a link between tidal interaction and the 

shell phenomenon, from Sch w eizer (1983). 
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F igure 1 4 :  Num erical sim ulations of the accretion of a sm all com panion by an elliptical galaxy, 
from Dupraz & C o m  bes (1984): a) the m assive elliptical is prolate (cigar-shape), shells are 
aligned along the m ajor axis; b) the oblate case (pancake), where shells are randomly spread 
around the galaxy. 
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AN OBJECTIVE PRISM Ha SURVEY OF NEARBY CLUSTERS : 

MASSIVE STAR FORMAT ION IN CLUSTER SPIRALS 
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An objective prism survey has been made of galaxies in the clusters Abell 347 
and Abell  1 367 to detect g lobal combined Ha + [ NI I ]  emission as an indicator for 
the current rate o f  massive star formation . Strong emission correlates with a 
disturbed morphology for the galaxy , and there is an indication that in tidally 
disturbed galaxies the emission i s  more concentrated towards the galaxy centre 
than for non-disturbed galaxies . One explanation of the results is that massive 
star formation is triggered by gravitational interactions between spiral 
galaxies falling onto the cluster . 

* Visiting Astronomer , Kitt Peak National Observatory , operated by the 
Association for Research in Astronomy , Inc . ,  under contract with the National 
Science Foundation . Observations were made with the Burrell Schmidt of the 
Warner and Swasey Observatory , Case Western Reserve University . 
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1 .  Introduction 

The global Hex emission of a galaxy is recognised as a useful indicator of 

the current star formation rate for massive stars [ 1 , 2 ] .  Using the Burrel l  

Schmidt telescope on Kitt Peak equipped with a ten degree obj ective prism , a 

survey has been made of galaxies in the clusters Abell 347 and Abel l  1 367 for 
0 

galaxies with strong global combined Hex + [ NI I ]  emission ( A>.. 6563 , 6584 A )  i n  

order t o  investigate the effect of environment o n  massive star formation i n  

cluster spirals [ 3 ] .  The survey was made over a n  area of approximately 5 degrees 

in diameter centred on each cluster using an RG 630 ( or alternatively an RG 645 ) 

filter and hypersensitised I I I aF emulsion . A typical exposure time was 2 hours , 

and two plates of excellent quality were obtained for each cluster . For the 

statistical analysis which fol lows , those galaxies which were detected in 

emission on both plates of a cluster plate pair wil l  be used . 

Approximately 2mo of CGCG galaxies were detected in emission , and 

approximately 33% of the detected galaxies are fainter than the limit of this 

catalogue . There are 72 CGCG galaxies in the surveyed area of Abell 347 , and 

1 1 7 such galaxies i n  the surveyed area of Abell 1 367.  Morphological types have 

been independently determined for these galaxies by Whittle from high quality 

Palomar Schmidt plates ( Abell 1 367)  or PSS glass copies ( Abell 347 ) [ 4 ] . These 

CGCG galaxies will comprise the sample to be used for the statistical analysis 

which follows , with the omission of 6 galaxies whose spectra overlapped stellar 

spectra , and 4 galaxies which are double with both components fainter than m = p 
1 5 . 7 .  

The objective prism spectra o f  the detected emission-line galaxies were 

digitised using the PDS microdensitometer of Kitt Peak Observator y ,  and Hex 
equivalent widths and fluxes were measured . For a sample of galaxies in Abell  

1 367 H ex  equivalent widths and fluxes have also been obtained by  Kennicutt , 

Bothun and Schrommer [ 5 ]  from wide aperture photometry and these are in good 

agreement with the values obtained from the oh.iective prism spectra [ 3 ] . The 

detection l imits in equivalent width and flux for the present survey are WA > 20 
0 -2 -1 A and log f > -1 3 . 0  respectivel y ,  where f is the Hex flux in erg cm sec 

2 .  Properties of the emission-line galaxies 

No E or E-SO galaxies are detected in emission,  and the fraction of galaxies 

of type SO and later detected in emission increases towards later types as 

expected . This is shown in Table 1 .  In  the Table , NT denotes the total number 

of galaxies of a given type 

detected in emission . 

and f denotes the fraction of these galaxies 
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Galaxies have been designated as tidally disturbed or interacting by Whittle 

[4] . As is seen from the second section of Table 1 ,  there is a strong 

correlation between strong Ha emission and tidal disturbance of a galaxy . 

TABLE 1 

RELATION OF Ha EMISSION TD GALAXY MORPHOLOGY 

Type class 
------- - ------------- - - - - -------

2 3 4 5 6-8 

All galaxies NT 54 25 28 26 23 
f 4"' 1 2�• 32�0 46�· 43�• ,. 

Tidally-disturbed NT 4 6 6 8 9 
galaxies f 2590 50% 5090 50% 78�0 

Other NT 50 1 9  22 1 8  1 4  
f 2"' 0"' 2790 44% 21 90 ,. ,. 

NOTE TO THE TABLE.  Type classes are: 1 - E ,  E-SO ; 2 - SO ; 3 - SD-a ; 4 - Sa, 
Sah ; 5 - Sb , S • • •  ; 6 - Sbc , Sc ; 7 - Sc-Im, Im;  8 - pee . ,  unclassified . 

Finally ,  there is some suggestion that the emission or star forming regions 

are more centrally concentrated in the tidally disturbed galaxies . This is 

shown in Table 2 .  The sample o f  emission-line galaxies has been divided into 

tidally disturbed and non-disturbed galaxies,  and according to the visual 

appearance of the emission in the objective prism spectrum . As is seen , the 

tidally disturbed galaxies tend to have more compact emission . This effect is 

significant at the 2% leve l .  

TABLE 2 

GALAXY MORPHOLOGY AND SPECTRAL APPEARANCE OF EMISSION-LINE GALAXIES 

Spectrum 

V. di ffuse , diffuse 
' Normal ' ,  compact,  v. compact 

Tidally-disturbed 
galaxies 

4 
1 4  

Other galaxies 

1 2  
6 
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3 .  Comparison of cluster and field emission-line galaxies 

Kennicutt and Kent have measured global H a  equivalent widths and fluxes for 

a large sample of field spirals [ 6 ] .  Assuming the detection limits for the 

present survey given above , the percentage of cluster galaxies detected in 

emission may be compared with the percentage expected i f  the cluster spirals 

were simi lar to field spirals . This comparison is shown in Figure 1 .  This 

Figure is a histogram showing the percentage of cluster galaxies of various 

types detected in emission ( hatched area ) ,  in comparison with the fraction of 

field spirals of the same type expected to be detected in emission at the 

distance of the two clusters ( open area ) . As is seen , early type spirals ( types 

SD-a to Sb ) in the clusters are signi ficantly more likely to be detected in 

emission than field spirals of the same types . Some uncertainty in this result 

arises from the difficulty of accurately establishing galaxy types from Palomar 

Schmidt pl ates . Further , some galaxy types are more uncertain because the 

galaxies are tidally disturbed . However it seems unlikely that these effects 

can explain the higher fraction of early-type cluster galaxies detected in 

emission than expected . This result is in agreement with the detection of an 

enhancement of star formation in cluster spirals,  which was found from radio 

data for Abell 1 367 and the Coma cluster by Gavazzi and Jaffe [ 7 ] .  

(/) -� 1 00 
0 
0 Ol 
Cl> c: 50 

0 
SO-a,Sa Sab,Sb 

Galaxy type 

FI GURE 1 .  

Sbc,Sc 

A comparison of the observed fraction of cluster spirals of di fferent types 
detected in emission (hatched area ) with the fraction of field spirals at 
the distance of the clusters which are expected to be detected ( open area ) . 
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The distribution of disturbed and interacting galaxies and galaxies noted as 
peculiar in Abell 347 . Velocities of galaxies with respect to the cluster 
mean are represented by the size of the circle denoting each galaxy as shown 
in the Key . Galaxies with no measured velocity are represented by crosses . 
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4 .  Triggering of star formation in cluster spirals by tidal interaction 

Previous surveys have accumulated considerable evidence for enhanced star 

formation in interacting galaxies [ e . g .  8 , 9 , 1 0 , 1 1 ] .  The observed strong 

correlation between detection of strong H a.  emission and tidal disturbance for 

the present sample of cluster galaxies might seem to indicate that the enhanced 

star formation observed in cluster spirals is also due to galaxy-galaxy 

interactions . However the velocity dispersion of emission-line galaxies in each 

of the two clusters is approximately 1 000 km sec-
1 , which is too large for tidal 

interaction to be significant if the spirals are distributed randomly in 

position and velocity in the clusters . In  Figures 2 and 3 the distributions are 

shown of disturbed and interacting galaxies and galaxies noted as pecul iar in 

Abel l  347 and Abell 1 367 respectively . Velocities of the galaxies with respect 

to the c luster mean have been represented by the size of the circle denoting 

each galax y ,  as shown by the Key in Figure 2 .  Galaxies with n o  measured 

velocity are represented by crosses.  It is readily apparent that the galaxies 

shown in each of the Figures may easily be grouped in pairs or small groups with 

low velocity dispersion , although the velocity dispersion of the whole sample 

for each c luster is high . This suggests that tidal interaction is responsible 

for triggering star formation in a significant fraction of the emission-line 

galaxies detected in the clusters . Final l y  it may be noted that such 

interaction is precisely what would be expected to occur in a shell of galaxies 

fal ling onto the cluster , and thus the observed enhanced star formation in 

cluster spi rals may be evidence of continuing galaxy accretion by the clusters . 
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After a brief review of t h e  observations of d i s t a nt clusters of galaxies 
(z � 0 . 2 )  and the evolutionary effects a lready detected , I will present 
the data obta ined by the Toulouse Ob servatory team on the cluster 
Abell 3 7 0  ( z  = 0 . 3 7 ) , both with photometry a nd s pectroscopy . A f i r s t  
a n a l y s i s  l e a d s  to the con c l u s ion t h a t  t h e  c l u s t e r  content i s  d i fferent 
than the one expected for a rich cluster a nd that 5 0  of spira l - l i k e  
g a laxies a re identified . 
An interpretation in terms of burst of s t a r  formation i s  proposed for 
the blue g a laxy exces s detected in A3 7 0 .  

347 



348 G. SOUCAIL 

1 .  Introduction: Observations of distant c1usters of qa1axies 

S i n ce t h e  beg i n n i n g  of t h e  e i g h t i e s , t h e  o b s e r v a t i o n  of d i s t a n t  

c l u s t e r s  o f  g a l a x i e s  h a s  become p o s s i b l e  wi t h  t h e  d e v e l o pmen t  o f  new 

i n s t rume n t s  s u c h  as CCD detectors or more s e n s i t i v e  photog r a p h i c  pl a t e s , 

u s e d  on l a rge telescope s . Numerous o b s e r v a t i o n a l  d a t a  on c l u s t e r s  a r e  

now a v a ilable , mainly p h otome t r i c  o ne s . 

T h e  f i r s t  l a r ge s t a t i s t i c s  wa s o b t a i ned by B u t c h e r  et a l . [ 1 , 2 ] o n  

more t h a n  1 5  c l u s t e r s  with z v a r y ing f r o m  0 . 1  t o  0 . 5 .  The s ample o f  

c l u s t e r s  wi t h  photome t r i c  d a t a  w a s  t h e n  i n c r e a s ed ma i n l y  b y  C o u c h , 

E l l i s , Newe l l  . . .  [ J , 4 , 5 , 6 ] ,  L e f e v r e  [ 7 ] , up to more t h a n  J O  d i s t a n t  

c l u s t e r s  p r e s e n t l y  inve s t iga ted in d e e p  photome t r y . 

For a l l  observe r s , t h e  ma i n  g o a l  was a s e a r c h  for e v o l u t i o n a r y  

e f f e c t s  i n  c l u s t e r s  o f  g a laxies y o u n g e r  t h a n  the wel l - k nown n e a r b y  o ne s :  

Coma , Virgo . . .  T h e  f i r s t  r e s u l t  s t r e s s ed b y  B u t c h e r  a n d  Demler i n  1 9 7 8  

was t h e  e v id e n ce o f  a n  i n c re a s in g  f r a c t i o n  o f  " bl u e  o b j e c t s "  with the 

red s h i ft , k nown as t h e  B u t c h e r - Demler effect ( s ee 2 . b ) . I n  t h e  

beginn i n g , i t  wa s cont rover sed b e c a u s e  i t  could b e  s u spected t o  r e s u l t  

from a c o n t a mi n a t io n  o f  f i eld g a l a x i e s  ( fo r e groun d  g a l a x i e s  a r e  

genera lly bluer t h a n  mos t  of the g a l a x i e s  b e l o n g i n g  to the c l u s t e r ) 

[ 8 , 9 ] , but now t he B . O .  e f fect i s  wel l  c o n f i rmed a nd d e t ected for m o s t  

d i s t a n t  c l u s t e rs , e v e n  i f  i t  i s  not w e l l  unders t o od [ 1 0 ] . 

The n a t ure of the " blue o b j ec t s "  in c l u s t e r s  began to b e  stud ied 

s p e c t r o s c opi c a lly a few y e a r s  ago , as mult i - object s p e c t r o s co p i c  s y s t ems 

were d eve loped for several l a rge t e l e s c o pe s . The f i r s t  c o n f irma t io n  of 

t h e  B . O .  e f f e ct wa s o b t a i ned by Dres sler a n d  G un n , on t h e  c l u s t e r s  J C  

2 9 5  [ 1 1 ]  a nd C l  0 0 2 4 + 1 6 5 4  [ 1 2 ] , when they determi ned t h e  member s h i p  o f  

n e a r l y  h a l f  t h e  b l u e  o b j e cts . 

P r e s e n t l y , a bout 1 0  d i s t a n t  c l u s t e r s  h a v e  been i n v e s t i g a ted 

s p e c t r o s c o p i c a lly , with red s h i f t s  from 0 . 2  t o  0 . 5 4 : JC 2 9 5 ,  C l 0 0 2 4 + 1 6 5 4 , 

Cl 0 0 1 6 + 1 6  [ 1 3 ] ,  Cl 1 4 4 7 + 2 6 1 9  [ 1 4 ] , AC 1 0 J ( 1 5 ] , A 2 2 J , A 9 6 J  and A 2 1 1 1  

( 1 6 ] . The ma i n  i n t e r e s t  i s  t o  i d e n t i f y  t h e  n a t u r e  o f  t h e  " blue o b j ect s "  

o f  t h e  c l u s t er s . T h i s  popu l a t io n  d i f fers from c l u s t e r  t o  c l u s t e r , b u t  i t  

c a n  b e  s e p a r at e d  i n  two c l a s s e s : a c t i ve g a l a x i e s  ( S e y f e r t  1 o r  2 ) , and 

g a l a x i e s  w i t h  s t r o n g  star forma t i o n  ( bu r s t  or p o s t - s t a r bur s t ) ( 1 6 ] .  

A few y e a r s  ago , the Toulouse O b s e r v a t o r y  h a s  d e ve l oped a n  o n - l i n e  

mul t i s pec t r o s copic s y s tem c a l led P U M A  for t h e  3 . 6m C . F . H . T e ! e s cope and 

for E . S . O .  ( 1 7 ] .  It is wel l  s u i ted t o  t h e  s t udy o f  d i s t a n t  c l u s te r s  o f  

g a l a x i e s  a s  it i s  pos s i b le to o b t a i n  s imu l t a n e o u s l y  more t h a n  2 0  spectra 
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of objects in the s a me fiel d . T h i s  i s  t h e  rea s on why we began t h i s  

s tudy , a nd ma inly the observa t ion o f  the c l u s ter Abell 3 7 0  ( z = 0 . 3 7 4 )  . 

2. Spectroscopy of ga1axies in the A 370 c1uster 

a .  The d a t a  

T h e y  h a ve been collected duri ng 3 observing r u n s  a t  C . F . H . T .  ( 3 . 5  

night s  in September o f  1 9 85 and 3 night s  in November o f  1 9 8 6 )  and a t  

E . S . O .  o n  t h e  s pe ctrograph EFOSC mounted o n  t h e  3 . 6m telescope ( 2 . 5  

nigh t s  in November o f  1 9 8 6 1 . The u s e  o f  a foc a l  reducer a llows one to 

obt a i n  direct imagery of the field . After the d a t a  reduct ion , a bo u t  3 3 0  

objects have been mea s u red i n  photometry with B , V  and R filters , in a 

field of 5 ' x7 ' . The completene s s  limit i s  roughly R = 2 1  a nd t h e  brigh t e s t  

c l u s t e r  member h a s  R� 1 7 . 4  . 

With t h e  mult i s pectros copic s y s tem P UMA , it ha s then been p o s s ible 

to do spectro s c opy o f  8 8  objects in the s ame field ( wi t h  a d isper s ion of 

1 0  A/ pixel ) [ 1 8 ] , a nd t h e  radial veloc i t i e s  have been mea s u r ed for 4 7  

galaxies belonging to the c l u s ter . 

We s hould point out t h a t  t h i s  amount of data is one of the l a r g e s t  

collected o n  a d i s t a n t  clu s ter o f  galaxie s . I t  a llows a preci s e  s t udy of 

its content a nd i t s  evolution , a nd t h e  ma in r e s u l t s  have pre s ented 

e l s ewhere [ 1 9 ] . Note that a ca t alogue is in preparation a nd will be s oon 

publish ed . 

b .  Description of t h e  clu ster 

A 370 is  the Abell c l u s ter with the larg e s t  mea s ured red s h ift 

( z= 0 . 3 7 4 ) .  It i s  a bright , compact a nd very rich c l u ster , whic h  can be 

chara cteri sed by the pa rameter N0 _ 5 [ 2 0 ] . The value N 0 _ 5= 3 1  c a n  be 

compared with the one mea s u red for the Coma c l u s ter ( N0 _ 5 = 2 8 ) . Another 

s imilarity between these two clusters is  t h e  presence of two domin ant 

g i a nt g a l a x i e s  in t h e  center , t h e  presence o f  two s u b s t ructure s or 

clump s , even if the ones in A 3 7 0  are not s ignifican tly correla ted with 

redshi ft s .  T he X-ray l umi n o s i t y  of t h e  c l u s ter h a s  been detected a nd it 

corresponds to Lx = 1 . 4 5  1 04 5 erg / s  in t h e  0 . 7 - 6keV band , in t h e  cluster 

frame . 

With t h e  red s h i f t s  of 4 7  member g a l a x i e s , we have been a ble to 

derive a velocity di sper s i o n  ins ide t he c l u s ter : o � 1 3 5 0  km/ s  with a n  

a c c u r a cy better than 2 0 0  km/ s .  T h i s  v a l u e  i s  typi c a l  f o r  r i c h  nea rby 
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cluster s .  

All t he s e  c h a r a cter i s t i c s  stress the f a c t  t h a t  A 3 7 0  i s  a clus ter 

s imilar to the C Oll\8 c l u s ter , a sort o f  " so s ie " , but observed 5 G y r s  

before . Koreover it seems to be q uite evolved dynamically [ 1 9 ) , with 

evidences o f  luminosity segreg a t ion . 

But the main difference appe a r s  in the color content of the 

cluste r :  Butcher and Demler h a ve s hown that A370 is  a rather blue 

cluster [ 1 0 ) , contrary t o  the rich nearby one s . Quantitatively , they 

define t�e blue galaKy fraction as the fraction of g a l a Kies in a s ample 

corrected s t a tistically from the field contamina tion , with the criteria :  

- a bs olute V-man itude Mv < - 2 0 . 0 0 

- color indeK 1 9 - v > r e s t - frame < 1 9- V I Elliptica l - 0
·

2 

- d i s ta n c e  to the center d < R 3 0  

( where R3 0  i s  t h e  radius containing J O X  o f  t h e  objects o f  

t h e  clu s ter ) 

With t h i s  definition f 8 is a d i s t a n ce- independ a n t  coe fficient , 

a llowing a s t a t i s t ic work on a s ample of clu s te r s  of d i fferent red s h i f t s  

a n d  their comparison . I n  t h e  c a s e  of A3 7 0 ,  f 8 - 2 1 % .  

Finally , it should be noted that A 3 7 0  presents a strange �ing-like 

structure i n  its center , for which the photometry ha s been obtained 

[ 2 1 ) ,  s howing a giant luminou 3 s t r ucture , very blue and thin ( s ee § 
3 . d  I . 

c .  Morohological content 

With t h e  spectra of 1110re than 50 galaKies belong ing to the cluster , 

we have tried to deter111ine t h& s pectral content of each object . To do 

s o , we h a ve c0111pa red the s pe c t r a l  energy d i s tribut ion of the �-laKies 

( me a sured wit h  a d i s persion of a bout 1 0  A / piKel , from 4 5 0 0 A  to 7 5 0 0 A I 

with different s ynthes ized spectra obta ined with the e volutionary model 

o f  Guiderdoni a nd Rocca - Volmerange [ 2 1 } .  The s pe c t r a l  identification of 

each galaKy led us to cla s s ify t�m in three group s :  elliptical a nd 

lenticular gala Kies I E / SO ) ,  red s pirals ( SA a nd SB I ,  a nd blue spi r a l s  

( SC ,  so  a nd I rregula r ) . 

The main result derived frOlll this work is the observat ion t h a t  50 t 

of the g1laKies in the cluster are spira l-like , in a radius of 0 . 7  Hpc 

a nd a R -magnitude range 1 7 - 1 9 . 5  , compared to only 3 t in the Coma 

clus ter for a s imilar sample . This s triking result mu s t  be interpreted 

in terms of a n  evolutionary effect , as A 3 7 0  is roughly 5 Gyrs younger 
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t h a n  nearby cluster s .  

J .  Analysis of the content of the cluster 

a .  The spir a ls in AJ 7 0  

F i r s t , i t  i s  important to n o t e  t h a t  the s e  g a l a x i e s  are " no rm a l  

spir a l s "  a nd tna t  no galaxy w i t h  A G N  h a s  been found in t h i s  clus ter , 

contrary to some others d i s tant c l u s t e r s  s uch a s  JC 2 9 5  { 1 1 1 .  

A s  for their p o s i t ion in the field , they a ppear l e s s  concentra ted 

in the center t h a n  the elliptic a l  one s , an effect confirmed by the color 

s eg r eg a tion s h own in the phot0111etric d a t a . T h i s  i s  the f i r s t  

confirmat ion of a morphologi c a l  s egreg a tion ( a s sUillif'l9 that t h e  spectral 

type corre spond s to the morphological type )  in s uch a d i s tant cluster , 

a nd it revea l s  different d ynami c a l  s t a t e s  for the two population s . 

Furthel'!Rore , there are still a bat1t JO t of s p i r a l s  in a radius of 

J50 k pc a rouAd the center . If it i s  a projectiOA e f f ect , t h i s  me.ans t h a t  

the morpholog i c a l  s egregation is e v e n  s tronger and t h a t  the s p i r a l s  are 

falling o n  the cluster , a nd i f  net , we have t o  explain their survival 

in the dense envirCH1ment o f  the cluster center . 

b .  Ev olution of the galaxies 

As A J 70 presents so many s imilarities with Coma , it is rather 

n a t u r a l  to illlB gine th•n it is evolviAg towar d s  a Coma -like cl1Hter , a nd 

t h a t  the •a-in d i.fferences betweel'I the two c l u s t e r s  mu s t  be smoothed in 5 

Gyr s . � t h u s  h a v e  to determine t he mechanism of " d i s appearanc e ·  of the 

spiral galaxies and their p r obable evolu t io n  toward s lenticular galaxies 

( or even elliptical ones ) .  

F i r s t , t id a·l s t r i9J>ing c a n  be invoked a s  s uch a phenomenon . mainly 

in the d e n s e  core O·f the clu s ter . B u t  the mo s t  ef .ficient encounters 

requ i re low relative velocitie s ,  which- is r a ther incompat ibl-e with the 

high velocity d i li)er s ion ( o= 1 J 5 0  km/ s l .  On the contrary , the sweeping 

mechanism is more a nd more efficient when the 911 1axies have h igh 

veloc i t i e s  through tlle cluste r .  Moreove r , A J 7 0  has a s trong X-ray 

luminos ity , and consequently a d en s e  Intra-Cluster Medium . So , this 

mec h a ni sm i s  probably occuring in the center of the cluster , leading to 

a morphological segregat ion , interpreted h e re as an evolutionary e ffect 

( a nd not a n  " a b  init i o "  effect ) .  
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c .  T he 8 . 0 .  effect 

In our s pectros copic s ample , we have identified 8 " blue obje ct s "  

( u s ing the 8 . 0 .  d efin it ion ) .  As  only 4 o f  them belong t o  the cluster , we 

c a n  s a y  that in our s ample , slightly smaller than the 8 . 0 . ' s  one , we 

have mea s u red a blue g a l a K y  fraction f8 • 1 3 X . But what are the s e  

galaKies ? 
F i r s t  of all , none of t hem is a Seyfert galaKy nor a n  AGN . On the 

contra ry , they presMit s t rong 8 al411t!r abso-rpt ion line s , h ave been 

ident i fied as l a te- type spirals I Sc or I rregul a r  Hagel l a ni c l ,  a nd s ome 

of them present the [ Oi l ]  3 7 2 7 A  emi s s ion l i n e .  All these pa r ameters a r e  

indicators o f  a s trcng s t a r  formation , h av ing occurred rec�mtly , or 

still occurring . They suggest that a bur s t  of s t a r  format ion could 

a ccompany the g a s  remova l  proce s s  in galaKies whe-n they travel for the 

f i r s t  time a c c ro s s  the I ntra-Cluster Hedium.  

d. The " ar c "  in A370 
F i nally , we would like to present briefly t he recent r e s u l t s  

obta ined on the giant luminous " a r c "  ly ing in t h e  c e n t e r  o f  t h e  c l u s t e r  

[ 2 1 ] .  T h e  s i z e  of t h i s  s tructure i s  roughly 1 50 kpc long a n d  l e s s  t h a n  

1 0  kpc la rge ( a s suming H0= 5 0  km/ s /Hpc ) .  The m�lti- color photometry h a s  

s hown that it i s  bluer than any other galaKy in t h e  c l u s ter . 

Fur thermore , we have obta i ned a s pectr um- of t he E a s t - end of the a r c  

( with a r a th e r  poor S I N  r a t io ) , and identified it w i t h  t h e  s pectrum of a 

galaKy at z•0 . 59 .  
So our be s t  interpret a t i on of the nature o f  the a r c  i s  the 

gravitationa l lensing of a ga laKy a t  z • 0 . 59 ,  by the c l u s te r  core of 

A37 0 .  Us ing a multi - po i nt-ma s s  model , it i s  pos sible to reprod uce very 

s a t i s fa ctorily the s tructure of the a r c , tak ing into a ccount the ma s s  of 

t h e  cluster core 1� 2 . 1 0 1 4  H0 1 a nd the ma s s e s  of the secondary 

deflectors lying along the a r c . Moreover , a s  we should observe two 

s ymme.t r i c  a r c s  in this configuration . we c a n  eKpla in e a s ily the fading 

of the Northern one ! wh ich should lie near the Northern G i a n t  gala K y )  a s  

1 2  a n  effect o f  t h i s  galaKy , i f  i t s  ma s s  i s  above 3 . 1 0  H0 . The det a i l s  o f  

this model , a n d  a d i s cu s s ion of t h e  other interpre t a t ions o f  t h e  nature 

of t he arc have been presebnted in a paper s ubmitted recently [ 2 3 ] . We 

are eKpecting new spectroscopic d a t a  this summer , in order to confirm or 

infirm the gravitational lensing hypothe s i s . 
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Cond.usion 

W i t h  the d a t a  presented here o n  A 37 0 ,  we would like t o  try to 

d i s c u s s  the d i fferent t ime - s c a le s  for the evo.lution o f  clus t e r s  of 

g a l a ><i e s : 

- Fir s t , t he dynamical evolution s eems to ha ve been rapid a fter the 

forma t ion o f  the c l u s ter , as seve ra l  ca ses of segreg a t ion a re d etec ted 

in c l u s t e r s  5 G y r s  y ounger than the nea rby one s .  

- But the evolution o f  the morphologi c a l  content i s  .110re surpri s ing , 

a s  we have detected a l arge proportion of spiral-like gala><ies i n  A3 7 0 .  

Moreover , the con f irmat ion o f  the Butcher-Oemler effe c t  can be d i s c u s sed 

in terms of evolution , too , even if the mech a n i sms occuring in the 

c l u s te r s  are not well understood . 
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A cooling flow can deposit large quantities of gas around the central galaxy in a cluster. These 

are then the largest nearby regions of star formation if the gas forms into stars. The process also 

operates in most elliptical galaxies at a much reduced rate. Optical magnitudes and spectra of central 

cluster galaxies show that only a small fraction of the gas is converted into 'normal' stars. Most of it 

presumably forms low-mass stars. The evidence for star formation from cooling flows, both near and 

distant, is discussed. 
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Introduction 

The hot gas in the cores of many clusters of galaxies, and in elliptical galaxies, is cooling by 

emission of X-rays. A cooling flow is established as the density of the gas is forced to rise by the 

weight of the overlying atmosphere (see Fabian, Nulsen & Canizares 1984; Sarazin 1986) . The rate 

at which cooled gas is deposited, and presumably forms stars, is substantial, ranging from 1 M0 yr-1 

for isolated ellipticals up to 500 - 1000 M0 yr-1 for some rich clusters. These last figures suggest that 

cooling flows are the largest regions of star formation at the current epoch. 

The mass accumulated over a Hubble time, 

• 12 M H0 ( . ) -I 

100 M0 yr 1 ( 50 km s-1 Mpc 1 )  Mt = 2 x 10 _ _ M0. 

The limits on neutral hydrogen and molecular gas in cluster cores (Jaffe 1987) are much less than this 

(:::; 109 - 108 M0 ) so that the gas must cool into some form of condensed matter such as stars. The 

magnitudes and colours of the central galaxies in cooling flows directly rule out any 'standard' initial

mass-function for most of these stars and low-mass stars are generally assumed to be formed. There is 

at present no direct evidence for a large population of such stars in cooling flow galaxies. Nevertheless, 

there is some evidence for high total masses and high mass-to-light ratios, so the galaxies do possess 

dark matter. The X-ray data indicate that cooled matter is deposited in a manner consistent with the 

distribution of the dark matter and so it is possible that the dark matter consists of low-mass stars 

formed in the cooling flow. 

There is some optical evidence for gas and star formation in cooling flow galaxies. This is the 

main subject of this review (see also O 'Connell 1987). Less than ten per cent, and typically less than 

one per cent, of the mass deposited is currently detectable in this way. Indeed, the mass-to-light ratio 

of the deposited matter is similar to that inferred by other means for the central galaxies. Whereas 

the interpretation of star formation in late-type galaxies proceeds mainly from the light emitted and 

the associated mass is inferred indirectly, the situation for cooling flows is mostly reversed.  There we 

'see' the mass going into stars (or at least cooling below X-ray emitting temperatures) and we are left 

to infer, or puzzle over, where the light is. 

2.  Mass Deposition in Cooling Flows 

The observational evidence for cooling flows is primarily derived from the X-ray waveband. Images 

from the Einstein Observatory show that highly-peaked X-ray surface brightness profiles are common 

in 50 per cent of rich clusters (Jones & Forman 1984; Arnaud 1985; Stewart et al. 1984b) and are 

sometimes found in poor clusters (Canizares et al. 1983) .  Such profiles are deprojected and the count 
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emissivities converted to gas density and temperature (see Fabian et al. 1981). They indicate high 

central gas densities and strong cooling. Where X-ray spectra are available of the cores of cooling 

clusters then low temperature components are found. The emission lines from gas around 107 K 

are particularly important (Cowie 1981). Solid State Spectrometer data (Mushotzky et al. 1981) and 

recent NRL Spartan results (Ulmer et al. 1987) on the Perseus cluster show clear evidence for cooling 

gas in the cluster core. The emission measures of cool gas deduced from the spectra agree well with 

those estimated from the images. 

The rate at which matter is deposited as cooled gas, M, is essentially deduced from the total 

luminosity, L, emitted within the region where the cooling time of the gas is less than some age ( 
,..,, Ha ) .  

5kT · L � -M. 
2µm 

T is the temperature from which the gas has cooled (typically that at the edge of the cooling region) 

and the factor of 5/2 includes the PdV work done on the cooling gas (i.e. it is the enthalpy). The above 

expression is only approximate as gravitational work is done on the gas if it flows inward through the 

cluster core and into the central galaxy. 

We actually measure the surface brightness profile and thus L( r) so M ( r) can be determined. 

This mass deposition rate within radius r always increases with r. Typically M(r) ex r. The gas must 

be inhomogeneous in order that some gas can cool rapidly at large radii whilst other gas cools slowly 

there and flows into the centre. We have pursued several schemes for taking this into account, from 2 

phases at each radius (Fabian et al. 1985) to a full multiphase analysis where the number of separate 

phases equals the number of radial bins into which the X-ray counts are divided (Thomas et al. 1987). 

Nulsen ( 1986) has developed the theory for an inhomogeneous gas with a continuous density variation. 

This density variation at the outer radius, together with the gravitational potential, determine how gas 

is deposited at smaller radii. Our results show that a relatively small spread in density (factor,..,, 2) is 

sufficient. A major problem at the moment is understanding the shape and origin of this distribution. 

As the intracluster gas is enriched by heavy elements some of it must have been processed through 

stars and it may not be surprising that it is inhomogeneous. In a typical cluster cooling flow we find 

mass deposited at a rate of ,..,, 1 M0 yr-1 kpc-1 out to 200 - 300 kpc where the flow time is about 

a Hubble time. If the spread in density persists throughout a cluster, then small amounts of matter 

may be cooling at very large radii ( �  500 kpc). 

The whole of this Section so far assumes that the gas is cooling and that the only heat source 

is gravitational work. Alternative heat sources are cosmic rays (Tucker & Rosner 1982), perhaps 

associated with a central radio source, galaxy motions (Miller 1986) and supernovae (Silk et al. 1986). 
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Figure 1. Profiles of mass deposition rate (i.e. mass cooling rate within that radius) inferred from 
the Einstein Observatory images of the poor cluster MKW3s (Thomas et al. 1987). The upper curve 
is from HRI data, the lower from IPC data which is of poorer angular resolution. 

None of these addresses the problems of stability of the gas (Stewart et al. 1984a) or of why cooling 

flows occur in such a wide variety of conditions. Moreover, the total energy required over a Hubble 

time is 1062 ergs in a typical cluster flow, which corresponds to ,...., 100 times the ( minimum) energy 

in the Cygnus A radio source. 

The large temperature gradients set up by cooling do suggest conduction as a major heat flow. 

Bertschinger & Meiksin (1986), in particular, have shown that reasonable agreement with the imaging 

data can be obtained if (reduced) Spitzer conduction is occurring. The mass flow rate is reduced by 

about a factor 5 from that estimated without conduction. They do not, however, account for the low 

temperature spectral components that are observed or explain why X-ray peaked clusters should be 

common. It is shown in Stewart et al. (1984a) that conduction is generally either dominant in which 

case the gas is almost isothermal, or irrelevant. Only if the gas density is within a range of a factor of 

2 of some critical value can both cooling and conduction operate. The data show clear evidence for 

cooling. A weak tangled magnetic field can easily reduce thermal conductivity by large factors. Such 
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fields are surely expected in enriched intracluster gas. 

I shall continue to assume that the mass deposition rates deduced without heat sources other 

than gravity are correct . 

3. Star Formation 

It is generally assumed that matter deposited in cooling flows forms into low-mass stars. The 

colours and magnitudes of the central elliptical galaxies are inconsistent with large rates of 'normal' 

star formation ( Cowie & Binney 1977; Fabian, Nulsen & Canizares 1982; Sarazin & O'Connell 

1983; Romanishin 1986; O'Connell 1987). By 'normal' star formation, we mean with an initial-mass

function (IMF) similar to that inferred for the Solar Neighbourhood (see e.g. Miller & Scalo 1979) . 

The immediate question then is why there should be a different IMF. Some differences between cooling 

flows and the conditions in spiral galaxies are a) the pressure is between 10 and 1000 times higher; b) 
dust is unlikely to be present in the gas which cools from X-ray emitting temperatures, and c) the size 

of most cooled clumps may be much smalller than the Giant Molecular Clouds associated with the 

formation of massive stars in our Galaxy. Without a good theory of star formation we cannot be at 

all specific, but all of the above effects will tend to reduce the stellar mass. The average mass of the 

low-mass stars must be less than about 0.2 M0 from the observed dwarf-to-giant ratio (see Arnaud & 
Gilmore 1985). This raises the question of whether we are chauvinists with regard to star formation 

and only recognise that which obviously occurs in our own Galaxy. 

There is some evidence for massive stars, in particular A stars. These are seen or inferred in 

those cooling flows which have extensive optical emission line filaments.  Perhaps only there do large 

clumps of cooled gas occur. A stars have been observed in NGC 1275 for some time (Rubin et al. 1977; 

Wirth et al. 1983) and up to 2 per cent of M may pass into massive stars (Fabian, Arnaud & Nulsen 

1984; Gear et al. 1985). Clear evidence for a few per cent of massive star formation is found in Al 795 

(O'Connell 1987); NGC 6166 (Bertola et al. 1986) and M87 (Gunn, Stryker & Tinsley 1981) .  Turther 

evidence for a small population of massive ( A stars) stars in cooling flow galaxies is obtained from 

observations of the 4000.A. spectral break (Johnstone, Fabian & Nulsen 1987). This break is weakened 

by hotter stars and is found to correlate with M. It measures mainly the influence of main-sequence 

stars of a few solar masses. Ultraviolet observations are required to infer the presence of OB stars. 

Johnstone, Fabian & Nulsen ( 1987) suggested that some OB stars are present and that they 

provide the ionizing radiation required to explain the high brightness of the emission line filaments. 
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Figure 2 .  The 4000A break plotted against M v , the X-ray inferred mass-deposition rate in the 
spectrograph slit , from Johnstone, Fabian & Nulsen (1987). Galaxies with large mass-deposition rates 
have less break which indicates more massive stars. The galaxy with � 10 M0 yr-1 and a break of 
� 2 is in A2029 which also shows no optical line emission. 

Straightforward recombination or (single) shocks predict a luminosity in the H,B line, 

L(H,B) � 1039 ( 
M

M 
-1 ) erg s-1 , 

100 0 yr 

which is generally unobservable. Measured values of L(H,B) are typically 10 to 103 times larger. Whilst 

an IMF extending up to 60 M0 stars can explain L(H ,B) in much the same way that it is explained in 

late-type galaxies (Kennicutt 1983), it cannot explain some of the other emission lines, in particular 

[OI]>..6300. This point .was made by Robinson et al. (1987), who show that an ionizing spectrum 

characterized by a 150,000 K blackbody gives a better fit to the line ratios. They suggest that the hot 

blackbody spectrum is r(l.diated by the galaxy nucleus. It does have the advantage of being (mostly) 

unseen as the blackbody peaks in the extreme ultraviolet. 

We (Johnstone & Fabian, in preparation) have done further work on the ionizing radiation from 
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Figure 3. Oxygen line ratios expected from various ionizing sources. The choice of emission lines 
follows that of Robinson et al. ( 1987). The points represent observed line ratios from cooling flows. 

the gas cooling immediately around large blobs. This is enhanced and gives acceptable line ratios (see 

Fig.3). We therefore suspect that in situ ionization occurs from the cooling gas and that radiation 

from the nucleus is not always necessary. 

The overall conclusion of this work is that up to a few per cent of the mass deposition rate passes 

into stars more massive than 0.2 M0.  Only in PKS 0745-191 do we find any substantial rate of normal 

star formation at � 10 per cent around 30 - 100 M0 yr-1 . This fraction passing into massive stars 

appears to be associated with optical filaments and large blobs. It is possible that isochoric cooling 

in these blobs allows lower pressures to transiently occur and so raise the Jeans mass. More plausible 

perhaps is the notion that massive stars form in massive clouds and low mass stars form in low mass 

clouds (Larson 1982). This is somewhat akin to the bimodal star formation discussed elsewhere in 
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in the central galaxies. The reason for this ratio (say, large clouds to small clouds) is not understood 

at all at present . 

There is some other evidence for star formation in cooling flows. The galaxy NGC 4406 (M86) 

appears to be plunging through the Virgo cluster at � 1500 - 2000 km s-1 . Its hot interstellar 

medium is being pushed out by the ram pressure of the Virgo intracluster gas and appears as a 

'plume' of emission Forman et al. ( 1979). Nulsen & Carter ( 1987) find an optical asymmetry of M86 

which matclies this plume and they suggest that it is due to star formation in the cooling gas in 

the plume. The mean mass of stars created there must be 1 M0 .  Perhaps turbulence in the gas, 

which is experiencing a large stress, causes s:;nall gas blobs to coalesce so that larger blobs are created. 

Disturbances within the cooling gas in more isolatei ellipticals may have a similar effect and produce 

observable stars . If the disturbance propagates from the centre of the galaxy then it can create shells 

such as those found by Malin & Carter (1980). Providing that the disturbance triggers observable 

star formation on less than a galactic free-fall time, then phase-wrapping (Quinn 1984) gives the shells 

(Loewenstein, Fabian & Nulsen 1987). The rate of star formation is typically one hundred times 

greater in the centre of a cluster cooling flow, so the supershells recently discovered by Souca.il et 
al. ( 1987) and Petrosian & Lynds ( 1986) could also have a similar origin. 

4. Distant Cooling Flows 

Galaxies consisted orginally of large clouds of gas. If a large fraction of that gas was ever virialized 

before cooling then the conditions must have been very similar to those in nearby cooling flows. The 

dense core of such a cloud need not have been virialized and may well have rapidly collapsed into 

massive stars which exploded and enriched the whole cloud with gas. The dark haloes around many 

galaxies, which represents most of their mass, is then formed by cooling flows. This implies that flows 

of hundreds to tens of thousands of solar masses per year must have once been common. Unfortunately, 

most of the energy release is in the unobservable ultraviolet. 

What we can searcli for is indirect evidence of large cooling flows in the past. One possible class 

of candidates are the 3CR galaxies observed out to a redshift , z ,  of � 1 .8 (McCarthy et al. 1987) 

and perhaps even PKS1614+051 at z � 3.2 (Djorgovski et al. 1985). Spinrad & Djorgovski (1984a, 

b ), McCarthy et al. ( 1987), Heckman et al. ( 1987) and Stockton & MacKenty ( 1987) have all found 

extensive optical line filaments around radio galaxies and quasars.  Principally, they interpret the 

.. 
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Figure 4. Dependence of the ratio of oxygen lines on gas density in the ionizing radiation expected 
at 30kpc from 3C48 (see Fabian et al. 1987 for details) . 

emission as due to mergers. In many respects, however, the emission regions show strong resemblances 

to the filaments around NGC 1275 in the Perseus cluster. This is particularly true of 3C275. l  (Hintzen 

& Romanishin 1986). Perhaps the best support for a cooling flow interpretation, apart from extended 

X-ray emission, would be evidence of a high gas pressure (nT :;:: 105 cm-3 K; Fabian et al. 1986). 

We (Fabian et al. 1987) have obtained indirect evidence for a high surrounding pressure in the 

case of the z = 0.37 quasar, 3C48. The ionization state of the emission line filaments, which extend 

to 35 kpc radius, is relatively low in the sense that the ratio [OIII],\5007: [OII] ,\3727 is� 1.5.  We 

assume that in this case the quasar nucleus provides the ionizing radiation since its luminosity LQ 

is 1046 erg s-1 and its ultraviolet and X-ray spectrum (Wilkes & Elvis 1987) is similar to that of 

3C273. The ionization state of the gas depends on LQ/nR2 , so knowing LQ and the radius of the 

gas from the nucleus, R, we can determine the gas density, n, through a photoionization balance 

computation. We used Ferland's code for this and deduce that n � 30 cm-3 . The conditions and 
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Figure 5. Density of gas at 104K in pressure equilibrium with the surrounding hot gas observed 
with X-rays for MKW3s (100 M0 yr-1 ), MKW4 (30 M0 yr-1 ), M87 (10 M0 yc1 ) and NGC4472 
(1 M0 yr-1 ). The density inferred for the optically detected gas around 3C48 is indicated by the 
power-law of slope -2. 

pressure (T � 104K for the optical gas) are then very similar to those in the poor cluster cooling flow 

in MKW 3s (M � 100 M0 yr-1 ; Canizares et al. 1983). 

The total mass of cooled gas detected in our slit is � 3 x 108 M0 and it must lie in blobs or 

sheets thinner than 10 pc in order to be ionized sufficiently. If these blobs are due to a collision or 

merger, as commonly supposed, then the gas would be unconfined and dissipate on � 106 yr. As the 

emission extends by more than 50 kpc and a merger is unlikely to take place at velocities greater than 

100 km s-1 , it seems that the emission must last for at least 5 x 108 yr. Otherwise just a small patch 

of emission would light up at any given time. Consequently, the merger hypothesis requires 2: 500 

times more gas, (which must also be exceptionally dense), so that 2: 1011 M0 of gas is needed in all. 

There is probably much more gas outside our slit. This seems to us to be an unacceptably large mass 
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of gas for any known type of galaxy, and casts strong doubt on the merger hypothesis. Whether we 

can be equally specific about other quasars remains to be seen and depends on detailed spectroscopy 

being available. 

A rate of 1_00 M0 yr-1 around a relatively nearby quasar does not explain all quasar 'fuzz' .  It can 

help to explain some of the blue colours and star formation. Boroson & Oke ( 1984) have found clear 

spectral evidence for A stars around 3C48. To go further we need to spatially resolve the emission 

from more distant objects. An alternative approacli is to rely on absorption lines. If large cooling 

flows are common then they may cover a significant fraction of the sky and the cooled gas may give 

narrow absorption lines in background QSOs (Crawford et al. 1987). Such lines are, of course, observed 

(Weymann, Carswell & Smith 1981) and otherwise remain a puzzle. Multiple lines are easily explained 

as due to filaments suspended in the hot gas. 

An even more tantalizing possibility is that of Lya clouds observed by their absorption of the 

light from background QSOs. These clouds are normally considered to be low-pressure fluffy things 

with sizes of� lO kpc. Barcons & Fabian ( 1987) have shown that they can alternatively be thin sheets 

with a major axis of only a few parsec. This allows them to be at high pressure and explains the 

observed column density distribution ( Carswell et al. 1986). These thin clouds could be the blobs that 

form the low-mass stars in distant cooling flows. Non-spherical blobs are extremely likely to collapse 

into sheets,  as in supernova remnants (Schwarz et al. 1972) and the number of such clouds expected 

at around 104 K in a large cooling flow allow for a reasonable covering fraction. There is a major 

problem in this hypothesis ,  however, in that the clouds must present a much smaller covering fraction 

as the cooling slows below 104 K. It is possible that the sheets continue to collapse transversely and 

are rolled up into spheres so that their surface area is much reduced. This is, of course, necessary if 

they are to eventually condense into stars. More work is needed. 

5. Conclusions 

a) Cooling flows are common and represent large regions of star formation, especially of low-mass 

stars. 

b) (Some) dark matter is baryonic and is forming into low-mass objects now. 

c) Star formation is multimodal and depends upon environment. The formation of massive stars 

may be peculiar to spiral arms and irregular galaxies. 

d) Cooling flows provide nearby examples of dissipational galaxy formation. 

e) We badly need more X-ray data! 



366 A. C. FABIAN 

Acknowledgements Peter Thomas, Roderick Johnstone and Carolin Crawford are thanked for much 
help and discussions. 

References 
Arnaud, K.A., 1985. PhD thesis, University of Cambridge. 
Arnaud, K.A. & Gilmore, G. ,  1986. Mon. Not. R. astr. Soc.,220, 759. 
Barcons, X. & Fabian, A.C., 1987. Mon. Not. R. astr. Soc.,224, 675. 
Bertola, F., Gregg, M.D., Gunn, J.E. & Oemler, A., 1987. Astrophys. J. , 303, 624. 
Bertschinger, E.  & Meiksin, A., 1986. Astrophys.J, 306, Ll.  
Boroson, T.A.  & Oke, 1984. Astrophys. J. , 281 ,  535. 
Canizares, C.R.,  Stewart , G.C .  & Fabian A.C. ,  1983. Astrophys. J. , 272, 449. 
Carswell, R.F., Webb, J.K., Baldwin, J.A. & Atwood, B . ,  1987. Astrophys. J., in press. 
Cowie, L.L., 1981.  in X-ray Astronomy with the Einstein Satellite, ed. R.Giacconi , 227, (Reidel). 
Cowie, L.L. & Binney, J . ,  1977. Astrophys. J., 215, 723. 
Crawford, C.S., Crehan, D.A. ,  Fabian, A.C. & Johnstone, R.M. ,  1987. Mon. Not. R. astr. Soc. ,  224, 

1007. 
Djorgovski, S., Spinrad, H., McCarthy. P. & Strauss, M.A., 1985. Astrophys. J. , 299, Ll .  
Fabian, A.C. ,  Hu,  E .M. ,  Cowie, L .L & Grindlay, J. ,1981. Astrophys. J. , 248,  47. 
Fabian, A.C., Nulsen, P.E.J. & Canizares, C.R., 1982. Mon. Not. R. astr. Soc. ,  201 ,  933. 
Fabian, A.C., Nulsen, P.E.J. & Canizares , C.R., 1984. Nature, 3 1 1 ,  733 . 
Fabian, A.C. ,  Nulsen, P.E.J. & Arnaud, K.A., 1984. Mon. Not. R. astr. Soc. , 208, 179. 
Fabian, A.C. et al. , 1985. Mon. Not. R. astr. Soc., 216, 923. 
Fabian, A.C., Arnaud, K.A., Nulsen, P.E.J. & Mushotzky, R.F. ,  1986. Astrophys. J., 305, 9.  
Fabian, A.C. ,  Crawford, C .S . ,  Johnstone, R.M. & Thomas, P.A. ,  1987.  Mon. Not. R. astr. Soc. in 

press. 
Forman, W., Schwarz, J . ,  Jones, C. ,  Liller, W. & Fabian, A.C., 1979. Astrophys. J. , 234, L27. 
Gear, W.K., Gee., G., Robson, E.I. & Nott, LG., 1985. Mon. Not. R. astr. Soc. ,  2 17, 281 .  
Heckman, T. et al. , 1986.  Astrophys. J. ,311 ,  526. 
Hintzen, P. & Romanishin, W., 1986. Astrophys. J.,3 11 ,  Lll.  
Jones, C .  & Forman, W.,  1984. Astrophys. J. , 276, 38.  
Jaffe, W., 1987.  Astr. Astrophys. ,  , .  
Johnstone, R.M., Fabian, A.C. & Nulsen, A.C. ,  1987. Mon. Not. R. astr. Soc. ,  224,  75.  
Kennicutt, R.C. ,  1983. Astrophys. J. ,  272, 54. 
Larson, R.B . ,  1982. Mon. Not. R. astr. Soc. ,  200, 159. 
Loewenstein, M., Fabian, A.C. & Nulsen, P.E.J . ,  1987. Preprint . 
Malin, D .  & Carter, D . ,  1980. Nature, 280, 643. 
McCarthy, P. et al. , 1987. Preprint. 
Miller, L. ,  1986. Mon. Not. R. astr. Soc., 220, 713. 
Miller, G.E. & Scala, J.M., 1979. Astrophys. J.Supp, 41, 513. 
Mushotzky, R.F.,  Holt , S.S, Smith, B .W.,  Boldt, E.A. & Serlemitsos, P.J ., 1981. Astrophys. J. , 244, 

L47. 
Nulsen, P.E.J. ,  1986. Mon. Not. R. astr. Soc., 221 ,  377. 
Nulsen, P.E.J. & Carter, D . ,  1987. Mon. Not. R. astr. Soc., 225,  939. 
O 'Connell, R.W., 1987. in Proc. I.A. U. Symp. No. 126, in press. 
Petrosian, V & Lynds, R. ,  1986. B.A.A.S. ,18,  1014. 
Quinn, P., 1984. Astrophys. J., 279, 596. 
Robinson, A., Binette, L. ,  Fosbury, R.A.E. & Tadhunter, C., 1987. Mon. Not. R. astr. Soc. in press. 
Romanishin, W.,  1985. Astrophys. J., 289, 570. 
Rubin, V.C., Ford, W.K., Peterson, C.J. & Oort, J.H., 1977. Astrophys. J., 2 1 1 ,  693. 
Sarazin, C.L., 1986. Rev. Mod. Phys. , 58, 1 .  
Sarazin, C.L. & O'Connell, R.W., 1983. Astrophys. J., 258, 552. 
Schwarz, J., McCray, R. & Stein, R.F., 1972. Astrophys. J., 175, 673. 
Silk, J., Djorgovski, G., Wyse, R.F.G. & Bruzual, G.A., 1986. Astrophys. J., 307, 415. 
Soucail, G., Fort , B., Mellier, Y. & Picat , J.P.,1987. Astr. Astrophys. ,  172, 44: 
Spinrad, H.  & Djorgovski, G . ,  1984a. Astrophys. J. , 280 , L9. 
Spinrad, H. & Djorgovski, G . ,  1984b. Astrophys. J., 285, L49. 
Stewart, G.C. ,  Canizares, C .R., Fabian, A.C. & Nulsen, P.E.J. ,  1984a. Astrophys. J., 278, 536 . 
Stewart, G.C. ,  Fabian, A.C. ,  Jones, C. & Fabian, A.C. ,  1984b. Astrophys. J. , 285,  1 .  
Stockton, A. & MacKenty, J.W., 1987. Astrophys. J., 316, 584. 
Thomas, P.A. ,  Fabian, A.C .  & Nulsen, P.E .J. ,  1987. Mon. Not. R .  astr. Soc. in press. 
Tucker, W.R. & Rosner, R., 1982. Astrophys. J., 267, 547. 
Ulmer, M. et al. , 1987. Preprint . 
Weymann, R.J. ,  Carswell, R.F. & Smith, M.G. ,  1981 .  Ann. Rev. Astr. Astrophys. ,19 ,  41.  
Wirth A., Kenyon, S .J .  & Hunter, D .A., 1983. Astrophys. J. ,  269,  102. 



