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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 sime short compared to the galaxy's lifetime. The "starburst
phenomenon" appears therefore today as a key factor to understand the evolution of
galaxies.

Concu.rently, 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 ard radio surveys probing galaxies in the field at similar look-back times also
suggest a large number of starburst galaxies.

Uniil 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 thcre 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 HII
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.



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

firat N ho A« th - wn 1TOQTA 3w tha T awnn
first was on Dark Matter. The sccond was on the supcrnova 1987A in the Large

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 1987 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 1a Recherche Scientifique and the Commissariat a 'Energie Atomique.

Trinh X. Thuan Thierry Montmerle
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AVANT-PROPOS

On s'est rendu compte trés récemment qu'une proportion importante de galaxies
dans I'Univers était le siege de sursauts de formation d'étoiles ('starbursts’).
L'abondance des données UV, optiques, IR et radio obtenues au moyen de grands
télescopes au sol et dans l'espace (IUE, IRAS), sur notre propre Galaxie et les
galaxies proches, a permis d'établir que ces sursauts correspondent a des phases de
courte durée ou le taux de formation d'étoiles (dans une région localisée ou dans toute
la galaxie) est trés supérieur au taux moyen. Le phenomene "sursaut de formation
d'étoiles” apparait donc aujourd’hui comme un facteur-clé dans 1'évolution des
galaxies.

Dans le méme temps, l'observation a montré de fagon de plus en plus évidente
que ces sursauts de formation d'étoiles étaient encore plus importants dans le passé.
Des amas de galaxies riches et concentrés, de 4 milliards d'années plus jeunes que la
Galaxie, contiennent une proportion étonnament élevée de galaxies bleues. Comme le
montre leur spectroscopie, ces galaxies sont en fait passées par une ou plusieurs
phases de formation d'étoiles intenses. Des observations profondes en optique et en
radio de galaxies de champ, a des époques reculées comparables, montrent également
la présence de nombreuses galaxies associées a des sursauts de formation d'étoiles.

Jusqua présent, ces deux voies de recherche, "locale” et "cosmologique”, ont
progressé parallelement avec relativement peu d'échanges d'idées. Au méme moment,
sont apparus des développements importants dans notre compréhension de la
formation et de I'évolution des étoiles massives dans notre Galaxie, ainsi que de leurs
interactions avec le gaz interstellaire. Les étoiles massives étant des indicateurs
importants de l'existence de sursauts de formation d'étoiles, ces développements sont
en étroite relation avec I'étude de ce phénomene.

A la suite de ces réflexions, et avec le concours de R. Joseph, D. Kunth et R.
Larson, nous avons établi le programme d'un colloque qui réunirait des experts de la
formation et de 1'évolution des étoiles dans la Galaxie et les galaxies proches, ainsi
que les observateurs dont les travaux portent sur les galaxies a sursaut de formation
d'étoiles trés lointaines. Notre but était de présenter une vue unifiée du phénomene
"sursaut de formation d'étoiles” dans tous les environnements et jusqu'a une époque
lointaine, ainsi que les conséquences de ce phénomene sur I'€volution des galaxies.
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Le Colloque a réuni pendant six jours, dans le cadre magnifique des Arcs, 65
participants venant de 12 pays. Le présent volume contient les 57 communications
qui v furent présentées. Nous y avongs ajouté un article de J. Condon, qui n'a pu
assister au colloque mais a trés aimablement accepté de rédiger le texte de la
communication qu'il aurait souhaité présenter. Les sursauts de formation d'étoiles
étant observés partout dans 1'Univers, ceci nous a suggéré un plan par ordre de
décalage 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 décalage cosmologique intermédiaire puis
élevé, ainsi que les quasars (chap. IV). Le chapitre V contient des travaux théoriques
récents sur le phénoméne "sursaut de formation d'étoiles”. Il est suivi d'une
présentation des observaioires futurs (chap. VI), et enfin d'un résumé du colloque
(chap. VII).

Le cclloque a £galement compris deux sessions conjointes avec des physiciens
des particules, qui assistaient en méme temps a leur propre colloque sur les
Interactions Electrofaibles. La premiére eut pour objet la "matiere noire", la seconde
porta sur la supernova 19387A dans le Grand Nuage de Magellan. Cette supermova eut
le bon goiit d'exploser & peine deux semaines avant le colloque, faisant des XXIIémes
Rencontres de Moriond la premiere conférence internationale oii furent discutées
simultanément les observations de neutrinos et les données astronomiques. Un
évenement exceptionnel ! Les résuitats en optique et UV ont été présentés "a chaud”
par J. Lequeux, et la contribution de ce dernier est incluse ici en appendice a son
article sur les Nuages de Magellan.

Le succes et I'animation de ces Rencontres de Moriond, leur ambiance amicale
et détendue, doivent beaucoup a la perfection de I'organisation sur place, menée par J.
Tran Thanh Van et son éguipe en particulier Monique Furgolle, Laurence Massiot
Lucienne Norry et Aida Ramags. Enfin, nos remerciements vont au CNRS et au CEA
pour leur aide financiére.

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



MASSIVE STAR FORMATION IN THE GALAXY

Peter G. Mezger
Max-Planck-Institut fiir Radioastronomie,
Auf dem Hiigel 69, 5300 Bonn 1, F.R.G.

Summary

1. 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 (Lyc) 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 (Migy+

=const.) and a star formation law of the form vaMfgy. It is found that the
present—day SFR, inferred from the observed Lyc 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 m¢ ~ 3 mg are formed. In the interarm region stars in
the total mass range m2m ~0.lmg 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 -~
3mgyr~!. The average star formation efficiency in molecular clouds is & ~
1079,y ~ (1-10)%, with estimated lifetimes of molecular clouds ranging from
Tey ~ 107-108yr.
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1. 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 74;¢, ~ 1E10yr.
Stars observed in the vicinity of the sun have masses in the range m ~
(0.1-60)mg, with some stars having masses as high as ~ 100mg. O stars
(19-100mg) and B stars (3.5-11mg) have MS lifetimes of some 1E6 yr and
some 1E7 yr, respectively. In their final evolutionary stages stars return the
fraction r = 1-m¢/m of their MS mass m to the interstellar matter (ISM). The
average mass of the stellar remnant, mg, can be that of a white dwarf
(~0.6mg) or of a neutron star (~1.4mg). 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 *He. 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 dMg/dt and star formation rate (SFR) +¥(t), in
which the time delay between star formation and mass return, in essence the
MS lifetime, is neglected

dMg/dt = (1-r) ¥(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 ~ 1E2cm™2 molecular hydrogen forms
on dust grains. Giant molecular clouds with masses as high as 5E6mg contain
most of the molecular hydrogen. They consist of subunits of ~(1E4-1E5)mg,
which develop dense (21EScm-2) cloud cores with masses up to some 1E3mg
and which are the locations of massive star formation. Having reached the MS
0 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 230K. This warm dust (wd) emission attains
its maximum at FIR wavelengths £ 100pum. 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 Rg = 8.5kpc

Units Rkpcéo.3 1.75Rkpc58.5 Disk
Total Mass Mp(R) . 1o} 6.5E8 4.4E10 1.2E11
Mass of atomic H mg = --o-- 0.7E9 1.4E9
Mass of molecular H, Do 1.1E7 1.5E9 1.8E9
Mass of ISM:X™'[M(H)+M(H:)] mg 1.5E7 3.1E9 4.3E9
Lyc photon luminosity Npye s7*! 1.8E52 1.9E53 2.1E53
Stellar luminosity L Lo 7.0E8 3.0E10 3.6E10
Total IR luminosity LyRp Lo 2.7E8 1.1E10 1.2E10
(wd) Luminosity LY{ Lo 1.7E8 4.1E9 4.7E9
(cd) Luminosity L§f Lo 5.1E7 4.6E9 5.3E9
Adopted age Tp;gi yr == 110 —mee-

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 Rg = 8.5kpc is adopted. We subdivide the disk into
nucleus (R€0.3kpc) and spiral arm region (1.7€R/kpc<8.5) 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 = v¥(t)4(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

Iy

_[ ¢(m)m dm = 1 (2b)

my,
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In the following we use the Miller and Scalo (1978) IMF with my = 0.lmg and
m, = 60mg@, but modified for m220mg as described below. Integration of the
creation function yields the SFR

My

fctt,mn dm = w(t) (2¢)

m

which is, like the lockup rate eq.(1), expressed in mgyr—'.

From the free—free flux density the Lyman continuum photon
production rate NLgC can be estimated by applying small corrections for Lyc
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, 1983, hereafter
referred to as Paper I, and references therein):

my Tns(m)
NLye(to) = ¥(to,m,) £L¢(m)dm (f) NLye (m, t)dt (3a)

with Tyg(m) the MS lifetime of a star of mass m and v¥(ty, m;) the SFR of all
stars in the mass range m <m<my. 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>20mg contribute significantly to NLyc the integral depends
on the slope of the IMF for m220mg. The influence of different slopes in this
mass regime and different upper and lower mass limits is discussed in Paper I
A slope of v = 8.2-3.6 (¢(m)em™7) as originally derived by Miller and Scalo
(1978) is probably too steep (Scalo, 1986) and a slope of y = 2.6, as
suggested by Garmany et al. (1982), appears to be more realistic. We
extrapolate the Miller-Scalo IMF for m220mg with this slope and refer to it as
"modified Miller-Scalo IMF". Evaluation of eq.(3a) with m; =0.lmg, m,=60mg
yields

vty = 2.7 (Y28°) 10752 N o (3b)

where the upper limit relates to the original Miller-Scalo (1978) 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

Lip=F fq(mji) L, (mj) (4a)
with f4(m) the fraction of the stellar MS lifetime during which a star of mass
m is still surrounded by dense (nyg~1E3-1EScm~2) gas and dust. Cox et al.
(1986) estimate that B stars contribute most to the (wd) luminosity and that

<{fg(m)> ~ 0.15 when averaged over the stellar mass range ~(3-19)mg. 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 L'(m) by a relation analoguous to
eq.(3a). However, while only stars with masses m>20mg contribute significantly
to the Lyc 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 LYf# and SFR
¥(t,), corresponding to the above eq. (3b), would in essence be determined by
the highly uncertain correction factors fq(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 LYf and ¥(t,) using
our Galaxy as a calibrator. Multiplication of eq.(3b) with the ratio NLyc/L'fa =
4.6E43 Lyc photons s~ !/Lp, taken from Table 1 and valid for the spiral arm
region yields

Wleg) = 1.3 ("%%) 100 LY (4b)

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 fy(m) are therefore
probably larger. In this case relation (4b) would overestimate the SFR

necessary to produce a given (wd) luminosity.

8 Figure 1
Eoﬁ-
= 4|
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GALACTIC RADIUS R IN kpc Migu/Mp. ¢) The warm dust luminosity LYf. d) The

Lyc photon production rate Niyc.
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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 1, such as total mass, mass of the ISM and its constituents, N ,. and
LYg are given in Fig.1la—d for concentric bins of width AR = 0.85kpc
surrounding the galactic center. Substitution of Niye in eq. (3b) yields the
SFR ¥(ty) shown in Fig.2a. The total "observed" SFR in the spiral arm region
obtained with the "modified" Miller—Scalo IMF is

¥lte) = 5.1 (*26°) mgyr—? (5a)

As will be discussed in Sect.III this SFR is too high and is ~ 2.6mgyr™! if
bimodal star formation is considered (see eq.11). 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

=1 My -
Yp(t)> = 110 7oy 7.6mpyr? (5b)

derived for a disk age 745 = 1E10yr and a return rate of r = 0.42
(computed for the Miller-Scalo IMF) and obtain a ratio ¥(tg)/<¥> = 1-0.67
with the above lower and upper limit of ¥(t;). Both average SFR <y¥> and
"observed" present-day SFR v¥(ty) are shown in Fig.2a as function of galactic
radius R.

The result y¥(ty) ~ <¥> does not agree with constraints imposed by
the chemical evolution of the Galaxy. On the assumption that most of the
enrichment of the ISM with elements heavier than “He is due to the evolution
of massive stars formed in the disk, Maeder (1981) estimates for the solar
vicinity a ratio ¥(ty)/<¥> = 0.31. Direct estimates of the SFR of all stars in
the solar vicinity (see e.g. von Hoerner, 1968; Miller and Scalo, 1978) yield
for the "solar bin" (i.e. in the range of galactic radii Rg * 0.425kpc) ¥ ~
0.14 mgyr~', while <¥> ~ 0.8mgyr~' computed with eq.(5b) and ¥(tp) -~
0.3mgyr~! computed with eq.(3b). From this result we conclude that even the
"modified" Miller—Scalo IMF still overestimates the total SFR required to
produce a given Lyc 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 1E10yr ago the first generation of stars has
formed. In a closed system the sum of the total mass of interstellar matter,
Misy, and of matter permanently locked up in low—mass and dead stars, M.,, is

constant at any time.

Moon P Ma =M (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
K
1’ «© HI SM (Gb)

Combination of eqs. (6a and b) yields the well-known solutions for
the decrease of the gas content of the disk with time.

¥ expi-t/r} k=1
Bisw = (e = ) (6¢)
¥p [+(k-1 /-] VAR gy

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 ¥ in terms of p and r and thus obtain
¥/Msy = 7 (uE"1/(1-1)) (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 ¥Pre/<{y¥> can be expressed as a function of p = Mygwy/Mp, with
yPre the SFR predicted by the closed system model.

plop=? k=1
yPIe (t)
y -t X (6e)
<y(t)> kg_i‘ X1

Note that for a constant mass return rate r the same relation holds for the
lockup rate dMg/dt.

Substition in eq.(6e) of p = 0.07 (from Tablel) and <y> = 7.6
meoyr~! (from eq. 5b) predicts the following present—day SFRs for the spiral
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arm region of the galactic disk:

pre, . Z'r]i §=9 c
(ARG = 6t
moyr~! { 0.43 k=2 (6£)

Comparison with a present—day ‘"observed" SFR of +<ty> =
5.1-7.6mgyr_ ' 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>0 that the effective disk
age could be considerably shorter than 1E10yr 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 Tp;¢y), neither the
model with k=0 nor that with k=1 (or still higher exponents) can actually
reproduce the observed ratio ¥/<¥>. This is demonstrated in Fig.2b where the
"observed" ratio ¥(ty)/<y> (Fig.2a) is compared with the corresponding ratio
predicted for closed-system models with k=0 (scaling factor 1) and k=1
(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=1, can also solve this problem, as shown in
Sect.III.

Figure 2

I 1 I _+ Fig. 2: The diagrams

show as a function of the
galactic radius R: a) Average
star formation rate (SFR)®(t)>,
computed with eq. (6b), Tpisx =
1E10yr and Mp from diagram
1a; and present—day SFR
computed with eq.(8b) for a

~No

a)

—_

obs &=

_(w(r»b--a
Wity

_ b) K=1 _| "modified” Miller—Scalo IMF and
............... SN | Npye from diagram 1d. b} Ratio

— of present—day to average

lockup rate, predicted by

eq.{6e) for a closed system

model for k=0 and 1,

yi A 6 8 respectively, and p from

: diagram 1b. The "observed"

GALAEHE RADIUS R in kp( ratio is obtained from diagram
2a.
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[
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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 “He, whose relative
abundance ratio is primarily determined by big bang nucleosynthesis. Atomic
hydrogen is traced by the HA21lcm 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 !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 vmB,(T) which peaks at the wavelength
Amax/#m = 5100/(3/3+m). The exponent m is determined by the wavelength
dependence of the dust opacity and is m~2 for A2100pm and ~1.5 for
100£A/pm£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~100-200um. Typicai
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 (Twd230K).
Model computations (Cox et al., 1986) have shown that only OB stars, which
are still surrounded by dense dust shells, contribute significantly to this (wd)

emission.
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Sy '
[y
100~ -
101~ -
1 — -
1 I
1000 100 X\ [pm] 10
Fig. 3: Typical observed dust emission spectra of spiral galaxies (Chini

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. LYf and hence the massive SFR is in
most cases determined with sufficient accuracy by flux densities in the IRAS
A100pm and A60pm bands. The submm flux densities at A2350pm, on the other
hand, are usually dominated by cold dust emission. Integrated flux densities
of external galaxies at A1300pm can be best obtained with small telescopes.
At this wavelength B,(Tc¢d) « Tcd (i.e. the Raleigh—Jeans approximation can be
applied) and the optical depth is always 7,500 << 1. With D the distance of
the galaxy the mass of both atomic and molecular hydrogen can then be

estimated with the relation

2§
My« 2 (1
q‘H Tecd
1300
where oV300 = Ti300/[N(H)+N(Hz)], the dust absorption cross section per H

atom, Is known with an estimated uncertainty of about a factor of ~2 (see
Mezger et al., 1987).

The Lyc photon production rate Nigye is the appropriate quantity
for quantitative estimates of SFRs. Attempts to separate synchroton and
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free—-free emission in the radiospectrum of 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 A<1.3mm.
The warm dust luminosity LYf, 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 N . and LYf 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.

Fig. 4
I I I i
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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. (1986) where Lwd vs My is
plotted for 26 IRAS galaxies. M, is determined from S,;o, With eq.(7). We
find a linear relationship between L%4 and M, 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 ¥ and Mjigy for a

sample of galaxies is not necessarily equivalent with a linear relationship ¢ «
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Migm. i.e. an exponent k=1 in eq.(6b). If k=0 but the star formation efficiency
per unit time T were constant, all galaxies today would also have the same

reiaiive gas content p = (i-1g/7).