ABSTRACT 

STAR FORMATION IN ELLIPTICAL GALAXIES 
AT HIGH REDSHIFT 

Robert W .  O ' CONNELL 
Astronomy Depar tment 

University of Virginia 
Charlottesville,  VA 22903 USA 

367 

The evidence that star f ormation continued in some elliptical galaxies until 
recent epochs , � 5-8 Gyr ago or z � 0 . 5-1 . 5 ,  is reviewed with emphasis on 
observations o f  nearby systems and the intepretation of high redshift colors . 
S tarburs t s  may have been a f actor in the evolution of all  types of galaxies 
in the relatively recent p as t .  
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I .  Introduction 

Elliptical galaxies , unlike most of the systems discussed at  this confer

ence , typically exhibit little outward evidence of star format ion . In fac t ,  

the conventional view i s  that they have been quiescent for most o f  a Hubble 

time , having completed f ormation in a rapid collapse and spectacular starburst 

at high redshif ts , z > 5 .  I f  this is true , we will b e  deprived o f  a detai led 

observational understanding of this event for many years to come because the 

technical diff iculty in studying obj ects at such high redshifts  is formidable . 

Fortunately , there is now strong evidence that this conventional view is 

incorrec t ,  in the sense that star formation in some ellipticals continued until  

recent epochs , z < 1 . 5 .  Therefore , the prospects for  direct obs ervation o f  

important (if  n o t  initial) evolutionary processes i n  ellipticals at z � 0 . 5- 1 . 5 

are good . The evidence is based on observations of both local and high red

shift systems , and I will review that here with emphasis on the former . In 

their talks , Dj orgovski and Soucail will describe high redshif t  observations in 

more detai l ,  including the detect ion of obj ects at z � 3 which bear a remarkable 

resemblance to pro to-galaxies . 

I I .  The Conventional View : Ancient Elliptical Galaxies 

The conventional interpretation is that all s ignificant star formation was 

completed in E galaxies not long after the globular cluster formation epoch , 

14-16 Gyr ago . This interpretation rests mainly on the following four areas of  

evidence:  

a) Pop I I  in M32 and the bulge of M31 .  The resolution of Pop II giants in 

these nearby galaxies was the f inal st imulus for the concept of stellar 

populations formulated by Baade [ l ] .  This was such a powerful , unifying inter

pretation [ 2 ]  that its apparent implication--namely that E galaxies and spiral 

bulges were old , metal deficient , Pop II systems--held sway long past the point 

when it  became clear that this could not be the whole story . 



STAR FORMATION IN lilGH-REDSJilFf EILIPI'ICALS 

b ) The homogene i ty of E / SO colors and spectra . The colors and spectra of 

E / SO ' s  are remarkab ly uni f orm , and their coo l ,  red character suggests  that 

these are old systems with a small dispersion of s tar formation histories 

f ormed by a common mechanism [ 3 , 4 ] . 
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c )  Continuity of globular c lusters and E / SO galaxies . There is an impress ive 

continuity between g lobulars and E / S O  galaxies in some photometric and spectra-

s copic properties [ e . g . , 5 , 6 ] , which suggest s  that these are a l l  systems of 

s imilar age but different chemical content , with the galaxies being more metal 

r ich. I think this i s  the s trongest evidence in support o f  the convent ional 

interpretat ion . 

d )  Synthesis models of E galaxie s .  Evolutionary synthes i s  models produced by 

a number of different invest igators agree that the broad-band colors of E/SO ' s  

are cons i s tent with ages o f  10-15 Gyr i f  the metal abundance is so lar or below 

(Z < Z ) [ 7 ]  • 
0 

I I I .  D i f f iculties with the Convent ional View : Late Evo lution o f  E Galaxies 

Until the last f ew years , the foregoing evidence had not b een subj ected to 

criti cal examination , and perhaps there was no reason to do so . Newer work , 

however , casts s igni f i cant doubt on all  four p i llars of the conventional view. 

Let me cover this in the same order : 

a)  Pop I I  in E galaxies . While there are certainly metal poor Pop II giants 

in E galaxies and sp iral bulge s ,  they represent only a minority component , a 

bright " frost ing" on the color-magnitude diagrams (CMD ' s ) . It has been clear 

s ince the work of Morgan and Mayall [ 8 ]  and Baum [ 9 ]  that the dominant popula-

t ion is metal rich , with Z � Z0 • Recent CMD s tudies of the Galact ic bulge 

[ 1 0 ]  and M32 [ 11 ]  show that the giant branch extends to very coo l ,  metal rich 

obj ects (M7 I I I  equivalent in the case of M32) . 

b ) Homogeneity .  The implications o f  color homogenei ty mus t be  considered 

quantitat ively . As d iscussed below in Sec .  V, the colors of o lder galaxies 

evolve s lowly . For examp le , the FWHM of the U-R histogram f or E / S O  galaxies in 
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the samp le o f  Sandage and Vi svanthan [ 4 ] , which is fully corrected for metal 

abundance effects , is  only 0 . 3  mag , but this corresponds to  a factor of 2 in 

age for systems with a given chemical compo sition .  

c )  Continuity . Newer s tudies o f  both broad band co lors and individual spectral 

features show important diff erences between globular clusters and galaxies 

(reviewed in [ 1 2 , 13 ] ) .  These represent unambiguous and model- independent 

evidence that g lobulars and E galaxies do no t form a physical cont inuum and 

hence do not necessarily have similar ages . 

d )  Synthesis models . The solar-abundance synthesis models for E / SO ' s  cited 

above are inappropriate because their nuclei have high metallicities 

( Z  � 2-3 Z® ) and shallow line strength gradients indicate possibly supersolar 

abundance for their integrated l ight as we ll [ 14 , 15 ] . For a given set o f  

pho tometric properties , the inferred age of  a population decreases a s  Z 

increases [ 1 6 ] . When proper account of this effect is taken , one f inds that 

both evolutionary studies and detailed optimizing spectral synthesis s tudies 

yield ages for the last epoch of  star formation in E galaxies in the range 5-8 

Gyr . No evidence is found for a large 15 Gyr-old component . This work has 

been reviewed recently in some detail [ 13 , 16 , 17 , 18 ] , and I do no t wish to dwell  

on it here.  I wil l take the opportuni ty , however , to respond in Sec . IV  to  

s ome recent crit icisms of  these techniques . 

Collectively , items (a) - ( c)  remove the basis for supposing that E galaxies 

are physically similar to globular c lus ters--i . e . ancient systems with a smal l  

a g e  dispers ion . The models cited i n  (d)  indicate that s tar formation i n  at 

least s ome E / S O ' s ( those near enough to obtain high precision spectropho tometry, 

typically with V � 3 000 km sec-1) cont inued until recent epochs . For technical 

reasons explained in [ 16 ] , it is dif f icult to  determine the earlier history of 

s tar formation in E ' s  or to strongly constrain the age of  the f ir s t  generation 

of stars , which could well be 15  Gyr . 
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One cannot ignore in this context the wealth of information on stellar 

populations and dynamics in the disk and bulge of our own Galaxy . The class ical 

interpretation of  this data is  that the Galaxy formed in a rapid collapse 15 

Gyr ago [ 2 , 10 ] . 

Nonetheles s ,  I think one ought to be careful in extrapolating these 

results to E ' s .  The history o f  star format ion in the Galactic disk is ob

viously not s imilar to that in E ' s ,  and the CMD result s  for the Galactic bulge 

are controversial [ e . g .  3 8 ]  and demand careful separation of abundance effects 

( including b lanket ing) from age effec t s .  Spiral bulges may i n  any case no t 

closely resemble E ' s  [ 2 0 ] . 

Furthermore,  dynamical revisionists are hard at work rewrit ing the history 

of  both the Galactic disk [ 2 1 ]  and bulge [ 22 ]  and in particular suggesting that 

s ome of the metal poor components ,  which in the classical scenario form during 

the initial collapse , were actually accreted from outside after the Galactic 

d isk was in place . Finally , new results on the age of the d isk as determined 

from white dwarf luminos ities yield low values � 10 Gyr , comparable to those 

c ited above [ 2 3 ] . 

I conclude that the conventional view of E galaxy histories is no t 

supported by the evidence for local E ' s  and that their s tar formation was not 

comp leted during the globular cluster formation epoch . The best evidence is 

that this continued unt il as recently as 5-8 Gyr ago . 

IV . Concerns About Synthesis Modeling 

Thi s  conclusion is controversial and , while it is only one of several 

l ines of  evidence ,  the validity of the synthesis modeling described in (d) 

above has occas ionally been ques tioned , most recently by Renzini [ 19 ] . One 

i ssue he discussed was the effec t  of metallicity mixtures on synthesis models , 

but thes e ,  though surely present , appear not to influence the age-dating 

s trongly [ 16 , 18 ] . I think it is worthwhile responding here to s everal of the 

other concerns Renzini raised . 
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Renzini ' s  mos t  serious criticism was that the age of  a stellar population 

cannot be reliably determined from the color of its main s equence turnof f ,  and , 

s ince this is the basis of synthesis age-dating techniques , these are susp ec t .  

H e  claimed that estimating the age of  the globular 4 7  Tue b y  this method leads 

to an unacceptably young value and that a similar problem affects the E galaxy 

ages quoted above . This argument , if generalized , would render a very large 

body of integrated l ight work on galaxies questionable , and much is  clearly at 

s take here . 

Renzini ' s  argument overlooks the problem of dif ferential blanketing in 

converting the obs erved color of 4 7  Tuc ' s  turnoff to an effective temperature . 

He used a Z = Z0 color/Te conversion , whereas for 47 Tue , Z = 0 . 20 Z0 • After 

making appropriate blanketing corrections , which , of course , decrease the 

inferred Te at turnoff , one finds an age for 47 Tue comparable to those of 

other globulars , 14-16 Gyr . The turnoff color-dating method thus appears to be 

reliable .  

Renzini ' s  other maj or criticsm involved the theoretical isochrones used 

to calibrate ages derived by the synthesis method . It is well known that the 

Yale isochrones , widely used in synthesis work , require temperature corrections 

because they assumed too small a convective mixing length. Renzini argued , 

correctly , that the simple adj us tments made to the Yale isochrones by mos t  

authors were inadequate and that a self-consistent treatment of convection in 

cool s tars could significantly affect the dating calibration . Calibrations 

with an improved treatment of convection by VandenBerg [ 2 4 ]  and VandenBerg and 

Laskarides [ 25 ]  are shown in Figure 1 ,  and , indeed , the slope of the newer 

calibration is significantly different than the corrected Yale calibration . 

Fortuitously , however , the VandenBerg calibration yields the � turnof f  ages 

as the older calibration for the (B-V turnoff color , Z) values appropriate for 

well-studied E galaxies , (0 . 50 ,  Z0) for M32 and (0 . 65 ,  2-3 Z0) for gE ' s .  Thus , 

this isochrone recalibration does no t alter the conclusion reached by the 

synthesis studies for the star formation his tory of  E galaxies . 
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Figure 1: Calibration of  the main sequence turnof f  color-metallici ty-age 

relation based on the corrected Yal e  isochrones and on newer calculations by 

VandenBerg . The s lope of the two calibrations is significantly diff erent , 

presumably b ecause o f  different treatments of convection and the t empera-

ture-color convers ion . At the left  are turnof f  colors derived from a number 

of synthesis s tudies for M32 and gE galaxies [ see 16 ) .  For the particular 

mean turnoff colors and meta ll icities of  these obj ects , the VandenBerg cali-

b ration yields the same age dating as the corrected Yale calibration . The 

log Z /Z® = + 0 . 3  VandenBerg calibration plotted does not include correction for 

the (unidentif ied) effect which produces a mismatch with observed cluster main 

s equences and with the sun [ 24 ) . This might shif t  the l ine another 0 . 05 mag 

redward in B-V , yielding yet younger gE turnoffs . 

.. 
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I am sure this controversy will continue . At present , however , I see no 

promis ing way to reconcile the data on local ellipti cals with s tar formation 

complet ion ages of order 15 Gyr .  

v .  Interpretation of Colors o f  High Redshift Systems 

What do d irect observations of systems in earlier phases of evolution say 

about this problem? One fundamental difficulty is that we have very l i t t le 

morphological information on dis tant galaxies , and the type of obj ects b eing 

ob served ( E ,  SO,  spira l ,  or other) is largely conj ectural . Even worse , mergers 

and other interactions can change the morphology of galaxies ,  so that the 

ancestor of a local E may not resemb le it at all . 

It is now well established that the color distribution of bright galaxies 

changes unexpec tedly quickly with redshift (the "But cher-Oemler" effect ) , so 

that by z � 0 . 3-0 . 5 ,  unusually b lue obj ects appear in clusters and the field 

( s ee the review by Oemler [ 2 6 ] ) .  These changes are inconsis tent with the 

" s tandard" evolutionary model for galaxies , which as sumes that all galaxies 

evolve in isolation , are 15  Gyr old , and experience an exponential ly dec lining 

s tar formation rate with a range of e-folding t imes . Evolutionary mechanisms 

rather different from those which dominate now must be prevalent at even these 

modest lookback t imes . 

An important feature of the available observat ions of high redshift 

systems is  the existence o f  a "red envelope" in the color-redshift d iagrams 

[ e . g . 28 ] .  This presumably cons ists o f  systems whi ch have been quiescent for 

a suf ficiently long period . It is usually identified with elliptical galaxies 

and is taken to imply that most E ' s completed star f ormation at an early epoch . 

What I think may not be widely appreciated is how short this "suffic i ently 

l ong period" can b e .  The photometric evolution of quies cent sys tems to the 

vicinity of the red envelope is very rapid , taking p lace in only 1-2 Gyr . Very 

l ittle color evolution occurs later . The effect is present , for example , in the 

evolut ionary models of Bruzual [ 29 ]  and Wyse [ 30 ] , who f ind that the colors of 
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gE galaxies for z < 0 . 5  are f i t ted equally well by ages of 8 Gyr or of 15 Gyr , 
'V 

with even younger ages f avored if gE ' s  have supersolar mean metal abundances . 

To be s omewhat more quant itative , the precision with which photometric 

measures have been made on high redshift galaxies is  only about 0 . 2 mag (2o) . 

Various photometric indices o f  galaxy age evolve so slowly for t > 1 Gyr that 

this observational uncertainty translates into significant age uncertainty . 

The fo llowing table is based on single generation population models by several 

authors [ 2 8 , 31 , 33 ] , and the age error factors are obtained by converting the 

0 . 2  mag observational error into an age ratio . 

Quantity (Restframe) 3Q/ d log t Age Error Factor 

U-R 0 . 95 1.  6 

4000 A Break (mag) 0 . 37 3 . 5  

B-V 0 . 33 4 . 0  

V-K 0 . 47 2 . 7  

I t  is clear f rom these error factors that existing observations of  systems 

near the "red envelope" permit a wide range of s tar formation histories . 

This po int is also illustrated in Figure 2 ,  where I plot the U-V evolution 

of  bursts of  s tar formation . The plot is  in the form of ten used to disp lay 

observational results ( color v s .  z ) but is given for the color in the restframe 

to avoid the complications arising from K correction s .  Two burst times are 

shown, z = 1 . 5  and z = 0 . 7 5 ( corresponding to lookbacks of 7 . 8  and 5 . 6  Gyr in 

the adop ted cosmology) . The mos t  notable aspect of the plot is the very rapid 

color decay of the burst with redshi f t .  The burst has a full width at "half 

c o lor peak" of only about 0 . 05 in z .  Even when 30% o f  the mass o f  the galaxy 

i s  involved in the z = 0 . 7 5  burs t ,  the color is within 0 . 2  mag o f  a quiescent 

obj ect by z = 0 . 3 .  I t  should b e  noted that restframe U-V i s  s omewhat more 

sens itive to the ef f ects of the burst than the laboratory frame B-V and V-R 

colors which are usually d isp layed in this kind of plo t .  

Thus , the existence o f  a well defined "red envelope" does not preclude 

maj or s tar forming activity in E galaxies as recently as z "-' 0 . 5- 1 . 5 ,  and the 
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-3 Color Evolution of High Redshift Storbursts 
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Figure 2 :  Redshif t  evolution o f  the broad band U-V color in the restframe for 

starbursts o ccurring in old gE galaxies . Starburst colors are taken from 

Larson and Tinsley [ 31 ] ; the burst i s  as sumed to last for 0 . 01 Gyr . Two burst 

t imes , z = 0 . 7 5 and z = 1 . 50 ,  and two burst strengths , 5%  and 30% of the galaxy 

(vis ible) mass ,  are shown . The color of the undis turbed gE was taken to b e  

(U-V) = 1 . 66 .  H 0 75 km s- 1  Mpc-l and q = 0 were adopted . 0 Note the extremely 

rapid decay of the color of the galaxy . Effects of emi s s ion lines are not 

included . These would probably no t have strong effect s on the restframe U-V 

evolution but could s ignif icantly affect the color excurs ions exhibited by 

bursts in the laboratory frame , depending on the redshif t  involved and f il ters 

used . 
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local evidence appears to require this . Some of the anomalously b lue high 

377 

redshift obj ects are certainly E ' s  [ 27 , 32 , 36 ] . It is no t impossib le that most 

E ' s  experienced s ignif icant late epoch star formation . 

A number o f  workers have po inted out that s ignif icant color excursions 

can be produced by a burst of star formation involving only a small fraction of 

a galaxy ' s  mas s (e . g .  26 , 27 ) . A glance at the U-V evolution in Figure 2 of a 

burst involving only 5% of the mass conf irms that remark . However , the lifetime 

of a large color excursion is also very shor t ,  so that if a large fraction of a 

sample of high redshif t  galaxies exhibi t  color anomalies , this imp lies a s ig-

nif icant net star formation rate . A statistical analysis of the color distri-

but ion in the context of  burst models would be worthwhile.  

Overall , I think the evidence discussed here supports the view that en-

vironmental interactions ( infal l ,  t idal encounters , mergers , gas flows , etc . )  

importantly shape the evolution of  galaxies at moderate lookbacks and that E 

galaxies are not immune to these processes . Ellipticals which happen to 

complete s tar formation ealry will occupy the red envelope at  high redshifts , 

but others may experience a prolonged series of star forming episodes which 

might continue to z � 0 . 5 . Some of these events might wel l  qualify as the kind 

of "starbursts" discussed in the context of other types of galaxies at this 

conference . Rapid photometric evolution following the last episode will leave 

the E ' s  with the coo l ,  reddish colors familiar in nearby sys tems . It is worth 

pointing out that recent theoretical studies of galaxy formation are consistent 

with this evidence for late evolution of ellipticals [ 37 ] . 

V I .  Conclusion 

On the basis of  detailed s tudies of  local systems and the color distribu-

t ion of high redshift galaxies , it appears that some E galaxies continued 

forming stars until relatively recent epochs , 5-10 Gyr ago . The prospects for 

direct observation of basic evolut ionary processes in elliptical systems at 

low redshifts , z < 1 . 5 ,  where considerable observational f irepower may be 
'V 
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brought to bear , are therefore quite good . The kind of starbursts we observe 

only under unusual c ircumstances at the current epoch may have been common in 

all types of galaxies in the relatively recent pas t .  
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STAR FORMATION IN ACTIVE GALAXIES AND tpASARS 
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I review the observat ional evid ence f o r  a causal o r  stati s t ic al l ink 
be tween star formation and active galactic nucl ei . The chief d i f ficul t y  i s  
in quantitatively ascer ta in ing the star formation rate in ac tive 
galaxie s :  most of the read il y  observable manifestations of star formation 
superficially resemble those of an ac t ive nucleus . Careful mul ti
wav el eng th spatially-resolved observations demonstrate that many Se yfert 
galaxies are und ergo ing star formation. Our survey o f  C O  emi ss ion from 
Seyfer t s  ( interpreted in conj unc t io n  IRAS data) suggest s that type 2 
Seyfert s have unus ually high rates of s tar forma t ion , but t ype 1 Seyferts 
do no t .  Recent work also suggests that many power ful radio galax ie s  may be 
actively forming s t ars : radio galaxies with st rong emi ssion-l ine s o f t en 
have blue colors and strong far-infr ared emission. De termining the star 
formation rate in the host galaxies of quasars is especially d i f f ic ul t . 
Multi-color imag ing and long- sl it spectroscopy suggests that many of the 
host galaxies of r ad i o-loud quasars are blue and a cold interstellar medium 
has been dete c ted in some quasar host s .  
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l. Introduc tion 

A relat ionship be tween star formation and the presence of an ac t ive 
gal actic nucleus (AGN) might be expected on a number o f  d i f ferent 
ground s .  Fi r s t , star formation might be a �  of nuclear ac tiv i t y .  
Indeed , Terl evich and Melnick [ 4 4 ]  have proposed t hat s t ar formation alone 
can account for the AGN phenomenon ( no "monster" is  necessary) . 
Alternat ively , Weedman [ 4 9 ]  has sugge sted t hat s t arbursts  and AGN's are 
related in an evolutionary sense : the popul ation of compact stellar 
remnants left  behind by the s t arburst set tle into t he nucleus where t hey 
become the power source for subsequent activ i t y .  Second , star formation 
could be an e f fect of nuclear ac t ivit y .  The interac t ion between winds , 
j et s , energetic par ticles , etc . produced by the AGN and the ISM of t he 
surrounding galaxy could induce s tar forma t ion [ e . g .  5 ,  3 3 ,  3 9 ,  4 5 ] .  
Final l y ,  star formation and nuclear ac t iv i ty may occur in paral lel because 
they have a common cause . For example ,  both could be tr iggered by the 
deposition of cold gas into the circum-nuclear region.  

I will adopt several pers pect ive s designed to focus the present 
rev iew . The empha sis wil l  be on " cl assical" types of ac tive gal axies 
(namely Seyfert galax ies , rad io galaxies , and quasars) . At least some o f  
the ir phenomena requi re the presence o f  a compact ac tive nucleus ( a  
"monster" ) . Thi s may no t be t he case for LINER's o r  IR-br ight gal axies.  I 
wil l  al so concentrate on stud ies of l arge sampl es of active gal axies rather 
than on detailed investigat ions o f  individual cases since the paramount 
issue under consideration is whe ther star formation has any causal link to 
the general AGN phenomenon . Finally , the d i f f icul t y  in discriminat ing 
decisively be tween the observational man i festations of star formation and 
of an AGN can no t be over-emphasi zed . Bo th can produce s t rong emi s s ion

l ines , blue colors , nonthermal rad io emission , and thermal infrared and X
ray emi s s ion . 

2 .  Star Fo rmation in Seyfert Galaxies 

i) Opt ical Colors 

The bright nucleus of a Seyfert galaxy can affect the integ rated col or 
of t he galaxy , compl icat ing the interpret a t ion o f  a comparison of Seyfert 
colors to those of normal galaxie s .  This problem wil l  be par t icular l y  
severe f o r  t ype Seyferts , since they have conspicuous blue quasar-l ike 
nuclei [ e . g . 48 ] .  Spa tially-resolved col or maps of samples of Se yferts  
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[ 2 5 ,  54 ] imply tha t  the o f f-nuclear colors o f  the Se yferts ( general ly at 
d i s tances > few kpc from the nucleus) are s imilar to the integrated colors 
of galaxies o f  mod erately ear l y  Hubble type ( E  to Sb c) . Since Se yferts are 
generally early t ype disk gal axies , these data s ugge st  that the extra
nuclear reg ions of Se yferts  are rather normal in terms of their stel lar 
population . 

The above data do not have adequate spatial resolution to assess the 
rate of c i rcum-nuclear ( kpc-scal e) s tar format ion . At tempt s to model the 
spectral energy distribution of the l ight from thi s inner reg ion in terms 
of starl ight plus a " nonthermal" source [ e .g.  1 9 , 2 8 ]  yield resul t s  that 
ar e consi stent wi th a normal old stel lar popul ation . However , it is not 
clear how well the "nonthermal" component could be d i s tingui shed from l ight 
from OB stars . 

i i )  Optical Emission-Line Gas 

In princ ipl e ,  the lumino s i ty of the Balmer emission-lines in Seyf erts 

could provide an e s t ima te o f  the population of OB s tars . However , the 
nuclear emission-l ines are powered by the AGN (not by OB stars ) , and the 
AGN can al so pho to ion i ze the ISM of the host  galaxy . Thus , in order to use 
the optical emis sion-l ines to study star formation , great care must be 

exerci sed in sorting out the e f fect s  of the AGN from those of OB s tars . To 
this end , various empir ical techniques have been employed [ 5 1 ] .  

Narrow-band imaging s urveys o f  the ioni zed gas in Seyfer t gal axies 
[ e .g . 3, 18] reveal three main types of morphol og ical features : smoo th . 
centrally-concentrated oval s , complex filamentary s tructure , and systems of 

d i sc rete kno ts  associated wi th inner rings or wi th spi ral arm s .  The 
morphology s ugge sts  that first t ype might be powered by the AGN and the 
third by UH s tars . The o the r data summar ized below suppo rts this 
interpretation . 

The rel ative streng ths of the commonly observed optical emi ssion-l ines 
provide a powerful di scriminant between gas which is pho toioni zed by OB 
stars vs . gas that is pho toio nized by t he much more energetic continuum of 
an AGN [ 2 , 4 6 ] .  The l ine ratio s  observed in the ionized gas around Seyfert 
nuclei frequently demand the presence of both sources o t  ioniza tio n ,  with 

the rel a t ive impor t ance o f  each being strongly variable from pl ace to pl ace 
[ e .g .  53 ] .  

The kinematics of the ex tra-nuclear gas in Seyferts provides impo rtant 
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independ ent clues regard ing the energy-source for the gas . Of ten , two 

kinematic components can be i sola t ed : a disk-like structure engaged in 

simpl e rota tion and a more complex component exhi b i t ing strong ly 

nonc ircul ar mo tions [ c f .  53 ] .  It i s  important to emphasize t ha t  these two 

respec tive kinematic components seem to correspond wel l  to the gas which 

( a s  j udged f rom the l ine ratios) is pho toionized by OB s tars and t he gas 

which is ionized by the AGN . 

The moral of the above summary is that  a decompo sition o f  t he 

emi s s ion-l ine gas in Seyfert s into components powered by the AGN and by OB 

stars is possible but i s  both d i f ficul t and time consuming . No 

stati stically firm conclusions have ye t been drawn regard ing star forma tion 

in Se yferts  vs . normal galax ie s . 

i i i )  Radio Continuum Emi s s ion 

A large data set now exist s concerning the nonthermal rad io continuum 

emi s s ion from Seyfert galaxies ( see [ 52 ]  for a recent review) . The 

in terpreta tion of the origin of t he radio plasma ( j ets  from an AGN vs . t he 

energe tic processe s  associated wit h  the evolution o f  mas s ive stars) i s  

s t i l l  somewhat controversial , but the fol lowing classification/ interpretive 

sc heme seems reasonable . 

The maj ority of the radio sourc es t hat  are well-resolved spa t ially are 

classi fied a s  " Linear" and have a doubl e ,  co-linear tripl e ,  or  j e t-li ke 

morpholog y .  The se L-type sourc es are most plausibly interpreted as plasma 

ej ected by the AGN. A minority of the wel l-resolved r ad io source s are 

classi fied as "Di f fuse" ( round or oval morpholog ie s ) . The se D-type sources 

are coincident with the regions o f  star formation d el ineated in the 

emission- l ine gas by the techniques discussed above [ 5 1 ] .  

Thus , while t he rad i o  continuum data provide f ur t her evidence for star 

formation in some Se yfert g al axie s ,  they do not as ye t demonstrate whe ther 

or not Seyfert g al axie s  as a class have l arger-than-average star forma t ion 

rate s .  

iv) Infrar ed Continuum Emission 

The nuclei  o f  Se yfert  gal axies have long been known as strong infrared 

source s [3 5 ] .  More r ecently , IRAS has provided us wit h  a l arge and 

homogeneous body of data concerning the g l obal mid/ far infrared ( M/ F IR )  

emi ssion o f  Seyfer t  and normal galax ie s .  However until the physical orig in 

o f  the M/ F IR continuum is wel l  under stood , t he IRAS data can not be used to 
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reliably compare the star formation rate in Se yferts vs . normal galaxie s .  

Unfortuna tely , several recent inve stigations have reached very dif ferent 

conclusions concerning the origin of the M/FIR emission from Seyferts . 

Ed el son and Malkan [ 1 0 ]  have studied a sample of 2 9  bright Seyferts 

(nearly all type l ' s ) , and have concluded that the M/FIR emission is 

produced by the AGN ( in mo st cases it i s  nonthermal , but in other cases it 

is dust re- rad iation of t he nuclear nonthermal light) . Dust re- rad iation 

of l ight from the AGN is also favored by Kraemer and Harrington ( 2 0 ]  in 

their detailed theoretical investigation of t he type 2 Seyfert Mrk 3. In 

contrast , Rodr iguez -Es pinosa e t  al . (36 ]  analysed a sample o f  9 6  Seyferts 

and concluded that the M/FIR emission was powered by star formation . The 

strength o f  the M/FIR continuum then led them to conclude t hat Seyfert 

galaxies have unusual ly high rates o f  star formation compared to no rmal 

galax ie s .  Finally , Miley , Neugebauer , and Soi f er ( 30 ] , Ward e t  al.  (47 ] , 

· and Rowan-Robinson ( thi s volume) have concluded that the M/FIR continuum in 

Seyferts has several d i s t inct components whose rela tive strength varies 

from galaxy to galax y :  1. nonthermal nucl ear rad iation 2. t hermal re

r adiation of nuclear r adiation 3 .  thermal r e-radiation of the l ight from 

hot , young stars ( the " starburst" component) 4. t hermal re-rad iation of 

the general diffuse starl ight in the gal axy ( the "c irrus" or "disk" 

c omponent) . Only t he third component can be used to probe the star 

formation rate , and thus great care must be taken to correc tly i solate thi s  

component . 

The M/ FIR spectral energy distribution provides a useful starting 

point to any attempt to de-compose the M/FIR continuum o f  a Seyfert galaxy 

into its component parts . Invest igations of l arge samples of Se yfert 

galaxies ( 3 0 ]  imply that the maj ority o f  the t ype 1 Seyfert galaxies have 

M/FIR " colors" like those of quasars but a significant mino rity have M/FIR 

colors like starburst galaxies .  In contrast , the colors o f  the t ype 2 

Seyferts are more evenly spread between those of quasars and starburst 

galaxies . 

One plausible po ssibility is that the M/FIR emission in those Seyferts 

with " s tarbur st "-t ype M/FIR colors i s  in fact powered by star formation. 

Thi s hypothesis i s  strongly s upported by Wil son' s (.5 1 ] discovery t hat 

Seyfert gal axies showing optical and/or radio evidence for star formation 

( see sec t ions 2i1 and 2i i i )  pre ferentially populate the starburst domain o f  

t he M/FIR color-color d i agram. The nature o f  the infrared emission in the 
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Se yf erts wi th quasar-l ike M/ F IR colors i s  much l ess cer tain . It could be 

en tirely nucl ear ( powered by the AGN) or it could be d ominated by t he AGN 

in the mid-IR (A < 2 5µm) , and by star formation in the far-IR (A > 60µm) . 

The latter appears to be the case in the wel l-studied t ype 2 Se yfert 

NGC 1068 [43 ] .  

Le t us as sume fo r the moment that the far-IR is power ed by star 

forma t ion , and compare the far-IR proper t ie s  o f  a wel l  defined s ampl e o f  

Seyfe rt  gal axie s t o  a careful l y  chosen control sampl e o f  no rmal gal axie s .  

Spec i f ically , we have inve stiga ted an optic al ly-sel ec ted sampl e o f  t he 42  

known Se yf ert  galaxies in  the Rev ised Shapley-Ames Ca tal og (RSA ) . Thi s  

l i s t  come s from J. Huchra ( pr ivate communica t io n) . Our control s ampl e 

consi sts of 42 non-Seyfert gal axies selec ted from the RSA to prec isely 

ma tch the Se yfert sample in Hubble t ype ( includ ing the pre sence o f  b ar s) , 

absol ute blue magnitud e ,  and distanc e .  

The main resul t s  o f  t hi s  compari son are as follows ( we use H0 = 75  

t hroughout ) .  First , the RSA Se yfert galaxie s are  on average two to  three 

time s as l uminous as the non-Se yfert s in the far-IR. The l og-mean 

lumino sities in solar units  are 9 . 92 ± 0 . 1 0  vs . 9. 52 ± 0 . 09 respe c t ivel y 

a d i f ference s igni f icant of the 9 9 .  7% confid ence l evel . Second , t he t ype 2 

Se yf ert  gal axies are considerably more luminous on average than the type l 

Se yfert gal axies with respec t ive l og-mean l uminosities of 1 0 . 1 3  ± 0 . 1 1  vs . 

9. 63 ± 0 . 1 5  (difference signi ficant at the 9 9 .  3% confidence l evel ) .  In 

fact , the Se yfert l galaxies considered alone ar e not s ign i f ican t l y  more 

luminous t han the non-Seyferts ( difference significan t  at  only t he 7 3 %  

conf idence l eve l ) .  The incidence rates o f  high far-IR lumino sities in the 

three samples are striking ly d i f ferent : whil e  only about 5% of t he non

Se yfert and t ype 1 Seyfert gal axies have l umino sitie s  in exce s s  of 2 x l Ol O  

L0 , nearly hal f  the type 2 Seyferts d o .  

v )  CO Emi ssion from Se yfert Galaxies 

To fur ther assess the impo rtance of star formation in the Se yfe r t  

phenomenon and gain more insight into the origin o f  t he far-IR emi ss ion in 

Se yfert gal axie s ,  we ( Bl i tz , Mil e y ,  Wil son , and I) have recently conducted 

a s urvey of mm-wave CO emi s s ion from Seyfer t s .  Includ ing resul t s  f rom t he 

l i teratur e ,  t he sample consists  of 55 Seyfert gal axies ( of which 26 were 

de tec ted) , with 37 of the s e  ( 1 8  detections) being Se yfert galaxie s in t he 

RSA . One of t he main goal s was to answer the que s t io n :  "Do Se yfe r t  

gal axies obey the same relationshi p  between the C O  flux and t he far-IR flux 
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defined by no rmal and starburst galaxie s ? " If t he answer is "yes" then it  

is plaus ible t hat  t he f ar-IR in Seyfert s is powered by s tar formation. If 

the answer is " no" ( in par ticular , i f  t he Se yfe r t s  have an excess o f  far-IR 

l umino s i t y  at  a g iven CO lumino s i t y) then much of the far-IR is prob ably 

powered by t he AGN . 

The resul ts  of our anal ys i s  ( Heckman et al . in preparation) are tha t 

1 )  the Seyfer t s  do follow t he same far-IR/CO r el a t ion as normal and 

starbur st gal axie s ;  2) the type 2 Seyf e r t  gal axie s have an excess o f  CO 

emi s sion ( no rmali zed to the gal axy blue l umino s i t y) compared to normal 

gal axies of simil ar Hubble type , whi l e  the type l Seyf e r t s  do no t .  Thus 

t he CO proper ties of Seyfer t g al ax ie s  are con s i stent with t he ir far-IR 

properties d i scussed abov e ;  3 )  those Se yfe r t  gal axies wi th intrinsical l y  

s trong C O  emi s sion generally exhib it  optical and/or r ad io evidence for 

extra-nucl ear star formation ( se e  sec tions 2i i and 2iii) . 

v i )  Summary 

The avail ab l e  evidence suggests tha t  type 2 Seyf e r t  gal axies  are 

c harac teri zed by a higher-than-average rate of star forma t ion , while t ype 

Se yfert gal ax ie s  are no t .  Thi s is inter est ing because it prov id e s  cl ear 

evidence for intr insic d i f f er ence s  between t he two t ype s of Seyfert s , and 

st rongly constrains t he timescal e  ( massive star l ife time = few mil l ion 

years )  over which t he Seyfert l population could evolve into a Seyfert  2 

popul ation ( and v ice versa) . More specul ativel y ,  i t  may be tha t the higher 

mol ecul ar gas con tent in t he t ype 2 ' s  is rela ted to nucl e ar mater ial 

hypo the si zed to be r esponsib l e  for obscuring the Broad Lin e  Region [ l ,  

2 1 ] .  A plausibl e ( though highly s pecul a t ive)  evolutionary scenario might 

be one in whic h  the inj ec tion of gas into the circum-nucl e ar reg ion of a 

galaxy l eads f ir s t  to a st arburst plus a Se yfert  2 nucleus .  As t he 

mol ecul ar gas is depl e ted and the star formation wanes , t he galaxy may 

evolve first into a t ype l Seyfer t  and finall y  b ack into a normal gal axy . 

3. Star Fo rmation in Radio Galaxies 

Und erstand·ing star formation in radio galaxies i s  par t icul arl y 

impor tan t  b ecause t he y  ar e o f ten employed as probes o f  gal axy evolut ion out 

to l arge redshi f t s  and ar e among the l ead ing cand idates for the " standard 

candl e" t ha t  is t he Holy Grail of observational cosmology [ e . g .  3 7 ,  42 ] .  

The proper ties o f  radio gal axies at  high redshi f t s  are rev iewed by 
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Dj orgovski el sewher e  in thi s  volume . In summary ,  many r ad io galaxies  at  

high redshi fts appear to be undergo ing star format ion , poss ibly in a 

" burst" mod e triggered by galaxy mergers [ 9 ,  24 ] .  However , i t  is no t ye t 

clear whe t her t here is any causal l ink between t he star formation and the 

nucl ear ac tiv i t y :  radio-quiet gal axie s show similar evidence for strong 

co smol ogical evolution in t he ir star forma tion rate [ c f .  23 ] .  Ano t her 

piece o f  t he puzzl e is the newl y discovered popul ation o f  faint blue radio 

gal axies at mod erate r ed shi fts which contr ibute s s igni fic antly to r ad io 

source coun t s  at low flux densi ties [ 2 2 ] .  The se may be d istant examples o f  

s tarbur st  galaxie s [ 4 ] , o r  perhaps Seyfert galax ie s . 

I wil l  conc entr ate her e  on the evidence fo r star formation in 

classical ( 3C R  or similar) r ad io gal axie s  a t  "low'' r ed shi f t s  ( z,$ 0 . 3 ) . 

Such radio galaxie s  can be broadly classi fied into two type s ,  based 

primarily on t he i r  optical spectrum and second ar ily on t he ir r ad i o  

morphology [ 1 4 ] .  Cl ass A radio galaxies have strong opt ic al emission- l ines 

( Se yfert-like) , and usually have e ither " edge-brightened" Fanaro f f  and 

Ril ey [ 1 1 ]  type II or compac t  radio sources . The Cl ass A galaxie s dominate 

the r adio g al axy population at  high r ad io power s (> 1 0E26  Wat t s / Hz at 1 7 8  

MHz ) .  The Cl ass B radio galaxie s hav e weak/ absent optical emis sion- l in e s  

and have " edge-darkened" Fanaro ff-Rile y  t ype I r adio morphol ogies . These 

galaxie s dominate at mod er ate radio powers ( l OE 24 to 1 0E 2 6  Wa t t s / Hz ) . 

My coll e agues and I have d i scovered t hat  it is the Class A r ad io 

galaxie s  t ha t  may be interest ing from the standpo in t of star formation.  

While Class B r adio galaxies have integrated optic al colors s imilar to 

t ho se o f  ell ipt ical galaxie s ,  t he colors of t he Cl ass A gal axies span a 

b road r ange blueward o f  t he elliptical galaxies [ 1 2 , 1 5 , 40 ] .  In some 

case s t he b lue colors may reflect the significan t  contr ibut ion of a very 

blue nonthermal nuclear sourc e .  However , o u r  mul t i-color CCD data 

demonstrates t hat  some Cl ass A galaxie s clear l y  have blue extra-nucl ear 

colors , signi f ying recent or even on-go ing star forma t ion . 

Recent analys i s  of t he IRAS data on radio galaxies prov ides fur t her 

evidence for star format ion in Class A r ad io galaxie s : t he Class A' s have 

a median far-IR lumino sity of about 4 x l OE l O  L0 , compared to onl y 2 x 

1 0E09 L0 for the Class B ' s  [29 ] .  However , fur t her work will be requir ed to 

convincingly demonstrate that the far-IR continuum in radio galaxies  is 

powered by s tar format ion and not by the AGN . 

A final tantalizing clue regard ing star formation in rad io galaxies  i s  
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provided by t he ir optical morpholog y .  Heckman et al . [ 1 2 ]  and Smith and 

Heckman (40]  f ind t hat t he Class A rad io galaxies frequently ( incidence 

r ate = 4 0-50%)  have disto rted appearanc es . Hutchings [ 1 5 ]  finds an even 

higher incidence rate in mor e distant and rad io-powerful Class A 

galaxie s .  The tails , bridges , fans , shells , e tc .  suggest that many Cl ass A 

r ad io gal axie s may be merg ing or coll id ing with a disk gal axy . In 

contrast , t he Cl ass B radio galaxie s rarely ( incidence rate < 1 0% )  exhibit 

s uch s t rong pecul iarities . Are many low red shi ft Class A r ad io gal ax ie s 

undergoing star formation triggered by a galaxy coll ision/merger? 

4 .  Star Formation in (pasar Host Galaxies 

The difficul ties in d iscriminating observational l y  between the ef fec ts 

of star forma t ion and an AGN are particularly acute in quasars , owing both 

to their l arge distances and to the dominance o f  t he quasar over its host 

galaxy. Not s urprisingly , the evidence in the l iterat ure for a l ink 

between star formation and the quasar phenomenon is ambiguous . 

Opt ic al imag ing and longsl it spec troscopic surveys of low red shi ft 

quasars have establ ished that most ar e immer sed in spatially-resolvable 

"fuzz" with proper tie s consi s t ent with those of a ho st gal axy . Malkan and 

coll eague s [ 2 6 ,  2 7 ]  conclud ed that the optical col ors o f  t he fuzz 

s urround ing r ad io-quiet quasars were normal for early-type galax ies , 

c onsi stent wi th the resul t s  summar ized above fo r the type 1 Seyfert 

g al ax ie s .  I n  contrast , several l ines o f  evidence s ugge st that the host  

galaxies o f  radio-loud quasars may have unusually young stellar 

populations . Bo t h  long-slit spectro scopy [ 6 ,  7 ,  1 3 ]  and mul ticolor imag ing 

d ata [ 1 5 ] impl y t hat such ho st galaxies may o ften be bluer than normal 

g iant elliptical galaxie s .  Thi s i s  consi stent wi th the older s ingl e  

aperture spec troscopy [ 3 1 ] which demonstrated that the spectral signature 

of an old stellar population was much weaker t han would be expec ted if the 

ho st s of radio-loud qua sars were giant elliptical s .  In a rel ated vein , 

Smith e t  al . [ 4 1 ]  have s ugge sted that the strong propensity for qua sar s  to 

r eside in very luminous host galaxies might be due in part to a burst o f  

s tar formation causally r ela ted t o  the t urn-on o f  the quasar. The peculiar 

morphology of many quasar ho st s [ e .g .  1 6 ]  is consi stent wi th the quasar and 

puta t ive starburst be ing triggered by a galaxy colli s ion/merger . 

Whi l e  qua sars are charac ter ist ically strong emi tters in the far-IR, 

t here is l i ttle evidence to date that thi s emi ssion is gener all y  powered by 
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star formation and no t by t he quasar proper [ 3 2 ] .  Ob servations o f  CO in 

low r ed shi ft quasars wi th st rong far-IR emi ssion would be very intere s t ing 

in thi s regard . The peculiar type l Se yfer t/ qua sar/ infrared g alaxy Mrk231 

i s  in fac t  a s trong C O  source [38 ] .  While C O  has not ye t been de tec ted 

from a " cl assical "  quasar , t here is observational evidenc e tha t  at l east 

some r ad io quiet quasar ho st  galaxies do have a cool inter stel l ar med i um :  

t he 2 l cm line o f  HI has been dete c ted from several l ow red shi ft quasars [ 8 ,  

1 7 ] .  

We know next-to-no thing conc erning star formation in high r edshift 

quasars , a s ubj ec t of considerable importance to our unders tand ing of both 

galaxy formation and the strong cosmological evol ut ion of quasar s .  Direct  

study o f  the  stellar popul a t ion o f  the ho st  gal axies i s  imprac t ic al . 

However , an intr iguing po ssibil ity i s  to searc h  for evidence o f  massive 

star format ion by l ooking for anomalous chemical abund ances in the quasar 

gas cloud s .  Anal ys i s  of t he broad emission- l ines provides no cl ear 

evidence for strong l y  non sol ar abund ance s [ 34 ] .  However , t he material 

responsible fo r the Broad Ab sorption Lines in quasars ( material tha t  is 

clearl y intr in s ic to t he qua sar s) may some time s have very non-sol ar 

chemical abund anc es ( e . g .  c arbon-to-hydrogen ratio s at l east ten times 

sol ar)  [ 50 ] .  This tantal i z ing possib il it y  needs t o  b e  con f i rmed b y  further 

observations and more detailed model s .  

5 .  Conclusions and Future Prospects 

The overall body of evidence l inking star formation in some c ausal  ( o r  

even stati s t ical)  sense t o  the AGN phenomenon i s  st ill o n l y  s ugge s t ive 

rather than compe l l ing . Fortunate l y ,  we  can l ook fo rward to  significan t  

progress i n  thi s  impor tant area o f  research over the next several years . 

The Hubble Space Tel escope , wi th i t s  superb angular resolution and 

ul trav iolet sensitivity , will allow us to search for and quan t i ta t iv e l y  

investigate star formation in and around AGN ' s .  This new c apab il i t y  i s  

par t icul arly important f o r  investigating the ho st  gal axies of quasars.  The 

advent of infrared array detecto rs , mm-wave interferomete r s ,  and large 

s ingl e-d i sh mm-wave and s ub-mm telescopes o f fer us the o pport un i t y  to probe 

t he dust- shroud ed regions of mol ecul ar gas in which star fo rmation might 

occur in ac t ive galaxies . We alr eady know such r eg ions are frequen t l y  

present i n  Se yfe r t  galaxie s ,  but much more detailed data a r e  r equired to 

eluc idate t he ir relationshi p  to t he AGN phenomenon . 
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The central hypothesis of this paper is that nuclear starbursts can 
reproduce the observed properties of Seyfert nuclei . We suggest that the 
so called Broad emission Line Region observed in Seyfert type 1 nuclei 
may be young supernova remnants evolving in the high density nuclear 
inter-stellar medium. The observed properties of the BLR ( Size , Total 
energy,  density,  l ine widths ) correspond to the expectations of the 
model .  More importantly,  the observed optical varibility properties of 
the BLR strongly suggest the SN origin. 
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1 .  Introduction The energy source of Active Galactic Nuclei (AGN) is 

usually ascribed to accretion onto a supermassive black hole sometimes 

called the "monster" 12 , 24 , 2 ) .  For a long time , the alternative view 

that nuclear activity is the direct consequence of violent star formation 

in the nuclear region of spiral galaxies 25 , 8 , 1 1 , 1 8 ) has been considered 

wrong. 

We have challenged the black hole scenario on grounds that mo st of 

the observations that are usually invoked as evidence for the existence 

of nuclear monsters can also be unders tood in terms of violent star 

formation activity 28 , 29 ) .  We showed that the observational diagnostics 

which have traditionally been used to distinguish between "normal" 

( Starburs t )  and "active" emission-line nuclei ( emiss ion line rat io s ,  

radio and X-ray emission etc . ) do not distinguish between starbursts and 

mons ters 29 ) .  

A very important observational approach for probing the innermost 

regions of AGN' s is the study of their variability. In "monster" models 

variability is ascribed to transient changes in some of the parameters 

like the accretion rate while in the starburst theory variability is the 

natural consequence of the final stages of stellar evolution , i . e .  

supernova outbursts and their associated young supernova remnants 

evolving in the high density nuclear interstellar medium 29 ) .  

Long term monitoring of AGN' s with sufficient time coverage has over 

the past few years been carried out for a few galaxies , and has already 

yielded interesting results 30 , 2 1 , 23 , 3 2 , 7 ) .  In this paper we will show 

that the observational evidence strongly support the starburst scenario. 

2.  The Evolution of St arbursts Within the life span ( 3 to 20 Myrs ) of a 

massive star ( 100 to l OMGI ) the Starburst model predicts a substantial 

evolution in the emitted spectrum of the young stellar cluster and its 

associated HII region 28 ) .  There are two main phases : The stellar phase 

when the ionizing source is the normal stellar populat ion , and the 

supernova phase when most of the ionization is provided by the supernova 

activity. 

i - The stellar phase .  For a given mass ,  the most important parameter 

affecting the evolution of a mas sive star is the mass-loss rate.  

Evolutionary models incorporating the effects of mass loss have been 

computed by a large number of authors S ) . Without exception , all authors 

f ind essentially the same basic difference between conservative (M=O) and 

mass-losing models namely a change in the H and He-burnin.g time scales 

and a blueward evolution when the products of nuclear burning reach the 

stellar surface 26 ) .  
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Maeder ( 1 983 , 1 9 8 5 )  published models that give a consis tent 

description of the evolution of massive star s .  Very different 

evolutionary sequences are obtained f rom models of massive stars 

according to their initial masses and mass loss rates , 

a) High mass-loss : ( M>2SM0 ) . Mass ive stars evolve initially towards 

the red ( decreasing temperatures ) but eventually the outer layers are 

peeled-of f  by stellar wind s leaving exposed the nuclear burning layers . 

Subsequently as was the case for the early Tanaka 27 ) models ,  the stars 

evolve towards high temperatures and end their evolution as bare cores , 

near the He-ZAMS 26 ) where they reach the He-ZAMS at effective 

temperatures well in excess of 1 00 , 000 K. Stars more massive than 60M111 

spend most of their He-burning life at the He-ZAMS.  S tars les s massive 

than this limit spend part of their He-burning life as red supergiants . 

However the mass loss in the red-supergiant phase completes the removal 

of the envelope and thus brings back the star to higher temperatures near 

the He-ZAMS also as a bare core . The evolutionary sequence is , according 

to Maeder : 

0 - Of - ( Eta Car/H-S var) - WN - WC - WO - SNib 

for stars more massive than 60Mo , and 

0 - BSG - RSG - WN - WC - WO - SNib 

for stars with masses between 25Mo and 60Mo . 

b )  Low mass-loss : (M<2SM0) In this case stellar-winds are not 

suff iciently strong to remove the envelopes . As a consequence , stars 

spend all of the He-burning time in the RSG branch. The evolutionary 

stages are , 

0 - BSG - RSG - YSG/Cepheids - RSG - SNII 

Terlevich and Melnick ( TM8 5 )  have computed evolutionary models for the 

emiss ion line spectra of gaseous nebulae pho toionized by coeval clusters 

of massive stars taking into account the effect of mass-loss in the 

stellar evolution . The ionizing spectrum of a starburst is dramatically 

affected by the presence of hot luminous massive stars near the He-ZAMS 

that have been called WARMERS by TM8 5 precisely because of this ef fect . 

These models show that when Warmers begin to appear in the cluster ( i . e .  

after about 3 million years ) the nebular spect rum changes in a very short 

time scale from a normal , low-exci tation HII region ( typical of nuclear 

starburs t s )  to a Seyfert or Liner spec trum. The theoretical predictions 

agree remarkably well with the observed line ratios in AGNs . See figures 

7 to 1 1  in TM85 where this "qual itative" change is clearly illustrated. 

We concluded in that paper , that the mere presence of strong high 

exci tation forbidden lines in the nuclear spectrum of an early galaxy 
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does not neces sarily imply that photoionization is produced by a non

thermal source.  Photoionization models of Starbursts with WARMERS give a 

very good description the observed emission line rat ios in type 2 Seyfert 

and LINERS . 

ii - The supernova phase . Both for high and low cases of mas s-loss 

rate , observational considerat ions lead to the conclusion that mass ive 

stars end their evolution as supernova explosions that occur shortly 

after carbon ignition 1 5 ) . Supernovae are expected to be of two 

different types depending on the progeni tor's mass : 

SN lb-Those coming from high mass-loss progenitors (WARMERS ) will 

give rise to a shock that expands from a non-degenerate carbon-oxygen 

core into the high velocity and low density pre-supernova wind blown 

bubble .  Given the composit ion and density of the medium into which the 

shock expands , this type of event will presumably look like a sub

luminous type I supernova . The flash may las t few weeks and have total 

energies probably below 1049 ergs . 35 , 34 ) .  Foll owing Wheeler et al 
3 4 ) 

(WMS ) , at the time of explosion the surrounding wind blown bubble will 

consist of stellar wind out to 0 . 2pc for a 1 20M8 star embedded in a 

medium with density 1 06cm-3 • •  

Regarding the geometry of the surrounding region , it is useful to 

remark the conditions of a burst of star formation in the nucleus of an 

early type spiral . The gravitational potential will confine the central 

gaseous component to a relatively thin disk. The most mass ive stars will 

presumably form in the central parts of the young stellar cluster.  Wind 

from these stars whose relative distances are probabl y  less than 0 . 2p c ,  

will overlap and produce an extended super-bubble filled with hot gas .  

This bubble will extend further towards regions with steeper decreasing 

density gradients , in the case of an oblate spheroid thi s will presumably 

be along the rotation axis of the gas-cluster complex and not along its 

equatorial plane . The first supernovae will explode in this environment 

and the radially decreasing densi t y  gradient will accel erate the shock. 