III. Bimodal star formation

1) The concept of spontanecus 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 (1977) and was
put into a quantitative form by Giisten and Mezger (1983; 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., 1987).

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 mg ~ 3mg, while the IMF for
spontaneous star formation extends to mp, ~ 0.lmg. It is shown (Mezger, 1985;
hereafter referred to as Paper II) that in the case of induced star formation
eqs. (3b) and (4b) are reduced by a factor

[1-A(me)] = 0.80 mg°* — 0.23 (8a)
valid for 14mg/mg<6. With m; = 3mg as suggested for induced star formation
[1-4(me=3mg)] = 0.29 and

yind = [1-a(me)lysPen = 0.29 yspon (8b)
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 Lyc photon
production rate N,_gC 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 = (0.136mg!'-* + 0.008) [1-a(me)]1"* = 0.13 (9a)

= 0.22 (1-r)spon

with (1-r)spon = 0,58. The bimodal lockup rate

spon

ind . -
[AM,)7°7 _ (g nd gind 2 g g 1072 (W) (9b)
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amounts to only ~6% of the lockup rate in the case of 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 I 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(H,), and that the induced
SFR is proportional to both M(H,) and the relative velocity R(0g-0p) with
which the ISM flows through the spiral arms. This leads to a formation law of

massive stars of the form

YR - ug(n) [+av(R) ] (10)
2

vwith
_ g ind spon
a = 1003 (RG))/WOB (R@)

the ratio of induced to spontaneous star formation at the solar circle, for
which observations suggest « = 1 (Paper I). v(R) = (0g4—0p/(0p—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=1 in eq.(10) yields a good
fit between the OB SFR ¥pg(R) « Ny . and M(H;). The ratio «=1 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 - 12b) together with "observed" SFRs and lockup rates for
the case of bimodal star formation. This latter quantity, as taken from column
(10), 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

ybm(t,) ~ 2.6mgyr~?! (11)

and thus is by about a factor of 2 lower than the SFR estimated for a
constant IMF which extends from 0.1-60mg (see eq. 5a).
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Figure 5
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Fig. &: Comparison of the lockup rate for bimodal star formation (obs,
bm) with that predicted for a closed system with k=1 (see text).

The dashed curve in Fig.5 is the lockup rate predicted by eq.(6e) for the
closed system with k=1 and for values p as given in the diagram Fig. 1b. 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 m¢ = 3mg 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
[1+av(R)] in eq.(10) 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
g—‘t‘*?m - g—fc’*]m" < M(H)) - M__ (12)

which corresponds to a star formation law (eq.6b) with k=1 and star formation
in a closed system model. This fact explains the quantitative agreement
between bimodal lockup rate (dM,./dt)“s-b"' and lockup rate predicted by the
closed system model with k=1, (dM“/dt)P”"j = (phnp~!) Mp(R)/Tpisk, 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 ~ m¢ and
indications of such a secondary maximum are in fact found in the mass range
m ~ (1-2)mg (Scalo, 1986).

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 M_, the total
mass of the cloud, ¥(t) its SFR at the time t and 7., the lifetime of the

cloud the star formation efficiency is

.

- cl

e=u" [¥n) at (12a)
cl

If the SFR is proportional to the mass of ISM available to be transformed into
stars (i.e. if k=1 in eq.(6b)), ¢ is independent of time (see eq. 6d) and is

g ~ Y(ty) 7o/ Mgy (12b)
as long as £<<1. With X(H)™! M(H.) ~ 2.1E9mg (Table 1 and X(H) ~ 0.7) and
¥(ty) ~ 2.6 mgyr~! (eq.11) the average star formation efficieny is

£~ 1077 74, ~ (1-10)% (12¢)

for estimated cloud lifetimes ranging from 7,; ~(1E7-1E8) yr.

4) Relevance for star burst galaxies
During a star burst the SFR ¥(ty) (at least of massive stars) is

considerably higher than the average SFR<y¥>. 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 m¢. In this case
the relation eq.(4b) between ¥ and (wd) luminosity becomes
yind = 1.3 1072 LY [1-4(m¢)] (13a)

where eq.(8a) yields a numerical expression for [1-A(m¢)]. The corresponding
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lockup rate is given by (eqs. 9a and b). For m¢=3mg we obtain
yind = 3.8 1071° Ly{ (13b)
and

an ind _
[EE* = 3.7 10711 L';'g (13¢)

The highest IR luminosities observed by IRAS are L;jp ~ 1E12L@. If they are
due tol warm dust emission powered by massive stars m23mg a SFR of yind ~
380m@)"r_l and a lockup rate of ~ 37mgyr~! 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 1300mgyr~! and

764 meyr~ !, respectively.
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THE HIERARCHICAL STRUCTURE
OF MOLECULAR CLOUDS

Jean-Pierre CHIEZE
Commissariat a I’'Energie Atomique
Centre d’Etudes de Bruyeéres-le-Chétel, Service P.T.N.
B.P.12, F-91680 Bruyeéres-le-Chatel, France

The mass-radius-velocity dispersion relations observed among the members of 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

The masses of molecular ¢
with the square of their radiil)*2)3). In the range 100 Mg ~ 107 Mg, the molecular gas
is distributed in a self- similar hierarchy of smaller and denser substructures, each one
obeying the scaling laws M oc R2, Av ox RY/2 oc M'/4. But this hierarchy breaks down at
the level of several 100 Mg: less massive clouds only exhibit small dense cores containing
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about 10 percent of the total mass?)+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 ~ 10* 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 gass)'s), it turns out that the threshold of thermal
instability is T» ~ 90 K. The limiting mass of thermally stable self-gravitating molecular
clouds is M = 100 Mg.

Thus we are led to distinguish between:

- the formation and the fragmentation of massive structures (M > 100 Mg) 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.
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Fig. 1. The approximate stability domain of molecular clumps, limited by gravitational and thermal
instability. The region is bounded by self-gravitating 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
« Py = 3000 Kemm™3 pervasive medium. Small dense cores are nearly isothermal (T=10-15 K} and
experience much 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 gasis regulated at large scale by
some specific mechanisms -such as supernovae explosions”. Furthermore, we suppose, as
usual, that thermal instability develops at roughly constant pressure Po = Py /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 o R2. Consequently, the internal velocity dispersion scales as Av o L1/2 o« M!/4. The
actual normalizations depends upon the gas equation of state and the ambient pressure
Po.

More precisely, it can be shown® that the family of the critical self-gravitating

poytropic gas spheres is characterized by the scaling:

1/2 1/2
M*=<87rn+1> (&> R? (1)

n—3 G

where n is the polytropic index. (Pressure limited polytropic spheres with 0 < n < 3 are
unconditionally stable against poytropic perturbations, but are unstable if —1 < n <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 elsewhere® 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:

. 1/4 ) - 1/8
_AY 060 Fo A =021 Fo M\
1kms=1 "\ 3800 Kcm—3 1 pc - 77\ 3800 Kem 3 1 Mg

(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:

. 1/2
N 1)/? P
T _ g 10 (8" T L ali L — (3)
1cm n—3 1 amu \ 3800 Kcm

1

For an isothermal cloud, adopting® Ny /A, = 1.55 102 cm~ 2mag~! and py = 1.3 amu,

the extinction at the center of a critical cloud is Av, = 1 mag.



22 J. P. CHIEZE

We suggest that efficient fragmentation should occur in clouds at, or near gravitational
instability. Fragmentation may be triggered by the dynamical cooling instability which
develops in the rauge 8000 K < T < 100 K where thermai baiance is not equiiibrated?®’.
Moreover, the transition from the atomic to the H, molecular gas phase which occurs in
regions with!Y) Av = 1 mag implies strong UV shielding and thus further destabilization

of the thermal balance.

Fig. 2. The mass-radius relation among molecular clouds. a) Equation (1) with Py = 3800 Kcm™3
and B = 1., b) with § = 1.5.
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Further cooling can trigger the formation of a hierarchy of fragments of decreasing
masses and increasing densities (ng o« R~!). If the filling factor of fragments is small, as
observed?)112), 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 K cm™3), down to 100 M.

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 R,;, in the
range® R./2 < Ry, < 0.86 R.. This process preserves the scaling laws Eqs.(1) and (2),
which have then to be renormalized. Adopting a contraction factor § = R./Ryir = 1.5,

the relaxed configurations obey the relations:

M40 (R——>2 (4)

1M®— 1 pe

Av MO\ V4 R\ /2
—— = 0.20 =068 — 5
1 kms—! <1M®> <1pc> (%)

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.
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Fig. 3. The relation between the mass and the 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
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to the study of thermally stable gas, which, a priori, is packed inio
clouds of ~ 100 M. The gravitational stability of molecular clumps depends crucially
upon the equation of state. It can be investigated ® in terms of the local pressure (or the
pressure P, at the surface of a clump) and of the local intensity of the interstellar radiation
field (or the extinction Av, 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. (Ps, Av,) is reproduced on fig. 5.

Fig. 5. Thermally stable molecular clumps. The locus of the gravitational limiting masses in the
(M, P., Av,) plane is represented by the surface envelope of the dashed lines. Each thick curve represents
the mass of stable clumps with a given central density (leg ngy.=2.{1.]6. from the left to the right of the
figure. Clumps with ng. = 10%2¢cm™2 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 Mg. 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 }50 = 3000 — 4000 Kcm™3.

The mean extinction inside a molecular complez 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 Mg. In much more shielded regions, Av > 10 mag, the critical mass is
always less than 2 Mg, and steeply decreases in regions where the pressure field is in excess
of 10° Kem~3. Such masses and local conditions are typical of the low mass molecular

cores?), found in quasistatic molecular clouds.
4. Conclusion

The self-similar fragmented structure of cool molecular clouds, observed in the range
100 Mg < M < 107 Mg, 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 My ~ 100 M. 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 Mg) inside individual clouds.
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A NEW PICTURE OF INTERSTELLAR MEDIUM :
CHIMNEY MODEL

Satoru IKEUCHI
Tokyo Astronomical Observatory,
Mitaka, Tokyo 181,
Japan

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 D 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 2 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 ~10% K 9. Another
discovery is the absorption lines in the UV wavelength due to highly ionized
ions like OVI®, If they are collisionally ionized the gas temperature
should be several times 10° 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 .

Since the cooling time of these hot gas components is less than
108 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 ®

( hereafter referred as MO ) presented a
revolutionary model of 1ISM, in which the hot gas component with
Th ~ 5 x 10° K and n, ~ 3 x 1073 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.” 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.® 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

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

reported
to be several times 10® 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 the 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~ 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 " 2 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, wvhich 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/0OB Association/HII 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. ™ showed that

the superbubbles with the size 300 ~ 1000 pc can be formed if the sequential
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supernova explosions occur every 10° 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

) ( hereafter referred as

the disk as shown by Tomisaka and Ikeuchi "
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 over the disk 1is, at most, 108 k. Recent observations by
EXOSAT ® and TENMA ® indicate the presence of hotter gas component than
~ 10" K, 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
107, Koyama, Ikeuchi and Tomisaka )  examined the possibility that the
X-ray ridge 1is originated in many supernova remnants younger than 10* 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 9

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 confirms the presence of the gas with the
temperature higher than, at least, several x 10' K at the height
z =2 ~ 3 kpc. Although the relative importance 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

20)

highly ionized ions 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

2n, 22)

returns back to the disk as clouds Such a fountain model is

supported by observations of halo clouds with the positive and negative

1.2 compared the velocity distributions of halo

21)

velocity. van Woerden et a
clouds in the sky with those predicted by Bregman 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 M3l1 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

) by discovering the

distant galaxies. This is confirmed by Bergeron
galaxy with the emission lines at the same redshift as the Mgll absorption
line. In this case, the extension of the halo gas with MgIl 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

MgIl syste, but the two—point correlation of CIV systems shows the similar

behavior to galaxies %) Therefore, we may consider the CIV systems to be
originated in galaxtic holos. 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. ) the average time interval of

supernova explosions in an OB association is to be
TB ~ 2 X 10° y. )

Considering that the lifetime of an OB association is (2-4)x 107 y the
expected total number of supernovae is Nsy ~ (1-2) x 100 %", If we supose
the lifetime of a superbubble is tsg ~ 10’ y the expected number of
superbubbles in our galaxy is Nsg~Ngg/(2-4) ~ 1000, where Nog is the total

28),

number of OB associations ~ 3000 As a result the formation rate of

superbubbles is estimated as
ys8 ~ Nsp/tsp ~107 y™\ @

The expansion law of a superbubble for Tpg~ 2 X 105y is

approximated as B)

Rsg = 64.3 n, 0% 043 pc, (3)

where n, and tg are the average gas density at the disk and the age of
the superbubble in units of 108 y. Then, the probability that an arbitrary
point in the disk is inside a superbubble with the radius smaller than
Rsg(= t™) is given by

_ _¥s8 Rsgy2, na 052 _t 186, Rc (-2, YsB
q 1+2n(Rc)t 0.16 [ 1cm_g,] [—107y] (IOkpc) (10_4), (4)

where n is 0.43 and R¢ 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 < tqit, if we replace
na by the gas density n at the front of the shock wave ( TI ), i.e.,

Zs ~ 64.3 ( n(zsp)) 0% 6943 pe. 5)
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At the critical time, t.it, the upward motion of the shock wave changes to

acceleration,
@ ln zs3/0 In t) > 1 at t > terits (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

3 and

Within the chimney the hot gas with the density nsg < 1073 em”
the temperature Tsg > 3 X 10’ K rises. The total X-ray flux from a

superbubble is

Ix ~ © Rsg®zsg -nsi?A(Tse)

~ 3 x10¥(—_Na_y-078__NsB 2 TsB iz, t y29 o o 7
G1en® (0% B0k 0y E (

The total X-ray flux from ~103 chimneys is Ly ~ 103, ~ 3 x 10% erg s™, which
is a little smaller than the flux of X-ray ridge. Since the space density
of chimneys is N ~ 10%/7(Rc)%(300pc) ~ 108 pc™, this is larger than the lower
limit determined from the regularity of X-ray intensity of the ridge ™,

The energy deposited in a chimney is the order of ~ 3 x 10° erg
in the thermal and kinetic energy, respectively ( TI). Therefore, the energy

supply rate from the disk to halo is

E ~ Ew oy ~ 1x 10028y Yy org o1 8
th YSB (SXIOSIerg)(10-4y_‘) g ( )

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

y - Ei YsB <u> -2 -t
M~ 2(Eyn ysp)<v>2 ~ 0.7(—bin _y(YSB _y <u> 42y ot ¢
Eian. 758> (3x105‘erg)(10"4y")(200km g0 My )

where <v> is the average rising velocity of hot gas. The scale height of
hot gas in the halo is H, ~ 3 kpc, and the dynamical time of the gas to this
height is t4 ~ Hy/<v> ~ 156 x 107 y. The average gas density in this region
is
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<np> ~ M te/27 R(;2 Humyp

iyt (gl en (10)
-1 1 3 :

~ 1.4 x 107*
(0’7 .y 15x107y” 10kpe kpc

The cooling time of the halo gas with the temperature Ty ~ 10° K is

Th \16 <np> -

teool ~ 3k Th/<mp> A(hy) ~ 2.2 x 107(-—=2 , 11
coo (tn) o oo Y (an
which is comparable to tq. Therefore, once the gas rises to Hy it returns

to the disk after t4 with the negative velocity ~ (1-2) x 102 km s\ 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 ~ 103, 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 ~ 1kpc are seen
like worms crawling out from the disk 2),

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 Hy, ~ 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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I. Introduction

The hydrodynamics of remnants caused by the multl-supernova exploslons expected
from an evolved OB association has become a fleld of interest in recent years.
The motivation has been largely to offer an explanation to the large scale shells
and supershells detected Iin Hi In our galaxy (Helles 1979, 1984). Almost all
attempts. have tried exclusively to match the size of the largest structures.
disregarding other Issues which may be more Iimportant. Here | would like to
point out several problems regarding the various calculations available in the
literature and secondly demonstrate that although supershells cannot be explained
by such a mechanism. the multi-supernova explosions from evolved OB
assoclations are still a fundamental event in the realm of interstellar matter.
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Il. The present “knowledge”

Caiciiations of supernova remnanis in iwo dimensions have usually been started

by placing the presumed energy of the explosion. E, - 109 ergs. as thermal
energy In a small section of the computational grid (Chevaller and Gardner 1974,
Bodenheimer et al. 1984). To obtain a reasonable solution. |. e. a remnant that
soon Joins the Sedov track (with «~ 1/3 E, In the form of kinetic energy and -
2/3 E, remaining as thermal) and that enters the radiative phase at the
appropriate time and radius while composing a dense thin shell. one has to care
particularly about two things:
1) The numerical resolutions. and
I about the amount of mass Into which the original E, is deposited.
This should be comparable to the amount of mass (Me)) expected
to be released during the explosion (say. 5 Mg € Mej s 10 Mg).

The latter Issue Is easy to control. although it Is also bound to the numerical
resolution and the number of cells into which the Initial amount of energy Is
placed. Test calculations have been made by all authors using this method of
simulating the sudden deposition of energy and these have been compared with
the well-known analytic or numerical solutions (see Bodenheimer et al. 1984).
Here | would Ilke to emphasize however. several aspects which have been
overlooked when using the same method to solve other problems. Problems which
give their final physical dimension and the finite storage capacity of modern
computers. have been calculated with rather poor resolution. A good example is
the remnants caused by the large number of supernovae expected In a galactic
nucleus or from an evolved OB association. The multi-supernova prolem has been
tackled analytically by Bruhweller et al. (1980). Mc Cray and Kafatos (1987) and
numerically.; in 10 by Tomisaka et al. (1981) and in 20 by Tomisaka and lkeuchl
(1986) and Tenorio-Tagle et al. (1987). The latter presents several calculations
with a numerical resolution a2 = AR = 0.5 pc of multiple explosions In a constant
density medium and in an stratified gas distribution. Calculations with a supernova

1, 1075 yr' and 5x10® yr™', which cover the range expected

rate of 2x107° yr
from a "normal” IMF. all led to a similar qualitative result. 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 Instability occurs once
the remnants have grown to a radius Rgy «~ 50 pc. and it is promoted by the
sequential deposition of energy (see Tenorio-Tagle et al. 1987). Figure 1
displays the sequence of events that result from one such calculations in a

stratified gas distribution. The departures from sphericlity of the remnant are first
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Figure 1:

The evolution of a remnant driven by sequential explosions (rate
erg each In a stratified medium (n

10%!

5x108yr ") of
Evolutionary ages

= 1. H 150 po).

in years are Iindicated in each frame together with corresponding velocity scales.
Constant density lines in the (r.2) plane are plotted on a logarithmic scale. with
density contrast Alogp 0.2 between adjacent contours. For some contours the
decimal logarithm of the density (in g cm ™) Is given. The distance between tick
marks on the horizontal and vertical scales corresponds to 25 parsecs.
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A low resolution run. Last calculated model for the same conditions as in Figure

1. but for a AR =

aZ = 2 pc. See Figure 1 for explanation of symbols.
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of all caused by the gas distribution which allows the remnant to become
elongated in the Z direction. Superimposed on this deformation are also clear
signs of the R-T Iinstability 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 Iidentical calculation, with the
same code. but on a grid with lower resolution (AZ = AR = 2pc). Evidently. the
lack of resolution has inhibited the development of the R-T Iinstability. Note that
all performing codes., regardless of resolution. will produce an ‘“answer® to a
given Initial value problem. 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 sound. Take for example the calculations presented by Tomlsaka and
lkeuchl (1986). performed with a numerical grid resolution AR = AZ = 5 pc, or
10 pc for the largest grids employed. Clearly the poor resolution has inhibited the
R-T Instabllity in all calculations. instead. their large scale remnants in all cases
present very wide shells (width > 100 pc) and consequently throughout their
evolution a very poor compression factor (less than a factor of 10. despite
radiative cooling) is seen behind the shock. Such odd density distributions make
one wonder about the temperature distributions and thus about any detalled
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 problem. On
the other hand. regarding the Issue of supershells in our galaxy (see Helles
1979, 1984) even such preliminary calculations indicate already the enormous
difficulties confronted by the multi-supernova model when Invoqued 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 thelr'largest dimension and their

expansion velocities have dropped below 8 km s

the assumed random speed of
motions in the ISM. This amounts to a few times 10%' ergs (see Tomlisaka and
lkeuchl, 1986. table |) which is too small when compared to the values measured

105854 erg: see Helles 1979, 1984). This is because of

in supershells (Ex -
the final size of the largest remnants is at least a factor of two smaller than the
dimensions of the largest supershells. This implies that the total amount of swept
up matter Is almost a factor of 10 of that detected Iin supershells. The
calculations in 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
Tomisaka and lkeuchl, given the Increasingly larger speed of the shock In the

upward 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. do
not lead to an Hi shell is the upward direction. Thus, their largest dimension
cannot be compared with observed supershells.

The above holds also for the approach of Mc Cray and Kafatos (1987) who
solved the multi-supernova problem with an analytical scaled up version of the
stellar wind solution. if one drops the assumption of constant density and instead
a stratified gas distribution representing our galactic disk is used. then as noticed
by Mc Cray and Kafatos (1987). 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 inner pressure
into the halo. Under these circumstances the growth of the remnant (in a
direction parallel to the galactic plane) would proceed by means of conservation
of momentum only.

HI. The role played by evolved OB assoclations

Regardless of the present discrepancy among the solutions found for the
multi-supernovae problem, it is clear that large scale remnants will result from
such strong depositions of energy into the interstellar medium. and eventually one
will be able to track and predict their detailed structure and transendental nature.
Presently, however. there is one Iimportant feature that all above authors have
ignored in their solutions and that is that. if multi-supernova remnants are to
evolve for a long time 4-7x107 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 in our galaxy (and in any other
spiral galaxy) ., it is moving in circular orbits about the galactic center and further
it is subjected to a strong differential shear promoted by differential galactic
rotation. A first attempt to account for such boundary condition to the multl—
supernova problem (Tenorio-Tagle and Palous 1987. paper ) seems to indicate
the transendental and true role of evolved OB associations in the galaxy. This is
not the build up of supershells or even of large scale remnants but rather the
formation of glant molecular clouds (M > 10° Mg). the future seeds of star
formation and thus the link 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—dimensional nature of the problem and the various boundary
conditions Imposed. The calculations are done along the galactic plane only.
assuming typical values of density (and disk scale height: H) at 5 kpc. 10 kpc
and 20 kpc from the galactic center. Our Initial condition assumes that the
energies deposited by an OB association (through photo- ionization) has disrupted
and evenly spread the cloud where the association formed. Thus at t = 0. which
is about 107 yr after star formation. the remnant caused by the first supernovae
Is assumed to have a dimension Rgy -~ H and it is at about to discharge its
overpressure into the halo. We therefore assumed a cylindrical remnant containing
a large amount of energy Egy (Egy = 10% erg -~ 100 supernova explosions each
of 10% ergs). 2/3 of this energy Is assumed to be in the form of thermal
energy Inside the cylindrical volume. The remaining 1/3 Eo Is in the form of
kinetic energy. stored behind the cylindrical shock. In about 1/2 of the mass
originally filling the cylindrical volume V. assumed to have been overrun by the
blast wave. The other 1/2 of the mass Iin the original volume will 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
number of plane parallel shocks (-~ 100) running the full thickness of the disk.
and having originally an outward velocity u and an overpressure. caused by the
Initial amount of kinetic and thermal energy in the remnant. The hot gas inside
the cylinder is allowed to expand freely (with its own sound speed) Iinto 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 matter velocity which result as the blast wave shears
due to the differential galactic rotation imposed in the surrounding gas. For a full
description of the method of 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 elliptical remnants tilting over 90° until
their minor axis collapses and the remnants are refilled with undisturbed matter.
This implies that only very young (age s 2x107 yr) multi-supernova remnants
would look round. or ring like, in the presence of differential galactic rotation.

Throughout the evolution another important 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 elliptical remnants and
accumulates Iin these locations. We have measured the column 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 calculations
at 10 kpc from the galactic center with (solid lines) and without (dashed lines)
self gravity, at the times indicated In units of 10° yr. The distance between tick
marks equals 1 kpc. Galactic center Is downwards and galactic rotation is
clockwise.

shown in figure 4 for the calculations at 5. 10 and 20 kpc and are to be
compared with the minimum column density derived by Franco and Cox (1987) as
required for the formation of molecular clouds. Nowdw = 10%! Z2g/2 cm2. Given
the values of Z at 5. 10. and 20 kpc. Nogacity = 2 5x10% em™2. 10%' cm™ and
2x10%' cm™, respectively. All sections of the remnants fulfllling such a criterion
would be destabllized to become molecular Iindependently of whether or not
self-gravitation sets in. In other words. for molecules to form shielding from the

background uv field is the only requirement and this occurs whenever

N > Nopgcity-

In the run at 5 kpc the criterion is fulfiled everywhere In the remnant shell
Irrespectively of direction and long before self-gravity sets in. The remnant still

presents two distinct concentrations of matter (at the tips of the remnant) with a
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The run of column density N; as a function of angle (©) plotted for the calcu~
lations at 5. 10. 20" kpc with selfgravity at t = ty.,. l.e. at 55 10.0 and
18.0 107 years. © runs anticlockwise with direction ® = 0 pointing towards the
galactic disk.
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larger value of N. In the run at 10 kpc N > Nopacity only at the tips of the
elliptical remnant and at 20 kpc it would need of self-gravity to take over before

the shell column density can exceed the opacity critarion.

In paper | we derived the properties (size. mass. separation) of the resultant
giant molecular clouds. These are in good agreement with the observed values.
Thus although supernova may have been regarded as a disruptive event, within
the present context they end up doing the opposite job. The remnants caused by
the supernova power of an evolved OB assoclation. in a differentially rotating
disk, lead to the agglomeration of the swept up matter at the tips of the elliptical
remnants and with it to the formation of massive molecular clouds. If these
clouds are the seeds of a new generation of OB associations, the whole scheme
can be regarded as a well-determined sequence of events sustained by a self—

regulated process. by star formation.
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DIFFUSE HIGH-ENERGY RADIATION
FROM REGIONS OF MASSIVE STAR FORMATION
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91191 Gif sur Yvette Cedex, France

ABSTRACT

In the Galaxy, there is evidence that various components of
regions of massive star formation (low-mass PMS stars, O and
Wolf-Rayet stars, HII regions, molecular clouds) are, together or
separately, emitting diffuse high-energy radiation, from sub-keV
X-rays to GeV y-rays. This evidence is briefly reviewed, and the
detectability of such radiation from nearby galaxies is examined.

47
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1. INTRODUCTION

In recent years, observational as well as theoretical work has shown
that, in the Galaxy, reglons of star formation may be assocliated with high-
energy radliation: X-rays, y-rays, and perhaps even nuclear y-ray lines. 1In
particular, regions of massive star formation, 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 links, 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 will
address successively sub-keV X-rays (& 2), keV and MeV continuum and line emis-
sion (& 3), and 2 100 MeV y-rays (& 4). A brief summary and some observational

conclusions are presented in 8 5.

2. SUB-KEV RADIATION ASSOCIATED WITH MOLECULAR CLOUDS

2.1. Basic observations

Several observations of star-forming regions by the "Einstein"
Observatory have shown that pre-main sequence (PMS) stars are strong X-ray
emitters. 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 "Einstein”
survey (bandwidth ~ 0.1-4 keV) of the p Ophiuchi dark cloud region (distance d ~
160 pc) which was not aimed at a particular sample of PMS stars, but at a ~
2°x2° area overlapping the cloud using the IPC 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, N, = 34 are located in the
central 1°x1° overlapping the cloud core;

— variability studies indicate that the X-rays come predominantly, if not only,
from solar-type flares, ~ 103-10° times more intense than solar flares;

— the assoclated bremsstrahlung-emitting hot gas has a typical temperature kT* =
0.8 keV, and the ROX sources have an average luminosity <L*x> = 1031 erg.s_l;
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TABLE 1 - Links between regions of massive star formation and high-energy
radiation in the Galaxy

Molecular clouds

Y
LOW-MASS STARS
Y
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l
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X-RAYS

"Einstein”
(IPC, HRI)

REGIONS OF MASSIVE STAR

FORMATION

/

WIND
SHOCK
DISSIPATION

!

> KEV
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X-RAY
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T
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Gilant HII regions

Y
MASSIVE STARS

Y
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= jionization

- winds
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remnants

A/”””
PARTICLE
ACCELERATION AND TRAPPING
IN HII REGION

l
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— therefore, the X-ray sources are extincted by interstellar absorption if their
A, ? 3-5 mag (equivalent hydrogen column density Ny 2 1021 - 1022 cm-z);

- the X-ray emission seems essentially independent of the spectral type, from
M to early B;

— the optical counterparts to the X-ray seurces, when known, are mostly low-mass
PMS stars, many of them proved toc be so after X-ray detection {Bouvier, 1987 ;
Bouvier and Appenzeller 1987).

For the present paper, the useful conclusions are:

— the large majority of ROX sources are £ 1 Mg PMS stars;

- 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 better tracer of low-mass stars than the optical

over large areas on the sky.

2.2. ROX-type sources as tracers of lowmass star formation ?

The data on the X-ray emission from PMS stars in nearby (¢ 300 pc)
molecular clouds are still limited, since the other data concern mainly
individual classical T Tauri stars, which we know from the p Oph study and a
recent study using the "Einstein" archives (Feigelson et al., 1987) are only a
minority of the existing visible PMS stars. Nevertheless, altogether the number
of known X-ray emitting PMS stars is relatively large (= 100).

Hence the following suggestion: if a molecular cloud is far enough,
X-rays from neighboring ROX-type sources (which an instrument 1like the
"Einstein" IPC detects with a < 1' FWHM resolution) will be unresolved, giving
rise to an (apparently) diffuse emission. In other words, there should be

sub—keV X-ray "glows” around molecular clouds. Such glows could then be used as

tracers of low-mass stars in distant clouds, at least in their outer layers
(i.e., Ay < 3-5).

In its simplest form, the problem can be formulated as follows. Let
¢&,o be the total X-ray flux coming from a reference molecular cloud (or from a
portion of it), detected over a solid angle Qx,o’ and let @ and Q be the
corresponding quantities for another cloud.

Defining a quantity fx by:

fx = (ik/gx)/(ik,o/gx,o) ’
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f

clouds, normalized to the reference cloud. For this reference, we shall choose

x 1s the surface density of ROX-type sources in the outer layers of molecular
the central 1°x1° of p Oph:
Q0 = 1 sq. degree, & . =N, <L*x>/(lmd2) =1.2 x 10710 erg.ca2s7L,

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 R = 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 most). To the extent that the PMS
star volume density in the outer layers of a molecular cloud is proportional to
the density of stars forming in the (invisible) denser regions, f, becomes a
(relative) measure of the efficiency of low-mass star formation in the corres-

ponding molecular cloud.

2.3. Diffuse sub—keV X-ray emission associated with molecular clouds

The hypothesis that sub-keV X-ray glows, related to the gaseous
content of molecular clouds, actually exist, is supported by "Einstein" observa-
tions of several distant star—forming regions: Orion (~ 0.45 kpc, Ku and Chanan
1979), 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 O stars (Orion), or O and Wolf-Rayet stars (Carina),
diffuse sub-keV emission is clearly seen. From the published maps and total
flux, one finds f, = 1. For the Rosette nebula, the diffuse emission is weak
and scattered, and f, < 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 J T dv up to ~ 200 K.km.s—l, this quantity
is very much smaller for the Rosette nebula (J T dv <7 K.km.s_l) (see Dame et
al., 1987).

Given the widely different content in massive stars of this (admit-
tedly still limited) sample of 4 star—-forming regions, running from two early B
stars for p Oph to 43 O stars (including 6 03 stars) and 3 Wolf-Rayet stars for
the Carina nebula, one can tentatively draw a double conclusion:

(1) sub-keV X-ray glows are closely associated with the molecular gas, and are
a good tracer of low-mass star formation, even in distant regions;
(ii) the efficiency of low-mass star formation in a molecular cloud is approxi-

mately constant, and independent of its content in massive stars.
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Work in progress (Montmerle and Grenier, 1987) is seeking to confirm
these conclusions.

Since IR data suggest that star formation still goes on inside clouds
at the same time that X-ray emitting PMS stars are present, the implication is

that high-mass and low—-mass stars appear to form independently of each other,

giving some independent support to the "bimodal star formation" concept.

2.4. X-ray glows in other galaxies ?

The preceding conclusion shows the interest of using X-ray observa-
tions to determine f, in other galaxies. Since one needs Qg (as well as &, and
S'%c), this will be for some time restricted to nearby objects, for which CO data
is available (e.g., Magellanic clouds, M3l etc.)

For an IPC-type detector, again normalizing to the p Oph data, glows
must generate at least & = Qg e X 9.2 x 10-8 c:t;s.s_1 arc sec—2 to be seen.
This may be smaller than the instrumental background: for instance, it is a
factor 15 too low in the 256" diameter IPC detection cell for the LMC (see Long
et al., 1981).

Note that, if f, ~ 1, about 4 x 10° ROX-type sources must be present
in a single IPC-type frame pointed at the LMC, resolvable only by a detector
with sub-arc sec resolution capability, not achieved by AXAF.

3. DIFFUSE KEV AND MEV RADIATION ASSOCIATED WITH HOT STARS

3.1. Structure of giant hollow HII regions

Giant HII regions are excited by associations of O, B and lower-mass
stars. The ionization is usually dominated by a few early O stars, which are
also subject to a strong mass loss (typically < 1076 Mg yx.'-1 at v ~ 1500-2500
km.s_l). Owing to the evolution of the most massive O stars, Wolf-Rayet (WR)
stars are often also present (see, e.g., Maeder, this volume). If so, they
dominate the mass loss, but because their winds are likely powered (up to 2
3x107° My yr~! at 3000 km.s™!) by UV radiation, little is left for them to
contribute to the ionization of the surrounding HII region.

The structure of these HII regions is 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 (see also 8§ 2).
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The standard "hot interstellar bubble” model describes the interaction
between a mass—losing early O star and a dense interstellar gas, but leads to
large bubbles of hot X-ray emitting gas surrounded by a thin, compressed HII
region (Weaver et al., 1977). Clearly, such a model cannot describe the struc-
ture of hollow, thick HII regions.

Dorland et al. (1986) have recently revisited this problem. Two new
features were incorporated: effects of stellar evolution (i.e., time-dependent
total ionization and mass-loss rates), and complete dissipation of the wind
kinetic energy in the shock region (i.e., when the wind becomes subsonic). This
last effect turned out to be the most important, with the physical consequence
of relaxing the wind pressure on the outer ionized shell and essentially allow-—
ing its inner boundary (the observed cavity) to move inwards, very close to the
wind shock. By contrast, the standard "hot interstellar bubble"” model features
an almost adiabatic wind shock ; the only energy loss is the small heating and
subsequent evaporation of the HII region by electron conduction at the hot
bubble/ionized dense shell interface.