If the remnant or remnants reach the edge of the disk a JET of matter 

should be ej ected into the lower density outer regions were af ter some 

time a shock will be formed at large distances from the nucleus . UV 
radiation from the central cluster should leak also in the same 

direction , illuminating therefore any background gas .  A similar geometry 

has been postulated for the nuclear region of M8 2 3 3 ). It provides an 

explanation to the correlation observed between the mayor axis of linear 

radio sources and the mayor axis of the extended narrow line regions 3 1 ) .  

SN II-Low mass-loss progenitors will give rai se to classical type I I  
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supernovae . These stars are more numerous and occupy a larger volume 

than the more massive ones . Most of the low-mass stars will populate the 

outer regions of the stellar cluster , outside the central wind blown 
super-bubble . The supernova envelope will expand out in the dense 

stellar wind of the red giant pre-supernova star . This produces a 

" flash" of energetic radiation that las ts a few weeks and emits 1 049-50 

ergs 4 , 9 , 1 0) .  After this the supernova shell continues to expand unt il 
it reaches the edge of the wind blown bubble . The size of the bubble 

will be about O . O l pc for a typical I SM• star . Each star will have its 

individual bubble with no overlap between bubbles .  The density in the 
interior of this bubble is low and the supernova remnant sweeps-up only a 

small amount of mass before encountering the dense and massive shell of 

shocked material at the edge of the bubble . This will produce a luminous 

phase with time-scales and luminosity depending on the densi ty 

distribution of the surrounding material . In this high dens ity 

environment the supernova remnant will deposit most of its kinetic energy 
in a short time scale and thus reach very high luminosities . For a 1 06 

medium, this will be typically 2* 1 09 Le and a time scale of few years . 

Most of the luminosity will be emitted in the extreme UV/X-ray region of 

the spectrum. 

WMS modelled the luminosity evolution of a 1 052 erg/ sec supernova 

ej ecta expanding into a medium of uni form density 5* 106 . They found that 
one year after the explosion the remnant reaches a peak luminosity of 1 09 

solar luminosities . Thereafter , the luminosity drops by a factor of two 
after about 1 , 000 days . 

3 .  Variability time scales , total energy, s iz es and line widths From 

the previous discussion it is possible to see that during the SNII phase ,  

i . e .  when the ionizing flux is dominated by the SN activity , large 

variability is expected , particularly in systems with SN rates of about 1 
per year.  In  general two typical. total energies and time scales of  
variability are expe�ted in the Starburst scenario during the Supernova 

phase :  

( a )  Flares of about 1 049-50 ergs and lasting fo·r few weeks coming 
from those supernovae whose progenitor is a red supergiant ( SNII) 

(b) About 1 052 ergs total energy in longer term variations with time 

scales of order : t - 1500 days n60 . 4 , and peak logaritmic luminosity : 

Log L/L• - 9 . 0  + 0. 64 log fi6 , were fi6i S  the density of the interstellar 

medium in units of 106 . The bubble will have about O . O lpc in radius 

implying a light travel time of about 30 days . Typical line widths at 

half maximum will be about SOOOKm/s if the typical SN ej ecta have initial 

velocities of about l OOOOKm/ s .  
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We identify these rapidly evolving SN remnants as the Broad Line 

Region in AGNs .  

4 . Observational results Lyutyi 1 3 , 1 4 ) and Dibai and Lyutyi 6 , 7 ) made 

extensive photometric observations of 16 galaxies since de late 1 9 60s 

they found that the optical variabil ity contains two components :  a rapid 

"flare" component with characteristic time scales of tens of days and 

typical total energies of few 1 049 erg s ,  This flares have a typical rise 

t ime of 1 0  days and a decay of 40 days with average absolute magnitude of 

- 1 8 . 4  in galaxies like NGC4 1 5 1  and NGC 1 2 7 5 .  The flares are superposed on 

a slower component with variability time scale of few years and similar 

amplitude to the flare component implying total energies of about 1 05 1  

erg s ,  

Dibai and Lyutyi 6 ) al so es timated the mean energy of the optical 

flares and their characteristic times for the 4 Syl galaxies with the 

best optical data.  

NGC 5548 E=4 . 5* 1049 ergs t= l OOdays 

NGC 1275 E=0 . 6* 1 049 ergs t=20 days 

NGC 4 1 5 1  E=O. 2 *  1049 ergs t=30 days 

NGC 3516  E=0 . 1 * 1049 ergs t= l O  days 

( Ho= lOOKm/s/Mpc) 

There fore the evidence presented by the optical monitoring of Lyutyi 

and collaborators supports the Starburst origin of the variability in 

AGNs , 

S imilar results can be found in more recent studies of variability,  

The comprehensive IUE monitoring of NGC4 1 5 1  by Ulrich et  al , 
30

) 

reports variability in the broad CIV1 550A with time scales of several 

weeks and luminos ity in the variable component of CIV of about 2* 1 04 1  

erg/ sec , corresponding to total energies o f  about 5*  1 049 ergs in the 

ioni z ing continuum, 

Another well studied Seyfert galaxy NGC 1 566 was found to show 

variations of 1 300 days durat ion and total energies of order 1 05 1  ergs 

1 ) .  We agree with Allain et al that this result rules out SN f lashes . 

The observed total energies and time scales correspond to the rapid 

evolution of a SNR in the high density environment . In fact not only the 

total luminosity but the peak luminosity and the observed light curve in 

NGC 1566 i s  nicely described by the luminosity evolution of SNR in a high 

dens ity cloud computed by WMS and mentioned at the end of section 2 .  

During the moni toring of NGC 5548 , Peterson 22 ) found that the 

increase in optical luminos ity of the nucleus of this galaxy was 
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accompanied by the appearance of a strong Hell 4686 emission line 

s ignificantly broader than the Balmer line s .  This was interpreted by 

Peterson and Ferland 20) as evidence that the gas producing the Hell 

emission was much closer to the central obj ect and that the increase in 

luminos ity was due to an accretion event of about 0 . 8M8 of material . 

An important "coincidence" is that the rising and decaying time 

scales of the continuum and line fluxes in NGC 5548 are very similar to 

those of typical type II supernovae . Peterson's spectra show that the 

broad Hell line disappeared 260 days after the flare . Moreover , the 

exces s  energy emitted by the "flare " in the nucleus of NGC 5548 in 

emission lines and continuum is about 6 . 5* io49 ergs ( for a distance of 
50Mpc ) .  This value corresponds closely to the energy which is emitted 

during a type II supernova event . Another "coincidence" is that the 

spectrum of Peterson and Ferland's "accret ion event " looks remarkably 

similar to the pre-maximum spectrum of of the only known SN type II with 

a Wolf-Rayet progenitor , SN1 983k . See figure 2 o f  Niemela et al 1 9 ) .  

Therefore , the evidence presented suggest that Peterson has observed 

the explosion of a supernova in the nucleus of NGC 5548 .  

5 .  Conclusions Supernovae and their remnants are postulated in the 

starburst model to explain not only the existence of a broad line region 

and its variability but also the non-thermal radio emission and the X-ray 

emission from AGNs.  The expected total energies and time scales 
as sociated with SN activity in the Starburst model are indeed observed in 

the monitoring of variable Seyfert nuclei.  The "accretion event" in NGC 

5 548 reported by Peterson and Ferland may be the first direct observation 

of a supernova explos ion in the nucleus of a Seyfert galaxy . 

The starburst vs monster controversy continues . Further spectro-

photometric monitoring of AGN variability with adequate temporal coverage 

and direct searches for nuclear supernovae are clearly very fruitful 

observational approaches to unravel the mystery of the origin of activity 
in the nuclei of galaxies . 
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Modem photometric, imaging, and spectroscopic data on powerful radio-galaxies, reaching 
up to the redshifts of - 1.8, show a dramatic evidence for evolution of stellar populations 
at large look-back times. The data suggest that the star formation in these systems occurs 
in massive starbursts, whose frequency and/or intensity diminishes in time. A plausible 
mechanism for the initiation of starbursts, suggested by the imaging and spectroscopic 
data, may be highly dissipative mergers of gas-rich galaxies at large redshifts. There are 
probably other processes involved, e.g., interactions of the radio plasma with the ambient 
gas in host galaxies, and the overall picture must be fairly complex. The processes governing 
galaxy evolution, most notably dissipative merging, are hard to separate from the process 
of galaxy formation. Newly found objects (Lya galaxies) at z � 1.8 have properties which 
can be interpreted as galaxies or small groups in the process of formation. These and other 
data are suggestive of, and fully consistent with, the idea that galaxy formation occurs at 
a range of redshifts, perhaps reaching as low as z � 1 - 2. If this is the case, late-forming 
primeval galaxies have probably been detected. 
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Understanding of galaxy evolution is one of the centerpieces of modern cosmology. 

It is interesting on its own, galaxies being the bricks of the Universe at large scales, and it 

is necessary for most of the classical cosmological tests (Hubble diagrams, galaxy counts, 

etc.). To a first approximation, there are two kinds of evolutionary or formative effects for 

galaxies: (1) External or dynamical, when mergers violate the conservation of the comoving 

number-density of galaxies, and increase the luminosity of the dominant participant. This 

process is well described by the Schweizer equation, "1 + 1 = 1" ; and (2) Internal, or 

spectral, due to the inevitable collective evolution of stellar populations and gas in galaxies 

[1-8]. The two processes may well be related, and it is one of the goals of this paper to show 

that such interplay is indeed detected for at least one kind of galaxies at large look-back 

times, viz., those associated with powerful radio sources. 

There are now several classes of observations which indicate or detect evolutionary 

effects in high-redshift galaxies: Butcher-Oemler-Dressler-Gunn effects [9,10], behaviour 

of faint galaxy counts [11] , galaxy counts near quasars [12], etc. However, the most striking 

evidence for galaxy evolution comes from the photometric sudies of the 3C and "1-Jy" [13] 
samples of powerful radio galaxies, now reaching up to z � 1.85, that is, to the look-back 

times of � 65 - 80 % of the Friedman time, depending on the cosmology [14,15] . These 

galaxies are at the low redshifts generally identified as gE or cD systems, and brightest 

members in groups or clusters, but not as luminous as the optically selected BCM's. Their 

radio sources are generally of Fanaroff-Riley type II, that is, with all the power from the 

radio lobes, and relatively weak or absent radio cores. Objects with optically luminous 

AGN or broad emission lines are excluded from these studies: we are interested primarly 

in the evolution of stellar populations at large look-back times. 

Briefly put, at large redshifts (z � 1, say) , these galaxies show systematically 

larger luminosities (up to 5m - 7m) and bluer colors, than what would be expected from non

evolving populations at the same look-back times [16 - 25]. Their photometric properties 

in the observed range of wavelengths � 3500 A - 2.2 µm (U to K bands) are consistently 

described by the evolutionary "µ" models by Bruzual [3-5] , with exponentially declining 

star formation, and a range of e-folding times of 0.8 - 1.5 Gy. Passively evolving "c" 

models, in which all stars are formed in a relatively brief burst at the time of formation, 

are both too faint and too red to fit the data in the U BV R(I?) bands. Similar results are 

found with population synthesis models by other authors [6-8] . There are far too many 

unknown parameters and built-in approximations in these models, as discussed elsewhere 

in this volume. Even so, it is very encouraging that it is possible to construct reasonable 

spectral evolution models which can fit the data, and make at least qualitative statements 

about possible star formation histories of galaxies in our samples. 

The samples are well defined and almost completely identified, and thus any optical 

biases are highly unlikely. It is important to emphasize that the samples are selected in 

the radio, and there is no obvious evidence for a correlation between the radio fluxes and 

optical/IR photometric properties, which would cause the selection effects to mimic the 
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evolutionary effects [25]. Nevertheless, such correlation may exist [26], and we must be 

careful not to extrapolate too far: these powerful radio-galaxies are very rare events, and 

their behaviour need not be representative of all gE and cD galaxies at large redshifts. They 

should not be too far off, since there are no systematic differences of 3C, 1-Jy and optically 

selected BCM galaxies with comparable redshifts in the near-IR [19,20,25]. Even if the 

flux selection was important, their very blue colors and large surface brightness provide a 

strong evidence that a substantial evolution of stellar populations is taking place in these 

objects: if their luminosity density was comparable to that of the nearby E's, they would 

not be detectable, because of the relativistic (l+z)-4 dimming and the seeing effects [27]. 
It is thus probably fair to state that strong evolutionary effects, indicative of an extended 

star formation with rates increased in the past, are detected in the samples of powerful 

radio-galaxies, unusual as those samples may be. 

The Bruzual µ models are meant to represent a smooth time average of multiple 

bursts of star formation, declining exponentially. In addition to that, we have averaging in 

the ensemble of objects: their collective behaviour is represented with an "average" µ = 0.5 
model (which has the SFR e-folding time of 1.44 Gy), and there should be some intrinsic 

scatter of data, corresponding to the random phases of bursts for individual objects. In 
order to demonstrate this, we construct three population synthesis models with different 

star formation rates (SFR), as shown in Figure 1.  The model labeled "picket" consists of 
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Figure 1 .  Schematic representation of  star formation histories for three multi-burst synthesis 
models. The model predictions are compared with the data in Figure 2. 
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a sequence of starbursts 0.5 Gy long, and of equal strength, but with inter-burst times 
increasing exponentially. The model labeled "stair" consists of a sequence of star bursts 1 Gy 
long, with uniform inter-burst times of 1 Gy, but with intensities decreasing exponentially. 

Figure 2 shows a comparison of the three models with the data on distant radio
galaxies [22]. The popular µ, = 0.5 model is indeed a time/ensemble average of the rough 
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Figure 2. A comparison of the predictions of the three multi-burst synthesis models (Fig.I) 
with the magnitudes (top) and colors (bottom) of distant radio-�alaxies. The data are 
from the study by Djorgovski, Spinrad, and Dickinson (DSD'88 = [22]) .  The cosmological 
parameters are indicated at the top. Typical error-bars for the colors are 0.2 - 0.4 mag. All 
models were scaled to Mv = -22.6 at z = 0 (the median luminosity of low-z 3C galaxies) . 
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multi-burst models, and the SFR flicker in them can easily account for the cosmic scatter in 
the data. The true situation is probably a combination of the "stair" and "picket" schemes. 
Similar scenario was suggested by Lilly and Longair [18], and Eisenhardt and Lebofsky [20], 
on the basis of behaviour of (V - K) colors: the passively evolving "c" (single initial burst} 
model is a good red envelope of the data, from which galaxies scatter blueward by amounts 
significantly exceeding the error-bars. Declining sequence of starbursts is thus a plausible 
explanation for the photometric behaviour of powerful radio-galaxies, up to z � 1.85. 
What remains to be understood are the causes of the starbursts. Optical morphology and 
spatially resolved spectroscopy of ionized gas provide some clues. 

The first modern CCD images of z > 1 radio-galaxies indicated that their shapes are 
very elongated or even multimodal [15,16,21-24,28-31]; under good seeing conditions, these 
structures are often resolved into two or more components [32]. This invited a comparison 
with the low-z merging doubles or db systems (Figure 3). A number of low-z radio-galaxies 
have such dual morphology, e.g., 3C40 = NGC 545/547, 3C278 = NGC 4782/4783, etc. [33] 

Long-slit spectroscopy along the major axes of such systems resolved the low
ionization emission lines, principally [O II] 3727, both spatially and in velocity [14-16,23-
25,28-31]. The emission-line gas is distributed generally in the same way as the underlying 
stellar continuum, and thus it must be locally ionized, by the UV continua of young stars, 
and/or gas cloud collisions. There is a good correspondence between the morphologies of 
emission-line gas, stellar continuum, and features in the gas velocity field (velocity shear; 
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Figure 3. Multiple 3C galaxies at low and high redshifts, plotted on the same scale, as 
indicated by the bars in the lower right corners. Images of 3C324 obtained in a better 
seeing by Le Fevre et al. [32] show it to consist of two brighter and one fainter components, 
not unlike the low-redshift system 3C315 shown here. Such tidally distorted doubles at low 
redshifts are commonly interpreted as galaxies in the process of merging. The data shown 
here were obtained in the R-band with a TI CCD at the Kitt Peak 4-m telescope. 
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Figure 4. Top: V-band image of 3C267 (z = 1.139) . The field size is 1 arcmin. The 
radio-source is identified with a marginally resolved double galaxy. Three other galaxies 
(Gl-G3) show possible [O II] emission at the same redshift. These and other faint galaxies 
in the field may be members of an extermely distant rich cluster. Bottom: A section of a 
long-slit spectroscopic CCD frame of 3C267. The slit orientation is indicated on the top 
pannel. Shown here is the "phase space diagram" of the [O II] 3727 line, which is resolved 
both spatially, and in velocity. The two line components correspond to the two continuum 
components in the top image. Conversion of arcsec into kpc assumes a Friedman cosmology 
with Ho = 75, qo = 0.2. The data were obtained at the Kitt Peak 4-m telescope. 
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velocity width, indicating either turbulence, or the shear along the line of sight; equivalent 
widths; ionization state) . This is partly illustrated in Figure 4, on the example of 3C267, 
which clearly shows a bimodal structure, both in the spatial distributions of the continuum 
and emission-line gas, and the velocity structure in [O II] 3727. 

The line luminosities of some of these galaxies reach - 1010 £0, (or, - 7 x 1054 
[O II] photons/sec) , about two orders of magnitude higher than the largest luminosities of 
extended emission-line gas in low-z radio-sources [34]. We can use the synthetic spectra 
from the models which fit the colors and magnitudes of these galaxies, and compute the 
rates of ionizing photons generated by the young stars. Using the same models, cosmology, 
and scaling, we derive rates - 1054 - 1055 ionizing photons/sec, assuming no. internal 
extinction. A good conversion factor is hard to compute, but we estimate about 10 ionizing 
photons for every escaped [ 0 II] 3727 photon. The ionization by stellar continua thus may 
be insufficient to account for the observed line fluxes; some other mechanisms are needed, 
and two possible candidates may be ionization in supernova shocks, and massive gas cloud 
collisions. One must also account for the large velocity fields observed in these systems, 
reaching - 1000 km/sec in the rest-frame. 

Such phenomena can be plausibly explained as spectacular, highly dissipative merg
ers of gas-rich galaxies at large redshifts. Mergers can stimulate the star formation, and 
feed the radio-source (which can feed back; see below) . There is now a considerable body of 
evidence that galaxy mergers, starbursts, and non-thermal activity are mutually connected 
[31 ,35-48] . In the particular case of low-z powerful radio-galaxies, Heckman et al. [41] 
found that many or all of them show morphological signs indicative of past mergers: dust 
lanes, disturbed isophotes, tidal tails, shells, etc. 

Merger-induced star bursts are now well documented in many low-z I RAS sources 
[40-47] , but their conspicuous characteristic are copious amounts of dust, which reprocesses 
the primary UV photons generated by the young stars. The inferred IMF's in these star
bursts are flatter with respect to the "normal" , solar-neighborhood IMF [38,39,49,50]. This 
would be an important consideration for the synthesis models, but the objects which we 
see at large redshifts must involve somewhat different physics: they must be almost dust
free, since we observe them clear and bright in the rest-frame UV, where an analogue of 
Arp 220 may suffer - 15m - 2om of extinction! We must be careful in extrapolating our 
low-z experience to the high-z galaxies discussed here: these are different, new phenomena, 
without direct counterparts at the low redshifts. (This, of course, does not exclude them 
as evolving progenitors of some common low-z objects, e.g., gE/cD galaxies.) 

Typical SFR in these distant galaxies, inferred from the µ = 0.5 model, scaled as to 
match the observed luminosities, are several hundred M0/yr, for a range of plausible IMF's. 
This is larger than the rates inferred for the most luminous I RAS sources at low redshifts, 
although some Lbol � 1012 £0 sources may be close [43-47] . Assuming a normal IMF, 
such SFR would produce - 1 supernova/yr. If the IMF is biased towards more massive 
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stars, the SNR/SFR ratio would be higher, but that would be largely offset by the scaling 
with luminosity. 

The energetics of the collisions is about right: The total available kinetic energy of 
the residual gas in such galaxies (using the same scaling as above) is at least � 1059 erg, 
a sizable fraction of which may be dissipated, depending on the poorly known conversion 
efficiency factors. For a typical crossing (and starburst) time of � 108 yr, this is comparable 
to the energy input by the supernovre of � 1051 erg/yr [51,52]. A large fraction of that 
energy can then support the observed extended line emission, which may reach � 1051 
erg/yr; the remainder is probably deposited in the radio lobes, whose mechanical energy is of 
the similar order of magnitude [53]. The available data are thus at least semi-quantitatively 
consistent with the dissipative merger scenario. 

However, the full picture must be more complex, as evidenced by the remarkable, 
newly discovered correlation between the optical and radio morphologies of distant radio 
galaxies [54,55]: there is a good correspondence between the orientation of optical isophotes 
(of the stellar continuum, or emission-line gas) and the radio-source axes, defined by the 
radio lobes. This is illustrated in Figure 5. Note that the correlation is between the orien
tations of principal axes of the optical and radio morphologies, and not of their positional 
coincidence: the radio lobes are generally, but not always, outside the visible optical images. 

This effect clearly indicates that there is a fundamental, possibly symbiotic relation 
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Figure 5. Alignment between the optical and radio axes of distant radio-galaxies: (Left) 
A histogram of position angle (PA) differences between the optical major axes and axes 
connecting the radio lobes for 3C galaxies with z > 0.6, from McCarthy et al. [54]. 
(Right) An example of the phenomenon is 3C368. Shown here are radio intensity contours 
over a narrow-band [O II] 3727 gray scale image, from Djorgovski et al. [30]. The field 
shown is 15 arcsec square, with N at the top, E to the left. 
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between the radio-sources and their host galaxies. Probably the most natural explanation 
is that star formation is somehow stimulated along the radio ejection axes. There is at least 
one known case at low redshifts, the Minkowski's Object [56,57] where interaction of a radio 
jet with a gas-rich dwarf galaxy appears to be causing a starburst. Several other interesting 
cases were reviewed by van Breugel [58], and references therein. However, the luminosities 
of, and star formation rates in the radio-galaxies discussed here surpass such cases by some 
two orders of magnitude, and that may be a problem with this hypothesis. 

There are several possible mechanisms in which the flow of (sub?)relativistic plasma 
along the radio ejection axis may disturb the ISM of the parent galaxy. The jets themselves 
have much too small cross-sections, but they may be surrounded by larger turbulent regions, 
and may precess, and thus scoop a considerable volume. Also, there may be back-flows 
from the radio lobes, which could be highly turbulent, and have cross-sections of many kpc. 
Finally, there may be massive collimated galactic winds from the accretion disks around 
radio-source cores [59-61] . Enormous radio powers of 3C and 4C galaxies at large redshifts 
are suggestive of larger momentum transfers, which may account for more induced star 
formation than in any known low-z case; in addition, back then there was more gas to 
hit. The physics of this proposed mechanism is far from clear, and it is well worth further 
investigation: it is not even clear whether the highly supersonic flows of the radio plasma, 
or the galactic winds should stimulate or suppress star formation! A possible test would 
he to compare the near-IR and visible images of these sources: if most stars in elongated 
visible structures are formed in situ, in an interaction of radio-source plasma and ambient 
gas, they would be almost absent in the near-IR, where the older stars should dominate. 

An alternative explanation may be that we are dealing with a physical selection 
effect, or a combined, symbiotic picture: There is a well-known problem of angular mo
mentum loss in feeding of active nuclei [62] . Let us suppose that the most efficient way of 
powering a Fanaroff-Riley type II radio galaxy (powerful lobes, and a very weak core) in
volves a fuel transfer onto the central engine in a very narrow cone, along its principal axis; 
otherwise, some other type of AGN gets formed, e.g., with a radio-loud core or a luminous 
broad-line region. Then only the sources in which the fuel supplier is passing through the 
feeding cone (which would subsequently correspond to the jet/lobes axis) would trigger the 
formation of powerful radio lobes, which would be picked up in the 3C and 4C samples. In 
fact, some very special geometrical selection is probably inevitable: these are a few tens of 
the most powerful radio sources in � 1/3 of the observable Universe. A possible test of this 
admittedly very speculative hypothesis is to establish whether there is a radio-power thresh
old for the effect at any redshift. If we are dealing with some such selection effect, and the 
jet/backflow /wind-induced star formation is secondary, or relatively negligible, these galax
ies would be less unusual, but just radio-loud representatives of a more common class of 
merging systems. 

An alternative hypothesis to explain the observed properties of distant radio-gala
xies, viz., massive cooling flows at large redshifts, was proposed by Fabian et al. [63] . It 
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appears to be somewhat ad hoc, since we do not know that there were even rich clusters 

formed by then, let alone cooling flows; moreover, such hypothetical flows must have ceased 

at some intermediate redshift, otherwise these galaxies would be intrinsically fainter at 

those epochs than they are now [52] . Finally, the coolong flows hypothesis can hardly 

account for the good spatial and morphological corerspondence between the optical contin

uum, emission-line gas, and radio structure. 

Another interesting fact is that there is a real redshift cutoff to the powerful (3C) 
sources [14,15] , at z - 2. This was predicted from the models of source counts by Windhorst 

[64] . In other words, the powerful radio sorces first appear in the redshift range z - 1 -
2, in which we see the phenomena described above. It is intriguing that the same process, 

strongly dissipative mergers at large redshifts, may be responsible for the generation of 

powerful radio-sources, and aggregation of objects which may evolve into the present-day 

gE or cD galaxies. This is, perhaps, another small reason why mergers may be the primary 

trigger of the observed phenomena, with any possible feedback and interaction of the radio

source with its host galaxy following. 

The question of galaxy evolution (or "growth" ) is not easily separable from the 

question of galaxy formation. (A convenient, if loose, definition of galaxy formation may 

be this: the time and process in which most of its gas forms its final constituent stars.) Even 

if we restrict ourselves to the narrow meaning of the term, the "original" dissipative collapse 

of classical ellipticals and bulges, the question is if there ever was a well defined and relatively 

short epoch of galaxy formation? There are now some signs of an emerging paradigm of 

gradual, or distributed galaxy formation, which combine both the new theoretical attitudes 

[65-67] , and the new observations of fascinating objects which may be tentatively identified 

as galaxies forming at large redshifts [15,68-72] . I will briefly describe some intriguing 

high-z Lya galaxies; more details are given elsewhere [68-78] . 
There are now several radio-galaxies known with redshifts above the atmospheric 

ozone limit for Lya detection (z > 1.6) , and from each of them we detect strong Lya. 

These are in order of decreasing redshift: 3C 454.1,  326.1, 256, 239, 294, 194, 322, 470, 241, 

and "1-Jy" 1141+35 [14,15] . One or two of them (3C 256, possibly 239) have companion 

galaxies which also may have a moderate Lya emission, which would be very interesting, 

showing that the phenomenon is not limited only to the enormosly powerful radio-sources. 

A subset of these galaxies (3C326.1, z = 1 .825, and 3C294, z = 1 .779; possibly also 3C 194, 

68.2, and 222) have very interesting properties, which put them in a separate class, and 

tempt their identification as galaxies or small groups in the process of formation [15,68-72] . 
This new type of objects is distinguished by a very strong Lya emission, resolved 

both spatially (over 10 - 15 arcsec, corresponding to > 100 kpc in the rest-frame) and 

in velocity (2': 1000 km/s velocity gradient or shear, with a comparable velocity width, 

suggestive of a high turbulence) . Their continuum images have the same extent as the 

associatted Lya clouds, blue colors, and lower luminosities and surface brightness than the 

other 3C galaxies at comparable redshifts. The appearance of both continuum and Lya 



STARBURSTS AND MERGERS AT LARGE REDSHIFTS 4 1 1 

is lumpy (Figure 6). The spectra are generally of low ionization (no C IV 1549 detected 
in 3C326.l, but some in 3C294) . The inferred star formation rates (from the emission-line 
spectra and photometry) are a few hundred M0/yr, which also suggests a large supernova 
rate. At least in the case of 3C326.1, the spectrum is very soft, and there is no radio 
core; this makes it unlikely that there is a "hurried AGN" ionizing the gas, and some other 
mechanism is necessary. The observed Lya fluxes from these galaxies are typically - 10-15 
erg/cm2 /sec, which in a Ho = 50, qo = 0 Friedman cosmology at these redshifts translates 
to the rest-frame luminosities of - 1055 Lya photons/sec. Population synthesis models, 
scaled to Mv = -23 at z = 0, with the redshift of galaxy formation Zgf = 5, fail to 
produce sufficient numbers of ionizing photons bu 2 - 3 orders of magnitude, even assuming 
no internal extinction. However, the same models but with the Zgf = 2, produce ionizing 
photon fluxes comparable to the Lya fluxes, and thus can account for at least a part of the 
observed emission. The answer is probably a combination of photoionization by young stars 
which we see, and collisional ionization in the supernova shocks, and in tentative inelastic 
collisions of infalling clouds or gas-rich fragments. 

In other words, the properties of these objects are almost exactly what "textbook" 
primeval galaxies should look like! Except that: (1) they are "only" at z � 1.8, rather than 
z � 5 - 10, and (2) they have already well-formed radio sources. Both of these difficulties, as 
well as the question of the ionization balance, can be solved if one accepts that large galaxies 
can form at z � 2. This is, in fact, what the modern theories of galaxy formation would 
like [66,67,79,80] . Figure 7 shows two snapshots from a cold dark matter (CDM) N-body 
simulation by Frenk et al. [80] . The resemblance of the merging group of protogalactic 
fragments at z � 1 in this simulation, and the real 3C326.1 is striking. Some of the faint 
objects seen in the ultra-deep galaxy counts by Tyson and collaborators [11] may be similar 
protogalactic fragments, which have not merged yet. 

--- =-- -�- .� 3.c l�-..1 · - �.· 
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Figure 6. Images of 3C326.1 in the broad-band B continuum, which is free of any emission 
lines (left) , and a narrow-band Lya (right) .  The field sizes are 37.4 arcsec, with N at the top 
and E to the left. The data were obtained with a RCA CCD at the Kitt Peak 4-m telescope. 
Note the lumpy morphology in both images, and compare with the CDM simulation shown 
in Figure 7. 
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Of course, there are thousands of quasars known which are at even larger redshifts, 
and it is easy to find more. The comoving number density of QSO's does seem to peak near 
z - 2 - 3, with most distant QSO's known just at z � 4, and the appearance of QSO's may 
be closely following the appearance of galaxies. If there was any primordial clustering, it 
makes sense to look for galaxies near high-z quasars. The technique of Lya imaging [76] 
was concieved to do that. To date, two interesting systems have been found using this 
method: a companion galaxy to the quasar PKS 1614+051, at z = 3.215 [76,77], and a pair 
of Lya objects (or gravitationally lensed images of a single object) near the gravitational 
lens system MG 2016+112, at z = 3.273 [73,74]. 

The properties of the galaxy companion of PKS 1614+051 are described in more 
detail elsewhere [76,77,81] . Suffice to say that the object does have a marginally extended 
optical continuum, detected both spectroscopically and in a direct imaging, with Rcont � 24, 
and no radio emission at a very low level (- 30 µJy at 6 cm). This continuum is then 
plausibly interpreted as being mostly or entirely stellar. The Lya gas is also extended, but 
in a different way from the underlying continuum; there are some suggestions of a tidal 
interaction with the neighbouring QSO. The object does have some nucleated C IV 1549 
emission, which probably comes from a low-level active nucleus (the Lya is narrow, so that 
the tentative active nucleus cannot be very dominant) .  Very little is known about the Lya 
clouds in the MG 2016+112 system [73,74]. The important point is that (a) there are non
QSO objects, presumably galaxies, at z > 3, and (b) by the virtue of their large redshift, 
they must be still very young, no matter at which redshift they commenced forming. 

Lya photons clearly escape from all these objects without much difficulty; this is 
contrast with the findings for low-z dwarfs [82-84], where Lya emission is weak or absent. 

z �  o 
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Figure 7. Two snapshots from a N-body CDM simulation of galaxy formation by Frenk 
et al. [80], corresponding to the redshifts of 1 {left) and 0 (right) . A merging group of 
fragments at z � 1 becomes a system quite like a cD galaxy at z � 0. The tickmarks 
correspond to 1 Mpc intervals, assuming a Ho = 50, q0 = 1/2 Friedman cosmology. (Figure 
courtesy of Marc Davis.) 
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Apparently, there is very little dust in  our high-z objects, suggesting that the reprocessing 
of the ISM in them is still at an early stage. Moreover, their enormous velocity fields make 
it possible for Lya photons to escape absorption in the neutral gas. In any event, detection 
of distant (and possibly primeval) galaxies through Lya emission is observational reality, 
and extrapolations of properties of low-z dwarfs to high-z giants may not be very pertinent, 
at least for the more massive and luminous systems. 

Our group and others surveyed about 50 other QSO fields at z > 2, mostly at 
z > 3, and no other Lya companion galaxies of comparable luminosity were found [71,78,81] , 
although some very marginal detections are possible. The Ly a-luminous galaxies are scarce. 
It is possible that we are catching them in a brief period between the initial onset of star 
formation, and the generation of enough dust to efficiently trap the Lya photons. 

Finally, a few words on the formation of disks. The systems causing damped Lya 
absorption are very plausible candidates for young disks at large redshifts [85-87] . Their 
optical luminosities may be too low for a direct detection in a near future. Almost primordial 
(proto?)disks may exist today: Malin-1 is a spectacular example [88] . And low-luminosity 
starburst dwarfs like I Zw 18, II Zw 40, or Mrk 36, were for a long time recognised as 
probable young galaxies, undegoing their first bursts of star formation (84,89,90] . 

The principal difficulty of the CDM theory of large-scale structure and galaxy for
mation (and many others) appeared to be the propensity to form galaxies too late, even at 
z � 1. This is eminently possible, given the new data. Such large variation of Zgf•  proposed 
earlier by Tinsley and Larson [91], and Silk and Wyse [65,92,93] , is consistent with the 
photometric properties of distant radio-galaxies, as shown in Figure 8. A relatively quies
cent formation of ellipticals out of smaller fragments at z � 1 - 3 could have well passed 
undetected in optical searches for primeval galaxies [94]. It is also possible that the bulk of 
primeval galaxy searches at z � 5 failed, because there were no luminous primeval galaxies 
that far back, and the smaller fragments which could have formed at z � 5 or earlier were 
too faint to detect with the available technology. 

And so, I would like to advocate the view of galaxy formation not as a distant cat
aclysmic event, but rather as an evolving sequence of processes, which dominate formation 
of different objects at different cosmic epochs, and may overlap. The common denominator 
of most of them seems to be dissipative merging of gas-rich fragments, and star formation 
stimulated thereby. There is really no solid evidence that the bulk of stars in any given 
galaxy formed in a narrow time span at any particular redshift. While the bulk of the old 
populations is probably largely formed at z > 1, or perhaps even at z � 3 - 5, there are 
I Zw 18, Malin-1, and similar objects forming even now, and objects like Arp 220 doing 
things reminiscent of an earlier era. In the wise words of Toomre [95] , these must be "just 
the statistical dregs of a once very common process" . The exciting thing is that we are now 
begining to observe directly that very common process, as it occurs at large redshifts. 

This paper is largely based on the work, data, and ideas by my able collaborators, 
Hy Spinrad, Mark Dickinson, Patrick McCarthy, Wil van Breugel, Michael Strauss, and 
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others. They get the credit for the good data and interesting effects reported above, but 
I get the blame for the dubious interpretation and all errors. Thanks are due to the staffs 
of KPNO, Lick, MMT, CTIO, CFHT, and VLA observatories, for their tireless and highly 
professional help during numerous observing runs. Partial support from Harvard University 
and a AAS Travel Grant are gratefully acknowledged. 
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Figure 8.  A comparison of population synthesis models with a range of galaxy formation 
redshifts (zgf) with the photometric data on distant radio-galaxies, as in Fig. 2. Single
burst ("c" ) models, with the initial star formation phase of 1 Gy duration are shown here; 
similar results can be obtained with a set of µ-models and a range of Zgf · All models were 
scaled to Mv = -22.6 at z = 0. Galaxy formation at z � 1 - 2 is allowed by the data. 
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Abstract 

4 1 7  

High spatial resolution o f  3 3 CR high redshi ft radio-galaxies 

are presented here . They are a l l  resolved into a multi component 

structure . From the previously published case of 3 C 3 2 4  we infer 

that the 3 CR sample of radio-galaxies with Z > l  is subj ected to 

gravitational ampl i fication effects . The overluminosity of those 

galaxies will then be partly due to gravitat ional amp l i f ication 

bias ing our current estimates of the amount of evolution . 
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I .  Introduction 

The study of very high redshift galaxies is certa inly of the 

highest importance to our understanding of galaxy evolution . The 

3 C  radio-galaxies sample is by now the only one containing galaxies 

to redsh i fts as high as 1 . 8 2 and from recent studies ( see ( 1 ]  and 

reference included therein) we have learned that the high redshi ft 

3 CR sample with z > l  clearly shows large luminosity excess as 

compared to the low redshift BCG sample .  Moreover those galaxies 

often shows el ongated shapes and people have tend to explain their 

luminosity colors and shapes in terms of strong evolution of the ir 

stel lar popul ations . 

Undoubtedly th is sample is subjected to strong selection e ffects 

since it is flux l imited , and so distant that foreground 

contamination of the l ine of sight by galaxies or clusters o f  

galaxies are becoming more l ikely ( 2 ] . We have a l so to keep in 

mind that the total sample of 3 CR galaxies with z > l  is only twenty 

or so and therefore each gal axy is to be considered as a particular 

case . 

In this paper we will present high spatial resolution imaging done 

at CFHT and from the case of 3 C 3 2 4  that we have presented as a 

probable case for gravitational lensing ( 3 ]  we will show why we 

have to consider seriously the possibil ity o f  gravitational lens ing 

as to explain at least part of the overluminos ity of the 3 CR high 

redsh i ft galaxies . 

I I .  New High Spatial Resolution Imaging at CFHT 

S ince June 1 9 8 6  three high redshift radio-galaxies among the 3 CR 

sample have been observed . The very sens itive RCA2 CCD at CFHT was 

used either at Prime or Cassegrain foc i i . The frames were 

processed in a standard way and cal ibrations in f ields from ( 4 ]  

were used to derive the magnitudes . 

As seen in fig 1 a , b , c  the long exposures all gained from the 
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superb image qual ity and stabil ity over long integration times at 

CFHT . The see ing as measured on the CCD frames ( FWHM) is as good 

as O .  6 arcsec for 3 Cl 3  and o .  7 arcsec for 3 C 2 5 6  and 3 C 3 2 4  for a 

typ ical integration time of one hour . For such fa int and small 

galaxies the gain in spatial resolution has been cruc ial to 

separate and observe new components but also to detect fa int ones . 

The structures detected are interesting by several points . First 

it is obvious that for such di stant galaxies their s i z e  is huge . 

Us ing a H0=5 0 and qO=O cosmology , we found that these gal axies 

range in s i z e  from 60 to 1 0 0  kpc which is quite unusual in our 

ne ighborhood . The multiple structure is evident at least 3 close 

components are seen in each case , and the ir cl oseness means that it 

is impossible to see them with a seeing worst than 0 . 8  arcsec . The 

way the components are distributed i s  also very interest ing , from 

fig 1 a and fig 2 a , b  one can see that the components are al igned 

within a few degrees and moreover the central component is the 

brightest .  This kind of structure is clearly unusual and calls a 

special attention . After describing the case of 3 C 3 2 4 , we will 

show that a description in terms of gravitational lensing by 

foreground galaxies is to be considered . 

I I I . The Case o f  3 C3 2 4 :  A New Gravitational Lens? 

3 C 3 2 4  is a very exciting case since our f irst observation of its 

multiple structure . From interferential imaging we bel ieve that it 

is a strong candidate for the first case o f  gravitat ional l ens ing 

of a di stant galaxy by a foreground one [ 3 ] . 

From the spectra taken by [ 5 ] , we inferred the existence of a l ine 

system at a d i fferent redshi ft than the radio-galaxy l ines , i . e  

z=0 . 8 4 5  instead o f  z = l . 2 0 6  [ 2 ] . Deep exposures were taken with two 

interferential f i l ters one containing the O I I  emi s s ion l ine at 

z=0 . 8 4 5  and with one containing C I I  at z= l . 2 0 6 . From fig . 1 the 

d i f ferential behaviour of component A and the others is obvious . 

Fig . la shows the 4 components A , B , C and D plus the close ga laxy E 

in a deep exposure in R band . In fig . lb taken in the C I I  l ine at 

z=l . 2 0 6  A is much fa inter and combines with C to give the image C+A 
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which centroid is in between the posit ion of A and C in the R frame 

but closer to c .  A is therefore not emitting in thi s  l ine and we 

detect only its continuum . In OII A is preeminent whi l e  the other 

components are not detected in f ig .  le compos ite of two images with 

a 3 hours total exposure . Moreover, the R-I color index computed 

for each component is clearly d i fferent for A and the other 

components ,  i . e . O .  65 as compared to 1 .  07 . From thi s  data we 

concluded that A is probably a foreground spiral galaxy at a 

redshift z=0 . 8 4 5 .  

Taking into account the small separation angles between the 

components gravitational ampli fication o f  the background 

radio-galaxy must occur providing that the mass of the foreground 

galaxy is around 1 0 * * 1 2  solar masses , a reasonable assumption as 

compared to its absolute magnitude ten times brighter than our own 

galaxy . 

IV.  Discussion : Implications on Galaxy Evolution at High Redshift 

The interest in the high redshi ft 3CR galaxies sample is the hope 

to derive the amount of evolution in the stel lar populations of 

these most distant galaxies . But before facing the problem of 

evolution one has to consider the biases possibly a ffecting such a 

small flux l imited and very distant sample . As discussed in [ 2 ] : 

Gravitational lens ing by foreground galaxies and clusters 

of galaxies may enhance the luminosity of 3C distant 

galaxies by several magnitudes in both optical and radio 

wavelength . 

A flux l imited sample as 3C distant radio-galax ies should 

be strongly a ffected by gravitational l ens ing specifically 

because their radio-flux is very close to the 10 Jy 

detection l imit . 

These e ffects are actual ly at work in the 3 C  subsample o f  the 

twenty most distant galaxies with z > l . There is a s igni ficant 

excess of sources behind foreground galaxies (within a few arcsec ) 
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or clusters of galaxies (within a few arcrnin) certainly acting as 

powerful gravitational deflectors . This l eads us to think that the 

unusual observed properties of distant radio-galax ies are corning 

mainly from gravitational lensing rather than from phys ical 

properties ( i . e .  evolution and/or merging) . 

our new imaging o f  distant 3 CR galaxies fits well with this idea . 

Multiple components ,  their locations , brightnesses and colors are 

actual ly better explained by gravitational lens ing e f fects [ 6 ]  . 

From the case o f  3 C3 2 4  we may infer how taking into account this 

selection effect may change the general ideas on gal axy evolution 

at high redsh i ft . I f  we correct the flux and color of 3 C 3 2 4  with 

respect to the foreground galaxy and the amp l i f ication , the real 

3 C3 2 4  should have a total magnitude lowered by 2 magnitudes and the 

R-I color index redder by 0 . 2  magnitudes . This is typically the 

order of magnitude of the strong evolution of the stellar 

popu l at ions . 

One has to be careful when deriving the amount of evolution from 

observations o f  3 CR distant galaxies becaus e :  

The galaxies are faint a s  a whole but with very faint 

components 

observat ions . 

and needs sub-arcsec spat ial resolution 

Evolution is mixed with selection e f fects coming from 

gravitational l ens ing by foreground galaxies and clusters 

of galaxies which mimic evolution . In the same way a 

change in the value of the poorly constrained parameter qo 

could modi fy drastical ly our measure o f  the true evolution 

of d istant galaxies [ 7 ] . 

We think that overlurninosity o f  distant radio-gal axies is a mixture 

o f  evolution , gravitational l ensing ef fects and qO value , the two 

latter being due to the space curvature o f  our inhomogeneous 

universe . More high spat ial resolution imaging and spectroscopy of 

3 CR gal ax ies are needed to precise this idea . 
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Fig. 1 :  ( a )  3 C3 2 4 , R filter , CFHT F/ 8 .  
( b )  3 C3 2 4 , imaging in interferential filter including 
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( a )  3 1 3  Z=l . 3 5 1 ,  R filter , f/4 . 
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STARBURST GALAXIES IN DEEP RADIO SURVEYS 

Abstract 
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Deep radio surveys reveal a rapidly increasing population of sources fainter than 
S � 1 mJy at v = 1.4 GHz. Its principal constituent appears to be spiral galaxies 
at cosmological redshifts: (z} � 0.8. There is a tight correlation between the radio 
continuum and >. = 60 µm far-infrared flux densities of spiral galaxies, so radio
selected spiral gala.""<ies are intrinsically similar to IRAS galaxies, most of which are 
starburst galaxies. Evolutionary models based on the radio and far-infrared deep 
survey data indicate that starburst activity is evolving on cosmological time scales 
and accounts for about one-third of the 1 .4 GHz discrete-source background. 

1 The National Radio Astronomy Observatory is operated by Associated Univer
sities, Inc., under contract with the National Science Foundation. 
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1 .  Introduction 

Nearly all radio sources stronger than S ::::J 1 mJy at v = 1.4 GHz are associated 

with elliptical galaxies or quasars. The morphologies, sizes, and luminosities of these 

"classical" radio sources all point to supermassive compact objects as the ultimate 

energy source for their radio emission. The deepest radio surveys at v = 1 .4 GHz 

detect far more sources with S < 1 mJy than expected from a simple extrapolation 

of the strong-source counts or from detailed evolutionary models of the radio sources 

produced by elliptical galaxies and quasars. These "unexpected" radio sources may 

represent an evolving population of spiral galaxies at cosmological redshifts, with 

most of their radio energy originating in starbursts. 

The time scales for cosmological evolution are > 109 yr, and the duration 

of a starburst event may be ::::J 108 yr. Both are much longer than the interval 

during which radio astronomical measurements have been made. Consequently the 

radio data can only present a "world picture" covering the surface of our past light 

cone, and the only way we can detect evolution with such data is by comparing 

different populations of radio sources observed at different lookback times. This 

essentially statistical problem of measuring evolution reduces to finding the evolving 

radio luminosity function p(L lz) of spiral galaxies, where p(L lz )dL is defined as the 

comoving density of radio sources with luminosities L to L + dL at redshift z. 

Radio flux-limited samples are well suited to such statistical investigations be

cause: (1) Radio source samples are not confused by galactic stars. (2) Dust ex

tinction in the parent galaxies of the sources themselves cannot hide emission from 

starbursts at radio wavelengths. (3) Most radio sources in starburst galaxies have 

featureless power-law spectra, so there arc no uncertain redshift-dependent selection 

effects. ( 4) The most sensitive radio surveys could detect star burst galaxies known 

to exist locally even if they were moved to redshifts as high as z ::::J 1 .  (5) Modern 
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radio surveys are quite complete and reliable. The yield accurate flux densities and 

position uncertainties small enough ( � 1") that reliable optical identifications can 

be made by position coincidence even on deep CCD images. On the other hand, 

obtaining optical identifications and spectroscopic redshifts for all sources in a com

plete flux-limited sample is quite difficult. Consequently it is not possible to locate 

each source in the luminosity-redshift plane, and evolutionary models with only 

weak redshift constraints must be used to compare local and distant radio-source 

populations. 

2 .  The Lo cal Radio Luminosity Function 

The local luminosity function p(Llz = 0) of spiral galaxies at v = 1.4 GHz 

is based on sensitive VLA observations1l of all spiral and irregular galaxies north 

of 8 = -45° and brighter than Br = +12 mag, the completeness limit of the 

Revised Shapley-Ames Catalog. The corresponding weighted luminosity function 

or "visibility function" </>(L iz = 0) = L512p(Llz = 0) is plotted in Figure 1, along 

with the local visibility function of E and SO galaxies2l . The visibility function 

weighting emphasizes those luminosity ranges that contribute the most sources to 

a flux-limited sample in the static Euclidean (z � 1) limit. For example, the 

local visibility function of elliptical galaxies has a maximum about two orders of 

magnitude higher than the peak local visibility function of spiral galaxies, so only 

about 13 of the strongest radio sources are found in spiral galaxies. 

The peak of the spiral-galaxy local visibility function is at L � 1022 W Hz-1 , 

indicating that typical radio-selected spiral galaxies are about an order of magnitude 

more luminous at radio wavelengths than our own galaxy. Most nearby spiral 

galaxies with 1 .4 GHz luminosities L � 1022 W Hz-1 have compact starburst cores3l 

(e.g. , NGC 520, NGC 660, NGC 3079, and NGC 7714) or extended disks with high 
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star-formation rates41 (e.g., NGC 1961,  NGC 2146, NGC 3079, and NGC 4038); 

many are members of interacting systems31. They are not similar to "normal" 

optically selected spiral galaxies. In fact, since the ,\ = 60 µm far-infrared and radio 

continuum flux densities of spiral galaxies are very strongly correlated51 , samples of 

radio-selected and IRAS spiral galaxies are almost identical. 
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Figure 1. The local visibility functions of radio sources in spiral (open circles) and 
elliptical (filled circles) galaxies. The dash-dot and dashed curves are from the 
model described in Section 3.b. Note the sharp transition near L � 1023 W Hz-1 • 
A Hubble constant Ho = 100 km s-1 Mpc-1 is assumed throughout. Abscissa: log 
1.4 GHz luminosity (W Hz-1 ) .  Ordinate: visibility function (Jy312 ) .  
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dotted curve represents the source count that would be produced by nonevolving spiral galaxies only. Abscissa: flux density 
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3. Faint Radio Sources 

3.a. The 1.4 GHz Source Count 

The number n(S)dS of sources per steradian with flux densities S to S + dS is 

called the differential source count. The weighted 1 .4 GHz source count S512n(S) 

is plotted in Figure 2. Points below S = 1 mJy are from the deepest VLA 61 and 

Westerbork7l surveys, and the shaded area indicates the sky densities of sources 

estimated statistically6l . Note the flattening S512n(S) below S � 1 mJy. 

The sources with S < 1 mJy may be faint, but they are so numerous that 

they contribute significantly to the total background temperature T produced by 

extragalactic sources at v = 1 .4 GHz. The Rayleigh-Jeans brightness temperature 

T = [c2 /(2kv2)] J;' sn(s)ds from all sources stronger than S is plotted in Figure 3.  

0 

- - - - - - - - - - - - - -

Figure 3. The extragalactic source background temperature T produced by all 
sources stronger than S at v = 1.4 GHz is indicated by the solid curve. From the 
model described in Section 3 .b . ,  the contribution from elliptical galaxies is shown by 
the dashed curve, and the difference between the solid and dashed curves is ascribed 
to spiral galaxies. 
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3.b. Evolutionary Models of the 1 .4 GHz Source Count 

Evolutionary models use the local luminosity function, source count, strong

source redshift distribution, plus the limited optical and infrared data available to 

constrain the evolution of the radio luminosity function. The contribution of sources 

associated with elliptical galaxies in one such model8,91 is indicated by the dashed 

curve in Figure 2. While elliptical radio galaxies (and radio-loud quasars presumed 

to reside in elliptical galaxies) account for nearly all of the strong sources, they 

become a minority below S R;  1 mJy. If the radio sources in spiral galaxies evolve 

at roughly the same rate as the radio sources in elliptical galaxies, they can account 

nearly all of the faintest radio sources (dash-dot curve in Figure 2), so that the total 

source count (solid curve) predicted by the model agrees with the data. This model 

also predicts that the median redshift of radio sources selected at v = 1 .4 GHz is 

(z) R; 0.8 nearly independent of flux density for all S < 10 Jy - the faintest radio 

sources are not more distant, just intrinsically weaker. Most local low-luminosity 

radio sources are in spiral galaxies (Figure 1) ,  so we expect that most faint (S < 1 

mJy) radio sources are in spiral galaxies as well. 

While this picture is consistent with the data, it is not unique and it depends on 

the unproven assumption that the radio-selected spiral galaxies evolve. Two alter

native explanations for the large numbers of sub-mJy sources have been presented: 

(1) The faint sources are associated with nonevolving population of low-luminosity 

spiral galaxies at low (z R; 0.1) redshifts101 . The source count from a nonevolving 

population depends primarily on its local visibility function and only weakly on 

uncertain details of the assumed world model (e.g. , the value of Q). Nonevolving 

spiral galaxies can account for the observed faint-source population only if the local 

space density of radio-weak (L < 1022 W Hz-1 ) spiral galaxies is an order of magni

tude higher than Figure 1 indicates. The new VLA data on bright spiral galaxies11 
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appear to exclude this possibility. They yield only the source count contribution 

shown by the dotted line in Figure 2 for nonevolving spirals. Also the low redshifts 

predicted by the nonevolving model10l are difficult to reconcile with the optical 

faintness of galaxies identified with sub-mJy sources111 . (2) The faint radio sources 

may be a weakly evolving "new population" of blue radio galaxies121 with luminosi

ties L � 1023 W Hz-1 . Such galaxies would be a new population because they are 

supposed to have a local space density � 10 times that of the known spiral and 

elliptical galaxies shown in Figure 1. This high local space density of galaxies with 

L � 1023 W Hz-1 has not been observed directly, but it was inferred from optical 

identifications of radio sources stronger than S � 1 mJy with distant galaxies121 . 

Optically the blue radio galaxy identifications are about as luminous as bright spiral 

galaxies, and they "are often of peculiar compact morphology, sometimes interact

ing or merging"12•131. Only about 1/3 of the blue galaxies in a sample with S > 1 

mJy have the optical and near-infrared colors characteristic of star-forming spiral 

galaxies141 . The nearest ones (those with the lowest radio luminosities) are clearly 

spiral galaxies, but some of the more luminous ones may be broad-line radio galaxies 

(N-galaxies), photometrically misclassified elliptical galaxies, or misidentifications. 