However, as pointed out by Dorland and Montmerle (1987), the linear
conduction law, that is, (conductive heat flux) a VI, cannot be used as done in
the standard model. Indeed, the temperature gradient VI between the hot bubble
and the ionized shell is too steep, i.e., its scaleheight is smaller than a
critical length A~ 500 x (hot electron mean free path), as shown by recent
work on laser—heated fusion plasmas. Taking into account non-linear effects in
the electron conduction, Dorland and Montmerle (1987) have shown that the kine-
tic energy of the winds of the exciting stars can indeed be radiated over a
short distance (<< thickness of the ionized shell) downstream of the wind shock,

in the form of UV and X-rays.

3.2. KeV X-ray emission 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 diffuse X-rays of several keV, e.g., Orion (den Boggende
1978), or Carina (Becker et al., 1976). On the other hand, the Dorland-
Montmerle model (see also Montmerle 1986) gives the X-ray luminosity L, and
temperature T, of the thin downstream layer, as a function of the total wind
kinetic energy rate L, and velocity V_ . The model depends on one poorly known
conduction-related parameter, not accurately predicted by plasma physics theory,
but adjustable to astronomical observations, for instance the observed X-ray

luminosity from a reference HII region.
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Once this is done, the model predicts Lx/Lw ~1-2 x 1074 and T, ~ 4-15
keV, for V,, ~ 2-4000 km.s™l.

These values are consistent 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 1s 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 line, characte-
ristic of a plasma with T, > 2 keV (and already seen previously in individual
regions like Carina, see Becker et al., 1976). The temperatures differ from one
line-of-sight to the next. Although it is sometimes difficult to associate the
radiation with a specific emitting region, especially inside the solar circle,
the facts that the observed temperature range 1is ~ 2-13 keV, and that excess
emission has been noted in the direction of active star-forming regions 1like
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 remnants, etc., see discussions
in Koyama et al., 1986 and Warwick et al., 1986.)

3.3. C es and 1links with the galactic 1.8 MeV linme emission

The total X-ray luminosity of the galactic ridge at several keV, as

given by "Tenma” and EXOSAT, 1s L = 1.0 - 1.2 x 1032 erg.s—l.

x,tot
In the framework of the above model, one immediately deduces the total

wind kinetic energy rate for the Galaxy (Montmerle, 1986):

1

L = 6.5x10%1 erg.s

w,tot
Taking the ratio of the number of (wind dominating) WR stars to that
of early O stars as N(WR)/N(0) = 0.2 (e.g. Maeder, this volume), and average

wind energy rates LW(WR) = 1038 ew:g.s._l and Lw(O) = 1037 erg.s_l, one finds the
total number of WR stars associated with HII regions which must be present in
the Galaxy to account for the galactic ridge in terms of winds from massive

stars:

Nyg(HII) = 4000.
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This is not an unreasonable number (although on the high end) of WR
stars. It is able to account for a sizeable fraction (3> 50%) of the observed
1.8 MeV y-ray line emission from 26Al, if associated with nucleosynthesis in WR

stars (see Prantzos and Cassé&, 1986).

3.4. Other galaxies: the example of the LMC

This last result can be applied to galaxies: after removal of other
sources of keV X-rays like compact objects, 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 efficiency for massive stars.

Is this possible today ? In the LMC, it is known that 81% of all
~ 144 WR stars (Azzopardi and Breysacher, 1985) are in HII regions, hence
NWR(HII) =~ 120. Using N(WR)/N(O) = 0.07 (different from our Galaxy because of a
different metallicity Z), and M a Z21 (see Maeder, this volume), gives Lw,tot =
8.10% erg.s™, hence L, o = 1.6x10% erg.s7l.

This is too low by a factor of ~ 10 to be detected by "Tenma", which
has only a wide field-of-view (~ 3.1° FWHM) and no imaging capability. A good
target for a future imaging instrument at several keV would be 30 Dor. Only XMM
would be suited for that purpose, because of its sensitivity at energies up to
~ 10 keV.

4. DIFFUSE HIGH-ENERGY GAMMA RAYS

4.1. Gamma-ray sources in the Galaxy

A major achievement of- the new field of high-energy gamma-rays
(~ 50 MeV-5 GeV ; y-rays, for short) has been the discovery of y-ray sources by
the SAS-2 and COS-B satellites. The main results (see Bignami and Hermsen, 1983
for a review) are as follows:
- ~ 25 sources are known, almost all very close to the galactic plane ;
- the error boxes are typically ~ 1° in radius ;
- the fluxes are in the range ~ 1-10x107° photons.cm_z.s_l.

They are embedded in an intense ridge of diffuse galactic y-ray
emission. To a first approximation, this ridge can be fully accounted for in
terms of interactions between high-energy cosmic rays (essentially protons,

electrons, and secondary positrons) of energy density comparable to that in the
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solar neighborhood, and interstellar matter, as traced by CO and HI surveys

(e.g., Bloemen et al., 1986).

Roughly speaking, one can break down the sources in 4 categories (see
Montmerle 1985, and references therein, for an update of Montmerle 1979):

- ~1/3 are “passive" sources, linked with apparently clumpy molecular clouds,
for instance such that their cross-section is in the plane of the sky (e.g.,
tangent points to galactic spiral arms) ;

- ~1/6 are probably or certainly compact, from their observed variability
on various timescales (this includes the Crab and Vela pulsars) ;

- ~1/6 are yet unidentified ;

- the remaining ~ 1/3 are on the line-of-sight of "active" molecular clouds,
i.e., which are the seat of massive star formation and associated energetic
objects (WR stars, supernova remnants, etc.).

In these last sources, there is a significant excess (factors ~ 2-5)
of y-rays over what one would expect from the interactions between average-
density cosmic rays and the observed matter content.

One model of such a y-ray source associated with a region of massive
star formation features an enhanced cosmic-ray energy density resulting from in
situ acceleration at the stellar wind shock (or in the stellar winds themselves),
or by supernova shock waves, 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 Alfvén-wave scattering (Cesarsky and
Montmerle, 1983 ; Montmerle 1987b).

In such a "thick cosmic-ray source” (see Lagage and Cesarsky, 1985)-so
named because heavy cosmic-ray nuclel cannot leak out of the HII region due to

strong nuclear and Coulomb losses - the y-ray flux at the Sun resulting

QY,W’
from stellar winds, 1s approximately proportional to the local cosmic-ray flux
(itself proportional to the total mass-loss rate) and to the mass of the HII
region. Because the acceleration efficiency remains a free parameter, however,
one must normalize to a reference object. Once again, the Carina nebula, iden-
tified with the <y-ray source 2CG288-00, 1s a good choice, which allows to
compute ¢w’w in other HII regions, once the exciting stars and gaseous content
are known.

4.2. Visibility of LMC HII regions in y-rays

The Magellanic clouds have not been observed by SAS-2 or COS-B. The
30 Dor region 1is energized by 25 WR stars, and several hundred O stars, 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, ionizing ~ 10 times as much mass
(~ 100 MO), assuming the same gas densities. The calculated y-ray flux QY,W for
30 Dor is thus ~ 0.2 x that observed for the Carina nebula. Even taking into
account the possible additional contribution of supernova remnants, 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 sensitivity and

angular resolution than COS-B, should be able to test this prediction.
5. CONCLUSIONS

The assoclations between diffuse high-energy radiation and regions of
massive star formation in the Galaxy may be summarized as follows:

(1) low—energy (sub-keV) X-ray "glows" directly probe low-mass (PMS) stars,
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 ;

(i11) in the framework of the "thick cosmic-ray source"” model, high-energy
(~ 100 MeV-5 GeV) y-rays, associated with in situ cosmic-ray acceleration,
probe the interaction of stellar winds (and/or supernova remnants) with
the surrounding ionized mass.

In general, these statements cannot yet be tested in nearby galaxies.

To test them in the LMC, for instance, requires typically an order-of-magnitude

improvement in background rejection, sensitivity, or angular resolution. Hope-

fully, this goal should be achieved by the planned next generation of high-

energy astronomy satellites.
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MASSIVE STAR FORMATION IN THE MAGELLANIC CLOUDS

James LEQUEUX

Observatoire de Marseille, 13248 Marseille Cedex 04
France

Abstract : The properties of massive star formation in the closest galaxies,
the Magellanic Clouds, are reviewed starting from global properties, then
going from large scale features (e.g. superassociations) to the exceptional
star—-forming region 30 Doradus and the smaller clusters. The recent time
evolution of massive star formation is discussed shortly.
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The Magellanic Clouds are the two closest neighbours of our own Galaxy.
They are thus of special interest since the details of the phenomena occurring in
these galaxies can be studied almost as easily as in our Galaxy with the bonus
that we know that everything in each Cloud is roughly at the same distance,
thus avoiding a difficulty that is major in our Galaxy. In particular the mas-
sive stars can be studied easily thanks to their high luminosity and the
Magellanic Clouds are ideal places to look for massive-star formation. However
they do not belong to the same type of galaxy as our own Galaxy, and in partic-
ular do not exhibit an obvious spiral pattern. Care should be exercized in gener-
alizing 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 Magellanic Cloud (LMC) has about 2 times less heavy elements
than our Galaxy and the Small Magellanic Cloud (SMC) almost 10 times less, being
one of the lowest-metallicity galaxies known.They offer the possibility of stud-
ying the influence of metallicity on star formation, in particular on the ini-
tial mass function (IMF), so far as this effect can be separated from others.

In this review I will go from the global scale to smaller scales,
first discussing in Part I global parameters related to star formation, then
studying large-scale star-formation structures in Part II, and 30 Doradus and
smaller active star-forming regions in Part 3. Part 4 reviews briefly our still

meager knowledge of the past history of massive star formation in the Clouds.

1. Global properties

I have extensively discussed this point in previous reviews [1], [2]
partly based on paper [3]. There has been much debate about the initial mass
function in the Clouds, in particular about its upper mass limit, Most of the
debate originates in the incompleteness of the catalogues of bright stars and
in small-number statistics for the very brightest of them. Moreover, those bright
stars often come in small, barely resolved or unresolved groups and this biases
the statistics. In fact, there does not appear to exist significant differences
between the upper HR diagrams and the upper luminosity functions of the LMC, the
SMC and the Solar Neighborhood [3] [4]. Similarly, comparisons of tracers
sensitive to different luminosity (or mass) ranges (e.g. the Lyman continuum
photons and the far-UV emission) do not suggest important differences. There are
however differences in details: the statistics of the evolved stars, in partic-
ular of the red supergiants and the Wolf-Rayet stars, are not the same in the
three systems for reasons very probably linked to the different metallicities

[5) [6]. This should not affect much the gross properties. As far as the
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evolution of massive stars is the same in the studied systems, the similar lumi-
nosity functions and upper HR diagrams suggest similar initial mass functions.
However we are still lacking up—to-date stellar evolution models that would allow
to check this point, thus a strong statement is not possible.

I now examine the determination of the present day star formation rate
(PDSFR) for massive stars in the Magellanic Clouds. Several tracers of massive
stars can be used for this purpose [2]: direct star counts, Lyman continuum flux
as derived indirectly from the Balmer-line emission of the ionized gas, far-UV
emission and far-IR emission. All have drawbacks: the star counts can be very
incomplete, we do not really know how much of the Lyman continuum flux of O stars
is used to ionize the gas, the far-UV emission is very much affected by far-UV
emission; finally there is a sizeable, not well-known contribution from older
stars to the heating of the dust thus to the far—IR emission, and also we do not
know too well how much of the stellar radiation heats the dust: these points are
only beginning to be settled in the solar neighbourhood [7]. Fortunately the
three first tracers give consistent results for the Magellanic Clouds when com-—
pared to the solar neighbourhood, at least 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 [1]. The LMC produces about 1.3

times as many massive stars per unit mass of gas than the solar neighbourhood,

and the SMC about 0.3 times only., I personally find misleading to express the
PDSFR per unit surface as it is often done, since we do not know well the incli-
nation and the geometry of the Clouds, or the PDSFR per unit mass since the

masses of the Clouds are very poorly known, especially for the SMC.

2. Properties of massive—star formation at large scales

It is clear that massive—star formation is neither uniform, nor well
correlated with the gas distribution in the Clouds. Massive stars seem to form
preferentially in superassociations of kpc size: see e.g. [8]. The sites of
star formation move with time over the face of the Clouds: this will be discus-—
sed in the last section. However there is also massive star formation in asso-
ciations and more or less dense clusters (see the next section). Several authors
have pointed out massive star formation aligned along 'filaments" with lengths
up to several kpc in the LMC [ 9] [10]. These filaments may be connected with the
distribution of gas [11] [ 12] and may also be understood in the framework of the
stochastic star formation models [13]. The correlation between massive stars
and gas has been discussed by many authors, especially for the LMC: see e.g.

[14]. This correlation can be good to fair in 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 constellation 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
circular hole on the IRAS 100 um map). It is surrounded by a ring of HII regions.
This description is fully consistent with the model of superbubble formed by the
collective effect of several supernova explosions and stellar winds [15]. This
is also a case of contagious star formation with a propagation velocity of about
35 km s=! [16]. Another example of a superbubble where the expansion velocity of
the ionized and neutral gas is well known is LMC 2, east of 30 Doradus [17].

Recently, accurate radial velocities have been obtained using a corre-
lation spectrometer for most of the red supergiants of both clouds [18] [19].
Preliminary results from this material are the following:

i) the velocity dispersion of stars in superassociations is very small:
5.3 km s~! on the average in 19 areas of the LMC [ 18], 5.1 km s=! for Shapley
III. This is smaller than the velocity dispersions usually quoted for young
stars in our Galaxy. However these galactic velocity dispersions 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=!. These figures are close
to the velocity dispersion of giant molecular clouds and smaller than the dis-
persion for neutral hydrogen, a satisfactory result.

ii) the young-star/gas correlation can be studied better. An interest-
ing case is that of the Shapley II constellation whose stars are pushing the

HI with a relative velocity of about 20 km s=!

. In the SMC, there is an extended
region to the NE where a fraction of the stars are not correlated with the gas.
The outer regions of both clouds are of particular interest. 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 [12]. The initial mass function in this region appears to be truncated
at about 30 M@' In the LMC, an extended arcrat the extreme south exhibit the
same property with a truncation at 25 M0 [21]; there are not enough hot stars
to ionize the gas. Indeed the high-mass cut-off could be higher if star forma-
tion has ceased a few 10° 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 similar importance and CM 39
in NGC 4449, the blue compact galaxy IIZw70 or NGC 5471 and 5461 in MI10]l are 3
to 20 times stronger: see e.g. [22], If the IMF is "normal" in 30 Dor, the flux
of Lyman continuum photons responsible for the ionization implies the presence
of about 300 O stars in the central 2!5x2!5 core and of a total of about 700
0 stars. The core of 30 Doradus alone contains about 1/8 of all 0 stars of the
LMC. This can be shown in the following ways:

i) The far-UV flux of the core at 1392 A as measured by ANS is 1.48
lO‘llerg em2s~!a-!, 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
10-%erg cm~2s~!A"!. This is 1/4 to 1/10 of the total dereddened flux of the LMC
at this wavelength [ 3].

-1, The total

ii) The Lyman continuum flux in the core is 2.5 10°!ph s
flux of the LMC is not known directly but we know that of the SMC [ 3]; as the
LMC contains about 5 times more massive stars than the SMC (see Section 1) its

') 8 times that

flux of Lyman continuum photons can be estimated as 2 1052 ph s
of the core of 30 Dor.

iii) The core of 30 Dor contains 15 or 16 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 field of our Galaxy. There are many very massive stars just because there are
a very large number of massive stars! This is discussed in detail in [24] but
simple considerations will suffice here. There are about 60 05 stars or earlier
in the core with a mass M > 50 Mg [25] [26]. If the IMF is dn (M)/d logMe M™*5
up to very high masses this corresponds to a total of 300 0 stars (down to ZOMG)
at least if most of the O stars formed during the burst are still there. That
this is the case is shown by the scarcity of evolved stars (there is only one
red supergiant in the core). To be fair, one should add to the 50 hottest O stars
the 15 or 16 WR which are probably originating from similar high-mass stars, but
this would not change much the statistics.

Unfortunately we know very little of the stars with masses somewhat
smaller than 20 M@’ except indirectly through the far-UV flux to which they con-

tribute appreciably. This flux appears to be that of a normal IMF (see earlier)
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but unfortunately the interstellar extinction is large and the corresponding cor-
rection is uncertain. Nothing can be said on still lower-mass stars,
The problem with 30 Dor is thus not in its stellar population which

offers nothing exceptional, 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 similar
to the LMC in terms of stellar populations in spite of being a late spiral, and
with NGC 55, a galaxy classed as magellanic seen edge-on. Why this is so is not
yet understood. Some of these clusters are extremely young, for example NGC 346
which ionizes the HII region N66, the largest in the SMC. The four brightest
stars in the core of NGC 346 are O stars and the nearby bright stars Sk 80
(07 Ia+) and HD 5980 (WN3, eclipsing binary) are probably related [27]. This is a
kind of mini-30 Dor. Other clusters in the Magellanic Clouds must contain many
0 stars., I estimate about 2800 O stars in the LMC and 540 O stars and I guess
that a large fraction of those stars (presently under systematic study: see [28])
are in clusters or in very small groups which look like single stars on photo-
graphs. R 136 is the most famous example of such a small aggregate now resolved
by speckle observations [29] but there are others like R 140 in 30 Dor [ 23],
many binary WR stars that are not necessarily physical binaries, etc. One should
be aware of this when studying e.g. the luminosity function since these clusters
or aggregates are sources of incompletenesses and biases in the counts. Some
small clusters [30] are intermediate between these very compact groups and the
normal clusters.

At last point I wish to mention that is relevant to star formation is
the age segregation of stars in several clusters in the Magellanic Clouds [ 31]
[32]: the central regions contain younger stars than the periphery, and since the
crossing time of the cluster is usually larger than the stellar ages this must
reflect conditions at the time of star formation. This is reminiscent of some

results in our Galaxy [33].

5., Evolution of star formation 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 formation 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., This property has been extended to any combination
of colors by [36] who showed that

R=—FDSFR 5,10 - 0.14 Gyr-! for the LMC

ow
/0“ SFR (t) dt 0.045-0.11 (;y]_-":l for the SMC

If the ages of the Magellanic Clouds are 10-15 Gyr this is consistent
with a uniform past SFRfor the LMC and a SFR slightly decreasing with time for
the SMC. However this solution is far from unique: any past SFR history giving
the same R is consistent with the color observations, and other types of obser-
vations are needed. Detailed studies of the field luminosity 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 confirmed by other obser-
vations [ 38] that may however be somewhat controversial: see the discussion after
[2]. Also, if the IMF has varied (perhaps because of bimodal SF [39]) this may
explain partly the above results. Unfortunately there is no trace of the early
massive stars and this hypothesis 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 occurred 2 10® years ago
[41], but the evidence appears to me even less convincing. Also, the old (age >
10° years) system of globular clusters may have a different kinematics than the
younger clusters [42], possibly due to such a gravitational disturbance. However
the planetary nebula system, which appears to have a mean age of (2 -4) 10°
years, rotates like the young population [ 43] and the previous result cannot be
considered as firmly established.

Another possible approach to the determination of the history of star
formation in the Magellanic Clouds is to study the age distribution of star clus-
ters. This has been attempted recently by [44] and [45] for the LMC with roughly
consistent results. As in our Galaxy, there are less and less clusters per unit
age at old ages. This is clearly the result of cluster 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 clusters as a function of
time. What is interesting is that their observed age distribution shows no sig-
nificant peak within a factor ¥ 2 per bin of 0.2 in log (age) [ 45]. This shows
that cluster formation must have been relatively smooth and in particular that
no strong burst has occured in the last 10° years. Whether this is true for
field stars is not clear, 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 discussion and references in [1]. It is clear that the sites of
star formation move to large distances in a few 107 years, perhaps in agreement
with the stochastic star-formation theory [ 13]. 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 distribution quite different from the distri-
bution of gas and young stars. This is not unexpected given the disturbed

appearance of the SMC.
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APPENDIX

OBSERVATIONS OF THE SUPERNOVA 1987 A
IN THE LARGE MAGELLANIC CLOUD

James LEQUEUX

Observatoire de Marseille
13248 Marseille Cedex 04, France

Observations of the recent supernova 1987 A in the Large Magellanic Cloud up

to mid-may 1987 are summarized: light curve and colors, optical, UV and IR
spectrum, nature of the progenitor, interstellar lines in the spectrum.

It is shown that this is a somewhat atypical Type II supernova resulting from
the explosion of a massive star, but definitive conclusions on the exact nature

of its progenitor will have to wait for some time.
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I. Introduction

Supernova SN 1987A (the first one discovered in 1987) exploded on
February 23 in the Large Magellanic Cloud, one of the satellite galaxies of our
own Galaxy, at a distance of 156 000 light-years. This is the first supernova
explosion seen with the naked eye since the galactic supernova of 1604 described
by Kepler. The brightness of this object and the fact that its distance is rather
accurately known (the maximum uncertainty on the distance is of the order of
157) make its study particularly important. Burst(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 little
doubt that the supernova actually exploded in the Large Magellanic Cloud as
i) its spectrum shows interstellar absorption lines from gas in our Galaxy and
in the Large Magellanic Cloud; 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 explosion, and 1iii) the positional coincidence with
a star belonging without doubt to the Large Magellanic Cloud in extremely good,
as we will see later.

This paper will summarize the observations known to the author by mid-
may 1987, 2 1/2 months after the explosion. No attempt is done to provide a
bibliography. Much information has been dispatched via the Astronomical Tele-
grams of the International Astronomical Union. 12 letters to the Editor have

been published in Astronomy and Astrophysics vol. 177 (May I, 1987), a few more

in Nature 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 discussion

about the nature of the object.

2. Light curve and color evolution of SN 1987A

The supernova was discovered on Feb. 24, 1987 independently by
I. Shelton in Chile and A. Jones in New Zealand, but actually the first observa-
tion was done on 2 short exposures on film 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 mpv = 6.36 * 0.15, On Feb. 23.62, 4 hours
later, the magnitude had increased to 6.11; on Feb. 23.39, 1.3 hour before the
first observation, it was fainter than 7 mag. The supernova was not seen on 2

plates taken respectively between Feb. 23.042 and 23.056, and between 23.059 and
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23,101, Thus it has exploded between Feb. 23,08 approximately and Feb. 23,443,
During this time interval, neutrinos have been reported by the Mont Blanc experi-
ment on Feb., 23,124 and by the Kamiokande and IMB experiments on Feb. 23,316;
both may a priori correspond to the explosion, but see later.

The evolution of the luminosity of the supernova has been well fol-
lowed in the V(visual) band centered on 5500 A by many professional and amator
astronomers, resulting in the light curve displayed fig. 1. The best results are
accurate to a few hundredths of magnitude. The light has been also followed by
the fine-error sensor of the International Ultraviolet Explorer (IUE) satellite,
which is more sensitive in the blue (approximately 4500 A). The light curve is

slightly different because of the change in color of SN 19874,
\; m-‘gm‘tvdl' ! " ' ! ! !
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Fisure l: Light curve of SN 1987A in the visible (V) light. This curve has been
built 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, rised 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 decline later. The absolute V magnitude at
maximum corrected from interstellar extinction is Mv = -16.0, 20.8 mag (2 108
times) brighter than the Sun at this wavelength.

The temperature of the emitting layers has also changed during the
evolution of the object. The UV emission was very strong at the beginning and was
detected down to 1200 angstrom by the IUE satellite. But emission was already
negligible below 1700 A on March 1, 6 days after the explosion. At this date, the
energy distribution was not far from that of a 6000K blackbody, although fainter
in the UV, and the effective temperature dropped down to 5200 K on March 11. The
total luminosity can be estimated from photometry in a broad range of wavelengths:
it increased from 3.2 to 5.5 10”7 solar luminosities between these two dates
(l solar luminosity = 3.8 103 erg s‘l); the effective radius (radius of a
blackbody with the observed total luminosity and effective temperature) increased

from 5600 to 9100 solar radii (] solar radius = 7 101°cm), due to the expansion
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of the envelope ejected by the explosion. The further evolution of the energy
distribution is more complicated: the UV decrease stopped on March 18 and the
object even brightened faster than in the visible after April 26. I have no com-
plete information allowing 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 10® solar luminos-

ities (absolute bolometric magnitude -15.3, emitted energy 4 10*'erg s,

3. Spectrum of SN 1987 A

The spectrum of SN 1987A, as that of all supernovae, is quite smooth as
the lines are very broad. Exceptionsare the sharp absorption lines of Na°, ca*
and other elements which are interstellar in origin and will be discussed later.
The features in the ultraviolet are time-variable and hard to identify; 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 lines of hydrogen (Balmer, Paschen, Brackett and
Pfund series), and by a few lines of neutral helium and other elements. These
lines have the characteristic so-called P-Cygni profile (from the name of a star
where such profiles were discovered): emission 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. A

$ Intenscty

Radial
.

0 Wlocity

Figure 2: 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 velocity which gives an emission
line since there is no background emission. The central region (B)
gives a blue-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 is
seen that the expansion velocity is roughly given by the blue-
shift of the absorption dip.
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The expansion velocity of the envelope at the depth where the line is formed is
roughly given by the blue-shift of the absorption dip (converted into radial
velocities). At the beginning, this velocity was as high as 18 000km s~! for the
Ha line, but was smaller for higher lines, 16 000 km s-! for HB, 15500 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 lines. The dip
velocities decreased with time; for example the Ha dip indicated a velocity of
11 000 km s=! on March 10. This is not due to changes in the physical velocities
in the atmosphere, but to the fact that we look deeper in the atmosphere while
it expands and its optical thickness decreases; in fact, the deceleration is
negligible and there might even be an acceleration if energy has been injected
after the explosion e.g. through decay of unstable isotopes like *¢Ni formed
in the explosion.

No X rays or Yy rays have been detected, but SN 1987a is a weak radio-
source detected first on Feb. 25.4, that reached a maximum 1 or 2 days later

then declined. This is not unexpected.

4. The progenitor of SN 1987A

0f course one of the first things done after the discovery of SN 1987a
was to look at earlier photographic plates to see what was there before. The
surprise was to find a catalogued star named Sk -69°202 right at the position
of the supernova (Sk is for the catalogue of Sanduleak, of the Warnmer ‘and
Swasey Observatory). There is only limited material about this star: it is clas-
sified as B3I (I for supergiant) and its magnitude and colors are V = 12.24,
B-V = 0,04, U~-B = -0,65. This is a hot and massive star, with a mass of about
20 solar masses. Is it the progenitor? This is a complicated question that I do
not personally consider as completely settled.

Accurate astrometry tells that SN 1987A coincides very well in position
with Sk -69°202 within the accuracy of the measurements, a few tenths of an arc
second., Figure 3 is a sketch of the immediate surroundings of this star, as
revealed by the best previous photographs (see White and Malin, 1987, Nature
327, 36)., Star 2 looks similar to the main star (Star 1) but is 2.5 magnitudes
fainter. Star 3 is somewhat fainter and redder than star 2, Object 4 is a post-
supernova discovery and has not been seen by many authors; it seems to radiate

mainly in emission lines and might be a small gaseous nebula.
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N Figure 3: A scheme of the region where SN 1987A
exploded. Star 1 is Sk -69°202: the position

I of the supernova coincides with this star with

4" a high accuracy. This siar may itself be dou-
1_.._J 2e ble (at least) with 2 components separated by

E approximately 0V4 NS, Stars 2 and 3 are
fainter. Object 4 is apparently visible only
in emission lines and is probably not a star,

1 but a small gaseous nebula. The following
. table recalls the characteristics of the stars
3 Star 1: B31 V magnitude: 12.24
ok Star 2: early B V magnitude: 15
Star 3: redder V magnitude: 16

As said before, the supernova stopped radiating below 1700 A a few days
after the explosion. There was something left, low-resolution spectra of which
was taken by the IUE satellite: this spectrum shows absorption lines 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 5" x 20"
entrance aperture of IUE reveals some complication: the source does not appear
to be a single star but rather a double object separated by 5" * 2" in a NW- SE
ﬁosition. This is compatible with those stars being stars 2 and 3 of fig. 3, in
which case Sk -69°202 would have disappeared and thus have been the progenitor.
Unfortunately the positional accuracy of IUE is not good enough to ascertain the
identification directly. If the NW object is an early B star the observed far-UV
flux implies that it is fainter than Sk -69°202 by roughly 2 magnitudes in the
visible: this is compatible with it being star 2, The other component is twice
fainter in the UV and might well be star 3. However -69°202 might be peculiar in
the far-UV and be one of the two UV objects.

Another element in the puzzle is the observation from high-quality
pre-supernova images that Sk -69°202 might not be a single star itself! The
corresponding image is elongated NS, contrary to other images in the field, and
suggests that Sk -69°202 is a double star with 2 components separated by roughly
0Y4. 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 object seen in the
far-UV (if it can be identified with the SE object seen by IUE). If this 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 massive
star, but this might be one of the components of Sk -69°202 (if double) 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 star, i.e. a

massive star deprived from its envelope at the end of evolution: these stars
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have well-recognizeable spectral features that would have been seen in existing

objective-prism spectra of the region taken before the explosion.

5. Interstellar lines in the spectrum of SN 19874

Spectra of SN 1987 show a number of narrow, complex lines formed in the
. . . o + 0 .
interstellar matter between the object and us: lines from Na , Ca , K  in the
P . . o L +++
visible and many elements and ions ranging from Mg or c® to si or C in

the far-UV; spectra are published in Astronomy and Astrophysics 177, L17 and

L37. There are also interstellar diffuse bands. They are similar to what has
been observed previously in a number of stars of the Large Magellanic Cloud and
have nothing to do with SN 1987A itself, but their observations are of much
higher quality as the supernova was so much brighter than the other stars. The
lines are produced either in the galactic disk with heliocentric radial veloci-
ties 0 to 30 km s=!, or in the Large Magellanic Cloud with velocities 200 to

300 km s~!. Intermediate-velocity components also exist and are generally attrib-

uted to gas clouds in the galactic halo.

6. Discussion: the nature of SN 1987A

Supernovae are classified according to their light curves and spectra
into two main groups. SNI have well-defined light curves and no hydrogen lines
in their spectra; they are supposed to originate in carbon-deflagration of
carbon-oxygen white dwarfs, thus in low-mass stars. SNII have a variety of light
curves and show hydrogen lines in their spectra. They result from the explosion
of massive stars following the collapse of their iron core (for a up-to-date
detailed discussion of supernovae in general, see the excellent review by

S.E. Woosley in NucleoSynthesis and Chemical Evolution, 16th Advanced Course Saas

Fee 1986, sold by Geneva Observatory, CH 1290 Sauverny).

This classification gives an oversimplified 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 Ib (some-
times called Type III)corresponds to the explosion of massive stars stripped
of their envelopes (e.g. Wolf-Rayet stars). It must be realized that what we see
is only the radiation of the external parts of the outer regions of the star
ejected by the explosion 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 210% ergs

of gravitational energy which is ultimately converted in neutrinos, and only
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10! ergs of kinetic, thermal and radiated energy. No surprise that the light-
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 scales for light
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. (1987:

Astrophysical J, Letters 316, L31).

What can we say on SN 1987A? It shows hydrogen lines in its spectrum
and must be Type II or related, in any case a massive object. The fact that its
UV spectrum resembled a Type I spectrum at some stages does not seem to be very
significant. The neutrino emission also points to a massive object unambiguously,
and the Kamiokande - IMB burst has roughly the expected intensity for formation
of a neutron star during collapse (Schaeffer et al., 1987, Nature, 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 object with a mass 2 20 solar masses,
marginally compatible with the explosion of Sk -69°202 (Hillebrandt et al., 1987
Nature, to be published).

Whatever the details, it is clear that SN 1987A is Type II, and that
its progenitor was a massive star of mass % 20 M@ or somewhat less. The clas-
sical progenitor of a Type II supernova is a redsupergiant. This cannot be the
case here since this progenitor would have been seen and would moreover have
produced a brighter supernova because of more efficient energy conversion in an
extended envelope. SN 1987A cannot originate from a totally stripped star like a
Wolf-Rayet star although what is observed of its light curve and its relative
faintness recall of Type Ib (also called Type III) supernovae which are believed
to originate from Wolf-Rayet stars: the lines typical of Wolf-Rayet stars 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 { 102 cm (for comparison, a B3I star has a radius of about 1.8 102cm and a
Wolf-Rayet star &, 1.4 10''cm): Schaeffer et al., 1987, Nature, to be published.
However it is not excluded that the progenitor was a B3I star provided the
density structure in the expanding material is given by homologous expansion of
the stellar structure (Hillebrandt et al., 1987, Nature, to be published).

Only future observations will tell us more about the progenitor, in
particular its degree of stripping. Whatever the result, it is somewhat surpris-

ing to find a star with mass & 20 solar masses exploding in a stage different
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from the red supergiant one. Conventional stellar evolution calculations pre-
dicts that a star 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 binary system it may never reach this stage since
its growth towards the red supergiant stage will be limited by capture of the
expanding matter by its companion. Recent model calculations of single stars
with low heavy-element abindances also find that single stars with masses in the
range 15 to 25 solar masses and reduced heavy-element abundances as are stars in
the Large Magellanic Cloud can explode as blue supergiants (Hillebrandt et al.,
1987, op. cit.).

This conclusion is critically dependent on the treatment of convection

in the star.
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BURSTS OF STAR FORMATION IN THE MAGELLANIC CLOUDS

M.—C. Lortet, G. Testor
Département d'Astrophysique Extragalactique et de Cosmologie
Observatoire de Paris, Section de Meudon
92195 Meudon Principal Cedex, FRANCE

ABSTRACT

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 (Hubhble—Sandage
Variables) and different subtypes of WR stars.
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We will summarize 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
lequeuxs). Few studies up to now have been devoted to the comparison of the physical
data pertaining to adjacent star forming regions. Hanel%) outlined such a study for
the complex nebula N 11 in the LMC, from kinematical data : Dopita3) discussed the
supergiant H II shell Shapley III, 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 Westerlund?3). In Sect.l, 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 II. The
nomenclature used throughout this paper for objects is explained in 7) and 8).