The proportion of spiral galaxies in a radio-selected sample is expected to increase 

sharply at flux densities below S � 1 mJy (Figure 2), and the optical-near-infrared 

colors of sub-mJy source identifications confirm this expectation15l , so the main 

difference between this approach and the evolutionary model in Section 3.b. may 

only be a question of the local space density of radio-loud spiral galaxies, and not 

whether the faintest (S < 1 mJy) radio sources are really associated with spiral 

galaxies. 
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Two other pieces of evidence support the hypothesis that most of the faintest 

radio sources are in spiral galaxies: (1) the far-infrared source count and (2) the 

angular-size distribution of faint radio sources. 

3.c. Comparison with the IRAS >. = 60 µm Source Count 

An effective way to distinguish nearby radio-selected spiral galaxies from el

liptical galaxies is by their far-infrared emission. Very few radio-selected elliptical 

galaxies are in the IRAS catalog of infrared sources with S(60 µm) � 0.5 Jy, but 

there is a tight correlation between the far-infrared and radio flux densities of spiral 

galaxies16l . Thus the contribution of spiral galaxies to the counts of faint radio 

sources may be estimated from the counts of faint far-infrared sources17l . 

This infrared-radio correlation can be specified by the distribution of the statis

tic u = log[S(60 µm)/S(l .4 GHz)] . For an infrared flux-limited sample of spiral 

galaxies (u) = +2.15 ± 0.15 161 , so the >. =  60 µm source count extending to S = 50 

mJy18l constrain$ the v = 1.4 GHz radio source count down to S � 0.35 mJy. 

The distribution of u is narrow: O"u < 0.3. If O"u = 0, then the weighted source 

count S512n(S) scales exactly as u312 and the infrared count implies that 20% of 

the observed sub-mJy radio sources are in spiral galaxies. If O"u > 0, the fraction 

of radio sources in spiral galaxies must be even greater, and it may approach unity. 

In either case, the count of sub-mJy radio sources associated with spiral galaxies 

in this way exceeds the count predicted by the non-evolving model (dotted line in 

Figure 2). 

3.d. The Relation Between Angular Size and Flux Density 

The radio continuum emission from nearby radio-selected spiral galaxies is 

confined to those portions of the disk in which star formation is occurring3•4l . In 

... 
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contrast, the radio sources produced by elliptical galaxies can extend far beyond 

the regions occupied by stars. The median angular size (8) of radio sources found 

at v = 1.4 GHz is a nearly constant (8) R: 10" throughout the flux-density range 

1 < S(mJy) < 1000. This corresponds to a linear size R: 40 kpc at the redshift 

distance of most radio sources (assuming Ho = 100 km s-1 Mpc-1 and n = 1 ) .  

The angular sizes of cosmologically distant spiral galaxies are much smaller than 

this (8 R: 2" ), so the majority of radio sources with 1 < S(mJy) < 1000 cannot be 

in spiral galaxies. If most sources fainter than S R: 1 mJy are in spiral galaxies, 

the median angular size of these radio sources must be much smaller: (8) < 211
• 

This prediction8l has recently been confirmed observationally - the faintest radio 

sources selected at 1 .4 GHz have (8) < 3" 1 91 .  

4. Discussion 

An intense burst of star formation can increase the radio continuum luminosity 

of a spiral galaxy by an order of magnitude or more. Consequently, most spiral 

galaxies in radio flux-limited samples are starburst galaxies, just as IRAS galaxies 

are. Ordinary radio surveys would be as effective as far-infrared surveys for finding 

starburst galaxies, were they not dominated by radio-loud elliptical galaxies and 

quasars stronger than S R:  1 mJy at v = 1 .4 GHz. In contrast, radio surveys capable 

of detecting sources with S � 1 mJy are not dominated by sources in elliptical 

gala..'Cies; they should be able to detect large numbers of starburst spiral galaxies 

at high redshifts . . The evidence that they actually do includes ( 1 )  a flattening of 

the weighted source count below S R:  1 mJy at v = 1 .4 GHz, (2) the optical-near

infrared colors of galaxies identified with faint radio sources, (3) the deep far-infrared 

source count , and (4) the small median angular size of faint radio sources. Thus 
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identifying sources found in the deepest radio surveys is probably an efficient way 

to find high-redshift starburst galaxies for further study. 

If flux-limited samples of radio sources with S < 1 mJy at v = 1 .4 GHz are pri-

marily starburst galaxies, they can be used to show that the starburst phenomenon 

must evolve strongly with cosmological epoch. Statistical models8•91 that explain the 

faint-source count by evolving the local radio luminosity function of spiral galaxies 

suggest that the median redshift of the faint sources is (z) � 0.8. 
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We have used the deepest surveys at radio and far infrared wavelengths to study the 
properties of starburst galaxies at cosmological distances. We find that all data require a 
substantial cosmological evolution of these sources. In the framework of a simple luminosity 
evolution model the required time scales are of the order of � 203 + 253 of the Hubble time. 
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1 .  Introd uction 

Galaxies characterized by enhanced rates of star formation have long been recognized from 
morphological, photometric and spectroscopic studies in the optical band to comprise a non 
negligible fraction of field galaxies (Huchra, 1977). They usually show ultraviolet excess, 
radio and X-ray emissions larger than those of normal galaxies and strong mid- and far
infrared continua. A high fraction of them are observed in close binary or interacting systems 
(Balzano, 1983) and often display peculiar and distorted morphologies. Spectroscopically, 
they show narrow emission lines (half width '.:::'. 150 Km/sec) and, generally, an intensity 
ratio [OIJI]>.5007 : H13 less than 3. Their very small [NII]>.6584 : Ha ratios suggest that 
photoionization by hot stars is very likely the primary energy-input mechanism (Balzano, 
1983) .  

This paper deals with the problem of  the cosmological evolution of  this source 
population. For this analysis we have used the deepest surveys in various e.m. bands. In 
particular, optical identifications of deep samples of radio sources down to milliJansky and 
submilliJansky flux levels, (Kron, Koo & Windhorst, 1985) have revealed the emergence of 
a class of galaxies whose properties are consistent with those observed for starburst galaxies 
(Danese et al., 1987). 

Since starburst regions are characterized by the presence of large amounts of dust ,  the 
far-IR IRAS band is the natural choice to analyse the properties of star-forming galaxies. 

We show that all the available data from radio and far-IR bands can be accounted for 
by allowing actively star-forming galaxies to evolve on time scales of the order of '.:::'. 20%+25% 

of the Hubble time (Ho = 50 and qo = 0.5 have been adopted). 

2. Starburst/Interacting galaxies in deep radio surveys 

Data on bright radio sources (S4os > 10 mJy) are usually interpreted in terms of evolving 
flat- and steep-spectrum sources identified with elliptical+SO galaxies and quasars (Peacock, 
1985; Danese, De Zotti & Franceschini, 1985). At deeper flux levels, and down to at least 100 

µJy, a striking outcome of the recent VLA deep surveys has been the discovery of a flattening 
in the slope of the differential counts (Condon & Mitchell, 1984; Windhorst, van Heerde & 
Katgert , 1984). Various suggestions have been made to explain this flattening: non evolving 
low luminosity sources, evolving spiral galaxies and a new class of blue galaxies with peculiar 
morphologies. We have explored in some detail the possibility that a population of actively 
star forming galaxies (we will refer to them in the following as Star burst /Interacting, or S /I, 
galaxies) Is responsible for the upturn of the radio counts. 

We have first derived the local radio luminosity functions of various galaxy populations, 
by using a bright subsample of the Uppsala General Catalogue including 1671 galaxies and 
complete to mpg = 14.5. Complete information on radio fluxes at 2380 MHz is given by 
Dressel & Condon (1978),  while the redshift distances for a large majority of the sources 
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has been derived essentially from Palumbo, Tanzella-Nitti & Vettolani (1983) and Huchra 

et al. (1983). We have computed the contributions to the global luminosity function of 

some relevant classes of sources selected according to their different physical properties: 

spiral+irregular, elliptical+SO, Starburst/Interacting and Seyfert galaxies (Franceschini et 

al., 1987a). The S/I class in particular comprises non-Seyfert Markarians, Zwicky blue 

compacts and galaxies classified by Nilson (1973) as peculiars, disrupted, distorted, etc. 

By exploiting some of the richest radio selected samples, we have also determined the 

contributions of flat- and steep-spectrum radio sources (To:lfolatti et al., 1987). 

0 z 
� z 

1. 

:!:! 0. 
Cl .2 

408 MHZ 
a 

·· .. ··········· ··· ·· ··········· · 

0. 

-1. 

- 2. 

1. 4 GHZ 
b 

/ 

. . . . . . .. . /;;: ·;;>'"
<.': ... . . . . .. . .t--· ·· ·· ·· �!/ .. ···· ·· · · ·· ...... -:)' 

. 
. /:_.. / .,,..,. ·,,,,,.... ·,.�--:"�"" " " " " " " " " "" " " " " " " " " " " " " " " " " " " " " " " " " " 

"
"
/

�

.,, 

- �2-. �'--�_�, _�-'-�-o�.�--'-�-'-1.�-'-�_J -3.��/--�4-. �-'-�_-3�_�--'�---2�.�---'-�-_-, ...... 

log S4oa (Jy) log 51.4 (J y l 

Figure 1. (a) Counts of radio sources at 408 MHz in the relative differential form (dNo = 

150840�·5 Jy-1 sr-1 ). The sources for the data points can be found in Danese, De Zotti & Franceschini 

(1985). The dashed and dot-dashed lines show the contributions of steep-spectrum and flat-spectrum 

E+SO+QSO; dotted lines and crosses are evolving Starburst/Interacting and unevolving spiral galaxies 

respectively. (b) Same as in Fig.(la), but at 1.4 GHz. 

Such careful determination of the various local luminosity functions (LLFs) has allowed 

us to work out a full model for the cosmological evolution of radio sources able to successfully 

reproduce all relevant radio data from the brightest to the faintest flux levels. We have 

adopted a simple scheme of luminosity evolution (L(t) ex exp[r(t) · Kj , T being the look-back 

time and K: a constant) for both E+SO+QSO, S/I and Seyfert galaxy classes, while we have 

assumed no evolution for the spiral+irregular component (see for more details Danese et al., 

1987). Figs. la and lb show the best-fit contributions of these source populations to some 

crucial sets of data points. We can see that, while E+SO galaxies and quasars dominate the 

bright source counts· at both 408 MHz and 1 .4 GHz, they clearly do not explain the upturn 

of counts below Sl.4 � 10 mJy. Evolving normal spiral galaxies cannot, because of their low 

radio luminosities, contribute significantly in the flux range 1 < sl .4 < 10 mJy, where the 

blue galaxies are found by Kron, Koo & Windhorst (1985) to be a sizeable fraction of the 

total identifications. 
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On the other hand, direct CCD imaging and spectroscopy (Kron, Koo & Windhorst 

1985; Windhorst, Dressel & Koo, 1987) have revealed that indeed these blue galaxies, 

frequently showing morphological peculiarities which are indicative of interactions, are to 

be associated to a population of actively star forming galaxies, quite different from normal 

spirals. Hence, it has been natural to associate these sources to the Starburst/lnteracting 

class defined above. As shown by the Fig.1 (dotted lines), a luminosity evolution of the 

S/I galaxies with time scales � 203 + 253 of the Hubble time is able to account for the 

observed flattening of the deep counts. Moreover, it also represents reasonably well the 

fraction of blue (S/I) to red (E+SO+QSO) galaxies identified in the Leiden-Berkeley deep 

surveys (Kron, Koo & Windhorst, 1985) over the entire flux range. It is also fairly well 

consistent with the available, still rather crude, information on the redshift distribution of 

the blue galaxies down to F = 21 .  

In conclusion, we confirm that the upturn of the mJy radio counts is  likely to be 

ascribed to the emergence of an evolving population of actively star forming galaxies. 

3. Interpretation of the far infrared IRAS data 

A very tight correlation between radio and far infrared emissions for disk galaxies has been 

found by de Jong et al. (1985) and Helou et al. (1985) and is confirmed by the analysis of the 

optically selected sample by Franceschini et al. (1987a). Such correlation, commonly related 

to the star formation activity in these galaxies, implies that the substantial cosmological 

evolution of S/I galaxies required by the analysis of the radio counts would also show up in 

the far infrared surveys performed by the IRAS satellite. Actually, the far IR band, which 

is quite insensitive to emission processes not related to the presence of dust in star forming 

regions, is just ideal to study the statistical propertie.s of actively star forming galaxies. 

A positional correlation of galaxies from the optical sample described in Sect .3 with the 

IRAS Point Source Catalogue has allowed us to derive their 60 µm fluxes (or upper limits). 

The LLFs, the far-IR spectral indices and the radio to far-IR flux correlations for the various 

classes of galaxies have been obtained using survival analysis techniques (Franceschini et al., 

1987a,b ). Coupling these ingredients with models calibrated on radio data, we predicted 

the overall properties (counts, luminosity and redshift distributions, etc. )  of far-IR selected 

galaxies. 

It turned out that spiral+irregular and Starburst/Interacting galaxies dominate the 60 

µm counts from 10 Jy to 50 mJy as given by Rowan-Robinson et al. (1986) and Hacking & 
Houck ( 1987) ,  while the contribution from powerful radio galaxies, radio-loud and radio-quiet 

quasars is always negligible. Curves (d) and (c) in Fig.2 show respectively the contribution 

of S/I galaxies under the assumption of no evolution or of the evolution model used to fit 

the radio data, while curves (b) and (a) display the corresponding total counts, including 

contributions from non-evolving spiral+irr, Seyferts and E+SO's. It is clearly shown that 

the deep IRAS counts do require cosmological evolution. The evolution rate of S/I inferred 



COSMOLOGICAL EVOLUTION OF ST ARBURSTS 

OA 

0 

- 1.2 

-1.11 

-3 

.... . .,,.. . 

-2 

cl � -- - -- · 

....... . ....... . --

-1 
log s901Jy) 

441 

. - · -· 

0 

Figure 2 .  Differential counts at 60 µm normalized to 600 S;/ ·0 Jy-1 sr- 1 .  Data points are from 

Rowan-Robinson et al., (1986) and Hacking & Houck (1987). Curves (a) and (b) are the predicted total 

counts calculated for the cases of evolution and no-evolution of the Starburst/Interacting galaxies. The 

separate contributions of the latter class are shown as curves (c) and (d) for the cases of evolution and 

no-evolution, respectively. 

from radio data is fully consistent with the data at 60 µm. Our interpretation is further 

supported by data from the IRAS selected sample of Lawrence et al. (1986) (S6o 2 0.85 Jy), 

for which complete optical identifications and redshifts are available: for the 11  galaxies with 

60µm luminosities L60 > 1033 erg/s/Hz we have found an average < V/Vma:i: >'.:'.:' 0.65 ± 0.08, 

which indicates the presence of an evolving population, although at 2u level only. Further 

details can be found in Franceschini et al. ( 198 7b) .  

5.  Conclusions 

We have shown that a great deal of information from radio and far infrared surveys 

strongly supports the idea that an evolving population of actively star forming galaxies is 

emerging at faint flux levels. This is the first clear indication of strong cosmological evolution 

effects, on time scales of the order of 203 + 253 of the Hubble time, not directly associated 

with nuclear activity. 

So far we have not analyzed in detail the physical mechanisms originating the evolution. 

However, it is interesting to note that the inferred evolution time scales are similar to those 

for gas depletion within normal galaxies as determined by Larson & Tinsley (1978) and also 

suggested by Dopita (1985). An alternative possibility, proposed by Hacking, Condon & 
Houck (1987), is that starburst galaxies might be subject to a density evolution with cosmic 

time just due to the increased probability of galaxy collisions in the past denser universe. 
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The evidence that the IMF varies significantly in galactic regions with enhanced star formation rates is 
critically examined. The shape of the large-scale IMF in normal late type galaxies appears to be 
uniform within the large uncertainties. Several arguments in favor of a deficiency of low mass stars 
in starburst regions are reviewed and found to be inconclusive, although, taken together, they do 
suggest such an effect. 

Speculations concerning bimodal star formation are capable of explaining certain phenomena, 
such as radial abundance gradients and the local unseen matter, but also face a number of difficulties. 
In addition, it is concluded that there is as yet very little direct or indirect evidence in support of the 
hypothesis. 

Two features in the Galactic present-day mass function can be interpreted as signatures of at 
least two past starbursts in the Milky Way, rather than a multimodal IMF. Two independent 
measures of the stellar age distribution support this interpretation. It is suggested that, rather than 
being bimodal, the characteristic mass of the IMF is a continuously increasing function of the massive 
star formation rate. This assumption may provide a means of incorporating the data on Milky Way 
bursts and starburst galaxies into a unified model, which could account for unseen matter, radial 
abundance gradients and other phenomena without invoking a bimodal or multimodal mechanism for 
which there is little evidence. 
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I. Introduction 

The stellar initial mass function (IMF) is ideally defined as the frequency distribution of stellar 

masses for a group of coevally formed stars at birth. The importance of the IMF lies in its dual roles 

as a necessary input for studies of galaxy evolution and as a clue to the physical mechanisms 

controlling star formation. The IMF, together with the dependence of the rate of star formation on 

physical conditions, couples processes occurring on the scale of star clusters to processes occurring 

on a galactic scale. 

Research on the IMF centers on two questions: 1 .  What is the form of the IMF in a given 

region of space? Empirically, attempts to answer this question consist of estimating the IMF from 

star counts or from indirect methods (colors, line strengths, elemental abundances, etc.) for the solar 

neighborhood, for star clusters and associations, and for galaxies. 2. How does the form of the IMF 

vary, if at all, between regions? Here the emphasis is on estimating differences in the IMF for, say, 

star clusters of different ages or metallicities, or galaxies of different morphological types, or regions 

of a given galaxy at different galactocentric distances, in order to learn something about the manner in 

which star formation depends on physical conditions. Unfortunately, despite a great deal of work on 

these questions, we are far from having any definitive answers. Determinations of the shape of the 

IMF have proved to be extremely difficult, and most evidence for variations in the IMF is marginal 

and ambiguous. 

Galaxies and regions within galaxies experiencing enhanced star formation rates , or 

"starbursts" (see [ l ] ,  [2] for reviews of selected types) provide an invaluable laboratory for studying 

IMF variations because their physical conditions often differ substantially from those in the solar 

neighborhood and in most "normal" galaxies (see, however, sec. 5 below). Not only is the star 

formation rate (SFR) larger by up to one or two orders of magnitude, but the resulting physical 

conditions, such as the intensity of the ultraviolet radiation field, the gas and dust temperature, and the 

velocity dispersion of interstellar clouds, are affected. Furthermore, star formation in starburst 

galaxies may be instigated by large scale processes, such as galaxy encounters, which are currently 

inoperative in most isolated galaxies. For these reasons starburst galaxies should provide prime 

targets in which to search for variations of the IMF with physical conditions. 

The present paper attempts to summarize recent work on the IMF in starburst-like regions. I 

include in this category regions in which the current SFR per unit mass is thought to be significantly 

larger than in the solar neighborhood, so that star formation cannot continue at its present rate for 

more than a small fraction, say 10-1, of the Hubble time. This definition includes the luminous 

galaxies undergoing global nuclear or extranuclear starbursts, blue compact dwarf galaxies, giant H II 

regions in some spiral and irregular galaxies, and perhaps spiral arms. I will concentrate on trying to 

clarify a few major issues without giving a comprehensive discussion of methods, uncertainties, and 

results. A detailed review of the IMF is given in [3]; briefer summaries concentrating on particular 

topics can be found in [4] and [5]. However, except for sec. 2, most of the arguments and 

conclusions of the present paper are not contained in, and often contradict the conclusions of, 

previous reviews. 
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2. Does the Shape of the IMF V ar_y in "Nounal" Galaxies? 

Before turning to starburst regions, it is useful to briefly consider what is known about IMF 

variations in "normal" galaxies. 

Because of the large uncertainties in IMF estimates and because we will only be concerned 

with narrow mass ranges (m � 10 me in most cases), the IMF per unit logarithmic mass interval will 

here be characterized by a power law of logarithmic slope r with lower and upper limits m1 and mu. 

The existence of features in the IMF will be discussed in sec 5 below. 

It is necessary to recognize that the absolute value of the slope r in a given region cannot 

currently be reliably estimated by any method. For example, various determinations for high mass 

stars in the solar neighborhood using star counts give values of r covering the range -1 .0 to -2.2 

[3,4]. The most important sources of uncertainty are incompleteness, treatment of reddening, and the 

degree to which convective overshoot and rotationally-induced mixing affect theoretical lifetimes and 

luminosities. Studies of the average r in young open clusters give a somewhat smaller range, - 1 .8 � 
r � - 1 .2 for m � 2 me, but the uncertainties due to small numbers, membership, age spread, mass 

segregation, and the effects of mixing on the mass-luminosity relation are still severe. (For tabular 

and graphical summaries of thse results, and references, see [3] and [4].) Estimates of r in galaxies 

based on indirect methods involving colors, ultraviolet fluxes, line strengths, chemical evolution 

modeling, etc., suffer uncertainties which are similar in magnitude. However, all these methods can 

be used to determine limits on variations in the IMF. 

The most convincing, and perhaps surprising, evidence concerning IMF variations for 

massive stars on a galactic scale comes from studies of the luminosity functions (LFs) of galaxies. 

Hoessel and coworkers [6] have derived LFs for a number of dwarf irregular galaxies. These 

LFs agree in shape, within the uncertainties, at the bright end where incompleteness problems are 

minimized. The very detailed study of galaxy LFs by Freedman [7] includes CCD data for seven 

spiral and irregular galaxies, supplemented with data from the literature for three additional irregulars. 

The resulting LFs shown in Figure 1 exhibit a remarkable similarity, with a dispersion in shapes 

dlogN/dMv of only ± 0.03. Freedman also finds no significant variations in slope with position or 

metallicity. Agreement between LFs of nearby galaxies was also found in [3], using inhomogeneous 

photographic data from the literature for two spirals and four irregulars. 

Because of the steepness of the mass-luminosity relation, these empirical limits on LF slope 
variations only constrain the variation in the IMF slope to �r :S ± 0.5. Nevertheless, within these 

broad limits, one must conclude that star counts yield no evidence for high-mass IMF variations 

within or among nearby galaxies. Certainly no trends are seen which depend on morphology or 

metallicity. In addition, Humphreys and McElroy [8] avoided the use of the LF by comparing the 

distribution of stars in the HR diagram with stellar evolutionary tracks and found good agreement 

between the LMC, SMC, and the solar neighborhood for very high-mass stars. 

For smaller-mass stars, detailed studies exist only for the Large Magellanic Cloud [9-14]. 

LFs determined by Butcher [9] in the LMC halo and by Hardy et al. [13] in the LMC bar are shown 

in Figure 2, along with the solar neighborhood LF from [3]. A recent study of a region in the LMC 
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Figure 1 .  Luminosity functions of the brightest stars in several nearby galaxies, from [7]. 

disk south of the bar center [14] gives a very similar LF down to Mv "' +4. These results suggest that 

the IMF in the LMC down to about 1.2 Ill® does not vary within the LMC and is similar to the solar 

neighborhood IMF. Looking forward to sec. 4 below, it should be emphasized that there is no 

suggestion of a deficiency of low-mass (m - 2-4 Ill®) stars in the LMC, where most of the star 

formation is believed to have taken place in two bursts, about 108 yr. and a few times 109 yr. ago [9-

1 1 ,  1 3- 15]. 

Evidence concerning the IMF in more distant galaxies must be based on indirect methods 

involving the matching of theoretical galaxy evolution calculations to observations of features in the 

integrated light of the galaxies, such as colors, hydrogen line equivalent widths, or ultraviolet fluxes. 

These methods give very uncertain results for the absolute value of the slope of the IMF, but can be 

applied to a statistical sample of galaxies yielding useful estimates of the variation in slope. 

Kennicutt [16] examined the positions of 1 15 late-type spirals in the W(Hcx.) - (B-V) diagram 

and concluded that the slope was r "'  -1 .5 with a dispersion of ± 0.3. Donas and Deharveng [ 17] 

attempted to match the observed ultraviolet fluxes of 40 spiral and irregular galaxies with galaxy 

evolution models and found L1r < ± 0.5. A recent paper by Buat et al. [ 18] considered IMF 

variations in 3 1  spiral and irregular galaxies for which both ultraviolet fluxes and Hex. equivalent 

widths have been measured, and find r "'  -1 .6. The dispersion in r for the entire sample is ± 0.4, or 

± 0.25 for a subset of 17 Sbc and Sc galaxies. A weak trend of IMF flattening from late to early 

morphological types may be present, but uncertainties in the dependence of extinction on metallicity 

preclude any firm conclusion. 
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Figure 2. Determinations of the luminosity function in two regions of the Large Magellanic 
Cloud [9,13] are compared with the local Galactic luminosity function [3]. 

All the above indirect results refer to stars more massive than about 1.5 - 2 me. The quoted 

absolute values of r are uncertain by at least ± 0.4 due to uncertainties in the adopted upper mass 

limit, the treatment of internal extinction, and the theoretical evolutionary tracks. 

A few additional studies, using different methods for a small sample of galaxies, are worthy 

of note because they concentrate on dwarf irregulars and blue compacts, objects which may be 

considered as starburst regions. Viallefond and Thuan [19] used W(HJ3), forbidden line strengths, 
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and two visual continuum ratios to constrain the IMF and SFR in the blue compact dwarfs I Zw 36 
and I Zw 18, and in the giant H II region NOC 5471 in MlOl .  They found r -1.5 in I Zw 36 and I 
Zw 18,  and r "'  -2 in NOC 5471 .  A method involving decomposition of the radio continuum 
spectrum into thermal and nonthermal components and a comparison with the far infrared luminosity 
yielded r - 1.5 for six starburst nuclei, two blue compact dwarfs, and five giant H II regions [20]. An 
attempt to use oxygen yields to estimate r in the LMC, SMC, Mk 59, and NOC 6822 [21]  gave r = 

-1.6 ± 0.3. Similar studies for the LMC and SMC [22, 23] give r =  -2 ± 0.5 for both galaxies. 

Although some of the results cited above are extremely uncertain, the general agreement 
suggests that the shape of the IMF does not differ among galaxies by more than Lir = ±o.3 to 0.5, in 
agreement with star counts. For some of the indirect results, and for star counts in the LMC, this 
conclusion applies to stars with masses as small as 1 .5 - 2 IIl0· 

Nearly all of the numerous suggestions for systematic IMF variations in normal galaxies are 
based on indirect evidence which is either extremely uncertain, can be explained just as plausibly by 
other effects, or has not been corroborated by more recent work. The types of evidence on which 
these suggestions have been made include variations in mass-to-light ratios, excitation gradients in 
spiral galaxies, a Galactic gradient in the "infrared excess", yield variations in irregular and blue 
compact galaxies, radial abundance gradients, the metallicity distribution of local disk dwarfs, and the 
oxygen "enhancement" in metal-poor stars. Although systematic IMF variations may exist at some 
level, none of the above approaches have given a convincing demonstration of such variations. 
Because of the large scope of this topic, and since most of these questionable IMF variations are not 
directly related to starburst galaxies, they will not· be discussed here. A full discussion of these 
problems is given in [3]. 

3. Are Starburst Re�ions Deficient in Low-Mass Stars? 

One of the most influential papers on starburst galaxies was the study of M82 and NOC 253 
by Rieke et al. [24] who attempted to derive star formation history and IMF constraints by matching 
theoretical evolutionary models to a number of observed quantities such as (MIL)boJ. broad-band 
colors, CO band strength, Bra strength, and 2.2 µm flux. Their surprising conclusion concerning 
the IMF was that the number of stars with masses less than about 2-3 IIl0 must be very small. The 
primary constraint responsible for this result was not the small (MIL)bol ratio, but the large 2 µm 
luminosity, presumably due to red giants and supergiants. With a normal IMF (m1 - 0. 1 IIl0, say), 
most of the observed mass would have to be in low-mass stars; but stars with m � 3 IIl0 cannot have 
evolved to the giant phase within the derived age of the burst (- 5 x 107 yr.), and there would not be 
sufficient numbers of higher-mass giants and supergiants to provide the 2 µm luminosity, which 
would be too small by a factor of about four. 

A serious problem with the result is that it depends crucially on the derived extinction at 2 µm; 
if the extinction was overestimated by more than about a magnitude, then the required m1 could be 
substantially decreased [3]. In fact, the peak of the 2 µm emission is coincident with the optical knot 
denoted "A" in the study ofM82 by O'Connell and Mangano [25], and the extinction there is only Av 
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"' 2-4 [26], while Rieke et al. adopted Av = 26. On the other hand the extinction at 2 µm adopted by 
Rieke et al. has been confirmed by recent Bry and PaJ3 measurements [27]; this represents the 
extinction to the bulk of the ionized gas. Evidently the extinction is extremely inhomogeneous, and 
the optical knots may be "windows" looking into the starburst. In any case, given the coverage of the 
2 µm region by optical knots, it seems likely that the effective extinction towards the giants and 
supergiants giving rise to the 2 µm emission was sufficiently overestimated by Rieke et al. that a 
severe deficiency of low-mass stars is not required; in fact, with a smaller extinction a small value of 
m1 is needed so that 2 µm radiation is not overproduced. It should also be noticed that burst 
constraints based on the inferred Lyman continuum flux will also be affected if the extinction was 
overestimated. 

The work of Rieke et al. was followed by several other papers that suggested similarly large 
values of m1 in starburst regions; none of these results rely on the 2 µm flux as a constraint. One of 
the most convincing examples is the interacting starburst system Mk 171 for which the inferred value 
of m1 is at least around 10 1Il0 if f' "'  -1 .5 [29]. This result is based primarily on the weakness of the 
Balmer absorption lines, indicating a relative scarcity of stars with spectral types late B or later. 
Another interesting result for this system is that the "effective temperature," a measure of the hardness 
of the ionizing radiation field, suggests an upper mass limit of only about 30 ffi0, so the IMF is nearly 
a delta function. Weak Balmer absoprtion lines also give m1 - 10 1Il0 for the interacting system 
IC2153 [28]. An analysis of the extremely luminous interacting systems Arp 220 and NGC 6240 
[30] gives the somewhat weaker result that m1 � 2-3 1Il0 and/or f' > - 1.5. Indications of large m1 
have also been found in blue compact dwarf galaxies. A study of I Zw36 [ 19] gives mz - 4 1Il0 if the 
SFR has been constant up to the present time; if instead the SFR was an instantaneous burst sometime 
in the past, the value of m1 could be .much smaller. This illustrates the fact that the derived values of 
m1 in all the studies discussed here depend somewhat on the assumed time-dependence of the SFR. 
The blue compact dwarf ESQ 338-IG04 may have an even larger m1 � 10 1Il0 if r "'  -2 [31].  The 
limits on m1 in I Zw 36 and ESQ 338-IG04 both are constrained primarily by the HJ3 equivalent 
width, which measures the ratio of the number of 0 stars (through the ionizing flux required to give 
the HJ3 strength) to the number of B and A stars (through the continuum flux at HJ3). 

It is important to note that studies of starburst regions exist which do not require large values 
of m1 ; for example, modelling of I Zw 18  yields m1 .$ 2 [19]. 

More circuitous approaches have been used to infer large values of m1 in the arms of two 
spiral galaxies. An attempt to model the observed color distribution across the arms of M81 indicated 
that the arm colors and widths require essentially no stars more massive than about 10 1Il0 [34]. 
However, this result depends on the uncertain subtraction of the underlying smooth disk light among 
other uncertainties. A detailed study of the M83 arms [35] resulted in SFRs, derived from Ha, 
which would be unreasonably large unless m1 - 0.5-31Il0; another, more complicated argument in 
support of this result [35] is summarized in [3]. 

There are at least four additional indirect arguments which support the findings of large ffi/ in 
starburst galaxies. 
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First, the derived total SFRs in some starburst galaxies (including M82) are so great that the 

entire gas supply would be exhausted in a very short time (.$ 107 yr) unless the IMF is deficient in 

low mass stars [37,33]. While there is nothing unacceptable about producing gas-exhausted galaxies, 

such a situation might result in significant numbers of gas-exhausted galaxies dominated by B and A 

stars, which are not observed. However, this argument assumes that star formation would continue 

at its present rate until the gas is nearly used up, which seems unlikely, especially if a threshold gas 

density is required for star formation. 

Second, some extreme starburst galaxies may have bolometric mass-to-light ratios as small as 

0.01 or less (cf. [43]); such values require an IMF deficient in low-mass stars independent of the 

duration of the burst. 

Third, Keel et al. [32] point out that once a star formation burst begins to subside, the 

timescale for decline of the Ha equivalent width will be significantly smaller than the time for the B-V 

color to increase, so one would expect to observe some blue, Ha-weak galaxies; yet none were found 

among their sample of interacting galaxies. 

Finally, Bergvall [31] realized that, according to current ideas about stellar nucleosynthesis, 

the rather small (and uncertain) C/O ratio he measured in the blue compact dwarf ES0338-IG04 

implies an IMF enriched in OB stars, in agreement with his conclusions based on photometric and 

spectral modelling. Small C/O ratios have also been estimated for a few other dwarf irregular and 

blue compact galaxies [3 l a].  Additional determinations of carbon abundances in a large sample of 

blue compact dwarfs could provide a valuable tool in the study of m1 variations in starburst regions. 

Taken as a whole, then, the above evidence supports the idea that starburst regions tend to be 

deficient in low-mass stars, although individually the arguments are less than compelling. There is as 

yet little understanding of the physical processes which might be responsible for the effect. It has 

been suggested [3, 5, 38] that the characteristic stellar mass (mean or mode of the IMF) is an 

increasing function of the massive star SFR because of feedback in which the massive stars either 

heat the gas, thereby increasing either the minimum mass of opaque fragments [39] or the thermal 

Jeans mass [45], or ablate low mass fragments (see [41]). A discussion of these ideas is given in 

[38]. 

4. Is the IMF Bimodal? 

An idea which has become quite popular in recent years is that there are two distinct 

mechanisms for star formation, each with its own IMF, the overall IMF being a superposition. This 

sugeestion, which has become known as "bimodal star formation," would have important 

implications for star formation and galaxy evolution. In this section an attempt is made to summarize, 

as objectively as possible, the evidence for and against this proposal. 

Herbig [ 44] noted that many associations of T Tauri stars exist which do not contain higher 

mass OB stars, while most OB associations do contain T Tauri stars, and suggested on this basis that 

some regions of star formation only produce low-mass stars. A counterexplanation is that star 

formation proceeds temporally from low-mass to high-mass stars, either because of physical effects, 
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such as the gradual increase in gas temperature or turbulent velocity expected as the number of stars in 

an interstellar cloud complex increases or because of a purely statistical effect due to sampling from an 

IMF which decreases with increasing mass [45]. 

Van den Bergh [46] later suggested that the deficiencies of low-mass (m .$ 1 me) stars which 

had been found in some open clusters could be interpreted as evidence for bimodal star formation; 

evidently some clusters were only capable of producing stars with m � me. This idea, which is quite 

different than Herbig's suggestion, is the essence of most recent discussions of bimodal star 

formation. Unfortunately, the problems involved in estimating open cluster luminosity functions, 

primarily associated with mass segregation and membership assignment, turned out to be quite 

severe. A recent review of the problem [3] concludes that there are only a few well-studied open 

clusters (NGC 3293, M67, and NGC 2506) for which there remains evidence of a low-mass turnover 

in the IMF. Similarly, Larson [45] has argued that the IMFs of pre-main sequence stars found by 

Cohen and Kuhl [48] show that some star-forming regions which contain high-mass stars (e.g. Orion 

and NGC 2264) are deficient in low-mass stars compared to the Taurus region. However it now 

appears that incompleteness was the cause of the apparent low-mass turnovers, since the luminosity 

function for NGC 2264 [42] indicates an IMF which continues to increase to very small masses and 

has a shape similar to the field star IMF. The population of stars in the Orion cluster [50] also does 

not appear to show a deficiency of low-mass stars. Finally, sub-keV X-ray sources, which are 

thought to be associated with low-mass protostars, are seen in Orion [49a]. 

Gusten and Mezger [36], following an earlier suggestion [50], proposed that star formation in 

spiral arms only produces stars with masses greater than about 2-3 me, while interarm regions 

produce stars with all masses down to around 0. 1 me. Assuming that the SFR rate in spiral arms is 

proportional to the frequency with which gas encounters the density wave pattern, differential rotation 

then ensures that the high-mass spiral arm mode of star formation will increase in dominance relative 

to the interarm mode at smaller galactocentric distances R. The assumed IMF is sketched in Figure 3. 

Gusten and Mezger show that such a bimodal IMF can account for the radial metallicity gradient in 

our Galaxy. The main effect is that the "locked-up fraction" of mass decreases at smaller R, 
increasing the effective yield of metals. In addition, this bimodal IMF model reduces the 

uncomfortably large Galactic star formation rates derived from thermal radio continuum fluxes 

(however, see below), since the Lyman continuum production rate per unit mass of stars formed is 

increased because a larger fraction of massive stars are formed 

The model of Gusten and Mezger is supported by the findings that only massive stars have 

formed in the arms of M81 [34] and M83 [35]. It should be noted, however, that the M83 results 

also require an upper mass cutoff at around 10-15 me . 

No direct evidence that low-mass star formation is suppressed in spiral arms exists for the 

Milky Way. One might expect that some open clusters which have formed in Galactic spiral arms 

should be seen, and should be deficient in stars with m .$ 2-3 me. The only known candidate for 

such an IMF is NGC 3293 [5 1]; a few additional clusters with possible low-mass IMF cutoffs have 

turnovers at - lme, but the fraction of clusters represented by these cases is extremely small. This is 

not necessarily a severe problem, however, since if 1lll - 2-3 me, then clusters formed in spiral arms 
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Figure 3. Schematic illustration of Gusten and Mezger's (36] bimodal IMF hypothesis. The 
higher-mass mode operates only in spiral arms with a relative amplitude that decreases with 
increasing galactocentric distance R. 

more than about 2-5 x 108 yr ago would now consist entirely of stellar remnants and be difficult to 

observe except as a nearby cluster of white dwarfs. 

Evidence for a localized deficiency of low-mass stars has been claimed for the Galactic H II 
region W33 (85] and several giant H II regions in tae LMC and SMC (86] on the basis of a small 

ratio of total luminosity (from IR measurements) to ionizing flux (inferred from the radio continuum 

flux). However, besides a large number of other uncertainties which enter the estimate of this ratio 

from the observational data (see (85], [86]), the derived ratio depends sensitively on the assumed 

form of the IMF, which was taken from Miller and Scalo [54] with an upper mass limit mu = 60 ffi0 

in both studies. (The dependence of the ionizing flux on r and mu is shown in Figures 56-58 of [3], 

while the dependence of the total luminosity on mu for the IMF of (54] can be seen in Figure 7 of 

[85]). It appears that very modest changes in the adopted IMF shape and/or mu can easily bring the 

predicted ratio into agreement with the observations for a normal m1. The difference between the 

observed ratios in Galactic and LMC/SMC H II regions (about a factor of 2 to 4), if not due to 

variations in dust properties, geometry, resolution, etc., might be due to an enormous (factor of 100) 
difference in m1, but can be more palusibly attributed to small differences in r and/or mu. 

Contrary to what has been claimed in the literature, CO observations of Galactic interstellar 

clouds provide no evidence supporting Gusten and Mezger's bimodal IMF model. The observation 

that warm molecular clouds, probably heated by massive stars, tend to be distributed like the giant 

HII regions which are associated with spiral arms while the cooler clouds are more uniformly 

distributed in the disk [e.g. 57] shows that high-mass star formation occurs primarily in spiral arms, 

not that low mass star formation is suppressed in arms, which is the essence of the proposed bimodal 
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mechanism. Similarly, the existence of nearby clouds containing no high-mass stars and the fact that 
only a small fraction of massive clouds in the Galaxy contain giant HIT regions only indicates that 
either star formation proceeds from small to large masses or that some regions do not form any high
mass stars, but certainly cannot be used to support a model which requires a scarcity of low-mass 
stars in spiral arms. 

A feature in the local present-day mass function has been interpreted as a feature in the IMF 

and used to support the idea of bimodality [3,5]; in sec. 5 below it will be pointed out that an 
additional feature exists in the present-day mass mass function, and that both features can be more 
readily interpreted as evidence for past bursts of star formation without the necessity of IMF 

variations. 
It is also not clear that bimodal star formation is actually required to explain the major 

observation� motivations (radial abundance gradient, reduction in SFR) for the model. 
Radial abundance gradients may be accounted for by other mechanisms. In particular, Lacey 

and Fall [53] have investigated chemical evolution models with radial gas flows in the disk, showing 
that the observed radial abundance gradient can be explained for a physically reasonable radial flow 
rate whi9h does not contradict any observations. In addition, it should be noted that radial abundance 
gradients occur in some "flocculent" spirals, in which it is suspected that density waves are not the 
dominant cause of the spiral pattern (see [56] for a review of stochastic self-propagating star 
formation). If this is true, then one would have to postulate two separate mechanisms for producing 
abundance gradients in grand design and flocculent spirals, whereas radial flows are impartial in this 
regard. 

The Galactic SFRs derived by Gusten and Mezger from free-free emission, which they 
thought to be too large, depend rather sensitively on the adopted shape of the high-mass IMF, which 
they took from Miller and Scalo [54]. This adopted IMF has an index r = -2.5 at 30 me, while all 

more recent determinations find -2 .S r  .S - 1 at about this mass (see [3, 4]. An increase in r by 0.5 
would increase the predicted Lyman continuum flux and reduce the derived SFRs by nearly an order 
of magnitude (see Figures 56-58 in [3]). In fact, if r � - 1 .5 at high masses, the derived SFRs are 
"too small", and one might then consider invoking an excess of low-mass stars in spiral arms to cure 
the discrepancy. In addition, the derived SFR depends on the adopted upper mass limit, which was 
60 me in Gusten and Mezger. It seems clear that the Galactic SFR derived from any measure of the 
Lyman continuum flux is sufficiently uncertain that it provides no motivation for a bimodal IMF. 

A related issue is the "problem" that the estimated timescale 'tg to use up the gas in some 

normal galaxies at the current SFR is smaller than the present Hubble time, a result which has been 
cited as evidence for a bimodal IMF [e.g., 5, 56, 62]. For example, the value of 'tg for the Milky 
Way based on local star counts is about 3 x 109 yr, [3, 56, 57] with an uncertainty of a factor of 
about 3 .  SFRs estimated for normal spirals using either Hex strengths [ 16] or total luminosities 
derived from infrared measurements (see [57]) give mean values of 'tg - 3-5 x 109 yr, with a 
considerable spread. (It should be recalled, though, that uncertainties in extragalactic SFRs estimated 
by Hex and FIR luminosities are large [see also 58-61]). Recently Sandage [56] has considered the 
gas depletion timescales in the Milky Way, LMC, SMC, Sextans A, Local Group Im dwarfs, and 
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Virgo cluster Im dwarfs and finds tg (Gyr) = 4, 5, 1 1, 25, 16, and 10, respectively. Sandage points 

out that these timescales would be increased by a factor of about 10 (depending on the adopted IMF 

shape) if the IMF is cut off at a lower limit of 2 me, bringing tg comfortably above the Hubble time . 

However, Sandage's values of tg neglect the unknown contribution of molecular gas, which 

increases tg, and their normalization is based in large part on the LMC and SMC SFRs that Dennefeld 

and Tammann [60] derived from counts of supergiants in the H-R diagram. As discussed in [3], 

results derived from these counts are problematical and do not agree with other studies. Furthermore, 

the appropriate value of the Hubble time, tH, which Sandage took as 20 x 109 yr, is a matter of some 

dispute; if the Hubble time was 10 x 1010 yr, then the only galaxies studied by Sandage with tg < 'tH 
would be the Milky Way and the LMC. 

A more fundamental question is: Why does the result that tg < 'tH for some galaxies present a 

problem? Miller and Scalo [54] felt that the uncomfortably small value of 'tg for the Milky Way 

would imply that we live at a "special time," an argument which now seems far from compelling, at 

least to this author. Similarly, Sandage [56] suggests that tg < 'tH puts us "uncomfortably in a 

special epoch for viewing the Hubble sequence." However, given our lack of knowledge concerning 

the physics controlling the SFR in galaxies and the range in SFRs observed, it would seem natural to 

find at least some galaxies which are about to exhaust their gas or have already exhausted their gas. 

There is certainly evidence that some early-type galaxies were actively producing stars about 5 x 109 

yr ago (see [61]); perhaps these objects were at one time irregulars or spirals which subsequently 

relaxed into their present forms when the stabilizing influence of gaseous dissipation was removed or 

because of a subsequent merger. The so-called anemic spirals [61a] might represent galaxies in 

which the condition 'tg < 'tH once held. Also, if the optical sizes and surface brightnesses of disk 

galaxies are affected by the depletion of gas, as would occur, for example, for models in which star 

formation depends on a critical volume or column density threshold, the resulting objects might be 

under-represented in existing surveys because of selection effects [see 61b] .  Whether or not these 

latter speculations have any merit, it is still not clear that the existence of galaxies with gas depletion 

timescales of a few billion years violates any observational constraints, or should even make us 

uncomfortable. 

Finally, it is entirely possible that the galaxies with 'tg < 'tH have suffered irregular star 

formation histories and that they happen to be observed today in a state of positive SFR fluctuation. 

That this is the case for the Milky Way will be argued in sec. 5. The statement by the present author 

[3] that this possibility is unlikely for the Milky Way because most of the contribution to the IMF 

comes from stars which have fairly large mean ages is fallacious; in fact the age distribution of stars 

has a strong peak at very small (� 5 x 10s yr) ages, as discussed below. 

Larson [62, 5] has taken the bimodal IMF idea in a different direction. Larson investigated 

the consequence of assuming that there are two "modes" of star formation: a high mass mode which 

peaks at around 1 .5-2 me and was much stronger at early times, and a low-mass mode (mode mass = 

0.2 me) whose rate has been constant. The model is sketched in Figure 4. The motivation for this 

model is that the high-mass mode produces a large mass of remnants, mostly white dwarfs, which 

can account for the unseen mass in the solar neighborhood [see 63]. Larson's model is also capable 
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log mass 
Figure 4. Schematic illustration of Larson's [62] bimodal IMF hypothesis. The relative 
amplitude of the higher-mass mode decreases with time. 

of accounting for the observed age-metallicity relation (see [64]), the estimated SFRs in the inner 

regions of our galaxy and M33 without predicting more mass in low-mass stars than allowed by 

rotation curves, the increase of both metallicity and MIL with mass among giant ellipticals (if the 

amplitude and characteristic mass of the high-mass mode increase with galactic mass), and possibly 

the dark matter in galaxy halos. It also increases the timescales for gas consumption in our own and 

other spiral galaxies. Although independent evidence for a bimodal IMF is quite weak, as discussed 

above, the ability of Larson's model to simultaneously account for a number of poorly understood 

observational results makes it an attractive hypothesis. 

As with the Gusten and Mezger proposal, there exist alternate ways of accounting for the main 

successes of the model. Rana [65] claims that it is possible to account for the unseen mass in the 

solar neighborhood using a time-independent IMF and a relatively constant birthrate; the major 

difference from previous work is simply the adoption of a larger scale height for lower-mass stars, 

based on [69]. Similarly, a number of proposals have been given to account for the stellar metallicity 

distribution. The feature in the present-day mass function at - 1 .2 Ill® [3], which Larson interprets as 

the imprint of the high-mass mode, may more convincingly be interpreted as evidence for a past burst 

of star formation [72, 73] as discussed below. Also, there is probably a second feature in the 

present-day mass function. 

Wyse and Silk [91] have shown that the V-R colors of 3CR radio sources as a function of 

redshift, which are blue at high redshift with a large spread in color, can be accounted for with an 

IMF which was deficient in low-mass stars at early epochs, as in Larson's model. However, an 

alternative explanation, that the colors are due to bursts of star formation at relatively recent epochs (z 

- 0.5 - 1 .5), is also attractive [see 92]. Contrary to statements in [91], population synthesis studies 

of nearby early type galaxies suggest that such bursts did occur, that they produced a considerable 
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fraction of the presently observed stars, and that their rapid post-burst evolution is easily capable of 

accounting for the red colors of low-z ellipticals [61].  Furthermore, the number of parameters 

required to produce the V-R spread is the same for each hypothesis. The question essentially boils 

down to: What is more plausible, a single epoch of star formation with a dispersion in IMF 
parameters, or a single IMF with a dispersion in burst epochs? The population synthesis results and 

the fact that merger-induced starbursts would naturally give a dispersion in burst epochs, along with 

lack of strong evidence for a variable IMF cutoff, suggests the latter choice. Very deep counts of 

galaxies indicate that if such bursts occurred at large redshift, the bursting galaxies must have been 

shrouded in dust [93] . 

A major difficulty with Larson's model is that it overproduces metals, giving a present Z "" 
0.06 using current theoretical nucleosynthesis yields, unless it is assumed that only stars with m .$ 15 

m0 explode as supernovae [e.g. 65]. This assumption contradicts most attempts to match solar 

system abundance systematics, which require supernovae with a characteristic main sequence mass of 

around 25 ffi0 [66], even if the high-mass IMF is as steep as in Miller and Scalo [54]. Furthermore, 

the main sequence mass of SN 1987a in the LMC is 19 ± 3 �. and it produced 0.7 ffi0 of iron and 

presumably larger amounts of other metals such as oxygen and silicon [67]. Another problem is that 

the model may predict an excessive number of visible white dwarfs, although uncertainties in white 

dwarf cooling rates may preclude a definitive test 

It is worth noting that the bimodal star formation models of Gus ten and Mezger and Larson 

are actually quite different in both their assumed spatial and temporal locales and in their implications. 

Larson's model will not produce radial abundance gradients, and Gusten and Mezger's model will not 

produce unseen mass and the observed metallicity distribution (they assumed prompt early enrichment 

to match this constraint). It seems to this author that the simplest way to unify the two models, and to 
relate them to the suggested large values of In/ in starburst regions, is to abandon the term "bimodal" 

star formation and simply assume that the characteristic mass or mode mass Ino, of the IMF at a given 

place and time is an increasing function of the massive SFR [3]. Thus, Illo would be expected to be 

somewhat larger in spiral arms than between the arms, even larger in starburst galaxies, and perhaps 

largest in protogalaxy bursts. The distinction is important, since the term "bimodal" suggests that 

there are actually two different physical mechanisms which form stars (e.g. "spontaneous" and 

"induced" star formation, whatever these are taken to mean), while the continuously-varying Illo 
model makes no such claim. However, this alternative point of view suffers from most of the same 

problems and lack of convincing observational evidence as discussed above. 

The discussion of this section is meant to show that, while suggestions of bimodal (or 

"variable-mode") star formation are capable of providing explanations for several galactic-scale 

phenomena, such as radial abundance gradients, unseen matter, and the age-metallicity relationship 

(or stellar metallicity distribution), alternate plausible explanations exist, and most of the observational 

evidence which has been cited in the literature as support for these models is either extremely weak, 

indeterminate, or has been misinterpreted. Personally, I suspect that the characteristic mass of the 

IMF does vary significantly in space and time, but must conclude that the only marginally convincing 

observational evidence for the effect comes from the study of the M83 spiral arms [35], the turnover 
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in the IMF of the open cluster NGC 3293 at - 2-3 IIl0 [51] and some of the evidence pertaining to the 
starburst regions discussed in sec. 3. 

5. Was the Milky Way a Starburst Galaxy? 

The present-day mass function (PDMF) of solar neighborhood main sequence stars, which is 
the luminosity function converted to a mass function and corrected for the presence of evolved stars, 
shows a definite feature at about 1.2 IIl0 (see [3], [65]) which has been interpreted as evidence for 
the suggested "high-mass mode" of star formation [62, 3]. There is also strong evidence for a gap, 
or dip, in the frequency distribution of spectral types of main sequence stars between types FO and 
AS [see 69-71]. Interpreting this feature as the minimum between two peaks, one at spectral type F2-
F5 and the other around AO, the first peak corresponds to the PDMF feature at m - 1.2 IIl0 while the 

1 02 

1 0-6 

-1 0 2 
log m/m 0 

Figure 5. Present day mass function of main-sequence stars from [3] and [65], except for the 
feature at - 3 ma which is based on data in [3, 70, 71]. 
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second occurs at m - 3 J110. An inspection of published luminosity functions shows evidence of this 
second feature in 5 of the 7 luminosity functions compared in Fig. 3 of [3], at Mv - 0 to 1 ;  the feature 
was smoothed out in [3] when estimating a representative curve through the data, and had not been 
noticed in any previous LF determinations. However the prominent feature in the spectral type 
distribution strongly suggests it is real. 

The PDMF is sketched in Fig. 5 which is essentially a compromise between determinations in 
[3) and [65], but with the - 3 Jl10 feature included. (Other features may be present, but are difficult to 
distinguish from noise in the PDMF curve; see [65)). Rather than interpret this PDMF in terms of a 
trimodal IMF, as would be the case if the SFR has been a smooth function of time, it is just as 
plausible to interpret each "ledge" or "knee" as representing the effect of a past burst of star formation 
[72, 73). This is just the interpretation given to the knee in the LF of the LMC (see [9], [1 1)), and to 
the population synthesis results for a blue compact dwarf galaxy [73a]. 