1. 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 1 summarizes 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 II regions (e.g. N 83Al1) host non evolved O starsl9),

Oon 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 (My ~ —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 407’1& ):11), In fact, Schild and Maeder's study for galactic starsl®) 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 1 : Sequential star formation in the K1 region in the SMC
(data excerpted from Lortet and Testor, 1987)

Stellar Data Nebular Data Age
Star Spectral Type
or star cluster (hottest star) Myr
Two cepheids 15
P ~ 254 DEMS 157 faint shell 500pc in diam—
SMC X-1 BO I eter centered near SMC X-1
Red supergiants 7-15
NGC 465 09 I N 85 very faint 6—~7
NGC 460b [08—9 V1 N 84Bl [OIII]l/HB ~ 2 45
NGC 456 (part) [08-9 V1 N 83Cl1 [OIII]l/HB ~ 2 4-5
NGC 456 06.5-7 VvV N 83al1 [OIII]1/BB ~ 6 2-3
NGC 460a [05~7 V1 N 84Al [OIII1/BB ~ 7 2-3

instance early WN) are found in clusters whose hottest stars are of spectral type Bl or
even B2. Recently, Schildl®) found the WN9—10 star Brey 18 (= R 84) in the LMC 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 WN9-10
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:1l), 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 6318), 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 IMCknown as the constellation Shapley II. This is a
homogeneous region, poor in gas and dustsfl‘}), rich in red supergiants of similar
spatial velocitiesl3). 1n 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 WC star located in its youngest part, the nebula N 144. Fig. 1 shows eight S Dor
type stars, most of them members of tight clusters.

(1) Notice that SN 1987A is sitting just at the edge of this last one ; the stellar content of
the nearby superbubble N 157C has been analysed by Lortet and Testor and its five WR

stars are not shown in Fig. 1a.
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Fig.l : The "constellation” Shapley II in IMC. 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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LTI

Fig.1ld : 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 ¢ Vpg) < 285 km s™1, typical of Shapley II. More receding velocities
are indicated 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 18, quoted in Sect.l, stands as a summary of all the points made
above. This star, classified as a S Dor variable of Of-like typel?), has a spectrum
OIafpe or WN9—1022) and a M companion?), belongs to a stellar association 8 Myr or more
01d15), itself surrounded by the filamentary shell DEML 110. Moreover its M companion
is dominant in V 1light, which means that its bolometric 1luminosity would be
surestimated by at least 1.5 — 2 magnitudes if the companion is ignored or were

undetected.

3. ARCIOSION

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 themis 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 Walborn2l) for
the candles of the Magellanic Clouds5) and is now topical for the progenitor of the

Supernova in Mc20),

REFERENCES

1) Chiosi, C., Maeder, A. : 1986, Ann. Rev. Astron. Astrophys. 24, 329.

2) Cowley, A.P., Hutchings, J.B. : 1978, P.A.S.P. 90, 636.

3) Dopita, M.A. : 1986, IAU Symp. 115, 501.

4) Hanel, A. : 1984, IAU Symp. 108, 391.

5) Humphreys, R.M. : 1983, Ap. J. 269, 335.

6) Lequeux, J. : 1987, these Proceedings.

7) Lortet, M.—C. : 1986, Astron. Astrophys. Suppl. 64, 303.

8) Lortet, M.—C., Spite, F. : 1986, Astron. Astrophys. Suppl. 64, 329.

9) Lortet, M.—C., Testor, G. : 1984, Astron. Astrophys. 139, 330.

10) Lortet, M.—C., Testor, G. : 1987, Astron. Astrophys., submitted.

11) Maeder, A., Meynet, G. : 1987, Astron. Astrophys., in press.

12) Mathewson, D.S., Ford, V.L., Dopita, A., Tuohy, I.R., Long, K.S., Helfand,
D.J. : 1983, Ap.J. Suppl. 51, 345, Fig. 20.

13) Prévot, L., Andersen, J., Ardeberg, A., Benz, W., Imbert, M., Lindgren, H.,
Martin, N., Maurice, E., Mayor, M., Nordstrom, B., Rebeirot, E., Rousseau,
J. : 1985, Astron. Astrophys. Suppl. 62, 23.

14) Schwering, P. : 1987, these Proceedings.

15) schild, H. : 1987, Astron. Astrophys. 173, 405.

16) Schild, H., Maeder, A. : 1984, Astron. Astrophys. 136, 237.

17) Stahl, 0., Wolf, B., de Groot, M.J.H., Leitherer, C. : 1985, Astron.
Astrophys. Suppl. 61, 237.

18) stahl, 0., Wolf, B., Z2ickgraf, F.—J. : 1987, ESO Preprint No. 488.

19) Testor, G., Lortet, M.—C. : 1987, Astron. Astrophys. 178, 25.

20) Testor, G., Lortet, M.—C. : 1987, IAU Circ. No. 4352 and in preparation.

21) Walborn, N. : 1977, Ap.J. 215, 53.

22) walborn, N. : 1982, Ap.J. 256, 452.

23) Westerlund, B. : 1985, in "Birth and Evolution of Massive Stars and Stellar
groups, Ed. H. Boland and H. van Woerden, p. 259.



85

INFRARED PROPERTIES OF THE MAGELLANIC CLOUDS

P.B.W. Schwering
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The Netherlands

Abstract: Integrated infrared maps of the Magellanic Clouds are shown.
The far-infrared spectra of the Magellanic Clouds are very similar and
resemble the NGC 4449 spectrum. They show an average dust temperature of 35K.
There is less 12 um “excess’ emission from the Clouds than from M31. The 60 um
luminosity of the LMC equals that of M31. The dust temperature map resembles
the infrared map of the Clouds, but there is an anti-correlation between 12/25
um and 60/100 um showing that the 12 ym ‘excess’ is due to the infrared cirrus
component. At a resolution of 15' there is a reasonably good correspondence
between the dust and HI gas distributions, that breaks down at high intensity
levels.
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1. Introduction

The Magellanic Clouds are close enough to be used for a detailed
comparison with our Milky Way galaxy. On the other hand they are far enough
away to obtain integrated properties which can be compared to those of other
galaxies. They are dwarf irregular galaxies, having low dust-to-gas ratios,
low metal abundances, high atomic gas content and a relatively high present-
day star formation rate. The IRAS satellite has obtained various pointed
“Additional Observations’ (AOs) on the Clouds in the infrared at 12, 25, 60
and 100 um (see Israel and Schwering., 1986).

2. Far-infrared images of the Magellanic Clouds

Maps at 12, 25, 60 and 100 um of the SMC based on IRAS AO data are shown
in Schwering and Israel (1987), and of the LMC in Schwering (1987). The
infrared data presented in those papers have a resolution of roughly 1' in-
scan by 7' cross-scan, in two independent and orthogonal scan-directions.
Figure 1 shows the LMC total far-infrared emission (1-500 pym) obtained from
extrapolating the 60 and 100 um emission over the whole infrared range using
the 60/100 pum ratio as a line-of-sight dust temperature and assuming a A_1
emissivity law, convolved to 8' resolution. This Figure closely resembles the
optical picture of the LMC. The greater Doradus region produces about 50% of
the total infrared radiation of the LMC. Other prominent HII-region complexes
visible on the map are N1, N44 and N79. The LMC-Bar and Shapley’s
Constellation III are also clearly visible. The integrated infrared luminosity
of the LMC is Lym = 7 x 108 Lg.

Figure 2 shows the total far-infrared emission map of the SMC obtained in
the same manner at the same scale and resolution. The grayscales cut-off at
the same intensity value, showing that the SMC is a much weaker (~0.1 x)
infrared emitter than the LMC. Note the HII-regions that show up prominently
in the infrared: N66, N76 in the NE part of the Bar; N81, N83/84, N88 in the
SMC-Wing. The bright emission peak in the SW-Bar is probably a result of a
long line-of-sight through the SMC at that position (Mathewson et al., 1986).
The SMC is surrounded by low level extended emission. The integrated infrared
luminosity of the SMC is Lip = 7 x 107 Lg.

3. The far-infrared spectrum

The far-infrared spectra of the Clouds are presented in Figure 3. The
spectrum of M31 (Walterbos and Schwering, 1986) has been scaled to the
distance of the LMC (53 kpc; Humphreys, 1984). In the spectra we note several
things. First of all, as already noted, the SMC is a factor of ten weaker than

the LMC. The shape of the SMC spectrum is very similar to that of the LMC.



IR PROPERTIES OF THE MAGELLANIC CLOUDS 87

g6 oomoYs o5h40Mmog s PEh20MmPYs o5h oM@ oS

-66°00'00"__ —-65°00'00"

—-67°00' 00"

-67°00° 00"

~~69°00' 00"

-69°00'00"__

-71°00'90"__- —~71°008'00"

ﬁsrv\mmms\ ﬂShLzmbﬂJ | as*&ﬂmmJ [ Mhizmws/ ganr3gmgy s
Figure 1: Integrated infrared map of the LMC. Darker grayvalues indicate

higher intensity levels but are cut off at the peak.
zlhzamws‘ thﬂﬂmﬂﬂs' oOhAGMGOS
I I

-71°00'900" — —=-71°00'00"

~73°00"' 00" — —=73°00"'00"

-76°00'00"___ —-75°00"'0g"

mha‘amm$ | mthzme { ooh ‘jmmm/s
Figure 2: Integrated infrared map of the SMC, at the same scale and

resolution as figure 1.



88 P.B. W. SCHWERING

These two spectra are, however, very different from that of M31, but very much
like that of the active giant irregular galaxy NGC 4449 (Hunter et al., 1986).
Compared to M31 the ratio 60/100 uym is higher (resulting in a 10K higher
average dust temperature for the Clouds: Td~35K), and the 12/25 um ratio is
lower (showing less 12 um excess). In the Galaxy and in M31 this 12 um excess
is (at least partly) ascribed to small grains (Cox et al., 1986; Walterbos and
Schwering, 1986). This would mean that there is a relatively small
contribution by such grains in the Magellanic Clouds compared to in the
Andromeda galaxy. It is interesting to note that the LMC has the same 60 um
luminosity as the much 1larger spiral galaxy M31. The value of infrared
“excess’ LIR/LB in the LMC 1is about three times higher than in the SMC and
twelve times higher than in M31 (see Caspers, 1987).
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a Figure 3. Infrared spectra of the
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4. The relation between 12/25 ym and 60/100 um

Helou (1986) studied the relation between the 12/25 um and the 60/100 um
ratio of integrated IRAS flux densities of galaxies. The two ratios are in
anti-correlation: Galaxies with a high 60/100 pm dust temperature show a low
12/25 um colour temperature and vice-versa. Anti-correlation in the same way
was noted in the ring of M31 by Walterbos and Schwering (1986).

In the Magellanic Clouds the dust temperature is closely related to the
infrared emission itself, high dust temperatures coincide with high infrared
surface brightness HII-regions (30 Doradus and N11 in the LMC; N66, N76, N81,
N83 and N88 in the SMC: Td=HO—50K). The temperature in the bars is enhanced
(~35K) compared to the temperature of the diffuse emission (~25K). The 12/25
um ratio anti-correlates with infrared and dust temperature: High ratios occur

in low temperature, low infrared surface brightness regions.
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Figure 4 shows the 12/25 um versus 60/100 um relation in a colour-colour
diagram similar to that of Helou (1986). Here we plotted pixel-value ratios in
the infrared maps (with a cut-off at 0.25 MJy/sr). In the SMC there are no low
dust temperature areas with strong enough 12 and 25 um emission resulting in a
lack of points in the lower right area of the diagram. The LMC shows the same
relation as found by Helou. At the lower right side the LMC-figure contains
some horizontal scatter due to the weakness of the 25 um emission relative to
12 um at certain positions. The correlation bends down to the Cirrus point

(Solar neighbourhood radiation field, marked by XC).
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Figure 4: Colour-colour diagram showing the relation between the 12/25 um

and 60/100 um ratio in the Magellanic Clouds.

5. The relation between dust and neutral hydrogen

From the infrared data and the calculated line-of-sight dust temperatures
we have estimated the dust column density. This is an underestimate of the
true dust column density because the IRAS satellite is not sensitive to dust
colder than about 20K. The maps, with 15' resolution, are shown in Figure 5.
The dust column density map is shown as contours, while gray-scales represent
integrated HI maps (Rohlfs et al., 1984; McGee and Newton, 1982). In the LMC
we see dust concentrations in the 30 Doradus complex. On the whole there
exists a reasonable agreement between HI and dust, but there is a “dust
excess” in the HII-regions.

The SMC also shows a good correlation between dust and HI. Dust
concentrations occur in the SW Bar (long line-of-sight) and in N83/84, but not
in N66. For this HII-region the infrared appears to come from a hot source
with a low dust content. The other HII~regions show a mixture of higher dust

content and high temperatures.
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CCD photometry of several associations in M31 is presented. One may derive the
sizes, determine the reddening, identify the youngest stars and discuss the
luminosity functions from data such as these. A brief overview of the luminous
stellar population in the Magellanic Clouds is also given,
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The spiral galaxy M31 represents the closest example of an SB type in which
individual stars may be studied. The large angular extent, the unfavorable
inclination of the disk to the line of sight, the stellar image crowding, and the
variable internal reddening all combine to make stellar studies difficult
although not intractable. The recent advent of CCD devices, with their high
quantum efficiency and linear detection capability, have now given us the means
to investigate the luminous hot star population of this galaxy, and others in the
Local Group. For M31 the large size on the plane of the sky restricts present
work to only samples of relatively small regions of this galaxy; with larger CCDs
now coming into general use, this problem may be somewhat eased. Crowding of
stellar images is an important problem for luminous stars as they are mostly
found in associations; it is largely solved by using Stetson's crowded-field,
point-spread-function fitting program DAOPHOT. It is absolutely critical to be
able to resolve close stellar images into their individual components in any
population study such as described here.

The work I will depict in this talk is based mostly upon a paper published
with my colleagues Phil Massey and Taft Armandroff in which the quantitative data
are laid out in more detail (Massey et al 1986 - MAC). I also wish to speak a
little near the end of the talk on the current status of studies of the IMF of
the massive stars in the Magellanic Clouds and will draw upon the recent work
with Phil and with Katy Garmany (Conti et al 1986; Garmany et al 1987). These
papers may be consulted for additional information. Here I would like to appraise
the essentials of these ongoing population studies of the most massive stars in
environments different from the solar vicinity.

We obtained CCD frames, 4 arc minute on a side, of eight regions of M3l
containing OB associations (van den Berg 1964). Our choices were selected on the
basis of their appearance on the Hodge (1981) atlas as having numerous luminous
blue stars present, and the presence of appreciable H-alpha emission as shown by
the area survey of Pellet et al (1978). Since we are primarily interested in the
0 and Wolf-Rayet (W-R) star population, those OB associations with substantial
H-alpha are most likely to contain these stars. One of the main objectives was to
obtain narrow filter images which isolate the W-R stars (following Armandroff and
Massey 1985) and candidates were found in many of the associations in these eight
regions.

The main thrust of my talk today will 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, respectively. OB8, 9 and 10
are found well inward of the main spiral arms of M31 to the NE of the galactic

center; OB48 is somewhat further out in this direction; OB78 is in the opposite



LUMINOUS STARS IN M31 93

(SW) direction from the center of M3l but well within the main spiral arm
structure; finally, OB102 is in the far NE quadrant, well beyond the location of
the main stellar population of M31.

The imaging data were obtained at the prime focus of the 4-m telescope at
Kitt Peak with an 800x800 Texas Instruments 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 their sizes from
their hot luminous star membership; (b) determine the differential reddening
among the associations; (c) identify the youngest population, those stars with
ages less than 107 years of age; (d) consider the luminosity function of these
most massive stars. I shall take up each of these findings in turn.

The initial identification of the OB associations and their boundaries was
given by van den Berg (1964) using eye estimation of the blue star population
outlines on ultraviolet Schmidt plates taken at the Tautenberg Observatory. Many
were found to be 300 to 500 pc in size, somewhat larger than those identified in
our Galactic system, or in the IMC. Hodge (1986) has recently considered
selection effects in determining association sizes. In an interesting
experiment, he finds that use of a similar plate scale, color, and limiting
absolute- magnitude led him to determining essentially identical sizes for sample
associations in the IMC and M31. Hodge thus suggested that the apparently larger
sizes found by van den Berg in M3l might not be real and he cautioned against
selection effects in this regard.

In our work on M3l we are able to isolate the OB population by UBV
photometry. When these stars are identified in the associations, their
distribution is invariably concentrated towards the centers of the boundaries
outlined by van den Berg (1964). We confirm that the associations in this galaxy,
as outlined by their OB stars, have sizes similar to those found elsewhere, the
largest being typically 100 to 200 pc. Of course, as Hodge (1986) and others
have pointed out, there are relatively fewer associations in this SB galaxy,
given its total luminosity, compared to SC and Irregular types.