As illustrated in Fig. 6, a burst beginning 't years ago results in a ledge in the PDMF near the 
mass whose main sequence lifetime is 't. The observed ledges in the PDMF, therefore, suggest that 
the Milky Way has experienced two bursts of star formation, one about 5 x 109 yr ago (the 1 .2 J110 

log m 

LL 
:::2: 0 a... 
Cl _Q 1 

a: LL CJ) 

/ 

m ('t = 't) ms t 
m ( 't = 't- 't ) ms b 

log m 

- 'tb-
-

1-- 't -

t 
now 

Figure 6. Schematic illustration of the effect of a starburst of duration 'tb, beginning at a time 
t in the past, on a power law IMF. The burst produces a ledge in the present day mass 
function at the mass at which the main sequence lifetime equals t. 
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feature), the other about 3 x 10s yr ago (the 3 me feature). The older burst may consist of more than 

one burst, since the PDMF resolution in mass is poor. The measured amplitude and shape of the 

features allows an estimate of the duration of and enhancement in star formation during the bursts; 

details are given in [73]. 
If such bursts did occur in the Milky Way, then they should have left an imprint on the 

frequency distribution of stellar ages. In an earlier discussion of the stellar age distribution [3] it was 

noted that the raw distribution of chromospheric ages derived from the strength of the Ca H and K 

emission reversal in F and G stars [74] shows a marked deficiency of stars with ages of a few billion 

years, but the result was considered tentative for a number of reasons. However, after the present 

interpretation of the PDMF in terms of bursts was made, a detailed discussion of the chromospheric 

ages by Barry [75] appeared. The resulting age distribution is shown in Fig. 7. (Evolutionary 

corrections are not included, but are small for ages < 10 Gyr.) It is evident that the chromospheric 

age distribution provides independent evidence for the existence of bursts at about the predicted ages. 

A second method for testing the burst hypothesis is possible using the frequency distribution 

of lithium abundances in red giants. (The method can only be used to probe the SFR at times � 1 Gyr 

in the past, as explained in [76].) The utility of this technique for probing the past SFR was 

demonstrated in [76], but only about 30 red giants with measured lithium abundances or upper limits 

were available at that time. Since then, Sneden [77] has accumulated lithium data for over 600 red 

giants. A preliminary inspection of the frequency distribution shows a peak at a lithium abundance 

corresponding to an age of 4-7 x 1Q9 yr, as predicted, with some evidence for sub-peaks suggesting a 

few bursts in this interval, a feature which is also suggested by the chromospheric age distribution in 

Figure 7. 
In summary, the available evidence supports the hypothesis that the features in the solar 

neighborhood PDMF are a result of at least two bursts of star formation. If this is true, then there is 
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Figure 7. Frequency distribution of chromospheric ages for stars of spectral type middle F 
through G and luminosity class V, from [75]. 
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no reason to interpret the PDMF features in terms of a multimodal IMF. It is, of course, possible that 
the IMF was peculiar during the bursts, especially considering the evidence presented in sec. 3, but 
the recovery of this information from the observed PDMF will require a much more accurate 
luminosity function and a detailed modelling of the shapes of the features. The age distributions from 
chromospheric activity and red giant lithium abundances already show that stars with masses in the 1-
2 1ll0 range were involved in the bursts. 

The SFR history implied by the PDMF, the chromospheric age distribution, and possibly the 
lithium abundance distribution shows that the solar neighborhood has at least twice been involved in a 
starburst-like event, once very recently. Two lines of evidence suggest that one or both of these 
bursts were global Galactic starbursts rather than very localized events. First, the ages of the stars 
from the first burst are sufficiently large that their places of origin should have sampled a significant 
fraction of the disk. Second, the burst ages, while somewhat uncertain, are remarkably synchronous 
with the two bursts of star formation inferred for the LMC from the luminosity function [9- 1 1, 14], 
the ratio of clump giants to main sequence stars [13], the lack of a subgiant branch [13] , and the 
existence of a double asymptotic giant branch [15], although the lack of a subgiant branch [13], and 
the existence of a double asymptotic giant branch [15], although the lack of subgiants may require an 
age for the oldest burst somewhat smaller than 5 x 109 yr [13].  It is also possible that a larger 
number of bursts may give a better fit to the LMC luminosity function [ 1 1] ,  a situation which may 
also prove to hold for the Milky Way. 

These results for the Milky Way, a supposedly "normal" spiral, casts doubt on the traditional 
notion that the SFR in most galaxies (except dwarf irregulars) is a smooth function of time (for 
example, see Figure 10 in [56]). In fact, there is no observational evidence at all for smoothly
varying galactic SFRs, an idea which apparently became entrenched because galaxy photometric 
evolution models employ smoothly-varying SFRs for simplicity and also because it is often assumed 
in various applications that the SFR is proportional to some power of the gas density, even though 
there is virtually no justification for this assumption besides convenience. (A thorough review of the 
latter point is given in [88].) Several studies have derived constraints on the ratio R of the recent SFR 
to the past average SFR in the Milky Way (see [3] for a review) and samples of spiral and irregular 
galaxies [e.g. 16, 78, 79]. The results suggest that R is of order unity, but with a spread of about an 
order of magnitude. These studies are often quoted as showing that the SFR has been approximately 
constant in "normal" galaxies (like the Milky Way), while in fact a ratio R - 1 only shows that we are 
observing most galaxies at about their average rate of star formation, a situation which would occur 
even if the SFR was a quite irregular function of time, as long as the duty cycle is not too large. In 
fact the dispersion in SFRs at a given morphological type and/or gas content is fairly large, around a 
factor of five [e.g. 16, 83, 84], a result consistent with the fact that only about 10% of galaxies in an 
infrared complete sample have SFRs enhanced by more than a factor of about 5 [82]. Furthermore, 
statistics of starburst galaxies suggest that most spirals have suffered at least one optical starburst 
[e.g. 80], and that roughly half of galaxies with L > 1010 L0 have undergone an infrared-bright phase 
[81]. It is therefore possible that "normal" galaxy SFRs are erratic and even unpredictable except in a 
statistical sense, and that "starburst" galaxies represent only the tip of the star formation iceberg. This 
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possibility and the proclivity of several types of deterministic theoretical star formation-interstellar 

medium models for chaotic behavior is discussed in [72). 

Combining the evidence for past Milley Way starbursts with the earlier suggestion that the 

characteristic mass of the IMF is a continuously increasing function of the SFR suggests a means for 

incorporating the existing analyses of starburst galaxies and the suggestions of Gusten and Mezger 

and Larson into a unified model, without invoking a bimodal or multimodal mechanism for which 

there is little evidence. For exmple, the remnants produced in the past Milley Way bursts might 

account for the local unseen matter, while a concentration of the bursts toward the central regions of 

the Galaxy (which is a tendency observed in starburst galaxies) would produce a metal abundance 

gradient. However, as discussed above, the question of whether or not either of these phenomena 

must actually be explained by a variation of the IMF remains an open one. 

It is a pleasure to thank D. Barry, D. Lester, R. O'Connell, C. Telesco, S. Woosley, and H. 

Zinnecker for useful conversations and correspondence. I am especially grateful to Don Barry for 

allowing me to show his results prior to publication, and for encouraging my interest in star formation 

when I was an undergraduate at USC. This work was supported by NSF Grant AST-8619738. 
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Understanding star formation rates in galaxies requires understanding both the rate at 
which molecular clouds form and the efficiency of star formation in these clouds. The 
efficiency of star formation is probably limited mainly by the destruction of star-forming clouds 
by ionization, and molecular clouds probably form by a combination of large-scale gravitational 
instabilities and cloud accretion processes. These hypotheses lead to quantitative predictions 
that agree well with observational estimates of both the efficiency of star formation and the 
timescale for converting gas into stars. The predicted timescale depends mainly on the surface 
density of gas in a galaxy, and the predicted star formation rate per unit area is proportional to 
the square of the gas surface density, similar to the original Schmidt law. A burst of star 
formation requires an exceptionally high gas surface density; this results in both a short 
timescale and a high efficiency for star formation. The gas feeding a starburst must be 
assembled rapidly into the starburst region, and this requires a violent large-scale disturbance to 
the interstellar medium in a galaxy, such as that produced by a tidal interaction or merger with 
another galaxy. 
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1. INTRODUCTION 

A "starburst" may be defined as a star-forming event in a galaxy during which the star 
formation rate (SFR) is much higher than normal. Before we can understand starbursts, we 
must therefore first understand something about "normal" star formation; we need to know, for 
example, what star formation rates normally occur in galaxies, and how the SFR depends on 
galactic properties such as gas content and Hubble type. More fundamentally, we wish to 
understand the processes by which stars form and the parameters that determine the SFR. 
Many possible determining parameters have been suggested; for example it has often been 
assumed, following Schmidt1), that the SFR depends predominantly on the gas density. It has 
also been suggested that various dynamical processes and timescales play an important role in 
determining the star formation rate in galaxies2•3). If we can understand what controls the SFR 
in normal circumstances, we can then hope to understand what changes in conditions are 
required to produce a starburst. 

2. CHARACTERISTICS OF NORMAL STAR FORMATION 

In normal spiral galaxies, star formation is a slow, orderly, and well-regulated process. 
It is slow or inefficient in that the timescale for turning gas into stars, 'tgas = IMgas fMgasl, is 
typically estimated4-7) to be of the order of several times 109 years, which is more than an 
order of magnitude longer than any of the relevant dynamical timescales.  For example, both 
the growth time for large-scale gravitational instabilities and the timescale for density-wave 
compression of the interstellar medium are of the order of 108 years, and the time required for 
giant molecular clouds to grow by accretion processes is at most a few times 108 years (see 
Section 4). The timescale for the internal evolution of molecular clouds is even shorter, about 
107 years or less. Thus typically less than ten percent, and probably only a few percent, of the 
interstellar matter in a galaxy condenses into stars in the time required for giant molecular 
clouds to form and evolve. 

Normal star formation is also a well-regulated process, as is suggested by the fact that 
spiral galaxies generally have very similar gas consumption timescales 'tgas· The value of tgas 
is not very different for different Hubble types, although there appears to be a slow systematic 
increase of tgas with Hubble type among the later types. These characteristics are shown by 
the recent results of Donas et al.6) based on ultraviolet flux measurements of a large number of 
galaxies: the median estimated value of 'tgas is about 2.5 Gyr, and most galaxies have gas 
lifetimes within a factor of 2 of this median. As a function of Hubble type, the median value of 
tgas increases from about 1 .5 Gyr for She galaxies to 4.5 Gyr for Irr galaxies; within most 
types the dispersion in 'tgas is less than a factor of 2, and is comparable to the accuracy of 
measurement. We note that an increase of tgas with Hubble type is actually required to account 
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for the larger gas contents of the later-type galaxies. The numerical values quoted above are 

based on assuming a conventional IMF, and would be increased if the IMF contains less than 
the standard proportion of low-mass stars, for example if it is bimodal8,9). 

If star formation is normally a slow, well-controlled process whose rate is determined 
within narrow limits by the large-scale properties of galaxies, then it seems likely that the SFR 
is regulated by a negative feedback effect It has long been clear that star formation influences 
the interstellar medium in various ways that can affect the star formation rate; in principle both 

negative and positive feedback effects can occur, and numerous theories of both 
self-regulating10-l4) and self-propagatinglS-18) star formation have been proposed. However, 

the low efficiency and the well-regulated nature of normal star formation suggest that the 
dominant feedback effect is negative. The efficiency of star formation must be maintained at 

typically only a few percent, and this is a strong requirement for the regulating mechanism, 
which may provide a clue to its nature. 

3. WHAT REGULATES STAR FORMATION? 

Much attention has been devoted to the possible influence of stellar winds and 

supernovae on star formation; however, as has been noted at this workshop19>, both cloud 

destruction (negative feedback) and cloud compression (positive feedback) effects can occur, 

and not even the sign of the net effect is clear. In any case, a more important feedback effect is 
almost certainly that produced by the ionizing radiation from hot stars, since by the time the 

dynamical effects of shocks driven by winds or supernovae have become significant, much of 
the gas in a star-forming cloud containing massive stars will already have been either ionized or 
accelerated and dispersed by the effects of ionization20·21>. Thus the primary mechanism 

limiting the efficiency of star formation, at least in regions of massive star formation, is 
probably the destruction of star-forming clouds by the effects of ionization. 

Unlike the uncertain effects of supernovae and stellar winds, the feedback effect of 

ionization on star formation is unambiguously negative, since dense cool molecular gas that 

might otherwise have formed stars is converted into hot ionized gas that cannot form stars. 

Even if ionization-driven shocks compress residual cloud gas and cause secondary star 
formation15), much more gas is ionized than is turned into stars in this way. The rate of cloud 

destruction by ionization can be calculated without much uncertainty because the physics 

involved is simple, and the resulting ionization rate depends only weakly on the properties of 

the cloud and the dynamics of the evolving HII region. A newly formed group of stars 
containing at least one 0 star can readily ionize many times its own mass of gas: for example, 

Whitworth22> has estimated that even if only 4 percent of the mass of a molecular cloud 
condenses into stars with a standard IMF, enough ionizing photons are emitted by these stars 

to completely ionize the rest of the cloud. This is just what is needed to account for an 
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efficiency of star formation of the order of a few percent 
More detailed treatments of the dynamics of evolving HIT regions lead to very similar 

conclusions. Tenorio-Tagle23) has pointed out that during much of the evolution of a typical 
HII region, the gas ionized from a star-forming cloud streams away from the cloud in a 
"champagne flow" with velocities that can reach 30 km/s or more. Numerical calculations of 
the evolution of HII regions including the champagne phase show that typically about 1 % of the 
ionizing photons emitted by the associated 0 stars create new electron-proton pairs that are 
evaporated from the cloud24,25). This makes ionization a very effective cloud destruction 
mechanism: if a conventional IMF is assumed and the stellar ionizing photon emission rates 
given by Glisten and Mezger26) are used, the mass of gas ionized is then predicted to be about 
20 times the mass of the stars formed, in good agreement with the earlier estimate by 
Whitworth22). The associated rate of cloud dispersal is probably sufficient to destroy most 
giant molecular clouds within 107 years20,27). 

These results mean that the efficiency of star formation is predicted to be small, at least 
when averaged over a region large enough to contain significant numbers of 0 stars. Defining 
the efficiency of star formation as the ratio of "output",  taken as the mass of stars formed, to 
"input'', taken as the mass going into star-forming clouds, we obtain 

efficiency e = stellar mass I cloud mass - 0.05. 

The uncertainty in this prediction may be a factor of 2 to 4, but is probably not as large as an 
order of magnitude. The predicted efficiency could be too low if a significant fraction of 0 
stars end their lives no longer closely associated with their birth clouds, in which case their 
radiation might no longer contribute effectively to the destruction of these clouds. However, 
the destructive effects of radiation from 0 stars include not only direct ionization but also the 
dissociation of molecular gas and the acceleration and dispersal of neutral gas by 
ionization-driven shock fronts, and this removes additional material from star-forming clouds. 
Eventually stellar winds and supernovae may also contribute to cloud destruction, but they are 
probably less important than ionization because by the time their effects become significant, 
ionization has already done most of the damage that will be done20·21). Because of these 
additional destructive effects, the efficiency of 5% predicted above is perhaps more likely to be 
an overestimate than an underestimate. 

These expectations are in good agreement with observational determinations of the 
efficiency of star formation in giant molecular clouds. The efficiency estimated from 
observations generally ranges between 1 and 10 percent, and values of a few percent are 
typical2S--3I). An additional estimate based on the relation between cloud mass and maximum 
stellar mass32) yields an efficiency of about 4 percent. It should be noted that all of these 
estimates are based, as is the theoretical prediction, on the assumption that low-mass stars 
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always form together with massive stars in the proportions predicted by a conventional IMF. 
If the IMF actually contains a smaller proportion of low-mass stars33), for example if it is 
bimodal, then both the predicted and the "observed" efficiency of star formation are reduced by 
the same factor, which could be large9). 

If the efficiency of star formation can be considered known, then the total star formation 
rate in our Galaxy can be predicted in order of magnitude, given the total mass in molecular 
clouds and the estimated lifetime of these clouds. The total mass of molecular clouds in our 
Galaxy is about 2 x 109 solar masses34), and the typical lifetime of these clouds as estimated 
both -rrom the timescale for internal evolution and from the spread in ages of the associated 
young stars is of the order of 2 x 107 years35). The rate of cycling of matter through giant 
molecular clouds must then be of the order of 100 solar masses per year, and if 5% of this 
mass goes into stars, the predicted total SFR for our Galaxy is about 5 solar masses per year. 
This is similar to the total SFR of - 6 solar masses per year estimated from observations of 
thermal radio emission26). Thus, understanding the efficiency of star formation takes us a long 
way toward understanding star formation rates in galaxies. We still need to understand the rate 
of formation of giant molecular clouds, and we address this question in the next section. 

In addition to controlling the efficiency of star formation, the dispersal of star-forming 
clouds by the effects of ionization may play another fundamental role: it may account for most 
of the observed interstellar turbulent or cloud motions, and may explain why their velocity 
dispersion is almost universally in the range 5 - 10 km/s. The above results imply that 
interstellar matter is processed frequently through HII regions: the total rate of production of 
ionizing photons in our Galaxy26) is sufficient to re-ionize the entire interstellar medium once 
every 5 x 107 years , and locally the timescale for cycling of matter through HII regions is 
about 108 years. The gas evaporated from a cloud at an ionization front streams away from 
the front at a velocity comparable to the sound speed in the ionized gas, i.e. about 1 1  km/s; in 
a champagne flow, velocities up to - 30 km/s can be achieved. Residual neutral gas can also 
be accelerated36) by the "rocket effect" to velocities up to - 10 km/s, and can form a massive 
shen21,27,37) expanding at a velocity of - 6 - 10 km/s; such shells are actually observed 
around some Hn regions. Thus it seems likely that nearly all of the gas in a region where 0 
stars form is accelerated to velocities of the order of 10 km/s. The observed velocity 
dispersions of interstellar clouds can be reproduced by a coagulation/fragmentation model51,80) 
for the formation and destruction of molecular clouds (see below) if molecular clouds are 
broken up by star formation into fragments moving with velocities of 10 - 12 km/s, just as is 
expected owing to the effects of ionization. 

4. WHAT DRIVES STAR FORMATION? 

The formation of stars evidently requires the prior formation of gravitationally bound 
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molecular clouds, so we need to understand the mechanisms of molecular cloud formation and 
their associated timescales. Many processes probably play a role in the formation of giant 
molecular clouds, but the ones that are probably most important are: 

(1) Large-scale gravitational instabilities in the interstellar medium 

Gravitational instabilities occurring primarily in the gas component of a disk galaxy have 
been proposed as a mechanism for producing spiral structure in galaxies38--40) and also as a 
mechanism for initiating or organizing star formation on the scale of spiral arms2,l8,4l--44). In 
a cloudy interstellar medium, the concentration of gas into spiral arms can promote the 
accumulation of small clouds and diffuse gas into large clouds, leading to the formation of 
giant molecular clouds and cloud complexes arrayed along spiral arms. For a thin gas layer 
with a velocity dispersion c8 and an average surface density µ8, the growth time for a 
gravitational instability is43,45) 

where the local values cg - 6 km/s and µg - 8 M811Jpc2 have been substituted. If the 
stability parameter Q8 = c8K/1tGµ8 is approximately equal to 2, as expected for marginal 
stability (Qg - 2.3 locally), the growth time 't is approximately 2K"""1 where IC is the epicyclic 
frequency. 

(2) Density-wave compression of the interstellar medium 

Regular spiral patterns may be produced by density waves in galactic disks, and density 
waves may sometimes trigger star formation, although there is little unambiguous evidence for 
this2.46). Interstellar matter entering a density wave experiences systematic compression, and 
both rapid cloud growth and gravitational instabilities can result, leading to the formation of 
giant molecular clouds in spiral arms4 7) .  The timescale for processing gas through 
density-wave arms is approximately 

't - 2 1t R / V  - 2 x  108 yr, 

where R and V are the galactic radius and rotation speed, and local values have again been 
used. This timescale is not greatly different from that for gravitational instability, and indeed 
the two timescales should be related, since any self-sustaining density wave must also rely 
significantly on the self-gravity of the gas and may be regarded as an organized form of 
gravitational instability. 
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(3) Accretion in a galactic shear flow 
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A process that probably also plays a role in the formation of giant molecular clouds in a 
differentially rotating galaxy is the growth of clouds by gravitational accretion in a shearing gas 
layer42•48). The approximate accretion rate for a cloud of mass M may be calculated, assuming 
a smooth shear flow and neglecting turbulent motions, as 

where µg is again the surface density of the gas layer and A is the Oort constant specifying the 
shear rate. The time required for a cloud to grow to a mass M is then 

where a cloud mass of 105 M8un has been assumed and local values of µg and A have been 
used. More rapid cloud growth would be expected in spiral arms where µg is enhanced. Thus 
the timescale for the growth of molecular clouds by gravitational accretion is comparable, at 
least in the absence of random cloud motions, to the timescale for gravitational instability. In 
fact, both processes probably occur together, leading to the accretional growth of giant 
molecular clouds in spiral arms formed by gravitational instabilities42>. 

(4) Cloud coagulation by random collisions 

Even without help from gravity, random collisions can lead to cloud growth if clouds 
stick together when they collide; such a process has been suggested as a way of forming giant 
molecular clouds49,50), and it can be particularly important in spiral arms47,5l,52). It has also 
been suggested that collisions between molecular clouds may play a direct role in triggering star 
formation53). In general, collisions between small clouds are likely to result in cloud 
destruction rather than growth54), but a massive gravitationally bound molecular cloud may 
survive collisions with smaller clouds and grow by accreting them. Adopting conventional 
values for cloud parameters, the time required for random collisions to build up a cloud of 
mass M is 

for a cloud mass of 105 M800; again, a shorter timescale should apply in spiral arms where the 
space density of clouds is enhanced. The timescale for cloud growth by random collisions is 
thus longer than that for gravitational accretion, but not by a large factor, so that random 
collisions probably also contribute significantly to the formation of giant molecular clouds. 
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In summary, the condensation of interstellar matter into star-forming clouds is probably 
initiated mainly by large-scale gravitational instabilities, since this process has the shortest 
timescale of those considered above; on smaller scales, both systematic and random accretion 
processes probably play a role in the buildup of individual giant molecular clouds. All of the 
timescales involved are of the order of 108 years, so it seems reasonable to conclude that the 
interstellar medium is processed into giant molecular clouds in a time that is locally of the order 
of 108 years. If 5% of the mass that goes into giant molecular clouds condenses into stars, as 
was estimated above, the timescale tsp for processing interstellar matter into stars is then 20 
times longer than the timescale 'tCF for cloud formation, i.e. 

The star formation timescale tsp could be somewhat longer than this if the formation of 
molecular clouds is itself an inefficient process, i.e. if part of the interstellar medium avoids 
becoming condensed into molecular clouds by the processes discussed above. However, the 
efficiency of molecular cloud formation in our Galaxy is evidently not small since a substantial 
fraction, perhaps as much as half, of the interstellar medium is in the form of molecular clouds. 

For comparison with the above theoretical prediction, the total SFR in our Galaxy 
estimated by Glisten and Mezger26) for a typical conventional IMF is approximately 6 M8uJyr; 
assuming a total gas content of 5 x 109 Msun' this implies a star formation timescale tsp of 
about 8 x 108 yr, or allowing for gas recycling, a gas consumption time 'tgas of about 
1.3 Gyr. For other spiral and irregular galaxies, somewhat longer median gas consumption 
timescales of about 2 to 4 Gyr have been estimated4-7)_ These observational estimates agree 
well with the prediction that tsp - 2 Gyr, which implies that 'tgas - 3 Gyr. Once again, we 
note that both the predicted and the "observed" star formation timescales are based on a 
conventional IMF, and they would be increased by the same possibly larger factor if the IMF 
contains less than the standard proportion of low-mass stars. 

5. WHAT CONTROLS THE STAR FORMATION RATE? 

If the efficiency of star formation is fixed, then the rate of star formation depends only 
on the rate of molecular cloud formation. Many of the cloud formation processes discussed 
above have timescales that vary inversely with the surface density µg of the gas in a galactic 
disk. The growth time for gravitational instabilities is proportional to c /µg, so if the velocity 
dispersion cg of the gas is always close to the "universal" value of - 10 km/s, the growth 
time depends only on µg and is proportional to µg-I 

· Density-wave triggering of star 
formation would depend partly on galactic dynamics, but as was noted above, density-wave 
effects must also depend significantly on the self-gravity of the gas; thus an important 



STAR FORMATION RATES AND STARBURSTS 475 

parameter should still be the gas surface density µ8. The timescale for cloud growth by 
gravitational accretion in a shearing gas layer is again proportional to µ8 -1, with a weaker 
dependence on the Oort constant A, varying as A 113. Finally, if typical cloud properties do not 
vary, the timescale for cloud growth by random collisions is inversely proportional to the 
average gas density, and if variations in scale height are also not important, this implies an 
inverse proportionality to µ8. 

Thus, the most important parameter determining the star formation timescale tsp in a 
galaxy is probably the gas surface density µ8. For most of the relevant cloud formation 
mechanisms, the associated timescale is at least approximately proportional to µ8-1; thus we 
expect that, at least to a first approximation, 

If dependences on other parameters are not important, we then predict that the star formation 
rate per unit area in a galactic disk satisfies 

This is essentially the relation first proposed by Schrnidt1}, expressed here in terms of the gas 
surface density (as was done by Schrnidt55) in his 1963 paper). It is important to note that this 
predicted relation applies only to quantities averaged over regions with dimensions of at least a 
kiloparsec, since the underlying physical processes, such as large-scale gravitational 
instabilities, operate only on length scales of the order of a kiloparsec or larger. Many efforts 
have been made to verify the Schmidt law from observations, but the results of these tests have 
been ambiguous because they depend on the spatial resolution of the data used56). Consistency 
with a Schmidt law with an exponent in the range 1 - 3 has often been claimed, 'but the 
correlation between the SFR per unit area and the gas surface density actually improves and its 
slope becomes steeper when the data are averaged over larger regions. For example, when the 
data for M33 and M31 are binned with a resolution of 500 pc they yield an exponent of about 
2.3, considerably larger than the exponent derived from higher-resolution data56). 

Using data for entire galaxies, Donas et al.6) have plotted the star formation rate per unit 
area versus average gas surface density for a large number of galaxies. A clear correlation is 
seen, although with considerable scatter; the authors state that this correlation is consistent with 
a linear relation of the form SFR/area oc µ8, but the dependence actually appears steeper 
than this and more consistent with a relation of the form SFR/area oc µl. Thus the available 
data support a strong dependence of the SFR per unit area on the surface density of gas, at least 
when these quantities are averaged over sufficiently large areas. 

It is worth recalling some of the properties of galactic models in which a universal star 
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formation law of the form SFR/area oc µg2 is assumed to hold throughout the evolution of a 

galaxy or part of a galaxy1). At late times when most of the gas has been converted into stars, 

models of this type predict that the gas surface density becomes nearly the same everywhere 

and independent of the total surface density. This contrasts with models in which the SFR 
depends only linearly on the gas content, which predict that the gas surface density remains 

proportional to the total surface density. Observations show that the surface density of gas in 
spiral and irregular galaxies generally has similar values everywhere, and is not proportional to 

the total surface density; the apparent relative constancy of µg was taken as one of the original 

pieces of evidence for a quadratic dependence of the SFR on gas content1>. 

A second prediction is that the past average SFR exceeds the present SFR by a factor 

equal to the ratio of the total surface density to the present gas surface density. In the solar 

neighborhood this ratio is about 8, so that the quadratic model predicts 

average SFR - 8 x present SFR. 

If the same model applies everywhere, a large value for this ratio is predicted for galactic disks 

generally. This prediction conflicts with interpretations of the photometric properties of 
galaxies based on the assumption of a conventional IMF, which imply that the SFR in most 

galactic disks has remained nearly constant with time57)_ Indeed, the adoption of a Schmidt 

law with any exponent much larger than zero is incompatible with a conventional IMF unless 

most galactic disks have acquired most of their mass by infall and their gas content has not 

changed much with time. Present evidence does not appear to support the required high rates 

of gas infall33>. In the solar neighborhood, if the SFR has decreased strongly with time as 
predicted above, then the IMF derived from star counts is bimodal and has a second peak at a 
mass of 1.2 to 1 .5 solar masses8,5S). Models with a bimodal IMF and an SFR that declines 

rapidly with time, at least for massive stars, appear to be consistent with all of the available 

constraints and even have some advantages over conventional models, including the ability to 
account readily for unseen mass in galaxies as stellar remnants8>. 

We note that if, at earlier times in the evolution of galactic disks, the velocity dispersion 

cg of the gas was substantially larger than 10 km/s, then the growth time 't - cpjrcGµg for 
gravitational instabilities would have varied less with time than predicted above, resulting in a 
weaker time-dependence of the SFR. As a limiting case, it could be imagined that the stability 

parameter Qg = cgl\/rcGµg remains constant with time as µg decreases44>, so that if JC does 
not change much with time, the timescale 't - cpjrcGµg does not vary much either. The SFR 

would then follow a Schmidt law with an exponent of unity. The discrepancy with a 

conventional IMF noted above would then still exist but in a less extreme form. Probably an 

intermediate case is most realistic, in which case the time evolution of a galaxy might be best 

represented by a Schmidt law with an exponent intermediate between 1 and 2. 
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Of course, a simple Schmidt law cannot be expected to provide more than a very crude 
first approximation to galactic evolution. Such effects as very strong density waves, galaxy 
interactions, or large-scale gas flows might well alter simple predictions. Some observed 
properties of galaxies, such as the central hole in the gas layer of some galaxies and the highly 
variable gas contents of early-type galaxies, clearly cannot be explained by simple models 
assuming a Schmidt law and neglecting gas flows. A central hole in the gas layer could result 
from a bar-like distortion of a galactic disk, which can efficiently remove angular momentum 
from the gas and cause it to flow toward the center, thus evacuating part of the disk. The 
widely variable gas contents of early-type galaxies probably result from a variety of gas 
removal and accretion processes. Whatever dynamical processes may operate, if the gas 
surface density is still an important parameter determining the SFR, anything that redistributes 
gas in galaxies and concentrates it in some places can have an important effect on the SFR. If a 
Schmidt law with any exponent larger than unity is applicable, compressing a given amount of 
gas into a smaller region will increase the total SFR. Such large-scale gas compression 
processes may play a crucial role in producing starbursts. 

6. WHAT CREATES ST ARBURSTS? 

To account for the properties of the most extreme starbursts, two important 
modifications to normal star formation processes appear to be required: (1) The star formation 
timescale must be reduced by at least two orders of magnitude to account for the very short 
timescales of 2 x 107yr or less that have been inferred for many starbursts59-62). (2) The 
efficiency of star formation must also be considerably increased, since in some well-studied 
cases such as M82 a star formation efficiency of at least 50% in the starburst region has been 
inferred60•63-65); moreover, in extreme starburst systems a substantial fraction of the entire 
galactic gas content may be consumed during the burst61,66-68). 

Our discussion of star formation processes in Section 4 suggests that a very short star 
formation timescale 'tgp requires a very high gas surface density µg. For example, if 
'tsp oe µg -1 , then a reduction of 'tgp from (say) 2.5 x 109 yr to 2 x 1 0  7 yr requires a 
corresponding increase in µg by two orders of magnitude from 8 to 1000 M8m/pc2. Thus we 
expect that starbursts should occur in regions with exceptionally high gas surface densities. 
This expectation is consistent with recent data69) showing that the central starburst regions of 
some compact dwarf galaxies have HI surface densities above 120 M8m/pc2 that are higher 
than are found anywhere else, and with the fact that the surface density of molecular gas65) 
near the center of M82 exceeds 500 M8m/pc2. In the possible starburst galaxy Arp 220, the 
central surface density of molecular gas has the extraordinarily high value70) of 
5000 Msunlpc2. It may also be relevant that the hot core regions of some nearby giant 
molecular clouds such as OMCl aild M l7SW, which are presently actively forming massive 
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stars and thus may be regarded as "mini-starburst" regions, have exceptionally high surface 
densities35) of the order of 1000 M8w/pc2. The most active site of massive star formation in 
our Galaxy, the molecular-cloud/HII-region complex W49A, has an extremely compact 
molecular core with a mass of - 105 Msun and a surface density of - 1<>4 M8uJpc2 in which 
an intense burst of star formation has very recently taken place 71). 

The further requirement of a high efficiency of star formation in starbursts may be 
satisfied if star formation takes place on a timescale short compared with the time required for 
the negative feedback effect due to ionization to become important Delayed feedback plays a 
key role in some formal models of starbursts 72) because such a delay can allow overshoot of an 
equilibrium to occur. If the primary feedback mechanism limiting the efficiency of star 
formation is ionization, as proposed in Section 3, there is a delay time provided by the finite 
evolutionary lifetimes of the ionizing stars; if we define the delay time as the time required for 
the emission of half of the ionizing photons that will ever be emitted, this time is about 
3 x 106 yr for a cluster of 0 stars with a normal IMF. If star formation occurs within a time 
interval shorter than this, less than half of the stellar ionizing photons will be emitted while the 
stars are still forming, and the negative feedback effect of ionization will accordingly be 
reduced; if the reduction is by a factor of two, the efficiency of star formation can increase from 
5% to 10%. Similarly we estimate that if the duration of star formation is only 106 years, its 
efficiency can be as high as 20%, while if star formation is completed in only 3 x 105 years 
the efficiency can be as high as 50%. 

We note that an efficiency of star formation of the order of 50% or more is required for 
the formation of a bound cluster of stars28,29), so starbursts with sufficiently short timescales 
may also produce massive bound star clusters. Indeed, the formation of globular clusters 
almost certainly occurs in starbursts44,73,74). 

If the surface density of a gas layer is locally as high as 1000 M8uJpc2, the growth time 
for gravitational instabilities is 7 x 105 yr for a gas velocity dispersion near the "universal" 
value of - 10 km/s; the predicted timescale increases in proportion to the velocity dispersion. If 
the duration of star formation in the starburst region is also 7 x 105 yr, the efficiency of star 
formation as estimated above can be as high as - 30%. In fact, the efficiency can be higher 
than this because the individual star-forming clouds in a starburst region almost certainly have 
higher densities and shorter timescales than the starburst region as a whole, just as do the 
individual giant molecular clouds in a spiral arm. If the cloud surface densities are a few times 
larger and their timescales a few times shorter than the above values, then a star formation 
efficiency exceeding 50% can be achieved. The overall star formation timescale tsp may then 
be decreased by as much as three orders of magnitude when the gas surface density is 
increased by two orders of magnitude to - 1000 M8u0/pc2. Values for tsp as small as 
2 x 106 yr would then result, easily satisfying all of the observational constraints even for 
extreme starbursts. We conclude that an increase in the surface density of the gas in a galaxy 
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or in part of a galaxy to - 1000 Msw/pc2 would essentially guarantee a starburst with a very 
short timescale and a high efficiency of star formation. 

If the gas fueling a starburst is turned into stars on a timescale shorter than 107 years, 
the gas must also be assembled into the starburst region in a comparably short time if it is to 
accumulate faster than it is consumed. If a large amount of gas is involved, such rapid 
accumulation can be achieved only by moving the gas with large velocities, and therefore a 
violent large-scale disturbance of the interstellar medium in a galaxy is required. For example, 
in the well-studied galaxy M82 the starburst region contains about 2 x 108 Msun of gas; if we 
assume for illustration that this amount of gas is compressed from 100 to 1000 M8u0/pc2 
within a period of only 107 yr, then a velocity of at least 55 km/s is required. More generally, 
if the gas fueling a starburst is self-gravitating and the velocity with which it condenses does 
not exceed the virial speed V, then there is a maximum gas inflow rate Mmax that depends only 
on V and is given by 

. 
3 Mmax - V /G. 

For example, values for V of 50, 100, and 150 km/s yield values for Mmax of about 30, 200, 
and 700 Msw/yr. The latter numbers are comparable to the star formation rates inferred for 
extreme starburst galaxies, so we conclude that gas velocities of at least 100 to 150 km/s are 
required to provide a high enough fueling rate for the most extreme starbursts. 

Clearly, then, a strong starburst cannot occur in a normal quiescent spiral galaxy where 
departures from circular motion do not exceed - 10 km/s. Starbursts often appear to occur 
near the centers of galaxies, and this means that some large-scale dynamical disturbance must 
cause the gas in a galaxy to lose angular momentum and fall rapidly toward the center, or that 
gas with little angular momentum must fall in from outside the galaxy. Two possible effects 
that could act to transfer angular momentum and allow gas to fall rapidly toward the center of a 
galaxy are: ( 1 )  a bar-like distortion in the mass distribution, and (2) a tidal interaction or 
merger with a companion galaxy. In both cases the departure from axial symmetry in the mass 
distribution produces gravitational torques that alter the angular momentum distribution of the 
gas; for example, a trailing spiral distortion in the mass distribution acts to transfer angular 
momentum outward, allowing matter to flow inward75-77)_ Numerical simulations have 
confirmed the effectiveness of both bars78-80) and tidal interactions81 ·82) in redistributing 
angular momentum and allowing gas to accumulate near the center of a galaxy. Observations 
show that the galaxies with the highest star formation rates are, in fact, almost exclusively 
either barred galaxies83) or interacting or merging systems34,59,62,74,84-86). In most cases, 
when adequate spatial resolution is available, the region of most active star formation is found 
to be located near the center of the galaxy. 

Starbursts caused by violent dynamical disturbances were almost certainly much more 
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frequent and important during the early evolution of galaxies than they are at present. Not only 
would the average surface density of gas in galaxies have been higher then, but the young 
galaxies would have been less regular and symmetrical in structure, and interactions and 
mergers would have been much more frequent87>. Elliptical galaxies and spheroidal systems in 
general may even have formed by a series of mergers of smaller systems, and much of the star 
formation in them may have taken place in a sequence of bursts triggered by the mergers88). 
Such a picture may account for the clumpy appearance and the photometric properties of 
several candidate protogalaxies that have recently been discoverect89,90). 
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Detailed mechanisms ueociaied with dynamical process occurring in starburst galaxies 
are considered including the role of bars, waves, mergers, sinking satellites, self-gravitating 
gas and bulge heating. Our current understanding of starburst galaxies both observational 
and theoretical is placed in the context of theories of galaxy formations, Hubble sequence 
evolution, 11tarbursts and activity, and the nature of quasar absorption lines. 
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I .  INTRODUCTION 

Starburst systems are dynamically very interesting. In the low luminosity range we find 

turbulent, chaotic motions of stars and gas in dwarf galaxies, in barred galaxies the starburst 

mode is enhanced by about a factor of two and in the powerful infrared starburst galaxies, 

interactions between galaxies appear to be an obvious driving force behind the burst mode. 

Over this V88t range of luminosities there are some quite elementary considerations of a 

dynamical nature that may clarify some of the physics. The physics of star burst systems can 

be made u complex as one wishes and the focwi here on dynamical processes is obviowily 

for the sake of clarity and at the expense of completeness. We do not yet know if there 

is one specific starburst mechanism. In fact, I shall assume the contrary and set out the 

various possibilities. Angular momentum transport by bars and spiral waves are treated, 

outlining the essential processes 88sociated with any such non-axisymmetric distrubance in a 

dissipative medium. The central point is that outside corotation gas will flow outward to the 

outer Lindblad Resonance and inside corotation it will flow inwards to the inner Lindblad 

Resonance(s) or the nucleus, in the absence of this latter resonance. The effects of interaction 

are treated by analysing the effects of mergers which are clearly appropriate to the powerful 

sources and in the somewhat more intermediate cases we use results from work on sinking 

satellites. Here it is obvious that a satellite galaxy can readily reach the centre of an L. 
galaxy but in doing so, considerable disk damage may result. A few remarks are made here 

on how flat disk-like system may in fact become bulges. 

In the central regions of objects such as Arp 220 the starburst mode is so strong that 

a significant fraction of the central bulge is being turned into stars. This logically leads 

WI into considerations of galaxy formation from the starburst point of view, evolution of 

galaxies along the Hubble sequence, the relation between starbursts and activity, and the 

nature of quasar absorption lines that may be associated with the environments of starburst 

system and their huge bipolar outflows. For very interesting considerations of the nature 

of the interstellar medium and the actual details of the star formation process one should 

study the contributions to this volume by Ikeuchi and Larson. What help do we have other 

than studying starbursts in our quest for a serious theory of galaxy formation? One very 

interesting approach we can take is to 88sume that we have actually seen the protogalaxies. 



STARBURSTS AND TIIEIR DYNAMICS 485 

Protospirals we associate with the damped Lyman alpha system seen by Wolfe and colleagues 

(Wolfe et al. 1986). These systems have column densities of � 1022 cm-2 and cover 20% 

of the sky at a redshift of 2-3. The estimated mass density of the system is sufficient to 

account for all the luminous matter in the universe within a factor of 2. Protoellipticals 

would be the objects found by Djorgovskii, Spinrad and others (Djorgovskii et al. 1987) by 

deep imaging with filters of emission line regions around distant 3CR sources. Quite possibly 

these could be merging protospirals producing elliptical galaxies and initiating the triggering 

of an active nucleus. One interesting point here is that the radio axis appears to be aligned 

with the axis of emission-line gas whereas at low redshift it is, in fact, orthogonal (Chambers 

et al. 1987). Evolutionary tracks of galaxies may eventually be calculable and even at this 

very early stage it is worthwhile to think of galaxies evolving in some parameter space. This 

image is clear enough but what is the best parameter space in which to think of this evolution. 

The classic Hubble sequence is that of bulge to disk. According to Sandage (1983) "anyone 

who has looked through a telescope" would clearly classify galaxies according to the surface 

brightness of the bulge. The total luminosity of the bulge gives a one parameter fairly for 

tht) Hubble sequence as outlined by Meisels and Ostriker (1984) . Recent studies of elliptical 

galaxies (Davies et al. 1987) and spiral galaxy bulges (Dressler 1987) show that some of the 

fundamental parameters are constrained to lie on a plane that is similar for both elliptical 

and bulges (of early type galaxies) . The essential physics here is that binding energy increases 

with mass. The larger system are more tightly bond with respect to the virial theorem. Does 

this then mean that larger systems have dissipated more (Djorgovskii 1986)? Even though we 

don't have details about the hyper-plane along which galaxies evolve we will crudely assume 

it exists and we hypothesize that we may learn much about the speed and trajectory on this 

hyper plane from studying starburst systems. 

2. WAVES AND BARS IN GAS-RICH DISKS 

Conventional stellar bars driving gas flows generate rapid inflow near the bar. The nature 

of the periodic orbits changes near resonances and this sharp change cannot be achieved by 

the gas and shocks develop driving further flow inwards. Spiral waves, which can, in reality, be 

dominated by the self gravity of the gas, produce a more gradual outflow than a bar. There 
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resonances can damp the waves and thus inhibit the inflow. For purely stellar supported 

waves they are absorbed at the Inner Lindblad Resonance. We further note that a rapid rise 

of u(r) towards the centre reflects the wave. As shown by Lubow (1987), a five percent ratio 

of gas to stars results in effective Q parameters both for the stars and gas of comparable 

amplitude due to the low temperature and scale height of the dissipative gas layer. At a ratio 

of 15% the gas dominates the wave self gravity by nearly an order of magnitude. Modelling 

the central disk of NGC 1068 the wave surface density increases as r-°' , with a ,.., 3/2 and 

this atrong increase towards the centre can result in a strong central concentration of shocks 

and star formation. This is most interesting. Starbursts seem to occur more frequently in 

later type systems with gas rich disks and there is clearly some strong wave driving by, for 

example, a companion. Is the feedback positive or negative? The wave amplitude can be self 

limited due to cloud collisions. This negative feedback situation can probably be overcome 

and turned into a positive feedback starburst situation by sufficiently increasing the angular 

momentum fl.ow rate so that the gas inflow rate M is high enough to overcome this. There 

is a possibility here of a natural threshold, due to say cloud-cloud collisions, that is to be 

overcome so that the mode is that of a burat. As discussed previously Norman (1987) we 

consider a disk with an ensemble of clouds and a general non-axisymmetric perturber. Cloud 

collisiorui are analysed as straight (ncrv) collisiorui to give a collision rate "Y· Following a 

1traightforward analysis derived as a dissipative version of Lynden-Bell and Kalnajs we find 

the angular momentum flow rate is 

with characteristic time scale of inflow 

r-1 = k/h = 2,..,m2 [n:R,r [n �Op] (kRk)2 

Away from resonances, the wave-driven viscosity will beat the ordinary collisional viscosity 

(v ,.., !tv) if the wave amplitude is greater than 

(n:R,) > \1'3m(�Rn) RI y'3�Rh 
� 3% 

where l/ Rn ,.., hf Rk ,.., 0.1 and m = 2. The combination of enhanced cloud collision and 

large amplitude perturbations can give very greatly enhanced inflow by at least an order of 

magnitude. 
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Using standard nuv estimates with wave amplitudes of order 10% we find an inflow 

timescale for the centre of Arp 220 of RS 2 x 107 year and for a normal Sa galaxy of ;:;:, 109 
years. There are many ideas of what actually gives the mass function but let us calculate here 

the interesting possibility that it is cloud-cloud collisions (Scoville 1986) . Using numbers from 

Arp 220 from (Scoville et al. 1986a) we divide the 1010 M0 of gas in the central region ( ;S 3 

kpc) or Arp 220 with 105 objects or 105 M0 with radius or 5 pc and velocity dispersion of 

20 km s-1! Assuming a star formation efficiency of - 10%, the stars formation rate becomes 

102 OB star per year. 

Bars exhibit a strongly non-linear gas response and it is necessary to perform detailed nu

merical calculations to obtain precise estimates. The time scale for gas inflow is of order - (3-

lO)Trot· Larson (1985) ha11 estimated the time scale to be T - mTrot (Mhalo/Mdiak) (o'Ed/Ed)-2 

and for a general wave with pitch angle j he has estimated a timescale r - m(Ed/G(6Ed)2) 

(Vrot / sin j cos j) which both give estimates of time scales similar to those made above. 

3. SELF-GRAVITATING GAS IN CENTRAL REGIONS 

Masses of molecular gas such as these inferred from the CO observations of starburst 

galaxies show that the central potential well may, in fact, be dominated by the gas itself or 

at least very significantly affected. For such systems the condition for instability to form a 

massive bar in the gas itself is T /W ;S 0.14 (Ostriker and Peebles 1973) that depends in detail 

on the actual mus distribution. This will give a very rapid transfer of angular momentum 

by, for example, interaction with the halo. The timescale for decay or slow down of such a 

bar and consequent mass inflow is short. 

Tdecar - 101 - 101.5Trot (Mbar/Mhalo) 

including the effect of strong shocks and dynamical friction giving 

Tdecar - 3 X 106 - 107 yr 

on scale of order - 1 kpc. It is therefore very important to map the central regions in CO 

with submillimetre interferometers to accurately establish the mass distribution in the gu 

and to search for linear offset shocks as indication of the presence of barred galaxies. 

A most interesting effect due to such a massive central concentration of molecular clouds 

is the enhanced two-body star cloud heating rate whereby stars are heated by "collisions" 
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with clouds. The velocity dispersion obtained by stars in, say, the centre of Arp 220 is 

u Rl 160 ( ud,gaa ) 1/4 (-t-) 1/4 km s-1 . 
10s M0 pc-2 10Byr 

Thus a significant number of metal-rich population II stars can be heated to form a bulge 

in, of order the lifetime of the starburst � 108 yr. This is quite possibly relevant to the 

very metal-rich halo stars in our Galactic Bulge found by Whitford and Rich (1986), the 

formation of very thick inner disks and once again the possibility of evolution along the 

Hubble Sequence. 

In the spherical case of a gas rich dwarf galaxy, protoelliptical galaxy, or the central 

region of a star bursting bulge we have a novel cooling flow problem with a pressure loaded 

polytrope of cooling molecular gas. Massive accretion M � 10 - 100 M0 yr-1 can occur, as 

will massive star formation and self regulation of the accretion can occur due to the energy 

input from star formation. 

The cloud-cloud collision rate is considerably enhanced by orbit crossing. In triaxial 

systems the box orbits can cross and if gas is following these orbits they will suffer very 

enhanced dissipation (Lake and Norman 1983). If a black hole is grown in the central region 

of galaxies the orbits will go from being regular box orbits to stochastic orbits to regular tube 

orbits. Norman and May (1985) found that for a hole to core mass ratio of 10-ll to 10-l the 

orbits in a dominant nuclear bar will be predominantly stochastic. 

4. INTERACTION OF DISKS WITH GAS-RICH D WARFS/COMPANIONS 

Spiral galaxies are very responsive to satellites and consequently can trap them into 

merging on short time scales. Their fate is to reach to the central bulge regions on a time 

scale estimated by Quinn and Goodman (1986) to be 

Tsink � 4 X 109 c��:t��J (220 k
V:n s-1) (l;kpcr (1:1�.) yr  

This i s  a very crude estimate since the interplay of effects here is  very subtle-dynamical fric-

tion, resonance effects and horseshoe orbits. Sometimes even the sign is difficult to ascertain! 

The normal descent of a satellite is a damped vertical oscillation to the plane and then a 

radially inward motion to the nucleus. Very considerable damage is done to the disks during 

this process and the morphology of the underlying galaxies shows the signature of this essen-

tial process occurring. Here, once again, the issues of bulge building, disk heating, starbursts 
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and activity, damaged galaxies and Hubble sequence evolution are all intertwined. There 

are certainly not obviously enough gas rich satellites to produce all the active and starburst 

systems that we see. These basic fuel units may however have been much more numerous in 

the past and associated with quasar absorption lines (c.f. Silk and Norman 1981, Ikeuchi and 

Norman 1987). However, at the current epoch it may be that merging generates bridges and 

tails which then form break up into small, cold (i.e. low velocity dispersion) objects in the 

potential well of the merged system and which then form such satellites as described above. 

As cosmological simulations have shown (c.f. Roos and Norman 1979) merging occurs 

mainly in broad sub clumps. The relative velocity of merging galaxies must be less than 

their internal velocity dispersion, i.e. vrel .:S l.lugal· The process of violent relaxation occur 

during merging since AU /U � 1 where U is the internal energy of the galaxy. Assume 

that the interstellar media of the two galaxies are, as is usual, dominated by a multi-phase 

medium with a cool dense component in the form of massive clouds. Elliptical galaxies will 

be produced when nc1uc1v01tcroaa � few, and the end result will be a spiral galaxy when the 

value of n01uc1vc1tcrou > 1 and a slow settling occurs. The first possibility gives huge initial 

bursts of star formation of order (1010 M0/tcrou) RJ 10 M0 yr-l and the second is the most 

likely for a regular starburst mode. In this content it is interesting to look at Sandage's 

(1Q86) recent galaxy formation proposal in a new light not of the rate of star formation but 

the value of nciuc1vc1tcroas > 1. To form galaxies this way the merging must be normally that 

of protogalaxies. Stellar merging only is impossible. The merging of gas rich proto galaxies 

is crucial. As discussed extensively by (Silk and Norman 1981) the galaxies must consist of 

bound subclumps since one needs the properties of both the ballistic orbits to maintain the 

triaxiality and the dissipative collisions to generate the binding energy and such features as 

colour gradients. 

5. GALAXY EVOLUTION AND ACTIVITY 

A major theme of current theoretical astrophysic is to achieve a better understanding of 

the Hubble sequence and of the evolution of galaxies in that classification scheme. Satellite 

interactions with say Sc gas rich disks can act to grow the bulge at the expense of the depletion 

of the satellite population and the significant heating even damage of the disk possibly to form 
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a thick disk. Elliptical galaxies are found in more spectacular mergers of spiral protogalaxies. 

The rate of evolution along the Hubble sequence is given by 

corresponding to an increase in the bulge to disk ratio. From careful study of current star-

bursts and those accessible to the Hubble Space Telescope at redshifts greater than unity 

much can be learned from the observation of the milder form of the galaxy formation process 

at the present epoch, that occurs in a more dramatic form at redshifts of, say, 5. 

Starbursts giving bulge building will probably naturally give growth of a central mus 

concentration such as a black hole and its associated star cluster. Scoville and Norman 

(1987) have shown how even the long standing problem of the nature of the broad emission 

line region of active galaxies and quasars can be realised in such a scenario. Most of the 

mechanisms for fuelling and triggering activity are similar to those invoked here concerning 

the driving of the star burst mechanism namely bars, orbit scattering, waves in the dissipative 

gascons component, massive cloud, supernovae near black holes and accretion disk around 

black holes, etc. Very efficient star formation in dense clouds with box-orbits are expected 

in star bursts. There is a big advantage for massive dense, bound star clusters that may be 

found in star bunts. These can rapidly spiral into the central regions on a timescale 'f ""' ttl.,a 
(Mcore/Mcluater) · Tidal disruption can occur but the fuel can be carried much closer to the 

centre. This process could be greatly enhanced by collapse. 

Huge collinated outflows of momentum and energy from an active nucleus can trigger 1tar 

formation in the surrounding medium. This is seen to happen in M51, NGC 1068, Minkowski'11 

object, and Centaurus-A. One way to view this is to calculate the increased pressure that a 

cloud feels when shocked by a jet or when it orbits into a jet. The conventional pressure in 

the interstellar medium is Pi•m ""' 10-12 dyne cm-2 whereas the pressure in a jet at � 100 

pc is 
P . 10_9 ( L;et ) ( (100pc)2 ) (104kma-1 ) d _2 P.· ,et ""' N12 -1 A . yne cm > i.m· �� �et 

Such an increase in pressure is similar to the effects of a cloud-cloud collision. Clouds 

orbiting into a jet will be triggered just as massive OB stars appear to be triggered in spiral 

arcs. Similarly ageing effects should be seen as newly formed stars move away from the 

triggered jet, just as for the spiral wave case. 
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The active nucleus itself can significantly affect the interstellar medium. The ionisation 

balance in clouds can change by an order of magnitude due to the strong X-ray radiation 

bathing the molecular clouds. This directly lengthens the ambipolar diffusion time since it is 

proportional to the ionisation balance. 

Starburata themaelves can directly feed the monster. Massive OB stars on radial, chaotic 

or box orbits can h&Te lifetimes to supernova f'SN• significantly less than the crouing time. 

Thus high pressures and strong momentum inputs can be derived from nuclear supernovae. 

Since all the mechanisms for triggering and fuelling a star burst are the same as those envisaged 

for active galaxies and quasars and furthermore the mass supply rates are of order 102 M0 

rr-1 it aeems hard to avoid inducing activity in a starburst nucleus. 

e. QUASAR ABSORPTION LINES 

Metallic quasar absorption lines are not like the halo of our own Galaxy (Danly, Blades 

and Norman 1987). What are they? They could well be star burst systems. York et al. (1087) 

han argued that dwarf galaxies could account for aome of the systems. However, a more 

likel7 possibilit7 considered here is that they are associated with the huge bipolar outflows 

found by Heckman et al. (1987). These are systems with large covering factors (linear extents 

out to ..... 102 kpc), low ionisation, low temperature, filamentary strucure, metal rich, created 

at the epoch of significant star formation and undoubtedly more common at the epoch of 

both galaxy and active galaxy formation, say, a redshift z ..... 5. 

f. SUMMARY AND CONCLUSIONS 

Ban, waves and interactions can certainly drive an outward angular momentum fl.ow 

and inward Jll8Bll fl.ow. In gas-rich systems there is an interesting threshold effect below 

which a negative feedback effect is operating to saturate the wave amplitude and above 

which a positive feedback effect is possible that drives an ever increasing mass flux. The 

star formation processes are associated with cloud-cloud collisions or some other dissipative 

process in the gaseous component of the disk. 

The starburst phenomenon may well allow us to understand phenomenon seen at high 

redshift quite possible &1111ociated with protogalaxies namely the damped Lyman alpha disks 
.. 
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(Wolfe et al. 1986) , highly disturbed star forming 3CR sources observed in emission lines by 

Djorgovskii et al. (1987) and features of quasar absorption lines associated with, say, gas-rich 

dwarfs. 

Star burst theory and observation allows a deeper understanding of the evolution along the 

Hubble sequence particularly with respect to bulge formation, mass and angular momentum 

flow, flux of gas into stars and the expulsion of metal-rich material into the environments of 

galaxies. Activity of a galactic nucleus and starbursts are intimately associated. 

An interesting observational question is what are post starburst system really like? Ia 
bulge building really occuring in some system at the current epoch? The two central the

oretical questions that have been addressed here are what are the fundamental parameters 

associated with the Hubble sequence and how would one go about computing tracks and 

secondly how this work does in fact tie in with all our current thinking on galaxy formation, 

the nature of quasar absorption line and the understanding of the intergalactic medium. 

It is a pleasure to thank the organiser of the Moriand conference for such a stimulating 

gathering and for the participants for interesting discussions and encouragement in particular 

S. Ikeuchi, R. Larson, and B. Pagel. 
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FEEDBACK AND STARBURSTS 

Tolllllly Wiklind 
Onsala Space Observatory 
S-439 00 Onsala,  Sweden 

A s imp le phenomeno logical model of the regulatory coup l ing between the SFR and 
the molecular gas fraction is presented . The model can in a qualitative way 
exp lain both the constant SFR observed in most galaxies and the starbursting 
behaviour seen in some systems . 

495 

Formation of mass ive stars are thought to have both a positive and a negative 
feedback on further stel lar format ion . A sudden increase in the gas availab le 
for s tar formation wil l  cause a strong increase in the SFR lasting for �3 · 1 0 7 yr� 
Both the SFR and the molecular gas fraction wi l l  then perform damped oscillations 
over a period of a few x 1 0 8 yrs . This general behaviour is valid for a l arge 
range o f  parameter values . 



496 T. WIKLIND 

1 .  Introduction 

Since the work of Searle , Sargent and Bagnuo lo in 1 97 3  [ 1 4 ) it  is we l l  

known that some galaxies undergo trans ient periods o f  greatly enhanced star for

mation rate (SFR) . Although the number o f  known starburst galaxies has been 

rapid ly increasing in the last few years , they s t i l l  cons titut e  a minor ity . Mo st  

late type galaxies , inc luding our own , exhibit nearly constant SFR ' s  [ 1 8 , 1 7 ,  6 )  

In our Galaxy s tars are formed in molecular c louds , which usually are 

several orders of magni tude more mass ive than their corresponding Jeans mas s .  

I f  these c louds would all  be undergoing gravitat ional col lapse and forming 

stars , the SFR would be around 1 0 3 M0 /yr . The observed SFR is about 3 M0 /yr 

[ 1 1 ,  6 ) .  Hence , star formation appears to be regulated and maintained at a low 

effic iency over long t ime intervals . Several sources of such regulat ion have 

been propo sed [ e . g . 3 ) . One of these is feedback from OB-stars on the ambient 

interstel lar medium. 

On the one hand , expanding OB-as sociat ions can be understood as a disper

sal o f  the parent molecular c loud , containing most of the b inding mass , by the 

first formed OB-stars ( 1 0 ) . On the other hand , OB-associat ions o ften occur in 

sub-groups with monotonically changing ages [ e . g .  1 ) ,  which has been interpreted 

by Elmegreen and Lada ( 4 )  as propagating star formation driven by a previous 

generat ion of OB-st ars . A striking examp le of such self-propagating star forma

t ion can be found in the Shap ley III  cons tel lat ion in the LMC [ 2 )  where the lack 

of rotational shear has preserved the ring- like synunetry . 

The feedback from OB-s tars is thus both positive , in that it induces star 

format ion , and negat ive , in that it inhibits  further s t ar f ormat ion by destroying 

the molecular c loud . I wi l l  here show that a simp le phenomeno logical mode l of the 

SFR , with these feedbacks incorporated exhibits  both a steady state and a burst

ing behaviour when perturbed . 

2 .  Descript ion o f  the mode l 

The maj or asset with a s imp le phenomeno logical model is its  qualitat ive 

description of a comp lex physical situat ion . In order to ret ain s implicity we 

wi l l  keep the number of parameters to an ab so lute minimum and try to assign 

reasonable numerical value s  to them. 

We wi l l  use two coupled rate equations for the SFR (� )  and the mo lecular 

gas fract ion , MGF (D ) . 

D ( 1 ) 
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( 2 )  

Obvious ly , this sys tem has a st at ionary point at 

( 3 )  

The rates o f  the negat ive and positive feedback are given b y  the parame

ters y1 and y 2 , respect ive ly . Since these are c losely re lated to the main seq-
- 6 -1 

uence lifetime o f  massive st ars we will as sign a numerical value o f  1 0  yrs 

to both o f  them . The MGF is assumed to increase by various accret ion processes 

which are clumped together in the s ingle parameter s 1 • The time to form a GMC by 
8 9 

random collisions o f  small mo lecular c loud s  is 1 0  - 1 0  yrs [ 9 ] , and we will here 

use 1 0- 9 
yrs- 1 

as a typical ' accret ion ' rate . The o bserved SFR is moderated by 

the short main sequence l i fetime o f  the mas sive st ars . This is imp lemented 

through s 2 , which is taken to be 1 0-6 - 1 0- 7  yrs-1 • 

S imilar one-zone models have also been presented by others [ 1 5 ,  7 ,  5 ] . 

Scala and Struck-Marce l l  [ 1 3 ] have model led a feedback regulated interstel lar 

cloud evo lution . 

3 .  Stabi lity 

From stab i lity analysis it turns out that the model is dynamica l ly and 

s tructurally stable against perturbat ions in ei ther the MGF or the SFR . Both 

variab les wi l l  perform damped oscil lations around their equilibrium value . The 

response o f  the SFR to a sudden increase in the MGF wi l l  be strong and bur st

like , last ing for (2-4 ) · 1 0 7 yrs , and phaseshi fted re lative to the MGF by appro

ximate ly 3 · 1 0 7 yrs , cf . figure 1 .  
A change o f  the numerical values o f  the parameters s 1 , s 2 , y1 and y2 , 

within reasonable range s ,  wi l l  not change the stabil ity but rather the damping 

and oscil latory t imes . By introducing a t ime de lay for the d ispers ion of the 

ambient mo lecular c loud of a few Myrs , the response o f  the system to a di stur

bance is enhanced , cf . figure 2 .  However , i f  a s imilar t ime delay is also intro

duced for the induction of s tar format ion , the enhancement is c ounteracted and 

the response is then s imilar to the case with no time delay at all . 

In the so lut ion o f  the linearized equations it is possible to define a 

damp ing t ime tD and an oscil latory period T as 

( 4 )  
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In figure 3 tD and T are p lotted vs . changes in the parameter values . 

From these p lo t s  one can deduce the e f fect of d i fferent parameter va lues on the 

model . It is evident that the mode l  is s tab le for large variat ions of the para

meter values . 

4 .  App licat ions 

A s imp le mode l  like this has no d irect app licat ions apart from giving a 

qualitat ive picture o f  pos s ible feedback mechanisms . However ,  in a numerical 

s imulation of star formation due to c loud-c loud collisions in an interacting 

galaxy , Noguchi and Ishibashi [ 1 2 ]  found the SFR to increase by a factor �s 
relative to the equi librium value , and also temporal o s c i l lations in the global 

SFR with amp li tudes and durations s imilar to those in the present mode l . 

By initially dec�easing the MGF , or s imi larly inhib iting the SFR , the 

response o f  the system wi l l  be oscillat ions in the MGF and the SFR as be fore , 

but with a t ime delay o f  several 1 0 7  yrs for the first burst  of t he SFR. An 

intriguing result from IR observations of interacting galaxie s [ 8 ,  1 6 )  is that 

out of 73 pairs showing s t arbur st activity only 1 has such activity in both 

galaxies .  The cause of this e f fect is not known , but the present mode l shows 

that large phase differences in the SFR are possible when one sys tem experiences 
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the dispersal of the ambient 
molecular c loud. 

The damping time t , dashed 
line , and the osci£latory 
period T, full drawn line , 
defined from so lution of the 
linearized mode l .  The numeri
cal values are choosen as in 
figure 1 ,  and then varied one 
at a time . 
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an increase in the MGF , or the SFR , and the other system a decreas e .  

Hence a s imp le phenomeno logical model , containing only a few parameter s , 

can give a qualitat ive picture o f  the regulatory coup ling between the MGF and 

the SFR . The system has a s t at ionary point which i s  s t ab l e  agains t  perturbat ions , 

and when d i s t urbed the inherent propert ie s  of the regulatory coupling lead to a 

bur s t like behaviour o f  the SFR , with t imes cales agreeing with observed gas con

s umpt ion rates in s t arburs t  galaxies . 
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Abstract One clue to understand galaxies at large redshifts and, by extension, starburst 

galaxies, is to assume that they evolve· as nearby galaxies and to build evolutionary 

models to be constrained by observations on a large redshift scale. The present status 

of far-UV emissivity of giant elliptical galaxies is firstly reviewed, since this range is 

fundamental to study past star formation and is detected in visible for z 2: 0.5. Based on 

recent improvements in spectrophotometric models, possible scenarios of star formation 

histories for bursting and normal galaxies are proposed. Special attention is given to 

the evolutionary modelisation of a single burst, which will be helpful to study starbursts 

at large redshifts. 



502 B. ROCCA-VOLMERANGE and B. GUIDERDONI 

Introduction 

First developments on understanding starbursts in galaxies arised from models 
of stellar populations built to reproduce colors of extremely blue galaxies consuming 
a large fraction of gas on a short timescale and characterized by a dominant young 
massive stellar population (Searle et al. , 1973, Larson and Tinsley, 1978) . More recently, 
observations from the IRAS satellite, in the far-infrared wavelength range, extended the 
notion of starbursts in galaxies and more precisely in distant galaxies, to a large scale. 
Moreover, smaller bursts of star formation in galaxies can also explain the fraction of 
blue galaxies in cluster cores, which increases with redshift (Butcher and Oemler, 1984, 
and references therein) . 

So, before estimating significant parameters of a burst of star formation ( M/L 
ratio, present rate, initial mass function, . .) , it is necessary to separate the contribution 
of "normal evolution" , the effect of the cosmology and the effect of the dust in the 
underlying galaxy. That is the crucial and general problem of the analysis of high
redshift galaxies. Bursts which concern the totality or a large fraction of the galaxy and 
its environment have to be studied from preferential rest-frame wavelength ranges: they 
are extreme-UV and far-infrared on the one hand, and near-infrared (>. :::; 5µm) on the 
other hand, respectively informing on massive, main sequence stars and on supergiant 
stars. 

Models tentatively reproduce, at any age, "normal evolution" of galaxies of the 
Hubble Sequence from far-UV light (1200 A) to near infrared (� lµm) . We propose 
models which give intrinsic evolution effects by varying a limited number of free param
eters: essentially the time-scale of the gas consumption. Careful attention will be given 
to the far-UV light emitted by elliptical or inner bulges of spiral galaxies, the most 
detectable objects at large distances in visible broad-band filters. 

We search for the observational characteristics of a young elliptical galaxy to com
pare (or eventually substract) to a starburst galaxy and thus to define the intrinsic 
properties of starbursts. 

We review the present status including our new analysis of the far-UV light emitted 
by giant elliptical galaxies in section 1. Section 2 will present models of evolution of 
normal galaxies. Results on colors and magnitudes of high-redshift galaxies will be 
given in section 3 and our preliminary conclusion on the amount of galactic evolution 
as defined by our UV-hot and UV-cold models, will be given in the last section. 

I. An evolutionary scenario for the "UV excess" 

An important literature has been published on various interpretations given to the 
apparent excess of UV light emitted by early-type galaxies : either massive stars (Wu 
et al . ,  1980) or hot evolved stars (Bertola et al . ,  1982, Deharveng et al., 1982) among 
which horizontal branch stars and more recently post asymptotic giant branch stars 
(Renzini, 1985) are the favorite candidates. 
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a) The main properties of this far-UV light emitted essentially by nuclei of elliptical 
or SO galaxies and detected by the ANS, OAO and IUE satellites, are : 
i) An important variation from one galaxy to another one (Bertola et al . ,  1982, Nesci 
and Perola, 1985, and references therein) . 
ii) Variations are observationally limited by the maximum values of the well-known 
elliptical galaxies of the Virgo cluster M87 (Bertola et al . ,  1980) and NGC4649 (Bertola 
et al. ,  1982) . 
iii) In gas-rich galaxies such as NGC5102, where star formation is detected (Van den 
Bergh, 1976) , a definition of the UV excess is not significant. 

In Rocca-Volmerange and Guiderdoni 1987, hereafter RVG,  we propose a new anal
ysis of the IUE spectra of early- type galaxies, using the best spectral resolution (::; 
10 A) of the instruments and the stellar atlases (Wu et  al . ,  1983, Heck et  al . ,  1983, 
Gunn and Stryker,1983) ,treated in the same way as the spectra of galaxies , to interpret 
stellar emissivity. Three important results related to the history of the star formation 
are obtained in our sample of gas-poor galaxies: 
iv) From the spectral range 2500 A to 3000 A, a dominant stellar component of F stars 
with an age of 3 to 10 Gyrs is detected in the nuclei of these galaxies. UV stellar continua 
do not present discontinuities with the visible, favoring a scenario of continuous star 
formation process. 
v) A faint emissivity at 2000 A is observed for all galaxies. This is the range of maximum 
emission of A stars. The horizontal branch stars which have essentially the A type ( Caloi 
et al. ,  1986) cannot be the main contributors to the far-UV emission. 
vi) In some cases, an UV excess is detectable (cases of M87, NGC3115) and in other 
cases, any UV excess is not detectable (cases of M32 and NGC4382). But with this 
new analysis, UV excess is only significant below 2000 A . If its origin is stellar, it 
corresponds to very hot stars. The fact that it is not observed in all galaxies does not 
favor the hypothesis of evolved stars according to a standard scenario. Moreover, in 
each case, it may be explained by the accretion of a small amount of gas : cooling-flows 
are detected in M87 and a stripped dwarf galaxy companion has been detected in the 
typical isolated SO galaxy NGC31 15 (de Vaucouleurs et al. ,  1976, Hanes and Harris, 
1986) . This could supply the galaxy with a low amount of gas according to the accretion 
model of Silk and Norman, 1979. For NGC 3115, another explanation to the UV excess 
is difficult to find. 

The lack of UV emissivity of M32 can be explained by the sweeping of the gas 
content during the crossing of the disk of M31 while, in the case of NGC4382 which is 
relatively blue and in pair with another giant galaxy, interaction could have stripped 
the gas from the nucleus. 

b) As a conclusion of the previous analysis, the origin of the UV excess can be 
star formation, and the evolution of this massive stellar component at large look-back 
times will be strongly different from that of an evolved stellar component, as calculated 
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in the "HBl" and "HB2" models of Bruzual, 1981 and we propose to model the UV 

emissivity with an evolutionary scenario of star formation with given IMF and age. An 
extended grid of µ-models was proposed by Bruzual, 1983. These models were also 
based on star formation scenarios but a complete fit from far-UV to visible needed 

the simultaneous variation of several parameters (IMF, rates) . If the UV emissivity 

is related to the presence or lack of a small amount of gas, a precise origin of this 
gas is impossible to determine and consequently one difficulty is to parametrize any 

environmental interaction which is in principle randomly distributed during the life of 
the galaxy. To answer this problem, we proposed two extreme models " UV-cold" and 

" UV-hot" ellipticals respectively fitting the extreme cases (maximum for M87 and null 
for NGC4382) , as analyzed by RVG ( figures lab) . 

''°' 2000 ''°' 3000 
a. b 

Figure 1. A comparison of the IUE spectra of M87 (a) and NGC4382 (b) with a F8V 
star. Stellar fluxes are normalized at 3000 A to galactic ones in absolute units:10-14erg 
cm-2s-1 A- 1 • 

Such scenarios have to be tested with an evolutionary model. The adopted star 

formation laws are the following ones: 

- the upper limit is well represented by a star formation law proportional to the 
gas content, with a high efficiency: r. (t) = lg (t) with g(t) = Mgas (t)/Mtot · This is the 

UV-hot (h) model. 

- the lower limit in extreme UV light is simply given by an exponentially decreasing 
star formation law, independent of the gas content: r. (t) = exp (-t) . This is the UV

cold ( c) model. 

r. (t) is in Me Gyr-1 by Me unit, and t is in Gyr unit. The present age of the 
galaxy tg is � 13 Gyrs. Calculations are proposed in Guiderdoni and Rocca-Volmerange, 

1987a, hereafter GRV and a comparison with models is given in figure 2. 
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Figure 2. Comparison of the synthetic spectra of cold (c) and hot (h) elliptical 
galaxies at an age 13Gyrs, with the observational spectrum of the nucleus of M87 
(Bertola et al, 1980) . M87 has one of the largest UV excesses. 

For comparison, another exponentially decreasing star formation law is also con
sidered: r. (t) = 0.4 exp(-0.4t) . this model (h') reproduces the maximum UV excess of 
M87 with a time-scale of the star formation longer than (h) , inducing colors in visible 
which are bluer than normal E galaxies. We will also introduce a lGyr burst model 
(b): r.(t) = 1 for t::; lGyr and null later. It reproduces a null UV-excess with a shorter 
time-scale than (c) , inducing redder colors in visible and infrared. 

II. Models of galactic evolution 

a) Photometric evolutionary models 

Photometric models were initiated by Tinsley, 1972, and Searle et al . ,  1973, to in
terpret visible photometry of galaxies and the Hubble sequence in color-color diagrams. 
An explanation of the bluest galaxies by bursts of star formation was also given by 
Searle et al. ,  1973, and·Larson and Tinsley, 1978. 

Such models were improved with a nebular component (Huchra, 1977) , with a 

metal-deficiency effect and far-UV colors (Rocca-Volmerange et al., 1981) and more 
recently with a continuous metallicity effect (Arimoto and Yoshii, 1986) . 

But a model to analyze apparent magnitudes and colors of high-redshift galaxies 

needs the addition of a spectral library of stars and the coupling with a cosmological 

model. It was firstly carried out by Bruzual, 1981, whose model has been used for many 

interpretations. 
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At present, several improvements relatively to these previous models are in GRV. 
- A complete stellar library from 1200 A to � lµm, used with the best resolution :::;: 
10A ,exists from the IUE satellite (Wu et al . ,  1983., Heck et al . ,  1983) and visible (Gunn 
and Stryker, 1983) spectral Atlases. The library of Bruzual, 1981 ,  models had no flux 
at >. :::;: 2000A for stars with a type later than F and an average wavelength step = 50A 

in visible. 
- The nebular component (continuum and emission lines) may have a stronger effect at 
high redshift than estimated for nearby galaxies (Huchra, 1977) and is added according 
to a standard HII region from Stasiftska, 1984, models. 
- The extinction effect, tightly correlated to dust and gas, modifies the apparent spec
trophotometry of galaxies , especially in UV light and when galaxies are more gaseous 
than now. 
- The sensitivity of the results to the effective temperature of the giant branches is 
now well known (Renzini, 1985). In our models, we propose to vary Teff with stellar 
masses according to the models of Sweigart and Gross, 1978, deduced from the Yale 
isochrones. We also take into account the evolutionary phase of the Asymptotic Giant 
Branch, from Iben and Truran, 1978 , and Renzini and Voli, 1981 ,  and the Horizontal 
Branch stars, according to Sweigart and Gross, 1976. Details are given in GRV. 

b) Star formation parameters 
Various histories are proposed in models of evolution : correlation of the star for

mation rate (SFR) with the gas content HI or H2 , exponentially-decreasing or constant. 
From Schmidt's {1963) law to the models of Dopita, 1985, fitting the sample of galaxies 
from Donas and Deharveng, 1984, observed in UV-light with the OAO satellite (Code 
and Welch, 1982) ,  SFRs are generally assumed to be proportional to a power of the 
gas density, more specifically of the surface density (Larson, this conference) with a 
possible threshold effect (Elmegreen, 1979, Dopita, 1985, Guiderdoni, 1987) . But to 
estimate the variation of the gas content is difficult since it depends on the efficiency of 
the star formation but also on the gas ejected by stars and on possible exchanges with 
the environment (accretion flow, cooling flows, galactic winds, etc . . .  ) .  

The parameter which gives a good image of the large scale phenomenon of star 
formation rate is the time scale of the gas consumption. Table 1 gives the adopted time 
scales (Guiderdoni, 1986, Guiderdoni and Rocca-Volmerange, 1987b) ; corresponding 
star formation histories and possible morphological types are also given. 

� t, (Gyr) Type 
burst 1 Gyr 0.63 
1 exp - lt 1 .0  
0.37 exp - 0.371 2. 7 
04g(t )  2 .3 
0 3g(t) 3.0 
0 2g(t) 4.5 
O . I g(t) 9 . 1  
0 .048 13.2 
4 .0  x 10-•12 16 .8 

UV--<:old E/SO 
UV-hot E/SO 
SO/a 
Sa 
Sb 
Sc 
Sd 
Im 

j Table 1. 
Star formation histories, 
time scales of the gas consumption t. 
and possible morphological types 
adopted in our models ( G RV). 
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Table 2. Gas density g, M/L ratio, visible and UV colors, present/past SFR calcu

lated for our various star formation laws at 15.5 Gyrs. 

1c..f 
Figure 3. Comparison of three isochrone sequence��,(9.5Gyrs, 12.5Gyrs , 15 .5Gyrs) 

for various SF laws of table 1 with observational colors. Sources of observations and 

caracteristics of the photometric systems are in GRV. 



508 B. ROCCA-VOLMERANGE and B. GUIDERDONI 

Several IMFs have been proposed in the literature. They essentially differ for mas
sive stars: dN (m)/d log m ex m-x with x=l .35 (Salpeter, 1955) , 2.3 (Miller and Scalo, 
1979) , 2.0 (Lequeux, 1979) . A recent, complete analysis of the present observations 
(Scalo, 1986) gives x=l.7.  In our models we adopt this value for 2M0 :S m  :S 80M0 . 
Slopes for less massive stars are more uncertain because of incomplete counts and de
pendence on past star formation. We adopt values from Tinsley, 1980: x=0.25 for 
0.1M0 :S m  :S 1M0 and from Salpeter, 1955, x=l.35 for lM0 :S m  :S 2M0 . 

As a first approximation, we adopt one unique metallicity, the solar one which is 
reached in less than 1 Gyr (Rocca-Volmerange, 1987a). In our UV and visible studies, 
the results are more sensitive to the age effect than to the metallicity effect, as confirmed 
by Bica and Alloin, 1986, Moreover integrated photometry of distant galaxies includes 
all the components (halo, disk and bulge) and their average metallicity could be not far 
from solar. 

III. Evolution of high-redshift galaxies 

a) Rest-frame colors and spectra 
Main results of colors and gas content at 15.5 Gyrs for the adopted star formation 

histories, which are outputs of our models (GRV) , are given in table 2. The comparison 
of these models at three ages with observed galaxies of the Hubble sequence in visible 
and far-UV colors is shown in figures 3abc. Equivalent widths of (Ha + [NII]) lines 
are given in fig.3d, assuming a fraction 0.8 of the total ionizing energy being absorbed 
by grains or escaping from the galaxy. 

o '-�2�0�00-=:'...:!;..��4-0�00����-60�00����-80�0-0���__J,-04 
ANGSTROM 

Figure 4a 
Three types of galaxies will be presented: 
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- Stellar continua of a bursting galaxy (figure 4a) . The duration of the burst is 

lGyr. Three ages are shown: 0.5 Gyr, 1 .5 Gyr and 15.5 Gyrs. The IMF is from Scalo, 
1986, as previously described. 

- The stellar energy distribution of an Sb galaxy can be modeled as shown in fig.4b. 

The star formation rate by mass of galaxy is 0.4 Mgas (t)/Mtot · Nebular continuum and 

lines are also calculated. 
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- Elliptical galaxies, the brightest ones, can be detected at large distances. Fig 4c 
presents synthetic spectra for our two UV-hot and UV-cold models at 13 Gyrs. 

Figure 4c 
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A comparison of such synthetic spectra with observations is needed before using 
them as rest-frame typical spectra. One difficulty of any comparison is to have identical 
apertures with the different instruments. Two examples of well known elliptical galaxies 
M87 and NGC 4649, published by Bertola et al, 1980, 1982 are fairly fitted from far-UV 
light to visible by our UV-hot model at the age 13Gyrs (Rocca-Volmerange, 1987b) . 
Figure 5 shows that agreement is quite satisfying for adopting these time scales for the 
gas consumption and it also confirms that UV excess of such galaxies has most likely a 
star formation origin. 

1 000 2000 3000 4000 5000 6000 7000 8000 
Figure 5 .  Comparison of the UV-hot (h) elliptical model at 13 Gyrs with obser

vational spectrum of M87 from Bertola et al, 1980. Normalisations are at 3000A (IUE 
spectrum) and 5400A (visible) . 

b) Evolution effect at high redshift 
Friedman-Lemaitre cosmological models associated to our evolutionary model of 

stellar population give spectra and emission lines of galaxies with different types at var
ious cosmological ages. Colors may be easily calculated by these spectra through filters. 
Apparent magnitudes and colors of distant galaxies are given in tables (Guiderdoni and 
Rocca-Volmerange, 1987b), for various photometric systems: Johnson, 1965 , Thuan 
and Gunn, 1976, Kron, 1980, Koo, 1981 ,  and through filters of the Wide Field Camera 
and Faint Object Camera of the Space Telescope (Paresce, 1985 , Griffiths, 1985) . They 
are published for timescales of table 2 to reproduce morphological types of the Hubble 
Sequence from bursts and elliptical to irregular galaxies . One example for V and B-V 
is shown in figure 6. 

The results of our models can be summarized as follows : The elliptical galaxies 
which have significant changes in their star formation histories need an evolution factor 
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Figure 6. V and B�V versus z for a spiral galaxy (Sd) and for soi elliptical g�laxies 

(
_
UV-hot (h_') and UV-cold (c) models) ,  calculated with {full line) and without (dashed 

!me) evolution. The UV-hot case (h) roughly similar to (c) according to fig.4c is not 
shown. 

to be taken into account at large look-back times. The redshift limit beyond which 
evolution is detectable varies from 0. 7 (in the U band) to 0.9 in visible. The evolutionary 
correction strongly increases beyond z �1,  and reaches several magnitudes {GRV) . 

The irregular and late spirals have a uniform and almost constant with time SFR. So 
no evolution factor is necessary to interpret the observations. This remark will be useful 
for most faint galaxies observed in large field surveys, for which the disk components 
are probably dominant. 

A comparison of our models with Bruzual models, calculated in the conditions of 
the µ-model (µ = 0.6) and of the burst (b) is presented in figure 7 for the two visible 
colors in which differences are the most conspicuous. 

/ 
I 

I 
� b  

' � / - , _,.. !--�-

- - -

I 

/ 
I 

' 
'\ 

'\ 

Figure 7. Comparison of Bruzual models, 1981 (dashed lines) and GRV, 1987 (full 
lines) when calculated with identical star formation parameters: burst (b) , µ models 
with µ=0.6 and 0.15. Extinction and nebular component are not included. 
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c) Comparison with observations 

A comparison is possible with some sample of high-redshift galaxies: bright cluster 
members (Kristian et al, 1978) and optical counterparts of 3CR radiogalaxies observed 

by Djorgovski et al., 1987. Figures 8 and 9 present V and R photometry for two sets 

of cosmological parameters (H0=50 km s-1 Mpc-1 ,  00=0.1 and 1 ,  Ao=O) , and three 

star formation histories: (c) and (h') with an active evolution and lGyr burst (b) 

with a passive evolution. From a comparison with observations, it is clear that 3CR 
radiogalaxies follow scenarios of active evolution of star formation. This is in agreement 

with the detection of several components (Le Fevre, this conference) as well as the 
intensity of the [OH] lines or the velocity fields of such radiogalaxies ( Djorgovski et al, 

1987) from which it is concluded to interaction or merging processes. These processes 
drastically increase the surface density of gas and induce a high-efficiency process of star 
formation (Larson, this conference) during a time scale long enough to be simulated by 

the continuous (h') and (c) models. 

Another interesting point is that M87, which is a radiogalaxy, also follows (figure 
5) an active scenario of star formation (h) , intermediate between (h') and (c) , at an 

age 13Gyrs from 1200 A to 8000 A, without any sign of rough interaction with the 
intergalactic medium as hot galactic winds. Then such merging 3CR radiogalaxies 

which would have to appear as monsters due to their interacting mass are in fact well 
simulated in magnitude as in colors by the same star formation rate by mass unit than 

the giant and not merging radiogalaxy M87. Better comparisons have to be realized 

with other radiogalaxy samples such as the "1 Jy" sample (Allington-Smith et al. ,  
1985, Lilly et  al. ,  1985) . These radiogalaxies, well bracketed by the two (h') and (c) 
continuous star formation models, do not present caracteristics of a starburst but are 

likely representative of normal galaxies with a high surface density of gas for a long 
time scale. 

The present question is: Does it exist giant galaxies with a lower gaseous surface 
density which would be located between the (c) and (b) models in the magnitude-z 
or color-z diagrams. This sample of 3CR radiogalaxies could be a biased sample in 

magnitude. From figure 9, it is clear that galaxies between the burst curve (b) and 
the (h') and (c) curves with evolution cannot be detected if their surface brightness is 
insufficient. It is also possible that an amplification factor due to gravitational lensing 
(Hammer and Nottale, 1986) as well as the contribution of the active component to 

the total energy could modify the apparent stellar energy distribution in a way which 
is difficult to estimate. However the amplification effect does not modify colors and 

evolution is detectable in several colors as shown in GRV. 

To summarize, the 3CR radiogalaxy sample presents in the rest-frame UV and 

visible colors (not affected by amplification) a scenario of star formation similar to 
M87. To know if this stage of merging radiogalaxy is a sign of formation by merging or 

an occasional phenomenon will only be possible from infra-red colors with a look-back 
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Figures 8 and 9. Apparent V and R magnitudes and V-R color versus redshift 
calculated with our UV-hot (h') and cold (c) and (Ho = 50, 00 = 0.1, .>-0 = O, zfor = 
5Gyrs) cosmological parameters: with (thick lines) and without (dashed lines) evolution. 

Another cosmological model with 00 = 1 is also shown with (dot-dashed lines) and 
without (dotted lines) evolution. Observations are from Kristian et al, 1978 (dots) 

and Djorgovski et al, 1987 (squares) .  Normalisation is the absolute magnitude at rest 
MB =-22. The (b) model is also mentioned (open dots) in figure 9. 
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time corresponding to earlier phases (Lilly and Longair, 1984, Eisenhardt and Lebofsky, 
1987).  

Conclusion 

A short review of the scenarios of star formation history, needed to reproduce the 
normal evolution of galaxies in the rest frame, is given. The characteristics of a "normal" 
evolution must be well known before the extension to characteristics of intense bursts. 

For high-redshift galaxies, because of large look-back times, emission in the rest
frame UV range at the is detected in visible, so we concentrate our analysis on recent 
evolutionary ideas of the UV light emitted by elliptical galaxies. 

We also present some new developments: 
i) in our model which simulates the evolution of galaxies of the Hubble Sequence 

with a minimum number of free parameters, and predicts apparent magnitudes in var
ious photometric systems, 

ii) in fitting on a large wavelength range (1200A -8000A ) the spectrum of M87 with 
an active scenario of star formation. No evidence of violent interaction with external 
medium (hot galactic winds for example) appears for the last 13 Gyrs. 

iii) in concluding that 3CR radiogalaxies at large z evolve in colors and magnitudes 
as giant elliptical galaxies. 
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GALACT I C  EVOLUT I ON AND F RAGMENTAT I ON BURSTS 
I N  THE PROTOHALO 
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Osservat br i o  Ast ronom i co d i  Roma 

V .  le d e l  Parco Me l l i n i ,  84 I -00 1 36 ROMA, I t a l y . 

5 1 7  

The pr i mord i a l  evo l ut i on of t h e  g a l act i c  h a l o i s  i nvest i g a t ed ,  
us i n g  a m u l t i f l u i d  frag ment i n g -rad i at i ve evo l ut i on mode l .  A new 
t h eory of fragment at i on C l > ,  s u p port ed by a s u i t a b l e  t reat m ent o f  
t h e  rad i at i ve propert i es o f  t h e  pr i mord i a l  h a l o  g as ( account i n g 
a l so for t h e  format i on of mo l ec u l ar hydrogen and for i t s  coo l i n g  
e f fect ) i s  used t o  pred i ct t h e  mass s pe c t r u m  o f  t h e  f i rst s t e l l ar 
geY1erat i c•Y"1 and t c• st udy t h e  p r i mord i a l  frag ment at i on act i v i t y .  
The f i. rst s t ars form i Y-1 t h e  ran g e  ( 40 ,  1 000 ) so l ar masses , most 
l i ke l y  in t h e  prot o g l o b u l ar c l ust ers. S t rong frag ment a t i on b urst s 
a p pear aft er 200 Myr < a bout 1 . 2  g a l ac t i c  free-fa l l  t i m e s ) . 



5 1 8  A. DI FAZIO 

1 .  J 1'1t ro<;).!,!ct i on ._ 

The ma i n  g oa l  of t h i s  pa per i s  t o  det erm i ne t h e  ma i n  phys i ca l  

charact er i st i cs o f  t he evo l ut i on o f  t h e  pr i mord i a l  g a l act i c  h a l o . 

I n  part i c u l a.r ,  w h e n  and where are t he f i rst s t a r s  bc�n, w h a t  i s  

t h e i r  mass spect r u m ,  w h a t  a r e  t he f i rst se l f - g r av i t at i n g , pre-

st e l l ar st r uct ures formed . I n  Sect . 2 ,  we s h a l l  see h o w  we can 

set u p  a mu l t i - f l u i d  ca l c u l at i on ,  in order to accomp l i sh our g oa l .  

At t h e  same t i me ,  i t  w i l l  be shown w h a t  t reat ment i s  s u i t a b l e  t o  

d escr i be t h e  rad i at i ve act i v i t y  o f  t h e  prot oh a l o ' s l ow d ens i t y  and 

t em perat ure gas med i um ,  us i n g  ot h er spec i f i c  works i n  t h e l i t era-

t ure C:' , 3 ) . Sect . 

short d i scuss i on �  

I t  i S We; 1 1  

3 w i l l  d i s p l ay t h e res u l t s , t o g e t h e r  w i t h  a 

known t h at t h e  a bove desc� i bed pro b l ems are 

i nt ens i ve l y  de bat ed s u b j ect s .  One o f  t he ma i n  reasons for t h i s  

:l s  t h at g l oba l mode l s  w i t h  com p l et e  and s u f f i c i ent l y  re f i ned 

t reat ment o f  t he re l evant p h y s i ca l  processes are rare l y  found i n  

t h e  l i t erat ure·. The ma i n  q uest i ons s u b j ect t o  s c i ent i f i c  ' po l e-

m i. cs' are : i )  w h e t h e r  t h e  f i rst st ars are l ow or h i g h mass l and 

t h us shou l d  or sh o u l d  not st i l l  be present now as a z ero-heavy-

e l ement po p u l at i on ) ; i i l  whet her t h e f i rst s t a r  forma t i on act i -

v i t y  i s  a h i g h l y  e f f i c i ent and fast pri::ices��� C prot o h a l o  s t a r  

burst ) ;  i i i ) w h e t h er t h e  g l o b u l ar c l ust ers are necessar i l y a 

pre-g a l act i c  g enerat i on or can reasona b l y  be anot h er prot oha l o  

fra g ment at i on generat i on .  

;:>. Rad i�j;j_y_f!!. m·=�H_i fJ..! . .,!.ifl m.Pdf?.l..,_ 

The syst em i s  fo l l owed a f t er t he t i me of e x i t  from l i near i t y  

( deco u p l i n g  from t he H u b b l e  f l ow > . I t  i s  schemat i z ed as an i n i -

t i a l l y  pure gas sphere, o f  pr i mord i a l  chem i ca l  compos i t i on ( e . g . , 

X=0. 25, Y=0. 75 ) and at a t em perat ure 1 00 C T C 1 000 ° K. I n  t h ese 
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C C1'f1d i t  :i Ctl"1 S ,  t h e syst em i s  v e r y  f a r  from eq u i l i br i um .  T h e  eq ua--

t i on of s t a t e acco unt s for t h e  i on i z a t i on o f  t h e  m a t e r i a l  and for 

t h e  mo l ec u l ar h y d r o g en f o rmat i on process. The coo l i n g f unct i on i s  

d i  v i d i:d i nt o:• t wo part s :  t h e  f i rst one i s  d u e  t o  free-bo und and 

free-free t ra ns i t i ons and to T h omson scat t er i ng on t h e  atom i c  

h y d r o g e n  and h e l i um ,  t h e  second one t o  t h e  rot e-v i brat i ona l 

t rans i t i ons of t h e  h yd r o g e n  mo l ec u l e .  T h e  o p ac i t y  f unct i on adop

t ed is d escr i bed and d i s c ussed in C 2 l , t o g e t h e r  w i t h  t h e re l evant 

processes. As t h e  g a s  s t art s co l l a ps i n g u n d er i t s  own g r av i t y ,  i t  

i s  a l s o g r av i t at i ona l l y unst a b l e  and i t  beg i ns t o  frag ment . Fc• l -

l ow i n g a recent w o r k  o n  frag ment a t i on b y  g r av i t at i ona l i nst a b i l i t y  

< 1 > ,  w h i ch a l l ows t o  c om p u t e  t h e  evo l ut i on o f  t h e  fragment s •  mass 

s p ec t r u m  and t h e  i nst ant aneous f r a g ment at i on rat e ,  we d escr i be t h e  

b i rt h  o f  a condensed p h ase i n  o u r  co l l a ps i n g  s ys t em .  T h e  pre-

v i ous work d i d  ��t account for m o l ec u l ar h y d r o g en and had a ro u g -

h e r  t r eat ment for t h e  c oo l i n g  f unct i on ,  as we l l  a s  f o r  t h e  eq ua-

t i on of st a t e  and for t h e  rad i at i on l osses. T h e  d ynam i ca l  and 

t h ermod ynam i ca l  d escr i pt i on of t he t wo phases C g a s + f r a g ment s )  i s  

accom p l i sh ed b y  fo l l ow i n g a s ph e r i ca l  syst em o f  fragment s .  L i ke 

i n  ( 1 1 ,  t h e  fra g ment s are cou p l ed t o  t h e  g as v i a  t h e  f r a g ment at i on 

l aw ( cl E't erm i r1ed by t h e i nst ant l oc a l  s t a t e o f  mat t er )  and t h e 

conservat i ons of e ne r g y , moment u m ,  a n d  mass. T h e  d i f ferent i a l  

eq uat i ons g overn i n g t h e  system are t h e same a s  i n  ( 1 ) ,  w i t h  t h e 

fo l l ow i r1 g  e x ce p t i c•Y1s : i )  t h e  coQ l i n g  f 1.rnct i Qn h ,:;is an ad d i t i ve t erm 

l i ke t h at d E·�;cr i bed i n  ( 2 D  ( fc•r t h e  nw l ec u l ar h y d r o g er1 CC•nt r i b u -

Sm i t h ' s f i t  accQunt s f Q r  3 v i brat i ona l and 20 rotat i on a l  

l eve l s ) ; i i i  a S a h a  eq uat i on d escr i bes t h e  a b undance o f  mo l ec u l ar 

h y d r o g en and t h e  fract i o n i s  sca l ed d own by a fact o r  account i n g 

for NLTE ; i i i )  t h e  l at en t  h eat s of i on i z a t i on and d i ssoc i at i on 

are acco unt e d  for. 
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T h e  i n i t i a l  cond i t i ons ch osen for t h e prot o g a l act i c  c l o u d  
1 1  

are : T 1 00
°

K ;  R = 30 K p c ; M = 1 0  M ; M a O. Genera-
i:1 c•  t i:•t a1 g as 

t i ons of fragment s are born when t h e f ra g m en t a t i on process comes 

to a h a l t  d ue to t h e l ow d ens i t y  i nd uced by g as e x h a ust i on < see 

1 ) .  

3 . Resu l t s  

The resu l t s  are sh own i n  F i g . s 1 t o  5 .  F i g . 1 d i s p l a ys : i )  

( sh ort -dashed l i ne )  t h e ve l oc i t y  d i s pers i on C i n un i t s  9 K m / se c ) 

o f  t h e  second g enerat i on f r a g ment s C prot o g l o b u l ar c l ust ers, see 

F i g .  3 l ; i i l  C l o::in g -d ashed l i n e )  t h e g as t emperat ure ( i n •.m i t s  1 00 0  

O K ) ; i i i )  t h e g a s  t em perat ure o f  ( 1 ) ,  t h at was com p u t e d  w i t h o ut 

mo l ec u l ar h yd r o g e n  coo l i n g ;  a l l q uant i t i es are v s .  

free-fa l l  t i me un i t s  ( 1 40Myr l . F i g .  1 

� 

r--1§ 
. .... 

�� ,. E b �  � 

0 

3 

,, 

.... , \. -- - - - -.' ., """" ---' :.::= -..::--- =.::. 
- - -

/ - -
I 

t i me i n  

0 t/'C' 

An ad i abat i c  beh a v i o u r  i s  o b v i o us l y  f o l l owed by t h e  fra g men t s  

ve l oc i t y  d i spers i on C t h e f r a g ment syst em ' s i nt erna l ener g y  i n  

random or b i t s  behaves ad i a ba t i ca l l y > , wh i l e t h e  g as t em perat ure 

reaches very soo� a q uasy- i so t h erma l phase aro und 1 800 � . 

I t  i s  i nt erest i n g  t o  see what h a p pens t o  t h e system as a 

wh o::• l e .  F i rst , i n  a bo u t  1 60 Myr, i t  g i ve s  b i rt h  t o  a f i r st 

g enera t i on o f  fra g ment s whose masses can be seen in f i g  2 ( mass 

s pect r u m ) .  
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F i g .  2 

,....... 3 � 
I 

-0'0 
"'" 

I � 
-& 

0 

T h i s  f i g ure, l i ke a l l the mass f unct i on f i g ures in t h i s  paper, 

p l ot s t h e  number of fragments per u n i t  mass i nt erva l i n  arb i t rary 
8 

un i t s . Here, t h e mass i s  i n  u n i t s  of 1 0  M • Th ese fragment s are 

even more unst a b l e  t h a n  i n  ( 1 1 ,  d ue t o  t he coo l i n g  e f fect of t h e 

mo l ec u l a r h yd r o g e n  prod uced . T h e  f o l l ow i ng f r a g ment at i on process 

g i ves b i r t h  to t h e g enerat i on whose mass funct i on i s  d i s p l ayed i n  

F i g .  3. T h i s  

prc• t o g  l c• b u l ar 

,....._ ...... 
I Oil 

.. "" 
' o  � 
-e-

c l ust ers 

8 

4 

0 
0 

can represent t h e  pr i meva l 

< Th e  mass is i n  un i t s  

F i g .  3 

fam i l y c• f 
5 

o f  1 0 M I . 
>]> 

5 11/(�o; Me>) 
A1 t h o u g h  t h e  shape i s  s l i g h t l y  d i f ferent t h al'"1 i n  ( 1 ) '  t he peak 

mass d i f fers on l y  for a sma l l  factor from ( 1 1 .  T h i s  i s  d ue t o  t he 

onset of a rad i at i ve pseud o-eq u i l i br i um d u r i n g  t h e  co l l a pse. F ur-

t h er fragment a t i on < t he s t a t e  of t h e  g as i n  t h e  var i o us frag ment s  
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i s  const ant l y  fo l l owed i n  t i me )  l ea d s  t o  t h e  t h i r d  g enerat i on 

frag ment s .  T h e  m a j or i t y  o f  t hese o b j ect s forms i n  o n l y  60-70 

Myr, and t h e i r  mass spect r u m  is shown i n  F i g .  4 

3 
,....._ ... I 
cr'O 

"' M 
' o  � 
-e-

0 0 5 
< The mass un i t  i s  1 00 M > .  Here t h e  H coo l i ng h a s  l owered ( w i t h  

respect t o  Ref. l i t h e m i n  mass t o  4 5  so l ar masses ; t h e  s h a pe i n  t h e  

h i gh mass t a i l  h a s  not ch a n g ed . We see t h at t h e  o b j ect s whose mass 

is h i s t o g rammed in 4 are very l i ke l y  to be t h e  f i rst s t ars C t  he 

prev i o us g enerat i ons' masses are t oo l ar ge ) . I f  t h ese ca l c u l a-

t i ons are d e t a i l ed eno u g h  t o  g i ve g ood ord ers o f  m a g n i t ude ( wh i ch 

i s  very l i ke l y )  we not e  t hat t h ese pr i mord i a l  h eavy st ars wou l d  

l ast on l y  2 o r  3 Myr, be fore t h ey e x p l od e  and enr i ch t h e  i nt erste-

l l ar med i um w i t h  the f i rst non-cosmo l o g i ca l  e l ement s heav i er t h an 

h e l i um .  I t  i s  i nt erest i n g  t o  compare t h ese mass f un c t i ons t o  t h e  

observed ones for a w i de c l ass o f  o b j ect s ( l i ke e x p l a i ned i n  R e f .  

4 ) . I r1 part i c u l ar, t h e pr•:•t o g l ob u l ar i r1 i t i a l  mas,;; f unct i. c•n, i r1 

F i g .  3, resem b l es very c l ose l y  ( i n shape ) t he present mass s pec-

t r um of t h e  g l ob u l ar c l ust e r  fam i l y  of our g a l a x y  and of M3 1 .  

F i na l l y, we can e x am i ne t he beh av i o ur o f  t h e  f r a gment at i on r a t e  i n  

t h e  l ast generat i on. F i g .  5 d i s p l ays t h e  fra g men t a t i on r a t e  ( i n 

un i t s  2 1 0  M /yr l vs. t i me in free- f a l l  t i mes. Two q u i t e  v i o l ent 

burst s o f  st ar format i on are e v i d ent at 1 . 2  and 2 . 2 free-fa l l  
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t i  mes. S i m i l ar ,  b u t  more d et a i l ed and comp l et e l y  NLTE ca l c u l a -

t i ons, s u p port ed a l so by a s u i t a b l e  t ransport e q uat i on i n  h yd rody-

nam i c a l  env i ronment , w i l l  be performed i n  < 5 1 . 

F i g .  5 

!:' 
� 

(i) 5 
:;:: 
0 ..... � 

""' 
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lL 
V') 

0 
0 z. 3 t !?::ff 
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A MODEL FOR THE STAR FORMATION RATE 

IN S P I RAL GALAXIES 

Federico FERRINI 0 ,  Dan i e l e  GALLI 0 
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*

, S t even N . SHORE+ 
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A non- l i near phas e - c oup l ing mo de l is p ro p o s e d  for the 

evo lut i on o f  gal ax i e s  w i th disk and halo c omponent s .  A p ar_ 

t i cu l ar emphas i s  i s  given to the de t e rminat i o n  o f  the s t ar 

format i on rat e ; a s i mp l e  hypothe s i s  on the conne c t i on b e tween 

sp i ral dens i ty wave and c l oud phase generat e s  a sequen c e  o f  

s t ar format ion h i s t o ri e s , i n  c l o s e  c o rre spondence t o  t h e  
Hubb l e  typ e s .  Two s t ar b u r s t  mechani sms a r e  a l s o  inc lude d .  

525 
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I t  i s  we l l  known , and part i c u l arly unde r l ined i n  this Con 

ferenc e , that galaxies  do not evolve as c losed  systems . 

Inde e d  the i r  gaseous and ste l l ar components are not i mmut ab l e  

propert i e s : galaxies  of d i ffe rent type have about the same age 

but they turned the gas into stars at di fferent rat e s [tj . 

The star format i on rate ( SFR ) i s  the c onsequence of the 

inte rnal dynamics  of the gas , stars and c louds , and also of 

external pe rturbat i ons . 

In the s imp l e  mode l of the evo lution o f  normal , i so lated 

d i sk galax i e s  the SFR i s  t reated as a s imp l e  fun c t i on of the 

gas c ontent whi ch , if not rep l en i shed v i a  infal l of the halo 

gas , is rap i dly dep l eted , y i e l ding an exponen t i al ly decre asing 

SFR [1] . More soph i s t i cated mode l s  have been presented [2] 
that coup l e  the d i sk evo lut i on to  that o f  the halo and that 

cons i der vari ous modes of induce d  s t ar formation ( c l oud

c l oud c o l l i s i ons , dens i ty wave t r i ggering , etc . ) , i n  addi t i on 

to spontaneous processe s .  Thi s  way non local  and non l inear 

effe c t s  that coope rate in the star format i on h i s t o ry of the 

galaxy c an be incorporated in the mode l l ing . 

The governing equat i ons of our model are the fo l l owing : 

.£_s1H d t  

.£_s2H dt 

.£_gH 
d t  

.£_s 1D 
d t  

.£_s 2D d t  

.£_gD 
dt 
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d 
dt  
d 
dt 

Star Fo rmat ion Rate s :  
n 

( Kl+K2 ) gH 
2 

( H l+H2 ) cD + ( al + a2 ) s2DcD 

( halo ) 

( d i sk ) 

whe re s 1 , s
2 

are s t ars w i th mass resp e c t ive ly l ower or higher 

than 4 M© , g and c are di ffuse gas and c l ouds phases ; the in 

d i c e s  H and D refer t o  halo and d i sk popu l at ions . 
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The m i c rophys i c s  of the intervening p roce s s e s  i s  described 

by the rate coeffi c ient s . As a f i r s t  step we de t e rmine the 

value of the rat e s  in the s o l ar n e i ghbo rhood [2 ,  3] . The resu l t s  

are shown i n  F i gure s 1 and 2 .  W e  n o t e  that the me t al l i c i ty 

evo lution o f  the d i sk i s  we l l  reproduce d ;  furthermore a rele  

v ant c on t ribution to the  total  mass o f  the disk and the halo 

c omes from the ' remnant ' phase , dead s tars and l ow mass s t ars 

that do not rep l e n i sh the gas o r  c l oud phase s .  

A second point o f  interest i s  to unde rs tand i f  galax i e s  

o f  di ffe rent Hubbl e  type p re sent a s e r i e s  o f  h i s to r i e s  o f  

s t ar format ion . T h e  systemat i c  t rend o f  higher s tar formation 

for e arly types  in the f i rst stages o f  evo lut ion and a reve rsed 

s i tuation at the p re sent t ime might expl ain the main prope r t i e s  

o f  the Hubb l e  c l as s i f i c ation scheme [4] I n  our model the in 

fluence o f  the l arge scale dynami c s , i . e .  the spi ral dens i ty 

wave , c o rre sponds t o  the var i at i on of the parame ters  re l ated 

t o  the format ion and de s t ruc tion o f  c louds [5] . The conse 

quence o f  this s imp l e  hypoth e s i s  is p l o t t e d  in Figure 3 .  
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F i gure 3 .  SFR p e r  un i t  mass v s . t ime , as c al c u l at e d  
fo rm the mu l t iphase mode l f o r  d i ffe rent Hub b l e  type s .  

The t h i rd s t e p i s  to inve s t igate on the p o s s i b i l i ty that 

b u r s t s  o f  s t ar format i on c an appear i n  such a scheme , as sug_ 

g e s t e d  in previous works by Shore [6] and F e r r i n i  e t  al . [7} . 