The observed color magnitude diagram for OB 48 is given in Fig. 1. As one
can realize by inspection, the number of stars increases with fainter apparent
magnitude down to about 21.5, where they diminish; thus we are reasonably
complete in counts to about this luminosity limit. An important initial question
concerns the number of Galactic stars in this diagram (since 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
-21° for M31, the line 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 15. The predicted
Galactic star counts of Ratnatunga and Bahcall (1985) suggest 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 statistical
uncertainty in either U, B, or V was larger than 0.1 magnitudes. This had the
effect of eliminating most of the faintest stars but gave better accuracy in what
follows. In Fig. 2 I show the color-color plot for OB48. It 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 distance of M3l (Mod = 24.26 according to Welch et al 1986) the faintest
main sequence stars correspond to My, of -3.0, or BOV. Thus we would expect we
are detecting main sequence and all luminosity type O stars, B giants, and B and
later type supergiants. 1In Fig. 2 the straight line with the arrow at the end is
the reddening line for an 09.5 main sequence star with slope 0.72. The intrinsic
colors for main sequence and supergiants (FitzGerald 1970) 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 O types (near to or above the reddening line). With color-color plots
similar to Fig. 2, and trial and error, we thus estimated the mean reddening in
each association. Isolating and comparing various regions suggested differential

reddening within an association across the CCD frame played no important role in

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 straight line with the arrow at
the end is the reddening lines for an 09.5V star. The solid and dashed
lines are the intrinsic color for main sequence and supergiant stars,
respectively.

the observed photometric scatter. The resultant mean reddening values ranged
from E(B-V) = 0.24 for OB48 and OB 8, 9, and 10, to 0.12 for OB78 and 0.08 for
OB102. The latter value is similar to the expected foreground reddening from our
own galaxy (Humphreys 1979; Burstein and Heiles 1984).

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)p as the abscissa, rather than
the (B-V)(p, as this will better isolate the blue star population. In the next few
color-magnitude diagrams evolutionary tracks for stellar composition models of
60, 40, 20 and 10 solar masses are also plotted (the former three from Maeder
1987, the latter from Pylyser 1984). The more massive stars include the effects
of mass loss, determined empirically. Although overshooting is probably
important for stars such as these (e.g. Doom 1982) it is not included in these
models. The greatest uncertainty in plotting these tracks is the step in going
from the luminosities and effective temperatures of the models to the observed
colors and magnitudes, particularly the still uncertain bolometric corrections.
The conversion used the calibrations of Flower (1977), Conti (1987), and
FitzGerald (1970). 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 stars. 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 following phases). The post core hydrogen burning
stage is critically dependent on the physical basis of the models, but most
investigators agree that the most massive stars will turn back to the left hand
part of the HRD, while the less massive ones will become red supergiants. These
stars, and even lower mass ones, then slowly evolve back and forth across the
upper part of the HR diagram, the details of which depend on the input physics to
the models and their interpretation which is not completely 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
itself. We can only do this in a statistical sense since these stars are all at
roughly the same distance. The data for the small associations OB8, 9, and 10
enable us to address the problem since they are contained well 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
objects inside. Comparing the two figures one can see that the population of
blue stars is substantially different; as expected, there are many bright blue
stars inside these boundaries yet hardly any outside. This not only nicely
confirms the reality of the associations it isolates the background M31
population. We see that this population is composed of stars along the 10 solar
mass track; these typically have ages of some tens of millions of years. Inside

the association boundaries we see not only this background population but also a

14

Vo

19

20|

21

22

T

23l .1 [ | | L
-.3 11 -09 -0.7 -05 -03 -01 O O

(U-B)g

!
.3 05

Fig. 3. Dereddened color-magnitude diagram for stars outside the OB8, 9, and 10
association boundaries on the CCD frame. The solid and dashed lines are
evolution 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.

blue "plume" of younger stars with ages typically a few million years (according
to the tracks). If our CCD frames went to appreciably fainter luminosity limits,
we would detect the even older population of stars in M31 with ages of hundreds
of millions to billions of years. With the color and magnitude restrictions of
our data, we have been able to isolate only the youngest stars, and our
photometry can distinguish among them in a rough fashion.

The boundaries of the other associations as sketched by van den Berg (1964)
more or less fill our CCD frames. 1In hindsight, we could now redraw the
boundaries around the bluest and most luminous stars and compare the populations
inside and out but that is beyond the scope of my discussion here. In what
follows, therefore, all stars on the CCD frames are considered to be members of
the associations and all stars with photometry are plotted. The dereddened
color-magnitude diagram for OB48 is shown in Fig. 5 and that for OB78 (NGC 206)
in Fig. 6. In both associations we see a considerable population of OB stars,
particularly those with initial masses greater than 20 solar masses. These are
presumably all O stars or B supergiants. We note the substantial numbers of
stars at (U-B)g of order of -1.1 and the difficulty of determining the exact
masses from photometry alone (Massey 1985) except in the broadest terms. The
higher mass evolution tracks all show a loop near this point which corresponds to
the end of core hydrogen burning; appreciable numbers of blue supergiants are
found to the right of this theoretical limit. As Maeder (1987) and other have

pointed out, this "main sequence widening", analogous to what is seen in Galactic
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Fig. 5. Dereddened color-magnitude diagram for stars of OB48. The evolution
tracks are as in Fig. 3,
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Fig. 6. Dereddened color-magnitude diagram for stars of OB78 (NGC 206). The
evolution tracks are as in Fig. 3.

color-magnitude diagrams, is not yet satisfactorily accounted for in the stellar
models. Overshooting may play a role in the eventual explanation for this
anomaly.

In Fig. 7 I show the color-magnitude relation for the field of OB102. 1In
contrast to the previous three figures, we now find a lack of the most massive,
luminous stars. Very few are found with masses inferred to be larger than 20

solar masses. It is clear from this figure that the blue stars are not as
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Fig. 7. Dereddened color-magnitude diagram for stars of OB102. The evolution
tracks are as in Fig. 3.

luminous as those in the other associations. There are still appreciable numbers
of stars between the 10 and 20 solar mass tracks so the straightforward
interpretation of these data is that OB102 is older and its more massive stars
have already evolved away. It is significant that OB48 and OB78 both contained a
half dozen or so W-R candidate stars, whereas OB102 has only two marginal ones.
Since W-R stars are the descendants of only the most massive O stars (Conti et al
1983; Humphreys et al 1985) this is what would be expected if OB102 were older
than OB48 and OB78. We have thus shown here an ability to segregate the youngest
associations of M3l into extreme youth by photometry -- some few million years as
represented by OB8, 9, and 10, OB48 and OB78, and one approaching some ten
million years, OB102. We could also have predicted this on the basis of the W-R
population.

Luminosity functions are often used as a diagnostic for interpreting the
properties of a population of stars. These are essentially counts of stars to
fainter and fainter apparent magnitude levels. Here we can make use of the
derived reddening for each association and use Vg 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 association OB102 in magnitude
intervals which were inconsistent with, say, OB48.) The luminosity functions
differ in their ordinate values due to the different numbers of stars in each
association. The turnover at Vg of 21 is due to incompleteness. For a range of

3 magnitudes brighter than this faint limit the functions are parallel. The
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Fig. 8. Luminosity functions (log number brighter than Vg vs. Vg) for stars in
the four fields. Long-short dashed line: OB8, 9, and 10; solid line: OBA48;
dashed line: OB78; dotted line: OB102.

usual interpretation of such a result is that the IMF are identical within the
uncertainties (e.g. Freedman 1985). 1Is this correct? While it would appear that
the parallelism of the luminosity functions between Vg 18 and 21 says something
about the massive star content, a look back to Fig. 4-7 will indicate this is not
the case. At these Vg main sequence stars of very different initial masses and
ages are being counted together. At Vg of 18 and fainter the evolved 10 solar
mass stars begin to appear as these stars make their traversals back and forth
across the upper part of their evolution tracks. It is easy to visualize that
these stars, and even lower mass ones, will dominate the statistics of the
luminosity function at this and fainter magnitudes. Thus the nearly identical
slopes in Fig. 8 say nothing about the massive star population, a point
emphasized previously by Massey (1985) and graphically illustrated here. The
difference in the luminosity function slopes at brighter magnitudes is probably
dominated by the small number statistics and one can infer nothing about the IMF
with these data.

The presence of hot, massive stars in M31 is indicated by the numerous HII
regions found "strung out like pearls along spiral arms" (Baade 1958). 1Is strong
H-alpha always found with rich collections of O stars? Let us compare the
massive star content of OB48 and OB78; I have shown in Figs. 5 and 6 that the
luminous stellar populations are similar; we also see parallel populations of W-R

stars (MAC). The ages appear to be closely comparable. Yet the H-alpha
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photographs of these associations (Pellet at al 1978) are distinctly different;
little emission is found with OB78, yet considerable H-alpha is connected to
OB48. (Unfortunately there are, as yet, no quantitative measures of this
emission in M31.) The lack of significant H-alpha led van den Berg (1966) to
suggest supernova shells or stellar radiation had cleared the OB78 region of gas;
subsequently it was learned that this association sits in a prominent HI hole
(Brinks 1981). It seems possible (MAC) that the winds of the numerous hot stars
may have created a "superbubble" (following Heiles 1979) in the vicinity of OB78.
Why not also in OB48? A potential answer would have to lie in the conditions in
the ISM surrounding these two associations since their stellar content seems
comparable. If one imagined the medium was less extensive and of lower density
surrounding OB78, in contrast to OB48, the observations could be explained.
Perhaps the galactic disc is thinner there. In more distant galaxies the star
formation rate has been assumed to be proportional to the integrated H-alpha
emission. The lack of gas near OB78 indicates a need for caution in deriving
massive star statistics from emission measures alone.

What can we learn about star formation in M31 from our data? We have both
the W-R statistics (MAC) and the numbers discussed here. Taking into account the
inclination of M3l to our line of sight, and the size of our CCD frames, we find
the W-R population and the OB stars to be roughly similar to that of the solar
neighborhood. There are some regions of M33 where the W-R population is larger
than this (Massey 1985) and many where it is similar. 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 associations, are mostly concentrated in the annular ring
containing OB48 and OB78; overall it would seem that M3l does not have the same
fractional population of massive 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 M3l where massive star population is as rich as that found near the
sun.

Let me turn now to a brief progress report on the stellar population studies
in the Magellanic Clouds. This is taken from data presented by Conti et al
(1986) and Garmany et al (1987). We intend to eventually complete a census of
all the 0 stars in the SMC and hopefully, also, in the LMC. In the latter galaxy
most of the O stars are to be found in the numerous associations (Lucke 1972) for
which photometry is still only primitive. CCD frames of many of these
associations are now being acquired to enable us to study the luminosity
functions and to identify the O star candidates for follow-up spectroscopy. We

have new slit spectra of 192 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 sample were newly identified O stars, the other half being B
supergiants. The total numbers of O stars in the SMC will probably turn out to
be less than a couple of hundred as we have already found some 50 or so and the
number of unstudied associations is small. In the LMC the O star count will
probably be over a thousand and we will be have to be content to identify only
the more massive ones, which we expect will be found in the numerous
associations. 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 stars, such as the numbers of W-R stars, the integrated H-alpha
emission, or the radio continuum, etc., for calibration purposes.

My numbers given above are only estimates of the massive star population in
the Magellanic Clouds but they are based on the actual counts so far. In more
distant galaxies the population statistics are indirect; additionally, many
methods assume a constant IMF. We hope to eventually address the IMF for the
Magellanic Clouds but for now let me just say that I wouldn't be surprised to
find it different from the solar vicinity (within 3 kpc). The numbers of HII
regions and associations in the LMC seems higher than the similar sized 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 solar
vicinity and only 7 or 8 for the SMC. Thus I would expect relatively more
massive stars in the LMC and relatively fewer in the SMC, compared to the solar
vicinity. If this is related@ tc a slope in the IMF it would be "flatter" in the
LMC and "steeper" 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 similar 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
1986) where all the stars shown have photometry and spectroscopy. The ZAMS track
is taken from Pylyser et al (1985) and the upper empirical boundary (the
"Humphreys-Davidson limit") has been sketched in. Similarly, Figure 10 gives the
HR diagram for the SMC (adapted from Garmany et al 1987) with the Pylyser et al
track appropriate to the metal abundance of the SMC. The Humphreys-Davidson
limit is sketched also, and it is not the same as that for the LMC, the latter
being brighter, although parallel. Recent calculations by Lamers and Fitzpatrick
(1987) suggest this limit is related to the "Eddington" limit for radiation
pressure, once the correct opacities are included. Their theoretical prediction

is qualitatively in agreement with the observed limits shown here although one
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types. The filled symbols are O stars; the open symbols B supergiants; the
cross-filled symbols are B emission line objects. The ZAMS and empirical
"Humphreys-Davidson limit" are shown (see text).

-12 T I — T T T T T
-1 —
B 7
-0} - -
Q\
" 8 \b\\\\ ° h
6’ 2 Z oo 00\\\ 7
® - & oo ° 02 B
s o o o °
-8 88 ° 0" o
o
- §g 8 o089
CB § Oo [o]e]
-7 HN 4
8 4
e 8 _
5L 1 | | L L i 1 ]
4.8 4.6 4.4 4.2 4.0 3.8

LOG T

10. HR diagram for the SMC for stars with photometry and slit spe?tral
types. The filled symbols are O stars; the open symbols B supergla?t§; the
cross-filled symbols are B emission line objects. The ZAMS and empirical
"Humphreys-Davidson limit" are shown (see text).



104 P. S. CONTI

would then expect that the lower metal abundance in the SMC would result in a
brighter limit whereas the opposite effect is seen in our data. Since the census
of O stars in incomplete these limits should be considered as preliminary; the
SMC might also be constrained by small number statistics although I personally
doubt this. I should note that the spectroscopic parallaxes of the O stars in
the LMC lead to a distance modulus of 18.3 and that for the SMC one of 19.0;
these numbers are used in plotting Figs. 9 and 10.

There are hardly any stars in the SMC with implied masses more than some 80
solar masses according to Fig. 10 (although the stars of NGC 346, the brightest
HII region, are not yet plotted having no dependable photometry). Humphreys
(1983) has already pointed out the relative lack of massive stars in the SMC
based upon a less complete sample than shown here. My suspicion is that when the
stellar census is complete, the SMC will be demonstrably deficient in massive
stars. Roberta feels this is a statistical cut off due to the low total mass of
the galaxy; my personal belief is that it is real and addresses the recent star
formation history or the IMF, or both.

What of the massive star population in other stellar systems? Here the data
are very preliminary as they are based only on the W-R star population. These
are believed to derive from only the most massive stars, some 40 solar masses in
the solar vicinity (Conti et al 1983), and tentatively assumed to be similar
elsewhere. An important test of this assumption will come from the MC population
studies. If we consider only the detected W-R population we have for the Local
Group the numbers shown in Table 1 (adapted from Conti 1987 with additions from

Moffat and Shara 1987).

Table 1

Wolf-Rayet Statistics in the Local Group

galaxy actual estimated
number completeness

Solar Vicinity (within 3 kpc) 63 10%

LMC 105 10%

SMC 7 or 8 10%

M33 120 50%

M31 50 factor of a few
NGC 6822 a few 50%

ICl613 a few 50%
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Given the respective total masses of these galaxies (our own cannot be accounted
for exactly without assumptions concerning the mass distribution) we see that the
LMC stands out as having relatively many W-R stars, as does M33 but to a lesser
extent. M31 is certainly deficient in W-R stars even with an estimated factor of
a few incompleteness, compared to these systems and probably with respect to our
own. In the smaller mass systems we are dealing with small number statistics of
W-R candidates so any conclusions are preliminary. Armandroff and Massey (1985)
have suggested that IC1613, the lowest mass and lowest metal abundance galaxy,
does have several W-R candidates. If these are all indeed W-R stars IC1613 would
be abnormally rich in these massive star descendants. More data are needed on
this issue.

So for now we are left with tantalizing hints (cf. Figs. 9 and 10; Table 1)
that the massive star population in the various Local Group galaxies, the only
systems for which individual stars can be studied, may differ in ways not
strictly proportional to either the total galactic mass or to its overall metal
abundance. Whether this is a result of different star formation rates, or
various IMFs, is an issue that is not yet settled and will require extensive
additional study. For this particular workshop, I know it is an important issue
and one for which I would like to leave you with real numbers. My message must

instead be to keep an open mind about the ultimate outcome.

I appreciate support for this work from National Science Foundation grant
AST 85-20728, and I thank the organizers of this workshop for the opportunity to

present some stellar statistics to galactic evolution pundits.
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MASSIVE STARS: LIFETIMES AND RELATIVE
FREQUENCIES IN NEARBY GALAXIES

André MAEDER
Observatoire de Genéve
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 O 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

Massive stars, observed elther direcily 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 [27]
in this field.

A major concern in model building is that of the overshooting distance
dovet’ 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
dOver z (0.25 to 0.3 Hp’ where Hp is taken at the edge of the classical
core. This result is quite consistent with some other empirical deter-
minations [20, 33], and is also supported by the results on the WR life-
times (cf. 8§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 {27] are

illustrated in Fig. 1.

6.5

6.0

5.5

5.0

4.5

“_ . Mo

N N
120 ME,

-10-]

7
v

&

h

J

MODELS WITH
MASS LOSS AND
OVERSHOOTING 25Mm

77,

7
X

@

i

77
i

log = -6-]

Lo

~

i | I [l | L 1 J - L

4.0

Pl B Y
C X
=
[

4.2 4.0 338 3.