Several authors have anal i z e d  in great d e t a i l the l i m i t  cyc l e  

p rope rty that the feedback mode l s  i n t r i n s i c al ly p re s ent , c ov� 

ring a l arge parame t e r  space [8] . We no t e  that gene ral l y  

the i r  mathemat i c al f o rmu l at i on repre s e n t s  a r e s t r i c t i on o f  o u r  

mode l d e s c r i b e d  h e re . U s i n g  t h e  s e t  o f  r a t e s  ado p t e d  fo r nor_ 

mal gal ax i e s  d o e s  no t l e ad to a burst in the SFR . Howeve r ,  the 

pre sence o �  smal l d i s turbanc e s  to the system of the type d i s_ 

c u s s e d  by F e r r i n i  and Marche soni [9] that mimick i n t e rac t i ons 

w i th ext e rnal gal ax i e s  o r  t i d e s  indu c e d  by c l u s t e r  gal ax i e s  

al l ows t h e  appe aran c e  o f  a burst behav i ou r  ( no i se induc e d  

phase t rans i t i on ) .  The impo r t ant p o i n t  to s t r e s s  i s  that the 
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external ac t ion needs not to be part icul arly st rong . 

A second natural burs ting mechan i sm i s  due to di re c t  strip  

p ing of the gas by merging or c o l l i s i on w i th gal ax i e s . F i gure 

4 shows a typ i c al behav i our of the system . The two curve s re 

pre sent the SFR of the standard mode l ( Mi lky Way ) when gas 

and c l ouds are comp l ete ly removed at 1 and 3 Gyr re spec t ive ly .  

The rest i tut ion of matter  from evolving stars i s  suffi c i ent 

to fade the system to al l ow a c on s i s tent and rap i d  inc rease 

in the SFR . 

SFR 

. 5  

0 

I 
I 
I 
I 
I 
I 
\ 
\ 
\ 

F i gure 4 .  

I 

I 
I 

I 

2 4 6 8 1 0  
t i me CGyr) 

We c onc l ude unde rlying the fac t that any of the behav i o rs 

above sho r t ly indi c ated i s  rul e d  not by a sin l ge rat e , but by 

the comb inat i on of vari ous one s . Thi s  has two i mportant aspe c t s : 

what happens in a comp l ex system l ike a gal axy i s  a c oncert of 

several physical  mechan i sms ; to unde rstand the behav i our of the 
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syst em we need not to  know i n  great detail  the phy s i c s  of al l 

o f  them , but t o  have indication on the i r  re l at ive i mportanc e ; 
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Star formation in clouds of primordial composition may be a rather inefficient 
process if the gas is not able to cool to low temperatures , as in present day 
molecular clouds , within a free fall time . In particular , various schemes of ga
laxy and globular cluster formation envisage a situation where the gas is heated 
to temperatures of the order of a million degrees K, and then cools rapidly, 
but gets trapped to T-104K, due to the existence of the Ly-a barrier in the 
cooling function, assuming ionization equilibrium. Here, we suggest the possibi
lity of removing this difficulty by investigating the chemical and thermal pro
perties of a gas that is far from equilibrium. 
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1 .  Introduction 

How does a gas cloud of primordial composition after being heated to 

a high temperature (T>lO 4 K) cool to a low temperature (T<lO  4 K) without 

getting trapped at T-10 4 K, where hydrogen recombines and Ly-a cooling is 

quenched? This is an important question whose answer is of critical impor-

tance for star formation , for example , in various schemes of galaxy forma

tion ( 1 )  (pancake, explosive, biased ) where shock heating plays a role , or 

in the recent theory of globular cluster formation proposed by Fall and 

Rees ( 2 ) . 

The problem arises because in the assumption that hydrogen recombines 

in equilibrium the degree of ionization drops dramatically at T<l0 4 K . Only 

few electrons remain for the excitation of neutral hydrogen, that would 

provide the photons responsible for the energy loss of the gas : this is the 

so-called Ly- a barrier . However ,  it is long knownC 3 ,4} tha4 when hot gas of 

solar composition starts to recombine, the ionization equilibrium (EQ) is 

not maintained, i . e .  the recombination timescale lags behind the ionization 

timescale , yielding a much higher electron abundance at the critical tempe

rature T<l0 4 K. A similar non-equilibrium (NEQ) recombination applies to a 

gas of primordial composition, with dramatic consequences for the formation 

of molecular species and for the cooling efficiency . 

Molecular hydrogen is the main coolant of the gas mixture and its 

formation in the gas phase via H- and Ht ions requires a non negligible 

fraction of electrons and protons ( 5 ) . Therefore, the NEQ recombination 

would provide favorable conditions for an efficient formation of the inter

mediary species and hence of H 2 ( 6 - 8 ) • The amount of H 2 formed in this 

way can be determined only by a numerical time-dependent calculation , follo

wing in detail the coupled thermal and chemical evolution of gas . However , 

our contribution here will be to reduce the complexity of the problem at 

hand to the key processes that can be understood without numerical integra-

tion . 
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2 .  Chemistry of the NEQ gas 

We discuss here the main channels for the formation in the gas phase 

of H2 and HD. The general network sketched in Figure 1( 9 )  is modified by 

the introduction of other reactions relevant to the particular conditions 

of the NEQ gas .  

Figure 1 .  Chemical network of the NEQ gas . The dashed lines represent the 
reactions discussed in the text . 

2a . H.- chemistry 

Formation : the only viable formation reaction for H- is by radiative 

association : 

k 1 = 1 . Sxl o - 18 ·T cm 3 s-1 ( 1 )  

The alternative route via H2 and e has a rate coefficient between 5 and 

20 times smaller than that of reaction ( 1 ) .  Note , however , that k 1 is also 

small and that this reaction represents the bottleneck for H2 formation 

the H- formation timescale is indeed much longer than any destruction 

mechanism. 

Destruction: there are several ways to destroy H- , but the most imper-

tant are those involving associative detachment due to H atoms , and mutual 

neutralization with H+ ions : 

535 
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R- + H -> H 
2 + e :  

W + H -> 2H + e 
k 28 = 1 . 3x1 0 -9 cm3 .,- 1 

k 2b S . 3x1 0 -2 0  T 2.2 _e- 01so /T cm3 s- 1  

a� + ff+-> 2H k 38 = 4xl o- 6 T- o.s cm3 s 1 
H- + H+-> Ht + e ;  k3b = 1 0 -8 T- o.4 cm3 s- 1 

(2a)  
(2b)  

(3a)  
(3b)  

H- can also be efficiently destroyed by collisions with electrons , yielding two 

electrons back to the gas and maintaining the ionization fraction high . Compe-

titian between ( 2a)  and ( 2b)  favors the first reaction , characterized by a rate 

coefficient 100 to 700 times larger than that of ( 2b)  in the temperature inter

val 1 04- 6000 K. Analogously, reaction ( 3a )  proceeds much faster than ( 3b) , the 

ratio of the rates being approximately constant over the same temperature inter

val and equal to 160 . However, notice that while reaction (2a)  is the driving 

channel to form H 2  , reaction ( 3a)  favors a mutual neutralization of the hydro

gen ions : an efficient molecular formation depends therefore on the competition 

between these reaction. From their rates we get : 

( 4 )  

where x i s  the ionization fraction and ff+ = e .  

So,  as long a s  x - 1 0 - 2 , recombination o f  H- with ff+ prevails : the higher ioni

zation degreee of NEQ maintained between 1 0 4  and 6000 K has the net effect of 

slowing down the formation of H 2  molecules . It is correct to assume that in 

NEQ H- ions are more abundant than in EQ, but their convers ion to molecules is 

opposed by recombination . 

2b. Ht chemistry 

Formation : radiative association of H and H+ and charge exchange between 

H2 and ff+ are the routes for Ht formation : 

H + W -> 
H 2 + ff+ -> 

k58 = l . 9xl0-23 T 1"8 cm3 s - 1 

ksb = 2 . 4xlo-9 e-
212 00 / T  cm3 s-1 

( Sa)  
(Sb) 

A third channel involves H- and H+ , as in reaction (3b) . Its rate coeff icient 

is large, but the concentration of H- compared to either H or H2 is always small 

enough to make its contribution negligible . From ( Sa )  and (Sb) it is clear that 

a higher ionization fraction will promote an enhancement of the IJt abundance . 

Destruction : Ht is destroyed by the reverse of reaction ( Sb)  and by disso-
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ciative recombination : 

H� + H -> H 2  + H+ k6a = 6x10-10 cm3 s -1 ( 6a )  
H / + e -> 2H k 6b= 2 . 3x10-6 T- 0•4 cm3 s - 1 (6b)  

the process of mutual neutralization of � and H- being negligible compared to 

(6a)  or ( 6b) . We then obtain : 

D (6a)  

D (6b)  

10-
2 

x ( 7 )  

This result i s  very s imilar t o  that found in (4 ) ,  and we have the same limit on 

the ionization fraction for H� to effectively contribute to the formation of 

The results given in ( 4 ) and ( 7 )  allow us to make an estimate of the abun-

dance of H2  formed in NE and to compare it to what expected in EQ . The ·H2 con

centration can be simply related to the degree of ionization , at the temperatu

re where the reconnbination of H- and H1;, into H atoms no longer occurs . It can 

be shown that : 
f (NEQ) � x (NEQ) 
H2 . 

x ( EQ) fH (EQ) � x (NEQ) f (T) x ( EQ)  
2 x (EQ) f ( T) x (NEQ) 

sx 1 0- 3  at T=6000 K 

where r(T) increases as T decreases ,  so that AH remains nearly constant at 10-2 
wer temperatures .  

2c . HD chemistry 

Preferred routes for the formation of HD are the deuterium analogues of 

reactions (2a)  and (6a) and 

� + D -> H + D+ 
� +H2 -> HD + H ( 8 )  

Reaction ( 8 )  i s  the driving one in present-day diffuse mol"""' a L  c:i.ouds , where 

the protons are provided by cosmic rays . In addition , since HD has a dipole mo-

ment , it can be formed by direct radiative association of H and D .  However , we 

like to point out another reaction that is usually dismissed in interstellar 

clouds of normal composition, due to the existence of an energy barrier 

( ll E/k 404 K ) (10 ), namely :  

H 2 + D<=> HD + H + ll E ( 9 )  

Under the conditions o f  the NEQ recombining gas , where the gas i s  cooling from 

high temperatures , the problem of the energy barrier is overcome and at tempe-
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ratures where the ionization degree has dropped considerably reaction ( 9 )  be

comes the main route for the formation of HD . All cosmological deuterium can be 

converted into HD and it is conceivable that the fractional abundance of HD can 

be as high as 10- 5 - 10-4 •  

In summary , we schematically propose three regimes for the chemical evolu

tion of the NEQ recombining gas below 104 K:  

(i )  between 1 0 4  K and 6000 K molecular hydrogen is formed , but a rate reduced 

by the destruction of the intermediary species H- and H+2 ; 

( i i )  below 6000 K H2 forms via the well known reactions (2a)  and ( 6a )  at a rate 

much higher than it would if EQ applies ; 

( ii i )  formation of HD occurs most effectively when the gas is mainly neutral 

via conversion of H2 molecules . 

3 .  Cooling function 

The chemical network so far discussed , together with the conditions 

established by NEQ, has profound implications on the cooling properties of the 

gas . 

In figure 2 we show how the usual cooling function for an opticlly thin gas of 

primordial composition (the dot-dasched curve labelled EQ) is modified by rela

xing the assumption of ionization equilibrium. The resulting solid line is due 

to the combination of three different regimes : excitation of discrete levels of 

atomic hydrogen (Ly-a cooling ) , and vibro-roto trans itions of excited � and HD 

molecules . Contrary to the usual assumption , Ly-a cooling does not shut off at 

T � 1 0 4  K: the drop beyond the peak at T-16000 K ( 1 1 )  is a not as dramatic as in 

EQ, and one can estimate that , when T - 7000 K and x is still of the order of 0.1 , 

the cooling function has decreased by less than 3 orders of magnitude , against 

more than 6 in EQ . It is the prolonged Ly -a cooling that allows the gas to over

come the barrier . H 2  cooling takes over Ly-a cooling at a temperature that de

pends on the fractional abundance of H 2 :  the curves shown in Figure 2 are compu

ted far fH2 = 1 0- 3 a value in the range predicted by the estimate derived in 

2b .  Data are taken from Lepp and Shu11 ( 1
2
) (LS)  and the two densities should bra-

cket the typical conditions of protoglobular cluster gas clouds . Note, however ,  

that recent calculation by Dove and Mandy (13)  o f  the oollision- induced dissocia 
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tion rate of H 2 at low densities ( <1 0 2 cm- 3 )  found values smaller than those 

used by LS by as much as 1500 times , at temperatures below 5000 K. Therefore , 

the curves of /\ Hz could be shifted upward in the diagram. 

Finally , at the lowest temperatures (T<200 K) , HD cooling takes over H2 
cooling , as shown in the figure . Data are taken from Dalgarno and WrightC14 ), but 

a recent revision of that calculation yields a cooling rate enhanced by a factor 

of 3 .  
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Figure z ,  Cooling function of the primordial NEQ gas . Curve ( a )  refers to n 
= 1 0 °  cm- 3 ; curve (b )  is for n = 102 cm-3 •  

4 .  Conclusions 

The main conclusions of this discussion are : 

( 1 )  at T < 1 0 4 K molecular hydrogen formation via H- and H� does occur , but due 
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to the high degree of ionization, destruction processes of the intermedia-

ries limit strongly the efficiency of its formation ; 

( 2 )  active H 2 formation starts to occur once x� 10- 2 that in NEQ corresponds 

to T - 6000 K; · 

( 3 )  due to the ionization fraction, Ly-a photons provide enough radiation to 

overcome the temperature barrier at T � 104 K and to cool the gas to T-6000K ,  

where cooling due t o  vibro-rotational trans itions o f  H 2 takes over; 

(4) further cooling is provided at low temperatures (T<200 K)  by HD molecules 

that can lower the gas temperature to a few tens of degrees K ;  

( 5 )  cooling by H2 and HD i s  strong enough that there i s  n o  need t o  invoke the 

contribution of heavy elements to reach low temperatures in the primordial 

gas . In this way , fragmentation and star formation could have proceeded uni� 

peded by thermal constraints in the same fashion as in present day condi -

tions . 

It is a pleasure to thank R. Stanga at E . S . O .  for his precious collaboration . We 

also thank I .  Scala for typing the manuscript and A .  Lepri for preparing the 

drawings . 
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If the first generation of stars forms just after protogalaxies have aquired their spin, 
then star formation in this epoch must overcome an angular momentum barrier nearly 
as severe as that in our own galactic disk. This paper outlines work done in collaboration 
with Joseph Silk on the resolution of this problem by magnetic braking. While seed 
magnetic fields in the protogalactic gas can be no more than about 10-15 Gauss, we 
show that very high fields (10-6 Gauss) can be generated by dynamo action within 
one protogalactic free-fall time. The requirement is that strong cloud-cloud collisions 
should characterize the state of the galaxy at this time. High fields are generated in 
the shocked gas layers that form as a consequence of such collisions. The predictions 
are in agreement with the high galactic halo magnetic field strengths which have been 
inferred from Faraday rotation measures observed towards radio loud quasars. 
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1. Introduction 

When and how the first stars formed is of critical importance for an understanding 

of galactic formation and structure. While significant progress has been made in the 

theory of spherical collapse in primordial clouds as it pertains to star formation [1], 
important differences enter if stars form after protogalactic gas has aquired its spin. 

Primordial star formation after this epoch requires that the specific angular momentum 

of protogalactic gas be reduced by four orders of magnitude in order that stellar type 

objects can form (the present galactic angular momentum problem requires a five to six 

decade reduction from 1023cm2s-1 to 1017cm2s-1) . The specific angular momentum 

of protogalaxies is a well calculated number. The mechanism worked out by Hoyle 

and later Peebles [2,3] , involves tidal torques between linear density fluctuations in the 

expanding universe. It is the strong quadropole moments of these fluctuations that leads 

to the spin-up torque. Primordial star forming regions then would have acquired far 

too much angular momentum to allow purely spherical protostellar collapse to occur. 

What is the spin-down torque which must be operative if primordial star formation 

is to go through under these circumstances? Our proposal [4] is that magnetic braking is 

the dominant means of solving this primordial angular momentum problem. Magnetic 

field generation takes place in shocked gas layers that form in the course of cloud-cloud 

collisions in the protogalactic halo. Oblique high Mach number shocks generate strongly 

vortical gas motions. If the dynamo conditions are met, exponential growth of the seed 

magnetic field will ensue. Constraints on the physical nature of the clouds can be drawn 

from the requirement that the internal timescales in these layers be short enough that 

a dynamically important field can be grown within a free-fall time of the protogalaxy. 

This will secure the formation of galactic halo stars. The ratio of the magnetic braking 

to free-fall time scale in the external medium around the primordial protostar scales 

as the ratio of the magnetic to the gravitational energy density of the braking cloud. 

Therefore braking and subsequent star formation in a galactic halo requires that field 

be amplified from 10-18 to 10-5 Gauss within a free-fall time. This paper sketches a 

natural protogalactic model that has these features. 
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2. Observational Support 

Recent VLA observations have shown that after the galactic background has been 

subtracted, a large excess extragalactic Faraday rotation of more than 30 rad m -2 is 

observed towards radio loud quasars [5] . This excess RM is strongly correlated with 

the occurance of optical absorption, which Kronberg and Perry suggested was due to a 

population of discrete intervening clouds. High resolution optical spectroscopy allows 

a good estimate of the column density of absorbing intervening material to be made. 

In concert with the RM determinations, these measurements allow the field strengths 

in the intervening objects to be estimated, since RM = 0.81 J;' (n.B1 1 /(l + z]2)dl(z) 

rad m-2• Here B1 1  is the line of sight magnetic field (in µG), ne is the electron density 

( cm-3 ) , dl is the path length (pc) and Ze the redshift of the emitting source. 

The model that best fits the observations requires that the dominant intervenor 

have scales R � 50 kpc, electron densities n. � 10-3 , and an astonishingly high mag

netic field B � 2µG. Furthermore the observations indicate that the RM evolves as 

(1 + z )0·9±0·6 out to Ze = 2. The obvious possibility that the Lyman clouds are the 

intervenors is eliminated by the fact that they would have to contain magnetic fields 25 

times larger than is permitted by equipartition with their gas pressure. These galactic 

halo fields may be quite tangled in principle. The net RM is analogous to a random walk 

along the line of sight so that a null measurement is highly unlikely. These observations 

have two important theoretical consequences: 

1 .  Strong dissipation must have occurred in galactic halo since strong dissipationless 

field generation mechanisms fail by ten orders of magnitude to reach these values. 

2. The regions in which these fields are generated ·can be much smaller than the 50 

kpc characteristic of a galactic halo. 

Such a strong magnetic field in galactic halos could not have arisen by the expulsion 

of magnetic flux which was generated in a galactic disk. Flux conservation alone would 

predict that field generated in a disk and convected into the halo by something like 

localized galactic fountain flows would be reduced by at least a hundred from this 

value. In this view then, halo fields are the fossil bones of strongly dissipative processes 
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that must have been prevalent during the formation of the galaxies. 

3. Seed Fields 

R. E. PUDRITZ 

A primary ingredient in this picture is to reliably estimate what the primordial seed 

magnetic field could have been. If one rules out mechanisms that involve unsubstanti

ated particle physics theories, one is left with two mechanisms which must operate at the 

epoch when protogalaxies spin-up. Mishustin and Ruzmaikin [6] showed that Comp

ton drag on the ionized rotating gas characteristic of protogalaxies after recombination 

would lead to field generation. The point is that Compton drag by the homogenous, 

background of residual radiation in the post-recombination epoch is far larger for elec

trons than ions. The resulting slight charge separation in the rotating protogalaxy leads 

to the flow of an electric current which generates a magnetic field. For a Hubble constant 

of hso = H0/50kms-1Mpc-1 the seed field is 

Here, [!gal is the rotation frequency of the protogalaxy and z f is the epoch of galaxy 

formation. If this epoch occurs at a redshift of 10 say, the field generated is only 10-20 

Gauss. 

A related process which also must occur after protogalaxies begin to rotate is the 

Biermann Battery [7]. In differentially rotating fluids, isobars and equipotential surfaces 

are slightly different. In a conducting fluid this means that a minute current can flow 

which in all other circumstances except this cosmological one, is entirely too small to 

worry about. Theory shows that the field grows linearly in time until Ohmic losses 

cut in. We show elsewhere [4] that if this dissipation is turbulent , then the seed field 

achieves an amplitude of 

(2) 

where the mean molecular weight of the primordial metal-free gas was taken to be 

µ = 0.59. Clearly, these well understood mechanisms are incapable of explaining high 

galactic halo field strengths. 
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4. Dynamo Action 

A dynamo involves exponential growth of the field if there is a sufficiently strong 

source of vortical fluid motion for the field to draw on. Doroshkevich [8] points out 

that since the fluctuations which are thought to give rise to galaxies are all irrotational, 

then the only way to generate vorticity is to have dissipative processes such as oblique 

shocks operative. Exponential growth of the field components occurs in an e-folding 

time scale, denoted tdyn · Growth of the toroidal field proceeds by shearing of the 

poloidal field component. This in turn is regenerated from the toroidal field by vortical 

gas motions in a stratified medium (the so-called a - ef feet). Linearized instability 

analysis is used to calculate the dynamo time scale in thin layers [9,4]. The fastest 

growing mode of the field occurs in a time 

4 ( 3217r ) 113 
idyn = 3 a2(rQ')2 (3) 

where Q is the vorticity that is associated with the layer, T/T is the 'turbulent ' diffusivity 

that erodes the growing field and the electric field component induced by the vortical 

gas motions is aB. Estimates need to be made of the coefficients T/T and a. Different 

scalings for these quantities may arise depending on the model for the motions of the 

stirred gas [9,10] . Adopting the latter model, 

(4) 

(5) 

where z0 is the width of the shocked gas layer, and Mr is the Mach number character-

izing the turbulent gas motions in the shock. Subsituting ( 4) and (5) into (3) yields, 

(6) 

Growth of the field continues until its energy density starts to become comparable to 

the gravitational energy density in the layer. The field now retards the very motions 

that are responsible for its generation and the problem becomes non-linear. At this time 

magnetic braking becomes powerfully effective. Although this theory cannot follow the 

problem in the nonlinear regime, it predicts when braking turns on. ., 



546 R. E. PUDRITZ 

In order that 25 e-foldings of the field can occur within a free-fall time of the 

protogalactic halo the vorticity time scale must be much smaller than that characterizing 

the gas motions in the galaxy as a whole. The central question becomes one of finding 

a natural protogalactic model whose whose shocked subcomponents are endowed with 

fast internal time scales. 

5. Primordial Star Forming Regions 

The basic model considered here consists of a collection of identical self-gravitating 

gaseous spheres with radius L, density Pi and internal velocity dispersion 17; . These 

clouds fall into a protogalactic potential well that is specified at each radius r, by 

the density p, and a velocity dispersion 17. The size of the clouds is dictated by tidal 

truncation by the protogalactic potential, so that p;L � pr. The velocity dispersions for 

the cloud and the protogalaxy can be simply estimated using the Virial theorem, which 

gives ( 17;/ 17 )2 = (p;L2 / pr2 ) . Self gravitating clouds at 104° K have internal velocities 

of 17; � lOkms-1 and are stable against collapse. This will be taken as the basic 

model for the clouds falling into the protogalactic potential. Galactic potentials can be 

characterized by Virial temperatures of order 106° K so that 17 � lOOkms-1 • The size 

of the unshocked clouds is 
L (17· ) 2 ; = ; � 10-2 (7) 

Thus, a 50 kpc halo will be filled with 500 pc clouds moving at a few hundred kms- 1 •  

These clouds must inevitably undergo cloud-cloud collisions which in  general are 

oblique. Shocks with maximum of Mach 10 will be driven into the clouds so that 

ultimately, highly flattened merged objects will be produced. Such collisions have been 

studied by means of a 3-D hydro code and flattened bars persist for at least 5 free-fall 

times (11]. For non-rotating clouds, cloud dispersal rather than merging occurred for 

Mach numbers higher than 12. While rotation effects can reduce this critical number 

for dipersal, the effect will not be too large. This is evidence that cloud-cloud collisions 

in the protogalaxy will produce flattened objects with vortical motions that will persist 

for many dynamical time scales. The vorticity in such a layer may then be estimated 

as f! = ('VTR)(17/z0) where the first factor is the deformation tensor for the distorted 
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colliding clouds. The ratio of the dynamo time-scale to the free-fall time (from rest to 

the protogalactic centre) in the halo can then be calculated, ie 

tdyn = 0_084 
( Mj/3 ) ((u;/u)) 2 z0 

tff ('VrR) 10-1 L 
(8) 

where equations (6) and (7) have been used. Given the uncertainties in the detailed 

shock properties it is safe to say that if the merged clouds are compressed by at least 

a factor of five then this protogalactic model generates magnetic field and hence solves 

the primordial angular momentum problem within a protogalactic free-fall time. Thin, 

self-gravitating layers will fragment. If the shocked gas can cool in a time shorter than 

its free-fall time scale, the fragment masses can be driven down to below 107 MO. The 

basic star forming units would then be the globular clusters. A possible test of these 

ideas would be to look for cluster formation and high magnetic field strengths in dwarf 

irregular galaxies which are known to be associated with large HI clouds. 

I am indebted to Dick Bond, Bill Harris, Roman Juszkiewicz, and John Lattanzio 

for many stimulating discussions. 
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Observed correlations between the global properties of nearby galaxies can provide some 
valuable hints about the physics of galaxy formation. I briefly explore the significance of 
the "fundamental plane" of elliptical galaxies and bulges. From the equations of the plane, 
one derives a scaling relation of mass-to-light ratios with the mass: (M / L) � M"' , where a: 
= 1/(6±2) . The fact that (M/ L) is a function of galaxy mass signifies that the formation of 
ellipticals and bulges was at least partly dissipative. More interestingly, the fact that a: > 0 
indicates that more massive (and thus more metal-rich) proto-ellipticals were either less 
efficient in forming stars overall, and/or that they had steeper initial mass functions in the 
average. Several theoretical mechanisms may interplay in producing this trend, but their 
relative dominance and the net effects are far from clear. A much better understanding of 
the physics of star formation is needed, before we can fully unravel the dissipative processes 
of galaxy formation. 
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Understanding of galaxy formation is one of the fundamental tasks of modern cos
mology. Probably the most interesting and challenging approach is to look for very young 
or primeval galaxies at large redshifts ,  and there are now some exciting prospects that such 
objects or their signatures may finally have been seen [1 - 9] .  However, it is quite possible 
that we will not be able to observe directly the formation of a bulk of the galaxy population 
in any forseeable future, but rather of some extraordinarly luminous or otherwise unusual 
objects. Many interesting clues can be gathered from observations and models of large scale 
structure, Lya clouds, and the cosmic microwave background [10 - 12] .  There is also a third 
approach, namely, to try to deduce something about galaxy formation from the systematics 
and correlations of properties of mature galaxies and galaxy families at low reshifts [13 -
19] .  Old spheroidal systems (ellipticals and bulges) make good "fossiles" , since their global 
properties were likely and largely set at their formation epochs. Probably a good name for 
this approach would be the paleontocosmology (or perhaps, "the Silk road" ) ,  and its task 
is as easy and straightforward as reconstructing the whole dinosaur, skin color and all, from 
a single petrified rib bone. 

Most of the recent efforts concentrated in interpreting the cooling diagrams (virial 
tempereature vs. the density, in some guise or another) . The separation of galaxy families 
or Hubble types, and galaxy groups and clusters in such diagrams can provide some inter
eresting leads about the roles of dissipation and galactic winds in galaxy formation [13 -
19]. The purpose of this contribution is to dig for some paleontocosmological clues within 
a single species of galaxies, viz . ,  the normal ellipticals. 

In the past couple of years, a significant progress has been made in investigating 
the fundamental properties of elliptical galaxies, and their interdependence. The principal 
new discovery is that the variance of global properties, including luminosity (L) , radius (R) ,  
mass (M) , surface brightness (I) , luminosity o r  mass density (PL or  PM) , velocity dispersion 
(u) , and metallicity indices) is exhausted almost entirely by two variables [20 - 24] . In the 
space of these parameters, ellipticals and bulges lie on a plane, which can be defined as:  

R � ul .4±0.1s 1-o.9±0.1 . (1) 

A useful representation of this "fundamental plane" is its projection on the (log u, log I) 
plane of observables [21,22], which is but a version of the cooling diagram. The position of 
a galaxy in that plane may be related to the degree of dissipation during its formation. 

The key for understanding the fundamental plane may be through the behaviour of 
mass-to-light ratios (M/ L) ; I am indebted to Sandra Faber for inspiring me to think in this 
way [23] . In general, for a family of galaxies bound by the Newtonian gravity, the following 
relation must apply: 

(2) 
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The difference between the powers of a and I in the observed Eq. ( 1 ) ,  and the virial Eq.(2) 
is then telling us something about the behaviour of (M/L) , viz. ,  

(M/L) � 170.e±o. 15 ro.1±0. 1 . (3) 

Substituting the observed Eq. (1) into the virial relation M a2 R, we obtain: 

M � 172.4±0.15 1-o.9±0. 1 . (4) 

We can thus express the (M/L) as: 

(M/L) � Ma, (5) 

where a: =  1/ (6±2) , in a good agreement with expressions derived by other authors [23,25] .  
This dependence is  illustrated in Figure 1 .  The derivation of Eq. (5) from the fundamental 
plane is much cleaner than deriving it directly from the regression of (M/L) vs. M: the 
cumulative error-bars of the derived M and (M/ L) are very large, and correlated, whereas 
the Eq.(1) has relatively small errors. The relation has lots of residual scatter, because of 
the presence of a second parameter. The data are not quite good enough to state whether 
this scatter increases with the mass, or whether it correlates well with the metallicity. 
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Figure 1 .  The trend of (M/ L) ratios, taken from the sample of Djorgovski and Davis [21 ] ,  
plotted against the virial mass (computed as M � a2 R) .  The (M / L)  ratios were computed 
for the red light within the Te isophotes. The range of slopes derived in Eq. (5) is shown 
with the dotted lines. The least-squares regression through the points gives the slope O:Ls 
= 0 .18 ,  and the correlation coefficients 0.82 (linear) and 0.56 (Spearman rank) . 
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The Eq. (5) has two very important implications: 
( •) The formation of elliptical galaxies must have been at least partly dissipative; 

otherwise, the (M/L) would not be a function of mass. If ellipticals formed via non
dissipative stochastic merging of smaller fragments (like in most N-body experiments) , the 
data should be fitted by a "virial plane" , as in Eq.(2) , but without the (M / L) term. The 
relations are close, though, since the a is small: as Faber et al. [23] say, the virial theorem 
provides the only tight constraint on the structure of elliptical galaxies. Note also that 
the "original" relation was probably steeper (a formation > <Xnow) and stronger, since post
formation mergers would tend to flatten the slope of Eq. (5) , and increase the scatter. 

(.ft) The more massive galaxies were less efficient in forming � 1 M0 stars, which 
contribute most of the observed light as the red giants now; either they were less efficient 
in forming stars overall, and/or they have had steeper IMF's (i .e. ,  more dwarf-dominated) . 
The first possibility may be more important if the stars formed in gravitationally dominant 
preexisting dark halos [26] ,  and the second one if the barions dominate mass densities in the 
inner regions (probably more likely) . This is more-or-less in a direct contradiction with the 
intuitive expectations voiced in many models of dissipative galaxy formation; fortunately 
such expectations were functionally irrelevant for the models. 

The consequence ( •) is not surprizing. There are many good reasons to believe that 
galaxy formation was at least partly dissipative: the large baryonic density contrast between 
galaxies and the large-scale structure, the metallicity-luminosity relation, the metallicity 
gradients, the cooling diagram, the phase-space density argument, etc. [ 13  - 19; 27 -
34] . A plausible picture may include vigorous merging of gas-rich fragments and violent 
relaxation in their collective field. Such process wold satisfy all of the data, and lead 
to the characteristic observed surface brightness profiles, I (r) � r-2 ,  which can be well 
reproduced in numerical s imulations of galaxy formation by a (mostly?) nondissipative 
collapse and violent relaxation [35,36] .  The intrinsic stochasticity of the formative and post
formation merging may well account for the subtle, but definite variation in the observed 
surface brightness profiles [22 ,37 ,38] , and for the complete lack of correlations between the 
parameters describing the radial and azimuthal shapes of light distribution in ellipticals, 
between themselves or with the parameters of the fundamental plane [21 ,22] . 

The consequence (.ft) is more interesting and challenging. Two possible physical 
causes come to mind: ('1) protogalactic clouds ( "galaxlets" ) would collide faster in potential 
wells of more massive galaxies, and the induced shocks will be stronger; ( <>) the metallicity 
will be higher in more massive galaxies, since they are swept less by their own winds and/or 
the ram-pressure of any diffuse intergalactic gas that may have been present. Importance 
of galactic winds for the classical, dense ellipticals is not clear. In addition to those primary 
differences, any number of complex feedback processes may be operating [ 15 ,17 ,33 ,39,40] . 

The dependence of the star formation efficiency, and the IMF slope on the strength 
of shocks to which protostellar clouds in forming galaxies may be subjected is almost com
pletely unknown. It is not even clear whether the shocks would stimulate or suppress the 
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star formation! While the compression in slow inelasic collisions may trigger some star 

formation, strong cloud collisions are likely to be disruptive, and at large impact velocities 

(> 100 km/s, or so) collisional ionization may suppress the star formation [41 - 46]. 
The influence of metallicity on the shape of the IMF is perhaps more tractable; 

still, the data are controversial [47] . McClure et al. [48] find that metal-rich globular 

clusters have flatter IMF's, in agreement with the effect discussed here. On the other hand, 

Terlevich and Melnick [49,50] find the opposite trend for the extragalactic H II regions and 

blue starburst galaxies, at least for the upper end of the IMF. Finally, Freedman [51] finds 

no trend with metallicity for the nearby resolbed galaxies. The upper end of the IMF may 

be irrelevant here: those stars contribute a small fraction of the total mass. 

Theoretical arguments are twofold: There may be important differences in the 

cooling mechanisms: in metal-poor systems, the H2 cooling will dominate, and preferentially 

low-mass stars will form; while in metal-rich systems, the Lya cooling will dominate, and 

preferentially high-mass stars will form [19,33,52]. This would imply shallower slopes in 

more metal-rich (and thus more massive) galaxies [53] , in a contradiction to the effect 

reported here. Then, there may be a number of negative feedback mechanisms inherent to 

the star formation, once the massive stars have formed. Their photospheric UV radiation, 

and the supernova shocks may disrupt and ionize the remaining protostellar clouds, and 

thus suppress the subsequent star formation [18,19,33,39,40,53] . 
Apparently, we must have a much better understanding of star formation in a 

range of physical conditions if we are to understand better the physics of galaxy formation. 

Improved models of galaxy formation incorporating both the gravitational and dissipative 

effects are needed [54 - 57]. Several other tests can be done or redone with modern data: 

a repeat of the classical study by Fish on the relation between the binding energies and 

masses of elliptical galaxies [58]; inferences on the duration of the epoch of galaxy formation 

from the range in mean densities of ellipticals; etc. They will be explored in a future paper. 

I am indebted to Marc Davis for many stimulating discussions, and support at the 

earlier stages of this project. I was greatly inspired by the numerous papers on galaxy 

formation by Joe Silk, and conversations with Richard Larson and Sandra Faber. Partial 

support from Harvard University and a AAS Travel Grant are gratefully acknowledged. 
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The Infrared Space Observatory ( I SO) is a satel l i te which is under development 

at ESA ; i t  will be launched into an ell i p t i cal orb i t  of period 24 hours by an 

Ari ane rocket in 1992 or 1993 . In addi t ion to a cryogenically cooled telescope 

w i t h  an effect ive aperture of 60 cm , I SO will carry four complemen tary focal 

plane inst rumen ts : a camera ( 3-17 µm) , a photopolar imeter ( 3-200 µm) , and two 

spect rometers which together cover the range 3-180 µm. The expected l i fe t ime of 

ISO is 18 months . Two thirds of ISO observing t ime will be available to general 

as t ronomical commun i t y .  
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1/ INFRARED ASTRONOMY, STARBURSTS AND GALAXY EVOLUTION 

Thanks to a combinat ion of technological advances in inst rumentat ion and to the 

advent of the space era, our perception of the universe has enormously expanded 

in the last few years . In the field of extragalact i c  as tronomy , and par t i cularly 

for the s tudy of galac tic evolut i on ,  the greates t harves t  of highly relevant 

data brought about by space as tronomy i s ,  in our opinion, that of the IRAS 

satell i te ,  launched in 1983 . 

IRAS surveyed the whole sky in four wide energy bands ( 12 µm , 25 µm , 60 µm , 

100 µm) . Well over 75 % of the 60 µm sources are extragalact i c  ( So i fer et a l .  19 

Few e l l i p t i cal and SO galaxies appear as s t rong infrared sources in the IRAS 

catalogue , while late type spiral galaxies are by far the mos t  frequen t ly 

detected galaxy type . The most interest ing and unexpected result is that the 

range of variation of galaxy infrared luminosi t ies is much greater than that of 

the blue light ; infrared bright galaxies exhibi t bolome t r i c  luminos i t ies in 

excess of 10
12

L , and are the dominant population in the local universe at 
1 1  

8 
L

b01>2x10 L
8 

These high luminos i t ies are attributed to the s tarburs t 

phenomena , already discovered through optical observations , and imply that this 

effect is of paramount impor tance in shaping galact i c  evolution .  This has indeed 

been the cent ral point of discussion in these "Rencontres de Moriond" . 

Exc i t ing as they are, the IRAS resul ts suffer from many limi tat ions , which mos t  

o f t en make i t  di fficult t o  interpret them unambiguously through physi cal models . 

We are left wondering about the emi ssivi t ies of IRAS sources in the wavelength 

ranges outside the IRAS bands we would like to know in more detail the spat ial 

and spec t ral dist ribution of the radiat ion ,  in some cases its degree of 

polar i zat ion and of course we would welcome an increase in sens i t ivi ty to be 

able to detect even more remote bright sources , or to explore be t ter the realm 

of i n t r ins i cally faint sources , such as dwarf and elliptical galax i es . For these 

purposes , a second generat ion infrared mission i s  needed , with a set of 

complementary focal plane ins truments , and the poss ibili ty to point for long 

t i mes in a given direction. Indeed , the European Space Agency is now developing 

such a proj ec t ,  ISO ( see below) . 

Le t us give a few examples of how I SO can help solve some of the problems 

discussed at this mee t ing. 

We have seen how difficult it is to separate,  w i th a good degree of cer tainty, 

the infrared emission of IRAS galaxies into i ts various componen ts 
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pho tosphe r i c  emission,  emi s s i on from dus t surrounding evolved s tars , 

in ters tellar emission,  s tarburs t s ,  act ive nuclei ( see papers presented by 

M .  Rowan-Robinson and by T .  Heckman ) .  

W i t h  observa t i ons at higher s pa t i al and spec t ral resolut ion, i t  will become 

pos s i bl e ,  in our own galaxy , to isolate the inters tellar cirrus component ,  whose 

s ignature is expected to be the "uniden t i fied" l ines , probably due to PAH 

( Poli cyc l i c  Aroma t i c  Hydrocarbons) emi s s ion. Then , the real nature of the "disk 

component "  of far away galaxies will be revealed . Spat ial resolu t i on will allow 

to d i s t inguish be tween nuclear and disk emis s i on ; spec t ral resolut ion and 

polarime t ry w i l l  hel p  to disentangle a s tarburst component from an act ive 

nucleus component in the center of galaxies . 

An infrared miss ion wi th spectroscopic capab i l i t ies could take a high resolut ion 

spec t rum of a nearby HI! region over the widest possible range this spect rum 

would then be used as a template to compare wi th spectra or part s  of spectra of 

o ther galac t i c  HI! regions , of HI! regions in nearby galax i es and of to tal 

emiss ion from d i s tant galax i e s .  With the capab i l i ty for pointed observa t i ons , i t  

becomes possible t o  make thorough s tudies of interes ting regions , and t o  perform 

variab i l i ty s tudies on quasars and active nuclei .  

High 

data 

b r i ng 

sens i t ivi ty maps of s tar formation regions , supplemented with polarization 

to allow d iscrimina t i on of intrinsic sources from reflexion nebulae, will 

new informat ion on the low mass end of the Ini t ial Mass Funct ion ( s ee 

paper by Scalo ) .  

Also , interes t ing d iscoveries can be made on faint sources . For ins tance , i t  may 

be pos s i ble to detec t ,  and even to map , the ho t dus t emission in some of the HI! 

and blue compact galaxies d i s cussed at this meeting by J .  Melnick and T . X .  

Thuan , s i nce i t  i s  known that even i n  such possibly p r i s t ine obj ects the 

inters tellar mat te r  is contaminated wi th nucleosyn the t i c  products from s tars . 

Obviously , interac t ing galaxies wi ll be a key topic ( e . g .  talks by R. Joseph , P .  

Bel for t )  For ins tance , i t  will be possible , through maps a t  wavelengths 

> 10 µm , to i den t i fy the region where s tarbursts are taking place . 

2 /  THE I SO SATELLITE 

The 

are 

sate l l i te 

coupled 

consi s t s  of a payload module and a service module . These modules 

by a composi te-material framework, which serves as a load path 
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be tween them while decoupling them thermally .  ISO is 5 . 2  m high ,  2 . 3m wide and 

weights around 2300 kg at launch . 

The bas i c  spacecraft funct ions are provided by the service module . These include 

the s tructure and the load path to the launcher ,  the solar array and power 

condi t i oning subsys tem, a data-handl ing and telecommunication subsys tem using 

two antennas , and the a t t i tude and orbi t con trol subsystem . The las t provides 

the three-axis s tabi l isation ,  to an accuracy of a few arc seconds , and ras ter 

scan fac i l i t ies needed for the mission .  It consi s ts of sun sensors , s tar 

t rackers , a quadrant s t ar sensor on the telescope axi s ,  gyros , react ion wheel s  

and a hydrazine reac t ion control system. The nominal down-link bi t ra te i s  

33 kbps . 

The payload module ( see figure 1) is essentially a large cryos tat . Ins ide the 

vacuum vessel is a toroidal tank fi lled with about 2000 1 of superfluid helium, 

which will provide an in-orb i t  l i fe t ime of at leas t 18 months . Some of the 

infrared detec tors are di rec tly coupled to the helium tank and are at a 

temperature of around 2 K. Apart from these,  all other uni t s  are cooled using 

the cold boi l-off gas from the l iquid helium . This gas is first routed through 

the opt i cal support s t ructure , where i t  cools the telescope and the scient i f i c  

ins t ruments to a temperature of 3-4 K. The gas is then passed along the baffles 

and rad i a t i on shields before being vented to space . Mounted on the ou ts ide of 

the vacuum vessel i s  a sunshield , which prevents the sun from ever shining 

d i rectly on the cryos tat . The solar array is carried by this sunshield . 

Suspended in the middle of the tank is the telescope , which is a 

R i t chey-Chre t ien configuration with an effect ive aperture of 60 cm and an 

overall f/ra t io of 15 . A weight-reli eved fused-s i l i ca primary mirror and a solid 

fused-si li ca secondary mirror have been selected . The optical qual i ty of these 

mirrors is adequate for di ffrac tion-limi ted performance at a wavelength of 5 µm . 

S t r i ngent control of s t raylight , part icularly from bright infrared sources 

outs ide the telescope ' s  field of view ,  i s  necessary in order to ensure that the 

sys tem sens i t iv i ty i s  not degraded . Thi s  i s  accompl ished by impos i t ion of 

viewing cons t raints and by means of the sunshade and the cassegrain and main 

baffles . 

The s c i ent i f i c  ins trument s  are mounted on the opposi te s ide of the o p t i cal 

support s t ructure to the primary mirro r ,  each one occupying an 80° segment of 

the cylindrical volume available . The 20 arc minute total unvigne t ted field of 

view of the telescope i s  d i s t r i buted radially to the four ins truments by a 



INFRARED SPACE OBSERVATORY 561 

pyramid mirror . Each experiment receives a 3 arc minute unvignet ted field , 

cent red on an axis at an angle of 8 . 5  arc minutes to the main opt ical axis . 

The baseline orbi t of I SO has a 24-hour period , a perigee height of 1000 km, an 

apogee height of 70000 km, and an inclination of 5° to the equator . The foreseen 

launch date is 1992-1993 , and the expected mission duration is 18 months . 

3/ SCIENTIFIC INSTRUMENTS 

I SO ' s  ins t rument complement consi s t s  of an imaging photo-polarime t e r ,  a camera 

and two spectrome ters . The characterist ics and scien t i fic capab i l i t ies of these 

ins t rument s  are summarised in the table . Each instrument is being bui l t  by a 

conso r t ium of ins t i tutes using nat ional non-ESA funding and will be delivered to 

ESA for in-orbi t  opera t i on .  In keeping with the observatory nature of I SO ,  the 

individual inst ruments are being opt imised to form a comple t e ,  complementary and 

versat i le package . The four inst ruments view adjacent areas of the sky and 

swi tching between them w i l l  b e  accomplished by re-point ing the satelli t e .  In 

principle , only one will be operated at a t ime ; however ,  when the camera is 

not the main inst rument , it  w i l l  be used in a parallel mode . The long-wavelength 

channel of the photometer will be used during sate l l i t e  slews to make a 

serendi p i t ous survey at 200 µm of much of the sky. 

In fig.  2 ,  the expected sens i t ivi t ies of the ins t ruments are displayed . (Note 

that these figures d i ffer from those published in the f i r s t  i s sue of the ISO 

news l e t ter ISO Info this change reflects the improvement in performance 

expec ted s ince ESA decided to launch ISO into a 24 hour orbi t ,  which is out of 

the Earth ' s  radi a t ion belt s  for 75% of the t i me ) . 

I t  is interes t i ng to point out : that the spat ial resolution achievable by 

I SOCAM matches that of millimeter wave interferome ters at OVRO and at !RAM ; 

that SWS allows to s tudy kinemat ics down to a resolution of - 10 km/sec ; that 

the sens i t ivi ty of the LWS will enable it to obtain spectra of all sources 

detected by IRAS at 60 µm and 100 µm, with resolution R=250 ; and that the 

photometer , no t only has much greater sensi t ivity and versa t i l i ty than IRAS , but 

also expands the wavelength range down to 3 µm and up to 200 µm . 

4/ SCIENCE WITH ISO 

In the present development phase, scien t i fic aspects of ISO are followed by the 

I SO Science Team ( I ST ) , appointed by ESA . The IST is chaired by Mar t in Kessler, 
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who is the ISO Proj ect Scien t i s t  in add i t ion to the four PI ' s ,  the I ST 

contains 

Moorwood 

five 

and 

miss ion 

J . L . 

scien t i s t s  Th . 

Puget .  Scien t i s ts 

Encrenaz , 

interested 

H. Habing, M. Harwi t ,  A .  

i n  obtaining add i t i onal 

information on ISO should address their quest ions to IST members , and should ask 

Mar t i n  Kessler to add the i r  name to the mailing list for "ISO Info" . 

I SO is expected to make maj or contribut ions in a large variety of f ields of 

as t rophys ics , encompass ing not only galaxies and quasars , but also s tars and 

interstellar medium, planets , asteroids and comets . The observing programme will 

be elaborated in the two years preceding launch . Two thirds of the observing 

t i me will be open to the scien t i fic communi ty ,  via the submission of proposals 

and select i on , by peer review. The remaining t ime will be reserved for the 

groups who provide the ins truments , for the Mission Scien t i s t s  and for the 

Observatory Team who operate the satel l i t e .  During scien t i f i c  use ,  the satel l i te 

will always be in contact with the ground segment ,  however , i t  is planned to 

minimise real t ime mod i ficat ions to the observing programme in order to maximise 

the overall efficiency of the satell i te . Wi thin a few hours of an observation 

being comple ted , the gues t  observer will be provided with a "quick-look" ou tput 

adequate for j udging the scienti fic quali ty of the data. A final product with 

more detai led data reduc tion and calibration will be supplied later . This 

product will be the one from which the guest observer makes his as t ronomical 

analys i s .  

Ye end with a message t o  the reader o f  this art icle , who is a poten t i al ISO 

user : the time to s tart thinking how you will take advantage of ISO is now ! 

Reference 

Soi fer , B . T . , Houck, J . R .  and Neugebauer ,  G . , 1987 , preprint . 
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ISO Gesa 
Instrument and Main Function Wavelength Spectral Spatial Outline 
Principal (Microns) Resolution Resolution Description 
Investigator 

ISOCAM Camera and 3 - 17 Broad-band, Pixel Two channels 
(C. Cesarsky, Polarimetry Narrow-band, •f.o.v.'s of each with a 
CEN-Saclay, F) and Circular 1.5, 3, 6 and 12 32x32 element 

Variable arc seconds detector array 
Filters 

ISOPHOT Imaging Photo- 3 - 200 Broad-band Variable from Four sub-systems: 
(D. Lemke, polarimeter and diffraction - I) Multi-band, 
MPI !Or Narrow-band limited to Multi-aperture 
Astronomle, Fillers. wide beam photo-polarimeter 
Heidelberg, D) (3-110 µm) 

Near IR ii) Far-Infrared 
Grating Camera (30-200 µm) 
Spectrometer 
with R·100 iii) Spectrophotometer 

(2.5-12 ,.m) 
Iv) Mapping Arrays (3 

bands at 4, 11 and 
22 ,.m) 

sws Short- 3 - 45 1000 across 7.5x20 and lWo gratings and 
(Th. de Graauw, wavelength wavelength 12x30 arc two Fabry-l'l!rot 
Lab. for Space Spectrometer range and seconds Interferometers 
Research, 3x104 lrom 
Gronlngen, NL 15 - 30 µm 

LWS Long· 200 and 104 1.65 arc Grating and two (P. Clegg, wavelength 45-180 across wave- minutes Fabry-I'll rot 
Queen Mary Spectrometer length range Interferometers 
College, London, GB) 

Characteristics of Scientific Instruments 
TABLE 1 
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Fig. 2a - Flux detec table by ISOCAH at a signal-to-noise ratio of 
10 in an integration t ime of 100 secs for broad band ( resolving 
power - 5) filters and narrow band ( resolving power - 50) circular 
variable fil ters . A point source has been assumed . For comparison 
purposes , the performance of current ins t ruments operating on 
UKIRT at or near the quoted resolution is given • A 5 arc second 
field of view has been assumed for these ins trumen t s .  
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of 10 in an integrat ion t ime of 100 secs in two of i ts different 
operating modes (broad band photometry and broad band 
polarimetry) . For comparison purposes , the sens i t ivi t ies of IRAS 
(survey mode) , the KAO and UKIRT are also given. 
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Fig. 2c - Observing t imes required for SVS to detect IR flux 
wi thin a spectral element at a signal-to-noise ratio of 10. The 
cases shown are ( i )  Measurement in grating mode with a resolving 
power of 1000 at wavelengths of 4 and 40 µm and ( i i )  Measurement 
in Fabry-Perot mode wi th a resolving power of 30000 at wavelengths 
of 13 and 30 µm , (A number of spectral elements are measured 
simultaneously while in grating mode) . 
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The Hubble Space Telescope and Astro missions will open up a new domain of 
research in ultraviolet astronomy with . no t  only greatly increased sensitivity , 
but also fundamentally new capab ilities in UV imaging , polarimetry , and high 
t ime resolution. The scientific potential of these instruments for applications 
to starburst galaxies and related problems is reviewed . 
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I .  Introduction 

Ultraviolet astronomy is s t ill in its infancy . Much UV data is already 

availab le ,  particularly in the form of International Ultraviolet Explorer 

spectra , but because of small apertures of limited observing t imes , UV experi

ments have yet to reach the sens itivity levels routinely achieved at visible 

wavelengths on the ground . This will change dramatically in the near future . 

For example,  the working limit of the IUE low resolution spectrograph is 

mA ( 2000 A) � 14 for point sources , but the limit of  the Hubb le Space Telescope 

Faint Obj ect Camera will be mA ( 2000 A) � 2 6 ,  a factor of 60 , 000 fainter . 

Clearly , a vas t ,  new domain will soon open up in UV astronomy . This is 

also true if one considers the kind of observations which will b e  possib le . 

Mos t  UV astronomy experiments to date have been broad-band photometers and 

spectrographs . Excluding planetary miss ions , no polarimetry or high t ime 

resolution photometry and very little direct imaging has been done . (Among the 

notable p ioneering experiments in UV imaging are two from groups here in France : 

the SCAP 2000 balloon camera [ l ] , and the Spacelab Very Wide Field Camera [ 2 ] ) .  

The HST and As tra facilities offer powerful capabilities in all three areas . 

I have chosen not to review the visible or near infrared capabilities of  

HST because I believe these are well known to most people here (many of  whom 

were probably feverishly preparing HST proposals until the Challenger accident ) .  

On the other hand , UV scienc e ,  par ticularly non-spec troscopi c ,  is l ikely to be 

less familiar . I have also chosen to concentrate on HST and Astra as being of  

mos t  near-term interes t ,  though I should note that other maj or UV experiments-

e. g. Lyman-- may become available later in the 199 0 ' s ,  and the Soviet Mir 

astrophysics module may have s ignificant UV capability . 

I will usually quote magnitude in the monochromatic magnitude system, 

mA ( A )  = - 2 . 5 log FA - 21 . 1 , where [ FA ] =  erg s- 1  cm-2 A-1 , and surface 

brightnesses in the corresponding uni t s :  µA = mA + 2 . 5  log A,  where A is the 

source area measured in arcsec2 . 
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I I .  Scientific  Advantages of the Ul traviolet 

The great scientific potential of the ultraviolet for extragalactic 

prob lems arises mainly from the fo llowing considerat ions : 

57 1 

1 .  Sensitivity to ho t sources . Hot stars and many nonthermal sources are 

b righter in the UV than the visible. Unreddened BO stars , for ins tance , have 

mA (l500 A) - V ;  - 4 . 5 .  They can therefore be studied to much fainter thresh

o lds than in the visible .  For compo site sauces such as galaxies , temperature 

resolution is  greatly improved .  Equally important in many app lications is the 

contras t b etween hot sources and cool background light . For examp le , a ho t 

horizontal branch star will be brighter than a K2 giant of equal V magnitude 

by 16 magnitudes (a factor of 2 . 5  x 106 ) at 1500 A; the contrast between a 

nonthermal galaxy nucleus and the surrounding stellar population will be 

typ ically 6-7 mags bet ter at 1500 A than at 5500 A.  As a result , the detection 

of "submerged" active nuclei or starbursts ( e . g .  the starburst nucleus in M83 

[ 3 ] )  will be greatly facilitated in the UV . 

2 .  Rich UV l ine spectra. The many resonance and other important trans it ions 

in the UV have proved to be of enormous astrophy sical value for the study of  

stellar atmospheres , circums tellar material , and the interstellar medium in our 

own and other galaxies . Of special interest to this conference are the C IV 

( 1500 A) and Si IV ( 1400 A) f eatures , important diagnostics of stellar tempera

ture and stellar winds and also prominent in AGN ' s .  Observations o f  Ly-a have 

been l imited to date by the strong geocorona but will be of great interest with 

the new UV observatories , especially for low-to-moderate redshift systems . In 

the spectral region below 1100 A accessible to HUT , the 0 VI (1034 A) feature 

is a key d iagnostic of  gas in the 105- 6 K rang e ,  spectral structure across the 

Lyman discontinuity ·at 912 A in the restframe can provide important constraints 

on the IMF in starburst galaxies and neutral hydrogen covering factors in AGN ' s ,  

and the He I and He I I  resonance lines (584  A and 304 A ,  respectively , in the 

rest frame) may be observable in high redshift systems . 
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Figure 1 :  An example o f  the improved detectab ility o f  hot sources in the UV :  

the starburst nucleus o f  the barred spiral galaxy M83 .  The upper panel i s  a 

ground-based , visual-band photograph taken with the Kitt Peak 4-m t elescope 

(courtesy R .  Dufour) . The bar of  M83 is prominent . The two lower panels are 

UV images taken with the 38-cm prototype of the Ultraviolet Imaging Telescope 

during a sounding rocket f light [ 3 ] . Both exposures were 25 sec long,  with 

b road band filters centered at 2360 A (left hand panel) and 1540 A (right 

hand panel) . A starburst nucleus is revealed by the UV images and produces 

about 20% of the total UV flux of  the galaxy . The cool stars of  the bar have 

been suppressed in the UV . No te that the maj or axis of the star-burst nucleus 

is perpendicular to the bar . H II regions in the sp iral arms are UV-bright . 

The dynamic range of the original images is not wel l  represented in this 

reproduction . 
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3 .  Sens itivity to interstel lar dust .  Interstellar dust grains in various 

573 

environments can be s tudied to  great advantage in the UV through their absorp-

tive scat tering , and polarizat ion properties . The 2175  A ab sorption feature 

is a convenient indicator of the amount o f  extinct ion to a source as well as 

a clue to the physical nature of grains . Scattered UV light from dust may 

prove to be a sensitive probe of cool circumgalactic material [ e . g .  4 ] . While 

very large extinct ion can certainly limit UV observations in some cases , many 

starforming extragalactic system have proven to have surprisingly small 

E (B-V ) ' s  and are UV-bright . 

4 .  The dark UV sky .  I n  direct ions typical of extragalactic pa intings , the 

sky background in space reaches mA ( 2000 A) � 26 mag arcsec-2 , which is a factor 

40 darker than at any wavelength at excellent ground-based s ites . This repre-

sents an unprecedented new opportunity to study low surface brightness obj ects . 

Taking into account the UV/V energy distribution of po tential targets ,  one finds 

that in certain circumstances UV surf ace photometry can permit detect ion of 

- 2  
regions with equivalent V-band brightnesses of µ (V)  � 3 5  mag arcsec , or over 

100 , 000 t imes fainter than the ground-based sky [ 5 ] . 

I I I .  HST and Astra Instrumentation 

I presume the HST needs little introduc tion . I t  is a free-flying 2 . 4-m 

telescope developed by NASA and ESA which will orbit at an altitude of � 500 km . 

It is intended to be a permanent observatory with a lifetime of at least 1 5  

year s .  Although return to Earth is n o  longer contemplated , it can be serviced 

on-orbit at regular interval s ,  and ins truments can be replaced if  desirab l e .  

Currently under development f o r  replacement of f i r s t  generation ins truments 

after perhaps 5 years of operation are an imaging spectrograph and a near 

infrared instrument . By virtue of its optics and pointing sys tem, HST offers 

superb image quali ty , with a 70% encircled energy radius of only 0 . 06 arcsec 

at 3500 A. HST will support a vigorous General Observer program throughout its 

lifetime . A full descript ion is available in [ 6 ]  and the handbooks is sued by 
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the Space Telescope Sc ience Inst itute. HST is currently scheduled for a 

November 1988 launch. 

Astro is a Spacelab observatory cons isting of three co-al igned , s imul

taneously operating UV telescopes mounted on the ESA-supplied Instrument Point

ing Sys tem. It is operated in the payload bay of  the Shuttle at an altitude of 

� 300 km and can be refurbished between missions . The telescopes , des igned by 

different PI group s ,  were selected from � 200 Spacelab proposals submitted in 

1978 , of which fewer than 10 have survived . Astro was originally scheduled for 

three 8-10 day missions in 1986- 7 ,  the f irst of which (March 1986) was to have 

involved extensive observations of Halley ' s  come t ,  with a set of three follow-on 

missions l ikely . A Guest Ob server program amounting to about 50% of the avail

able t ime on later missions was planned.  Two Astra missions are on the current 

Shuttle manifes t ,  the f irst scheduled for January 1989 . The ult imate program 

will depend in large part on user demand . A descript ion o f  the facility is 

available in two "Space Science and Applications Notices" is sued by NASA Head

quarters in December 1985 . 

The six HST ins truments were selected in 19 7 7 .  The F ine Guidance Sensors 

serve as point source as trometry instruments as well as star trackers . Detector 

characteristics and other salient features of the other first generation ins tru

ments follow : 

Faint Obj ect Camera : Image intens ifiers plus TV camera , photon counting . 

A A1150-6500 . Min .  p ixel 0 . 007 arcsec , oversamples PSF . Max f ield 

44 x 44 arcsec . Carries filters and polarizer s .  Obj ect ive prism and grating 

for low resolution spectroscopy.  

Faint Obj ect Spectrograph : 5 12-diode Digicons , photon counting . AA1150-8500 . 

Resolution 100-1000 . Min . aperture 0 . 1  arcsec ; max 0 . 5  x 2 . 0  arcsec . Carries 

polarizers . Time resolution 20 ms . 

High Resolution Spec trograph : 512-diode Digicons , solar blind , photon count ing . 

A All00-3200 . Resolution 2 x 103 - 105 . Aperture sizes 0 . 2 5- 2 . 0  arcse c .  
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High Speed Photometer : Photomultipliers ( 2  solar blind ) , photon counting . 

A A1200-8000 . Aperture sizes 0 . 4-1 . 0  arcsec . Time resolution 10 µ s .  Carries 

f ilters and polarizers . 

Wide F ield/Planetary Camera : CCD Mosaic , 1600 x 1600 p ixels , analog readout . 

A A1150- 11000 . Min . p ixel 0 . 04 arcsec . Max f ield 2 . 6  x 2 . 6  arcmin . Carries 

filters and polarizers . Obj ective grating for slitless spectroscopy . 

The As tro f acility consists of the following : 

Hopkins Ultraviolet Telescope (A.  Davidsen , Johns Hopkins Universi ty , PI) : 

90-cm telescope, primary coated with iridium, plus Rowland spectrograph . In

tensif ied 1024 element Reticon detector,  solar b lind , photon counting . 

A A4 20-1850.  Resolution � 500. Min. aperture 9 arcsec dia;  max 18 x 120 arcsec . 

Time resolution 1 ms . 

Ul trav io let - Imaging Telescope (T . Stecher , Goddard Space Flight Center , PI) : 

38-cm telescope.  Intens i f ied f ilm cameras , solar b lind , 2000 frames per mission . 

A A 1150-3300 . Pixel size 1 . 2  arcsec . Internal image mot ion compensator,  0 . 2  

arcsec stability . Field 40 arcmin d iameter . Carries 11 filters plus obj ective 

grating for slitless spectroscopy . 

Wisconsin Ultraviolet PhotoPolarimeter Experiment (A . Code , University of  

Wisconsin , P I ) : 50-cm telescope p lus spectropolarimeter . Intensi fied dual 

1024 element Ret icon detector ,  solar b l ind , analog readout . AA1300-3300 . 

Resolut ion � 500.  Min . aperture 1 . 5  arcsec dia;  max . 50 x 50 arcsec . Carries 

Lyot f ilters and wave plates to measure all Stokes parameters simultaneously 

across spectral range.  

IV.  Capabilities of  the Instruments 

There is obviously some redundacy among these eight ins truments , but each 

also has unique and powerful capabilit ies . 

The HST ins truments are designed to take advantage of HST ' s  large aperture , 

excellent image quality , photometric stability , and long lifet ime , which permits 

integrations lasting many orbits if necessary.  The 70% enc ircled energy radius 
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at 3500 A corresponds to 0 . 2 pc at M31 or 5 pc at the distance of  the Virgo 

cluster . As a consequence , HST will be an extraordinarily powerful tool for 

the analys is of stel lar populations and AGN ' s  in nearby galaxies .  With the FOC , 

the S/N = 10 limit for a point source in a 10 hour integration at 2000 A is  

m
A 

� 26 . 5 .  If the source were an unreddened BO star , the equivalent V magni

tude limit would be 30 . 3  (cf . Sec . II) . This is a factor � 40 fainter than 

reached to date by even the most heroic ground-based efforts . Mos t  HST observ

ing programs will not involve such long integrations , however .  For the Wide 

Field Camera ,  the limiting magnitude for a 30 minute integration at 2500 A is 

mA � 21 . 5 ,  or V (BO) � 24 . 5 . With the FOS , a 30 minute integration at a reso

lution of 1200 yields S/N = 10 per A for a source with mA ( 2000 A) � 1 8 . 4  or 

V (BO) � 22 . 2 .  

The Astro ins truments were des igned to have capabilities complementary to 

HST ' s  and to be highly product ive during missions of short duration. HUT 

extends the wavelength coverage of HST to the EUV region AA420-912 , which is  

essentially unexp lored . While the interst ellar medium is expected to be opaque 

for longer pathlengths in this regime , nonetheless observations of some impor

tant hot sources are clearly possible [ 7 ] . The region 9 12-1150 A, also no t 

available to HST , is of great astrophysical interest , as noted in Sec . I I ,  for 

both nearby obj ects and high redshift systems (where the Lyman continuum 

A rest < 912 A becomes visible) . WUPPE provides an unmatched capability for 

efficien t ,  high precision polarimetry throughout its spectral range . UIT , HUT , 

and WUPPE all employ " solar-blind" detectors , which provide strong rej ection of  

visible light . This is highly des irable to eliminate the ef fects o f  s cattered 

light in the spectrographs and is extremely important to suppress filter "red 

leaks" in many extragalactic UV imaging applications . 

A key complementary feature which is shared by all three Astro instrument s  

is a larger field o f  view than their HST counterpart s .  WUPPE and HUT can employ 

aperture sizes of 2000-2500 arcsec 2 whereas the HST spectrographs are limi ted 

to 1 arcsec2 (FOS) and 4 arcsec2 (HRS) . For extended sources , such as the 
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inner regions of starburst galaxies , this means that HUT , for example , is 25 

times faster than the FOS at 1700 A despite its small aperture . 

The U IT ' s  f ield of view is 180 times larger than that of the Wide Field 

Camera . For point sources , its limiting magnitude is about the same as the WFC , 

i . e .  mA ( 2500 A) � 21. 8 or V (BO) � 24 . 8  in 30 minutes . UIT ' s  extended source 

threshold is about 20  times fainter than that of the WFC in a 30 min integra

t ion if the threshold is defined by the surface brightness of a source yielding 

a s ignal equal to the detector no ise per unit area . These values are 

µ A (UIT )  = 25 . 8  and µ A (WFC) = 2 2 . 3  at 2500 A .  The unexpectedly good performance 

of the UIT results f rom fewer reflections in the opt ical train , a detector with 

low equivalent readout noise , and its use of  high efficiency , broad band UV 

filter s .  However ,  it  should be no ted that , a s  with all photographic detector 

systems , U IT ' s photometric S/N i s  limited to about 20 . 

As a result of its high efficiency design , the As tra complement can return 

a surprisingly large amount of information even in the relatively short duration 

of a 6-8 day Shuttle mission . In 6 days of science operat ions , Astra will be 

able to make 192 target paintings ( 2  per orbit ) . The total field area covered 

by UIT in this perio d ,  for example , is equivalent to 18 years of WFC exposures 

(to the same UV limiting magnitude for point sources) if the WFC is able to 

take UV exposures on one of  every three target paint ings (1 per orbit) . On the 

other hand , there will be many situations where the higher spatial or spectral 

resolution of  HST or its capacity for extended integrations or long- term moni

toring of variable sources is cruc ial . Taken together , HST and As tro provide 

a powerful , balanced , and strongly complementary UV observational capability . 

V .  UV Observations o f  Starburst and Related Systems 

HST and Astra ultraviolet observations will make important , perhaps 

decisive , contributions to many of the problems discussed at this meeting . A 

brief list of some sample observing programs follows , and many others will 

readily occur to  the reader . General discussions of UV science may be found 

in many conference proceedings , notably [ 6 , 8 , 9 ] . 
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MASSIVE STARS IN OUR OWN AND NEARBY GALAXIES 

Individual spectra A A900- 3200 : Lyman lines , 0 V I ,  C IV , Si IV ; abundances 

atmospheric structure,  winds . 

Polarimetry : winds and extended atmospheres .  

Initial mass funct ion : resolve star forming regions in nearby galaxies 

(HST ) ; UV photom/ imagery improves temperature discrimination . 

INTERSTELLAR MEDIUM IN NEARBY GALAXIES 

Ab sorption line spectroscopy against ho t stars /AGN ' s ;  abundances , 

temperatures , velocity f ield s ;  nature of ho t halos ; local ISM in the 

Lyman cont inuum, 400-91 2  A (HUT) . 

Dus t :  extinction law, polarizat ion/ scattering propert ies ; A 21 7 5  feature ; 

grain characteristics in dif ferent environment s .  

Supernovae remnant/planetary nebula surveys using C I V  imagery . 

ULTRAVIOLET EXCESS COMPONENT IN OLD STELLAR POPULATIONS 

Identify and study the nature of  this ho t component in E galaxies and 

spiral bulges by resolving individual stars in nearby galaxies (HST ) , 

by studying its spatial distribution in various galaxy types (UIT ) , 

and by spectroscopy.  

DEEP UV SURVEYS (FILTER IMAGING AND SLITLESS SPECTROSCOPY) 

Hot stars in nearby galaxies : massive or highly evolved low mass obj ects 

(horizontal branch , post-AGB , etc) . 

Low surface brightness blue dwarf galaxies with µ A > 26 

Clusters of galaxies (UIT ) : integrated UV photometry for all morphological 

types ; Ly-a fluxes for z � 0 . 04 ;  emission lines from cooling flows ; 

thorough samples of nearby clusters are necessary for interpretation 

of  high redshift data . 

Starburst and Ly-a emission obj ects to z � 2 .  

Primeval galaxies a t  z � 2-4 recognized b y  unusual colors o r  spectra in the 

restframe Lyman continuum. 
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No te : all surveys benefit from the extremely dark UV sky (cf . Sec . II) . 

AGN ' S  AND QSO ' S  

Nature o f  continuum radiation : UV spectral shapes ; polarization 

Nonthermal j et s  (UV imaging) . 

Physics of ionized medium: absorption and emission lines ; 0 V I ,  

Ly-a , N V , C IV ; spatial resolution of  nuclear emiss ion line regions 

(HST ) . 

Neutral hydrogen covering factors from spectral shape at A
rest � 9 1 2  A .  

EUV features (He I ,  H e  I I  A A584 , 304 ; Lyman edge ; Lyman continuum) i n  high 

redshif t  obj ects ; intergalactic  absorption. 

Identi f ication o f  very low luminos ity AGN ' s  in nearby galaxies . 

STARBURST SYSTEMS 

Spatial resolut ion of burst ing region in nearer systems . 

Spatial resolut ion of parent system in more distant systems (HST) ; nature 

of parents /burst mechanism. 

Integrated UV spectra of  bursts : abundance s ,  stellar winds , dynamics of 

gas and stars in bursting region ; IMF and s tar formation history . 

Detect ion of low luminos ity s tarburst nuclei through improved UV contrast 

against dominant , o ld populations . 

Circumgalactic material in t idally interacting and merger sys tems ; ho t 

gaseous components in absorption or emission line spectra ; s tellar 

or coo l ,  dusty component s  by very low surface imaging (to µ (V )  > 30 

equivalent) . 
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V I .  Conclusion 

HST and Astro o f f er not j us t  greatly improved sen s i t ivity for ultraviolet 

astronomy , but fundamentally new capab il i t ies in the essen tially unexplored 

areas of UV imaging , polarimetry , and high t ime resolut i on , These , taken 

t ogether with the high densi t y  of astrophys ical informat ion in the ultraviolet , 

promise a rich scient ific return in short order once Space Shu t t le launches 

resume . 

This work was supported in part by NASA grants  NAG 5-700 and NAG 5- 838 . 
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The Advanced X-ray Astronomy Facility (AXAF) of NASA and the X-ray Multi-Mirror 

Mission (XMM) of ESA will be the major X-ray observatories of the late 1990s. Their 

potential for studies of galaxies is enormous. 
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1 Introduction 

The X-ray observatories of the 1980s - the Einstein Observatory and EXOSAT - together 

with Tenma and Ginga have laid the basis for X-ray imaging and spectroscopy. Most classes 

of cosmic object have been detected as X-ray sources and spectral lines found in the brighter 

ones. 

The early 1990s will see the production of the ROS AT Survey containing up to 105 sources 

over the whole sky. This survey will extend to about 2 keV and have a spatial resolution of 

� 10 arcsec ( Trumper 1984). Spectral information will be obtained in about 4 'colour bands'.  

The next obvious steps are to pursue higher spatial resolution, higher spectral resolution and 

wider spectral bandwidth. NASA's Advanced X-ray Astronomy Facility (AXAF) and ESA's 

X-ray Multi-Mirror Mission (XMM - sometimes known as the X-ray Spectroscopy Mission) 

aim to achieve these goals in a complementary manner. Both will have a bandwidth extending 

above 8 keV, which gives access to the important iron Ka line complex at � 6.5 keV, and much 

greater collecting area than previous missions. AXAF, one of NASA's Great Observatories, is 

designed for high spatial resolution and will give sub-arcsecond imaging. XMM, one of ESA's 

Cornerstones, is designed for high spectroscopic throughput . These long-lived observatories, 

together with other intermediate experiments expected to be launched by NASA, Japan, the 

USSR, Italy and others, will mean that the late 1990s will be rich in X-ray data. 

X-rays are the primary energy output for most forms of compact objects, binary stars, 

active galaxies and diffuse hot gas. Such gas is a common feature in the Universe and is 

well observed where it is trapped in the potential wells of clusters and galaxies. The major 

emission lines of hot thermal gas are shown in Fig. 1 .  A gas of cosmic abundance at 107 

K radiates about 60 per cent of its emission as lines. AXAF and XMM will measure the 

abundances of such gas to better than 20 per cent . This has obvious implications for studies 

of the chemical enrichment and recycling of gas in galaxies. In the last Section of this talk I 

shall discuss further how X-ray observations are essential to many galactic studies and how 

they may relate to star formation and starbursts. 
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Figure 1 .  Fractional contribution of emission lines to equilibrium thermal gas emission as a 
function of temperature. 

2 The Instruments 

2.1 AXAF 

AXAF is the top recommendation of the Field Report and currently under study by 

NASA. It is to be a space observatory with a lifetime exceeding 15 yr, with periodic refur

bishment by the Space Station. 

The telescope consists of 6 nested Wolter I mirrors of l .2m maximum diameter and lOm 

focal length. An on-axis point-spread function of 0.65 arcsec diameter is achievable (Van 

Speybroeck et al. 1987; Schwartz et al. 1987) and images can be positioned to within 1 

arcsec. 4 focal-plane instruments together with transmission gratings study the spatial and 

spectral content of the images. A detailed description of these instruments is given in SPIE, 

Vol. 597, pp 232 - 281 (1985). 

a) CCD Imaging Spectrometer (A CIS; G. Garmire P.I.). 

A CCD array gives high angular resolution (0.5 arcsec) and moderate spectral resolution 

("' 150 eV) over the energy range of 0.1 to 10 keV. Single photon quantum efficiencies of up 

to 90 per cent can be obtained so that the effective area will be "' 600 cm2 over the 0.5 ke V 

band. Point sources of :=:; 10-15 erg cm-2 s-1 can be detected in exposures of 105 s. 
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b) High Resolution Camera (HRC; S. Murray P.I.). 

The detector is a CsI-coated microchannel plate which has a high angular resolution, 

low background and large field-of-view. This means that it will be the preferred instrument 

for diffuse sources . Some modest energy resolution is achieved at low energies ( :<::: 2 keV). 

c) Bragg Crystal Spectrometer (BCS; C. Canizares P.I.). 

Spectral resolving powers of 200 - 2000 are obtained over the 0.5 - 8 ke V band and 50 - 80 

over 0.14 - 0.5 keV. An effective collecting area of ,...., 4 - 60 cm2 gives a minimum detectable 

line flux of ,...., 4 - 30 x 10-6 ph cm-2 s-1 • 

d) X-ray Calorimeter (XRS; S. Holt P.I.). 

This is an innovative idea which is currently being tested in the laboratory. The tem

perature increase that occurs as a small crystal absorbs an X-ray is measured by the change 

in electrical resistance. This should give a high quantum efficiency and a resolving power of 

,...., 1000 at 6 keV. 

e) Low Energy Transmission Grating (LETGS; A. Brinkman P.I.). 

The grating operates over the 2 - 140 A range giving .::l..\ = 0.05 A with an effective area 

of ,...., 20 - 30 cm2 • 

f) High Energy Transmission Grating (HETGS; C. Canizares P.I.). 

Here the energy band is 0.4 to 8 keV with R ,...., 100 to 1000 and an effective area of 

,...., 10 - 200 cm2 • 

AXAF will have a spatial resolution which is ,...., 4 to 8 times better than that achieved 

with the Einstein Observatory and will be ,...., 10 - 50 times more sensitive. 

2.2 XMM 

XMM is ESA's major X-ray mission for the future as recommended by the 'HORIZON 

2000' report (1984). It is currently planned for launch in 1998 by Ariane IV into a deep-Earth 

orbit similar to that of EXOSAT. 

It is envisaged that the payload consists of 4 telescope modules each of which is composed 

of 58 Wolter 1 nested telescopes. The focal length is 7.5 m and the outermost shell diameter 
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is 0.7 m providing an energy range of 0.1 - 15  keV. This will give between 6000 and 3000 cm2 

effective telescope area between 1 and 8 keV with a spatial resolution of ,...., 30 arcsec half

energy-width. Broad-band spectroscopy is the major goal of XMM. This will be achieved 

with a range of possible instruments. The model payload currently being studied contains: 

a) A CCD array as the prime detector on all 4 telescopes. 

b) A imaging gas scintillation proportional counter on all 4 telescopes. 

c) Reflection gratings permanently fixed to 2 telescopes covering the energy range 0.4 to 

2.5 keV to give a resolution of ,...., 300 and effective area ,...., 400 cm2 at 1 keV. 

d) Bragg crystal spectrometers on 2 telescopes to give a resolution of ,...., 1 000 around the 

K lines of iron and oxygen. 

An optical monitor telescope that can detect objects down to ,...., 23 mag at 2000 - 6000.A 

is included as part of the payload. Further descriptions of some of the instruments can be 

found in the Proceedings of the ESA Workshop on XMM (ESA SP-239). 

2.3 A COMPARISON 

The two missions have different emphasis and are optimized accordingly. AXAF has a 

superior spatial resolution to XMM (� 1 arcsec vs ,...., 30 arcsec) whilst XMM has the superior 

effective area. (Fig. 1 ; ,...., 4000 cm2 vs ,...., 1000 cm2 at 2 keV - note that the reflection gratings 

on XMM reduce the total effective area from that of 4 modules to 3). Both missions will 

achieve a point-source sensitivity better than ,...., 2 .10-15  erg cm-2 s-1 in the 0.5 - 8 keV band 

in 6 hours observing time; AXAF will go deeper than 10-15 erg cm-2 s-1 in 105 s. This 

corresponds to a flux level of ,...., 1 00 pJy. Detailed spectra below 2 keV and just around the 

iron complex at 6.5 keV of isolated point sources and, on a one arcmin scale, of extended 

sources can be rapidly obtained with XMM. AXAF will give sharp images and spectra on 

a subarcsecond scale and, with the high energy grating, it will give detailed spectra up to 8 

keV. 



586 

-... E () ........ 
0 � 
II> 
� () II> tJ 

0 0 0 

0 0 

Effective Areas of the Mirrors on IV<.AF and XMM 

XMM (4 Modules) 

1 
Energy (keV) 

A. C. FABIAN 

1 0  

Figure 2 .  Effective total areas of the telescopes on AXAF and XMM. The reflection gratings 
mounted in front of 2 of the XMM modules reduce the effective area for imaging to 75% of 
that shown here. 

3. AXAF and XMM for GALAXIES and STARBURSTS 

A limit of 10-15 erg cm-2 s-1 is shown in Fig. 2 and compared with the classes of X-ray 

source expected in galaxies, groups and clusters. Objects that will be detected include: 

a) bright stars, RS CVn systems and catacylsmic variables in the Magellanic Clouds; 

b) most supernova remnants in the Local Group; 

c) the brightest X-ray binaries in the Virgo supercluster; 

d) normal spiral galaxies out to the distance of the Coma cluster; 

e) bright elliptical and lenticular galaxies out to redshifts of 0.2; 

f) groups and clusters out to redshifts of 2 or more. 

The study of the internal X-ray structure of most galaxies will require the high spatial 

resolution of AXAF, although useful overall spectra and timing infomation will of course be 

obtained with XMM. 
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Figure 3. Detectability of various X-ray sources as a function of distance. The solid line 
indicates a detection threshold of 100 pJy. Maximum observed luminosities for different 
classes of X-ray source are shown. No cosmological effects are included - they are relatively 
unimportant out to redshifts of 0.2. 

Star forming regions produce X-rays, as discussed elsewhere in this Volume by T. Mont

merle. Young stars and especially T Tauri stars, flare stars and OB stars are all X-ray sources 

with X-ray luminosities, L.,, up to 1034 erg s-1 • Supernova remnants and pulsars appear to 

have L., ::::; 1037 erg s- 1 , at least in our Galaxy. Massive X-ray binaries probably dominate 

the X-ray output of massive star forming regions with L., ::::; 1039 erg s-1 • A comparison of 

M31, the Milky Way, the LMC, SMC and NGC 5408 indicate that the mean L., increases as 

metal abundance decreases (Markert et al. 1977; Stewart et al. 1982). This may be a result of 

a decrease in Wolf-Rayet activity at low abundance. Any detailed predictions of the expected 

X-ray luminosities requires some assumptions about the frequency of massive close binaries 

but they are possibly very common (see e.g. Fabian 1986). 

Peculiar and starburst galaxies appear to be X-ray bright (Weedman et al. 1981, Fabbiano 

et al. 1982), with X-ray-to-optical luminosity ratios that are substantially higher than those for 
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Emission from Gas Cooling from 6 keV 
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Figure 4. Total energy spectrum of gas cooling from 6 keV at 1 ,  10  and 100 eV resolution. 
This is similar to the spectrum expected from a cooling flow. The abundances of the elements 
are taken to be 0.4 Solar. 

normal spiral galaxies like M31. The extragalactic HII region NGC 5408 (Stewart et al. 1982) 

and NGC 5204, which is a companion to MlOl (Fabbiano & Panagia (1983), are both extreme 

in this respect and probably contain large populations of massive X-ray binaries. A strong 

correlation of X-ray luminosity with blue luminosity in 13 'normal' spiral galaxies detected 

with the Einstein Observatory has been reported by Fabbiano et al. (1984), suggesting that 

the X-ray emission is produced by young systems. Further studies of the Starburst galaxies 

NGC 253 (Fabbiano & Trinchieri 1984) and M82 (Watson et al. 1 984) show,in addition to 

some point sources, extended diffuse X-ray emission that is probably associated with hot 

outflows. 

Spectroscopic results on galaxies that can be expected are: 

a) redshifts (to � 1 per cent) and abundances (primarily of the elements C through to Fe 

and Ni; to an accuracy better than 20 percent) for E and SO galaxies, and clusters. This will 
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readily show the chemical enrichment and recycling of interstellar and intracluster gas. The 

distribution of clusters of galaxies with redshift, and thus their evolution, will be measured. 

b) gas motions 300 km s-1 in the nearest clusters. Optical filaments observed in the 

cores of some cooling flows show velocity widths of more than 500 km s-1 • Galaxy wakes and 

stripped gas must have velocities up to � 2000 km s-1 . Subsonic turbulence of the gas and 

large scale rotation may generate velocities of � 500 km s-1 • 

c) cooling flows out to substantial redshifts and of quasar 'fuzz' (see Fig. 4 and my other 

contribution to this volume). Dissipative galaxy formation in which a significant fraction of 

the gas constituting a galaxy is at its virial temperature will give luminous sources below 1 

keV. 

d) the spectra of stars, star bursts and X-ray binaries over almost two decades of energy. 

This may be an important source of hard ionizing radiation in dense gas clouds. 

e) absorption studies of the interstellar and intracluster medium (including dust). These 

give the chemical abundances of the cold (recombined) gas in galaxies from the strengths 

of the photoelectric edges. X-rays can effectively be used to map the hot and cold gas 

distribution and composition in suitable galaxies. 

The large effective area at 8 keV means that iron line spectroscopy will become routine. 

(The Tenma satellite found iron line emission from most classes of X-ray source, Makishima 

1986). Iron abundance gradients in clusters and groups can be studied (taking into account 

resonance line scattering, Gilfanov et al. 1987). The mass profiles of elliptical and SO galax

ies and of groups and clusters of galaxies will also become a straightforward measurement. 

Detailed maps can therefore be made of 'dark matter'. The cores of objects such as Arp 220, 

our Galactic Centre and other highly obscured regions can be examined in detail. Finally the 

massive X-ray binary population of our Galaxy, and other nearby galaxies, can be mapped 

in detail. 
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The Astrophysics Meeting had three separate subtopics. The first, and perhaps most 
dramatic, was the Supernova and the observations of neutrinos from it. The second, the 
question of dark matter in the Universe. The third, the primary topic of the meeting, the 
question of star bursts and their role in galactic evolution. In this summary I will briefly 
mention all three. 
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1 .  Introduction 

The 1987 Moriond Astrophysics Conference, while formally on the subject of star bursts and 
their role in galactic evolution also had important contributions with regard to the subject 
of dark matter, and most dramatically had the excellent luck of having occurred shortly 
after supernova SN 1987 A in the Large Magellanic Cloud, and the consequent detection of 
neutrinos from that event. In particular, experimentalists from each of the underground 
experiments, Kamioka in Japan, IMB in the U.S. ,  the Mont Blanc detector in Italy, and the 
Baksan detector in the Soviet Union, were all represented. Thus, this summary will mention 
each of these three topics. 

2. Supernova 1987 A 

At this meeting, we were fortunate to have a major, possibly historical, session on the recent 
supernova. At the time of the meeting, there were still many uncertainties and rumors 
wandering through the audience, with telegrams and phone calls bringing new, and often 
contradictory, information. With the hindsight that is obtained by writing this report a 
couple months after the meeting, one now has a fairly clear picture of what went on in SN 
1987 A ,  although, even at this stage, there are still many questions, and much excitement 
awaits us. 

The facts are, on February 23, Supernova 1987 A exploded. It was first seen on the 24th, 
but the photographs show that it was indeed approximately sixth magnitude at lOh UT on 
February 23, and did not seem to be visible an hour earlier to an observer who was sensitive 
at approximately eighth magnitude. The star that blew up, has now been reasonably well 
determined, as a star in the Sanduliac Catalog which was a blue super giant. Although 
initially there were some questions as to why a blue, rather than a red star should blow 
up. It now appears to be easy to understand within standard stellar evolution, that the low 
metalicity Large Magellanic Clouds can have stars in the 15-20M0 range blow up while blue 
rather than red stars. This can occur due to either the stars in that range never having 
moved fully over to the red, as discussed by Brunish and Truran1 , or having an evolved star 
that was in the red move over to the blue in one of its oscillations across the top of the HR 
diagram, as has been discussed by Woosley2• Thus the light curve of the supernova itself 
has continued to rise slowly over the 60 days since the explosion, reaching third magnitude 
at the time of this report. This continual rise, coupled with the rapid early expansion, was 
at first perplexing since it did not seem to fit the standard light curve concepts. However, 
when it is recognized that the star that blew up is definitely a blue star with a relatively 
compact envelope compared to a red super giant, and if an additional energy source, such as 
a rotating pulsar inside or radioactive heating is included, one can understand the behavior. 
Future evolution of the light curve, its subsequent fall and the interior mantle inside of 
recently-produced heavy elements and possibly the new born neutron star all remain exciting 
observational possibilities. For the physicist, the most exciting aspect of the supernova has 
been the detection of neutrinos. This is the first example of extra-solar system neutrinos, 
and thus marks a major event in astronomy. 

At this conference we were fortunate enough to have representatives from each of the 
groups that reported neutrino detections3 • In particular, the Kamioka group from Japan, 
the IMB group from the United States, the Mt. Blanc group from Italy, and the Baksan 
group from the Soviet Union. Table 1 summarizes the reported neutrino detections. While 
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Table 1 :  Neutrino De.ta 

Time (UT) February Detector ( threshold•/ size) # of Events ( E-range/Dure.tion) 

23 2h 52m Mt. Blanc (7 MeV /90 T)+ 5 (<HO MeV /7 sec) 
""±1 min Ke.mioka (8 MeV /2.14 kT) 2 (7-12 MeV /10 sec) 

"" IMD (30 MeV /5 kT) none reported 
"" Baksan ( 1 1  MeV/130 T)+ none reported 

23 7h 35m (± min) Ke.mioka. (7 MeV /90 T) 11 (7-35 MeV /13 sec) 

23 7h 35m IMB (30 MeV /5 kT) 8 (20-40 MeV /4 sec) 
"" Ba.ksa.n ( 1 1  MeV /130 T)+ 3 (12-17 MeV /10 sec) 
"" Mt. Blanc (7 MeV /90 T)+ 2 (7-9 MeV /13 sec) 

sum of pulses Homestake v, (0.7 MeV /615 T)"" consistent with background 

Optical 

23 9h 25m la.ck of sighting mv � 8 magnitude 

23 lOh 40m photograph mv = 6·magnitude 

24 lOh 53m discovery mv = 4.8 magnitude 

"Threshold is when efficiency drops to ;S 50% (sub-threshold events are therefore possible). 

+These detectors are liquid scintala.tors with H2n+nCn, thus have � 1.39 more free protons 

than H 2 0 detectors of same mass. 

*"The Homestake detector is only sensitive to v,'s. It is me.de of C2Cl4. 
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all groups are in agreement that there was an event at 7h 35m UT on February 23, there is 
some question about an earlier event seen at the Mt. Blanc detector at 2h 52m UT. When 
the IMB detection of the second event is used to calibrate the Kamioka clock and Kamioka 
looks back at the earlier time, it has two events in the 8-second window around the earlier 
Mt. Blanc detection. However, with the detector more than 20 times bigger, one might expect 
a somewhat larger number of events. I will return in a moment to the possible discrepancies 
here. 

The latter, well-confirmed event fits remarkably well with expectations for a standard core 
collapse of a massive star. From the early 1970s it was realized that the cores of all massive 
stars would essentially be at the Chandrasekhar mass for their final collapse. �his is because 
the evolution of these massive stars, once they get beyond carbon burning, is dominated by 
neutrino emission. Thus, the core evolves as if it is decoupled from the outer edge of the star, 
the neutrinos stream straight through. Each of these stars goes through successive burning 
stages until it produces a l .4M0 iron core. Since there is no further nuclear energy to be 
released from iron, the iron core collapse becomes catastrophic. It is the collapse of this iron 
core down to the neutron-star densities and conditions that yields a supernova, and also yields 
a huge emission of neutrinos. In fact, in order to get down to a neutron star state, the core 
must radiate the binding energy of a neutron star, which for l .4M0 is about 2 x 1053 ergs. 
Since the energy of the supernova itself, its hydrodynamics and luminosity in electromagnetic 
radiation is only the order of 1051 ergs, the bulk of the binding energy must be emitted as 
neutrinos. (Gravitational waves have been shown to make up less than one percent of the 
emitted energy.) In the early 1970s, it was also known (see, for example, Schramm and 
Arnett 1974) that the typical energy of the electron neutrinos emitted from such a collapse 
would be about 10 MeV, and that the other neutrino species would be emitted through 
neutral current processes. For mu and tau neutrinos, the opacities were somewhat lower 
than electron neutrinos due to only neutral-current contributions, thus their temperatures 
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and their energies, would be somewhat higher. In the recent detailed calculations of Mayle, 
Wilson, and Schramm6 , it was found that the mu and tau neutrinos were coming out with 
average energies of about 20 MeV and the electron anti-neutrinos approximately midway 
between 10 and 20 MeV, starting low and gradually rising with time. Thus, it had been 
expected for a long time that if a collapse did occur it should be a significant neµtrino burst . 

The actual structure of the burst comes in two parts. The first, the neutralization where 
essentially all of the protons in the core are converted to neutrons. This produces approx
imately 10s7 10 Me V electron neutrinos, yielding about 2 x 10s2 ergs. The remaining 90% 
of the binding energy comes off in neutrino-anti-neutrino pairs via e+e- --+ vii. Via neutral 
currents, it has been known since the mid-1970s that all types of neutrinos would be pro
duced in this emission. Since the detectors are most sensitive to iles, that means they are 
only sensitive to about 1/6 of the emitted neutrinos from the supernova. Using this fact, one 
can trivially estimates the number of counts one expects in a ile detector of any given size for 
a SN in LMC, 50 kpc away. For example, one expects for the Kamioka detector with 2140 
tons of water, approximately 10 fie captures. For the Mt. Blanc detector, with 90 tons of scin
tillator, one expects about 1/2 a capture from a collapse4•s . The IMB detector is somewhat 
more problematic because its threshold is so high that it is only getting the high-energy tail. 
The high-energy tail is slightly more model dependent than the bulk energetic arguments 
mentioned above. In Mayle, Wilson and Schramm, it was shown that the high-energy tail 
would have a slightly higher characteristic temperature than the peak of the distribution, 
thus enhancing the ability of IMB to see events. If we use the Mayle, Wilson and Schramm6 
calculations and the cross sections for anti-neutrino captures , one estimates that about six 
counts would be expected in the 5,000 ton IMB detector. Thus, from the observations shown 
in Table 1, it is clear that the second burst fits remarkable well with what one expects. 

In addition to the fie captures there would also be some electron scattering possibilities. 
All of the neutrino types are able to scatter off electrons, however, their cross sections for 
this process are all very small. At 10 MeV the cross section for electron neutrinos scattering 
off electrons is a factor of � 80 below the cross section for anti-neutrino captures. The 
cross section for v,, scattering is down by another factor of six below the electron neutrino 
scattering. However, there are five times as many free electrons in a water Cherenkov detector 
as there are free protons. Thus, the huge cross section difference is suppressed somewhat. In 
addition, there are slightly more electron neutrinos because of the neutralization burst at the 
beginning of the collapse. Neutronization burst only lasts, in the standard models, a few tens 
of milliseconds, whereas the rest of the neutrinos come out over several seconds in the standard 
models with the length of time depending on assumptions about collapse hydrodynamics, 
total binding energy to be emitted, etc. Thus, there might be a slightly greater possibility 
of electron scattering events in the first fraction of a second of the detected neutrino burst . 
In fact, Kamioka did see two events pointed toward the LMC in their initial time bins. One 
would have expected from a collapse event that produced 10 iles approximately 0.7 neutrino 
Ve - e scatterings and a comparable rate for the sum of all other neutrinos scattering off of 
electrons. Thus a total of about 1-1 .5 electron scatterings. We see two or possibly three 
electron scattering events in the Kamioka data. It is thus not out of line with what one 
expects, especially considering statistics of small numbers. The fact that the Davis 37 Cl 
experiment has not seen any excess counts argues that there is not any significant excess 
of electron neutrinos in this collapse event and that the electron neutrinos have energies 
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Figure 1 :  Neutrino Temperature and energy emitted as implied by Kamioka and IMB data5 . 

approximately what one would expect, since the cross section for a 37 Cl neutrino capture is 
a very steep function of energy, E3·7 . Although, for a standard model, one does not expect 
the chlorine experiment to have any significant counts above the normal low rate from the 
Sun. 

If we deconvolute the observed number of events and their meiµi energy to say what 
temperature and luminosity the Kamioka and IMB bursts imply, we find that they imply a 
temperature for the Ve of approximately 4 MeV and a total luminosity emitted in all types of 
neutrinos of 2 to 4 x 1053 ergs. A remarkable agreement with what simple model estimates, 
made over ten years ago, would have predicted (see, for example, Freedman, Schramm and 
Tubbs 7, or the Proceedings of the DUMAND Conference8 ). Figure 1 shows the temperature 
and emitted energies of Kamioka and IMB burst and the overlap region. Note that the 
central temperature value for Kamioka is below the central value for IMB. It is possible that 
instead of these both sampling the same temperature, they're really sampling slightly different 
temperature distribution, since in the Mayle, Wilson and Schramm models, the temperature 
of the high-energy tail is a little bit higher than the peak temperature. 

If we apply the same temperature total energy emitted analysis to the first event reported 
by Mt. Blanc, we get a curious result. The temperature to fit the events is down around 1 
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MeV and the luminosity is up greater than a few x 1054 ergs. That is, it is greater than the 
rest mass energy of a neutron star. The luminosity-temperature distribution would imply 
events that might also be difficult for Kamioka to see, since the temperature is so low and 
Kamioka's threshold is higher than Mt. Blanc's. (It is clear that small statistical variations 
in the Mt. Blanc implied temperature toward the lower side would yield a distribution that 
would be difficult for Kamioka to see.) Therefore, experimentally one can not rule out that 
Mt. Blanc was seeing a real event and Kamioka was just unlucky due to the low temperature of 
the distribution Mt. Blanc was sampling. At the same time, the temperature was so low that 
the higher thresholds of IMB and Baksan prevented detection. However, the temperature 
and energy characteristics that such an event would have are very difficult to understand 
in any reasonable theoretical model, while the Kamioka-IMB burst fits standard theory 
extraordinarily well. Of particular concern is the total energy emitted which would imply a 
very large massive object . 

There is the curiosity that room-temperature gravitational wave detector9 in Italy and 
also the room-temperature gravitational wave detector in Maryland di report noise coincident 
with the Mt. Blanc event. However, these room-temperature detectors would have required 
several thousand masses of energy in gravitational waves for an event in the Magellanic Clouds 
to produce a detectable signal. The alternative is either to say that something very bizarre 
took place initially and it somehow converted to a rather normal collapse, after five hours, 
or to say that the earlier burst was unrelated to the LMC event, in which case the huge 
energies implied could be reduced, and the other event could be very near-by but hidden in 
a dust cloud so that it produced nothing. optically. However, this latter case would require 
the amazing coincidence that this strange event occurred at approximately the same time as 
the Supernova in LMC. Thus, without further evidence, I'm inclined to take the Eddington 
view that any observation in astronomy that is not confirmed by theory is suspect. However, 
this should not be interpreted as any fault on the part of experimentalists at Mt. Blanc who 
have done a fantastic job, and who had the foresight to realize the importance of neutrinos 
from supernovae. 

As far as the physics that can be obtained from this neutrino event, much has been 
written. In fact , the number of papers on neutrino mass far exceeds the number of events 
that have been 1:1een. However, when it really comes down to it, there will always be some 
model dependence. In addition, one has to not only interpret whether or not the late counts 
in Kamioka are due to the intrinsic spread of the emitted burst or due to a finite mass, or 
should be dismissed for some obscure reason and whether the width of the burst is due to a 
finite neutrino mass or intrinsic-ness, or in fact whether a finite neutrino mass has compressed 
the width of the burst due to, for example, the higher energy neutrinos being emitted later 
than the lower energy neutrinos, as occurs in the Mayle, Wilson, Schramm models. In fact ,  
when all of the data i s  combined, I believe that all one can fairly state i s  that the mass 
implied is probably less than about 30 eV, which is not as good as the experimental limits 
from tritium decay10. Any statements with regard to finite neutrino masses are clearly model 
dependent. Any statements about a mass of a neutrino other than Ve are very difficult to 
make, due to the extremely low cross sections for all other events. Although some limits can 
be set on mixing with finite masses, I think it would be difficult to use the SN 1987 A to rule 
out cosmologically significant masses for the mu- and tau-neutrino. 

There is an interesting physical result that can be obtained on the number of neutrino 
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flavors. This comes from the fact that the neutrinos, through neutral currents, are emitted 
in all flavors and yet a finite detection occurred in Ve 's, so the number of flavors cannot be 
too large or the number of Ve 's detected would be reduced below the observed result. In 
another paper1 1 presented at this conference, it was shown that that limit is approximately 
7 neutrino flavors, which is not as good as one can do cosmologically, but is comparable to 
current experimental limits and further confirms that the total number of families seems to 
be small. 

From the total energetics and the fact that anti-neutrinos were emitted in significant 
numbers, one can also set limits on the axion coupling constant12 •  By using the zone where 
the neutrinos are emitted, the limit on the axion coupling constant, f > 109 GeV, comparable 
to the limits that came from red giants13 . However, if one takes into account axion emission 
from the core of the star, where neutrinos don't get out but axions do, this limit can be 
strengthened considerably, and severely tightens the limits on the axion coupling constant12 •  

The limits on neutrino mixing were discussed prior to the supernova explosion by Walker 
and Schramm14. The fact that some ve's were detected seems to rule out the standard 
adiabatic MSW mixing scenario. However, non-adiabatic MSW that does not solve solar 
neutrinos can still be allowed. 

A trivial statement is the fact that neutrinos made it to us from the LMC constrains the 
lifetime times gamma to sufficiently large values that neutrinos probably made it to us from 
the sun, unless there was some sort of optimized mixing15 . 

3. D ark Matter 

At this conference, Krauss presented a review talk on dark matter, and there were several 
mentions of dark matter throughout. The dark matter questions of cosmology have been 
reviewed extensively at other places17. The important point here is that in the last year or 
so, neutrinos have reemerged as a possible candidate for dark matter if they have masses of 
20 to 30 eV. The most likely candidate would be the tau-neutrino since it is the neutrino 
associated with the heaviest family. The reemergence of neutrinos has occurred due to the 
fact that Turok, Schramm, Brandenburger and Kaiser18•19 have shown that galaxies are able 
to form sufficiently rapidly in hot dark matter models, if the initial perturbations are in the 
form of strings rather than random adiabatic fluctuations. While the cold matter model has 
the advantage of being easy to do calculations and thus has very definitive predictions, these 
predictions apparently seem to be causing it problems in that it has difficulty in fitting the 
large-scale cluster-cluster correlation functions and the large-scale velocity fields. Of course, 
the large-scale velocity fields are extraordinarily debatable at the present time. Clearly, more 
definitive work with new catalogs and unbiased selection techniques are needed before the 
final nails can be driven into the cold matter coffin. 

An important point that has been emphasized by Freese and Schramm19 is that big bang 
nucleosynthesis seems to imply that there are dark baryons, and in fact , the bulk of the 
baryons appear to be dark. It was emphasized by Gott, Gunn, Schramm, and Tinsley20 in 
1974 that baryon densities in big bang nucleosynthesis are in very good agreement with the 
dynamical densities implied by binaries and small groups, which include dark halos. Thus, 
it is reasonable, though not compulsory, to assume that the halos are baryonic rather than 
made out of some exotic dark matter candidate. At this conference, we heard a very nice 
argument by Andy Fabian21 with regard to X-rays which favor baryonic halos. We also 
heard arguments by Zinneker that it is possible to form low mass, low luminosity objects 
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which would make excellent baryonic dark halos and slip through the loophole that Olive and 
Hegyi23 left with regard to baryonic halo matter. Obviously, much more remains to be done 
with regard to the dark matter questions. 

4. Star Bursts and Galactic Evolution 

The central topic of this conference had to do ".l'ith the astronomically interesting phe
nomenon, the star burst, where large numbers of massive stars are produced in a short 
time. This phenomenon makes for very interesting observations, since massive stars are easy 
to see, and they also produce lots of energy yielding HII regions, etc. In addition, star-forming 
regions are famous for their infrared emission and the new IRAS survey certainly added much 
information about this phenomenon and star formation in general in other galaxies. 

One of the problems that I encountered in the many presentations at this meeting, was 
that in this area, as opposed to cosmology, there is so much information that one worries 
whether or not we're going to miss the main processes because absorbed in the details. In 
particular, I have to worry whenever I see problems that involve hydrodynamics, magnetic 
fields, and turbulence, that we may be finding ourselves in the famous conundrum formulated 
by Steve Wolfram on cellular automata. Namely that while many cellular automata have the 
property that they converge to some final result independent of the initial conditions, there 
is a sub-class of such cellular automata where the final result is totally dependent on the 
initial conditions in the microscopic way. Certain physical problems such as weather may 
fall into this sub-set. For example, the classic statement, 'what is the effect of a butterfly 
flapping its wings in the amazon jungle on the weather in Les Arcs?' might not be totally 
irrelevant. However, even if it is proven that the solutions to the kinds of problems being 
studied are indeed of the initial-condition dominated variety, we should not stop exploring for 
macroscopic trends. Just as one might be able to understand global or continental weather 
patterns while one cannot predict in detail the weather tomorrow. 

With these caveats, let us look at what the questions are that emerged and what are the 
things that we have accomplished. 
1. What is the standard IMF? Are there bumps? What is the nature of the high mass end? 

What about a high- and/or low-mass cutoff? What is the role of mass loss, Wolf-Rayet 
stars, etc. in estimating the IMF? These topics were addressed by Scalo24 , Thuan25 ,  
Larson26 ,  de Fuzio27, Chieze28, Conti29 ,  and Maeder30 .  Others addressed the possibility 
of bimodality with a bump at the high end31 •25 , or a large low-end peak21 •22 • There 
was also the question of whether the IMF was varied in models when the real culprit 
is some other parameter24•16 .  The questions of whether the IMF depended on galaxy 
type or metalicity were also discussed24-27•3 1 •32 • The resolution to all these problems 
requires a fundamental physical understanding of chaos, hydrodynamics, atomic physics, 
thermodynamics, etc. Until such understanding occurs we may be stuck with our present 
empirical approach. 

2. The Role of Star Bursts. Do they play a role in 'normal' galaxy evolution24•33•34? (They 
seem to be found in all galaxies.) Are they always triggered by dynamical interactions, 
or does normal evolution also produce them35? Rowan-Robinson36 showed that IRAS 
galaxies don't always show interactions, but could dust obscuration hide it? Ikeucki37 
and Montmerle38 discussed the role of infall shocks, etc. 

3. Relation of Star Bursts to Active Galactic Nuclei (AGN). There was much discussion re
lated to AG N's. Is the AGN a central monster or multiple flashes? AG N's were discussed 
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by Joseph39 , Fabian21 ,  Norman40 , Terlevich41 ,  and Heckman42• 
4. Ellipticals. An active question centered around whether or not ellipticals formed from 

collisions, as shown in the simulations of Combes35 in colliding spirals, or in the mergers 
of smaller galaxies as shown by Norman40 •  

5. Relation of IRAS Galaxies and Star-Burst Galaxies. Rowan-Robinson36 separated the 
IRAS galaxies into three components: disk-like, seyfert-like, and star burst. Thus, he 
implied that not all IRAS galaxies are star-burst galaxies contrary to some people's 
preconceptions. 

6. Energy Flow. The question of 'where does the star-burst energy go' was discussed in detail 
by Ikeuchi37 ,  Zinnecker22 ,  Montmerle38 , and Heckman42 •  Effects such as chimneys, shocks 
and general flows, or just heating were mentioned. In addition, the angular momentum 
flow during galaxy and star-burst formation was discussed43 . 

7. Galactic Evolution in Cosmology. Several speakers33•44-46 attempted to model galactic 
evolution in enough detail to use galaxies for cosmological studies. Potentially, the impact 
is very high, however, more needs to be done. 
In general, I was struck by how much had become known since I last looked in detail 

at some of the galactic evolution questions, but also by how many of the questions that we 
asked a decade ago are still relevant questions today. 

This was clearly a successful conference due not only to the fine work of the organizing 
committee but also to the luck of the gods for the supernova going off just the week before. 
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