~
kS

5.2 5.0 4.8 6
log Teft

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 ay = l/Hp = 0.3 while the continuous lines refer to the
usual mixing length theory with a_ = 1/H_= 1.5. The first slash along
the evolutionary tracks indicates the cegkral 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 O-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 <
4.47), 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 major 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 slightly

changed:
for M 2 Ml : 0-Of-BSG-LBV-WR-SN
Ml >M 2 M2 : 0-BSG-YSG-RSG-WR-SN (0-BSG-YSG-RSG-BSG-SN for lower M)
M, > M2 M; : O-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 Ml was previously placed near 60 M@. Here, Ml is found to
be about 40 M@ (maybe up to 50 MO)’ a fact which is in better agreement
with the observed upper limit for RSG [12, 14]. MZ lies between 40 and
30 M@; we see that the 25 M@ model is very much "hesitating' 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 O-star formation, is about 15 M@'

Let us note that the excursions made by the 60, 85 and 120 M@ 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 [31] never enter the LBV region (say,

log L/LO > 6.0 and log Te < 4.5). This hints that such models are

ff
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4

probably not very appropriate. For average mass loss rates of about 10~

to 10_3 M@ y_1 [19] and the present overshooting, the calculated lifetime

in the LBV region is at the most about 104 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 2 40 M., in agreement with [15]. However, we notice that in the
o

range of 25 to 40 M, a moderate enhancement of mass loss in previous

stages could also mgrginally 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 simple atmospheric treatment used in the models [22]. Sub-
stantial developments for matching non-static and non-LTE atmospheric
deter-

models and internal structure are now in progress. Recently T

eff
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 M@ are given by

log t, = -.86 log M/MGJ + 8.06 (+ .02 dex)
6
Table 1: Lifetimes in nuclear phases and in the WR stage (in unit of 10 y)
Initial B-himing | Bebuming | Cbaming WR phase twr/to Havtae
mss phase phase phase
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 ty 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 [17], we may

assign an upper limit to the ages of stars of a given spectral type:

Table 2: Spectral types vs age calibration for O-stars
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The ratios tHe/tH of the lifetimes in the He- and H-burning phases lie
here in the range of 14 to 187. 1In the literature, the ratios obtained by
various authors range from about 8 to 197 [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 4. M
to the luminosity L (qCC is the mass fraction of the convective core).
Overshooting increases both quantities. Thus, the lifetime in a given
nuclear phase may be increased or decreased by overshooting depending on
the relative change of both terms in the ratio Q. M/L. In the H-burning

phase, the net effect is an increase of the lifetime t However, for the

q

He-burning phase the lifetime t is decreased by overshooting [4, 20]:

the main reason is that models g?th 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 [31] 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-

sents 3 - 10_4 to 1.5 - 10_3 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 T > 4.5 on the final

bluewards track. The condition on log Teff andeiie 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 t are given in Table 1. The values of t . are typi-

WR WR:
cally about 5-105y [e.g. 25, 31]. 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 masses, 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 M@
the limits XS=O.40 and 0.20 give respectively WR lifetimes of 0.604 and
0.537 instead of 0.542 for the adopted limit XS=0.30.

Physically, tWR depends on mass loss and overshooting in several ways.
1) 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/t0 of the lifetimes in the WR and O stages
range from 127% to 17% (cf. Table 1). The main trend is a decrease with

decreasing stellar masses. However, the ratio tWR/tO for the 60 M@ 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 O-star, which contributes to an increase of the tWR/tO
ratio. The remaining fraction of the MS band is spent in this case in the
range of types BO-B2. The present values of tWR/tO are higher than those
generally found, which are about 0.06-0.10 [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 subject to the same remarks
as above. For the 40 and 60 M@ models, i.e. in the range where most WR
stars are likely to originate [15], the ratios t . /t. . amount to 1.22 and

WN" "WC
1.34. The ratio t,. ./t . is very sensitive to mass loss and overshooting.
Wi wo

High MWR 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. [31] is enlightening. These
authors have used nearly the same MWR as we did, but they request very
large convective cores. For models of initial mass 50 and 60 M@ 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 MWR well supports our choice of
the overshooting parameter dover/Hp = 0.25, as found from the HR diagrams

of young associations.

5. Massive stars in galaxies and metallicity

The large differences in the relative frequencies of O-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 situation. Table 3 shows impressively large changes in some
number ratios according to the galaxies considered.

A critical point frequently disputed in the literature [5, 11] 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 NWR/NOBA



EVOLUTION OF MASSIVE STARS 115

Table 3: Number ratio of massive stars in galaxies

OBA WN WR
GALAXY 7.5-11 kpc .029 .24 1.1
9 -11 kpe .020 .17 0.8 4
M33 .02 .10 <1 -
GALAXY 11-12.5 kpc .013 .07 0.7 .5
LMC .006 .07 0.22 9
NGC 6822 .005 .08: <£0.17 -
SMC .002 .03 0.14 24
IC 1613 .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. Simi-
larly for the NWC/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 limited 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 M vs Z was pre-
dicted [1], while more recent models [18] suggest a dependence of approxi-

mately M vs 21/2.

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 massive stars at different metallicity is now in progress.
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Table 4: Effects of mass loss on blue and red supergiants and WR lifetimes
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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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Abstract.

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 compact
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 amodelthat 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 M 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 Mg for the
neighborhood zone (hereafter ®) 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 kpc? in the solar neighborhood multiplied by the ratio of the integrated
1690 A intrinsic luminosities L;ggo(LMC)/ L1600 (1 kpc?, @), 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 ©®, 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 Mg 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.

TJable 1 : Star counts in the solar neighborhood
and in the magellanic clouds.

® LMC SMC

N (star > 30 Mg) 383 1800 340
N (WN)  single 13 59 2
double 7 22 b}
N (WC) single 21 8 0
double 9 10 1

References 1) 3) 2) 4) 2) 5)

References : 1) Humphreys and Mc Elroy; 2) Vangioni-flam et al.;
3) Hidayat et al.; 4) Breysacher; 5) Azzopardi and
Breysacher.

3. THE MODEL

a) The stellar evolutionary tracks

The stellar evolutionary tracks are taken from Maeder for the ® (1986, 1987). A grid

of evolutionary tracks for a metallicity Z=1/10 Zg 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 Mg follow Conti’s scenario whereas
if 26 Mg <M < 60 Mg 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 Mg 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
M = (M)@Z—O‘s

where (M) 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 £ and the upper mass
M, of the IMF was unimportant in relation to the quantities investigated here. We thus
adopted z=2, M ;=120 M and a lower limit cut-off of 15 M 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 10° 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 7x10° years.

The results of the models are shown in Fig. 1 and 2 for stellar evolution at ® 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 Mg as a function of time
for the IB scenario. After 3x10° years the first WR stars appear (WNL subtypes) and
their number reaches a maximum at 5x10° years after the onset of the burst. At about
7 x 10° 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 10° 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 M,, when varying
within a reasonable range. We note however that for higher M, the WR stars occur as

early as 2 x 10° years after the onset of the burst.
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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 ®, 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 ® 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.

Table 2 : Observed and theoretical ratios between WR
’ " and massive stars in the solar neighborood
and 1n the magellanic clouds.

® LMC SMC
Metallicity Z : 0.02 0.01 0.002
R = N(WR)/N(star>30Mg) :
CB model 0.107 {0.057} 0.0045
{0.041}
Observations 0.13 (0.02) 0.055 (0.004) | 0.024 (0.005)
Without binary WR 0.09 (0.02) 0.037 (0.003) | 0.0059 (0.002)

Note : { } These values of R are obtained from an interpolation
between the calculated values for the () and the SMC.
The upper value corresponds to a linear interpolation.
The l?w§$ value corresponds to power-law approximation
R«2Z"

() Values 1n parentheses are estimated statistical 1 ¢
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 10° 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 O 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 LMC. This leads to an age of 5x10°8 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 far-ultraviolet spectra of BCDs constitutes a powerful way for studying the
star formation history in these galaxies. BCD luminosity functions show jumps
and discontinuities. These jumps act like fossil records of the star-forming
bursts, helping us to count and date the bursts.
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1. Introduction

Ever since their discovery by Sargent and Searlcl)

, blue compact
dwarf (BCD) galaxies (MB a - 18) have been known to make massive stars in bursts:
during a time short compared to the lifetime of the galaxy, the star formation
rate (SFR) in some localized region or over the whole galaxy exceeds by several
orders of magnitudes the SFR averaged over the lifetime of the BCD. Star for-
mation in BCDs cannot be continuous but must proceed by bursts because of
several observational contraints:

1) the amount of neutral gas available to feed the star formation
2)

process is v 108 M, Conversion rates of gas into stars in these galaxies

- 4
are between 0.1 and 1 My yr 13 ), so that the rate of star formation in the

8 _ 109 years before the gas

current burst cannot be maintained for more than 10
is depleted.

2) BCDs are all metal-deficient as compared to the solar neighborhood.
They have metallicity ranging from ~ 1/3 to ~ 1/30 of the solar metallicity,
with the abundance distribution peaking at ~ 1/10 of the solar value and
dropping off sharply for metallicities less than Ze/lO 5). Assuming no
removal of the metals from the regions where they are produced, star formation
at the rate presently observed in BCDs would produce too much metals after
" lO8 years. In the case of the BCD IZw 18 = MKN 116 which is the most metal
deficient BCD known (Z ~ 20/30), the amount of metals produced in the present
burst of star formation already exceeds the amount observed after v 4 x 106
years. Of course, the metallicity constraint on the age of bursts in BCDs is
not as stringent if processes such as galactic winds can remove metals from
these galaxies 6).

3) Optical-infrared colors of BCDs put strong constraints on the
burst ages. Near-infrared colors are direct probes of the underlying older

stellar population known to exist in BCDs 7,8,9,10)

, while optical colors are
sensitive to the young stellar population responsible for the ionization of the

gas. Infrared magnitudes, when combined with optical magnitudes, give infor-
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mation on the relative importance of the young and old stellar populations,
and hence on the past and present history of star formation in BCDs. Figure 1,
taken from Thuang), shows the location of different types of dwarf galaxies in
the (U-B, V-K) plane.

To interpret the optical-infrared colors, the models of Struck-Marcell

11 are used. These models describe the color evolution in time of

and Tinsley
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 = 0.56, V - K = 3.22). Each point in the (U-B, V-K)

plane is characterized by two parameters: the first is the strength b of the

burst, defined as the ratio of the mass of stars made during the burst to the

] i 1 |
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Figure 1. The infrared-optical (U-B, V-K) color-color diagram for dwarf

galaxies 8). Burst models from Struck-Marcell and Tinsley 1) 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 of a burst of strength b passing
through the ages indicated on each solid line. Arrows indicate the effect of
interstellar reddening and two estimates of the effect 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 burst, or its age. We should note that Struck-Marcell and Tinsley's
models do not include the light contribution from red supergiants and therefore
overestimate 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 1 (all less than ~ 5 x 10/ yr) and the largest burst
strengths b (more than one tenth of the mass of the galaxy participates in the
burst). Then come, in order of increasing burst ages and decreasing burst
strengths, the dwarf magellanic irregulars (lO7 ST 108 yr, 0.01 b g 0.1)
and the Virgo dwarf elliptical galaxies (lO9 <t g8x 109 yr, b 3 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 lO7 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 galaxieslz).

Spectral synthesis of IUE 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 Thuanlz). 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
continuous star formation or bursts) such as the slope of the initial mass
function (IMF) and the e-folding time for star formation. The evolutionary

13)

models which best fit the BCD data are those in which massive star formation
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occurs in bursts lasting between 1 and 5 x 106 years and with an IMF slope
similar to that found in the solar neighborhood (x ~ 1.5 to 2 where x is

defined by dN/dM o M_(X+l)). There is no attempt in this approach to adjust the
population parameters to obtain optimal fits to the SED.

The second approach, called 'optimizing synthesis', consists of
deriving the stellar populations which best fit a SED, using linear or quadratic
programming techniques which, in contrast to the evolutionary synthesis approach,
permit to explicitly 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 synthesis
method to the far ultraviolet spectra of a few BCDs, in particular, that of
IZw36 = MK 209 4) (MB = - 14.0) and of Haro 2 2) (MB = - 18.1). Details on how
to set up a far ultraviolet stellar library and on how to apply the linear
programming techniques have been described elsewhere 12,1A).

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 maximizing the difference with neighboring groups without
leaving gaps along the main sequence, and are intended to represent specific

14)

locations in the color-magnitude diagram Although giant and supergiant
groups were also included in the stellar library, the synthesis program did not
pick them out in the specific cases of MK209 and Haro 2. The horizontal axes
also give 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 AM,, of each stellar
group. In other words, the vertical axes give the stellar luminosity function

in each BCD.

The open circles 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 filled circles represent the number of A5-7V stars when optical
color constraints are added. The error bars correspond to 30 limits (see text).
Two sets of star 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, 10° yr and 1.25 x 107 yr and an IMF with x = 1.8

(Figures 2a and 2c) and 2) a set of 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 of intrinsic extinction E(B-V) until the best fit to the
observed spectrum is obtained. This is done by minimizing the quantity

e = 100 Zri where ry is the absolute fractional flux 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 optical light, comes from regions
nearly devoid of extinction.

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. 1In the case of MK209, the synthesis program picks out
the 03-06V group, rejects the next two groups (07-BOV and B1l-1.5V), picks out
the B2-3V and B4-7V groups, but rejects the B8-9V, A0-2V and A5-7V groups. For
Haro 2, only the 03-06V, B1-1.5V, A0O-2V and A5-7V groups are selected. The
remaining groups are rejected. The reality of these breaks is demonstrated by
forcing the program to produce smooth luminosity functions. The resulting fits
are always much worse.

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-
cessively larger light contributions from it until e is increased or decreased
by a factor of 3. In the linear programming fitting procedure, this is equiva-
lent to a 30 upper or lower limit in the conventional least-squares techniquels).
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 often for MK209 than for
Haro 2, because the best fit model for MK209 has an ¢ twice as large as that for

Haro 2 (¢ = 7.2 compares to 3.5). This larger value of ¢ is due to the
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difference in metallicity between the stars in the library (Z ~ Z;) and MK209

(Z ~ Zg/10). The fit is better for Haro 2 because it has a metallicity nearer
to solar (Z ~ Z@/3). The data point in the last bin, the number of A5-7V stars,
is very uncertain because of the very small light contribution of this stellar
group to the BCD far-ultraviolet spectra. We have used the BCD optical colorsz)
to reduce the uncertainty in the A5-7V stellar group. The data points resulting
from this added constraint are plotted as filled circles in Figure 2.

To interpret the synthesis results, we consider two limiting types of
models for star formation®). The first type of model examines the case of
continuous star formation (CSF) where stars are formed continuously with a
constant star formation rate during a time t. Models with 4 different Tt
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 of the solar neighborhood mass
function in the stellar mass range of interestlﬁ) 2 < M/M0 L 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 first compare the synthesis results with the CSF models. The most
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). CSF models with t < lO7 yr can accomodate the upper limit for the
07-BOV group and also all the remaining groups in the case of 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. 1In the case of
Haro 2, ISB models with x > 1.3 fail to account for the absence of the 07-BOV
group. The ISB model with x = 1.3 can barely accomodate the upper limit for
the 07-BOV group, but fails to predict enough stars in the B1-1.5V group

(Figure 24d).
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In summary, neither CSF nor ISB models can account for the discon-
tinuities in the stellar luminosity function of Haro 2. To account for these
jumps, several independent bursts of star formation must be postulated. The
03-6V stars would be formed in the present burst. The B1-1.5V 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 lO8 years ago. In this scenario,
the jumps 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 points. Nevertheless, its stellar luminosity function can be
explained by a single burst (the present one) with an age t : lO7 years and
with an IMF whose x v 1.8. The preceding burst age is consistent with the one
derived using optical-infrared colors7) (Figure 1). The amount of metals
produced during that time scale is also in good agreement with that observedé).
If we accept the interpretation that the present burst is the first one in the
lifetime of MK209, then the presence of an underlying older stellar population
whiéh 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
formation are decoupledlo).

We conclude that spectral synthesis of ultraviolet spectra offers a
very powerful way for studying the star formation history in BCDs. Not only
can we count the number of bursts in each BCD but we can also date them by the
location of the jumps in the luminosity function.
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France

ABSTRACT

The blue compact galaxies I Zw 18 and I Zw 36 have been observed in 21 cm 1line
with the configurations B and C of the Very Large Array* synthesis telescope,
achieving resolutions of 5" x 5" x 12 km s=1. The new maps reveal extremely
dense HI clumps located on the edge of the locus of the stellar formation bursts.
The mass derived from the ordered part of the velocity field is of the order of
13 times the total HI mass in I Zw 18.

*The Very Large Array is one of the facilities of the National Radio Astronomy
Observatory, operated by Associated Universities, Inc., under contract with
the National Science Foundation.
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Introduction

The blue compact galaxies (BCG's) I Zw 18 and I Zw 36 are by now con-
sidered as prime examples among the large class of star-forming dwarf objects.
Let us simply recall that one of the chief interests in studying BCG's is the
search for genuine "primeval"” or "young" galaxies, that is, objects being form-
ing their very first generation of stars from the primeval purely gaseous pro-
togalactic clumps.

I Zw 18, whose interstellar metallic abundance is only 1/40 of the
solar one, exhibits the case for the most metal-poor active star-forming galaxy
known to date, and yet its abundance is still too large for its gas not having
been contaminated by some enrichment from stellar nucleosynthesis productsl’2’32
Obviously, the study of the dynamical state of the gas in some extreme cases of
BCG's could shed some light on the processes of formation and early evolution

4,5,6) favors 21 cm line

of galaxies; the important gaseous content of BCG's
observations.
Following previous 21 cm line supersynthesis at Westerbork with about

7,8)

35 arc seconds resolution , we have undertaken a new program with the Very
Large Array, devoted to higher spatial and spectral resolution observations of
I Zw 18 and I Zw 36; we report here some preliminary results.

The observations were conducted in 1986 with the B and C configura-
tions of the antenna array, yielding respective FWHM beams of 5%2 x 5.2 and
12" x 12" at 21 cm. The velocity resolution was fixed at 12 km s—!. Data cubes
produced by both configurations were merged to produce final maps with enhanced

signal-to-noise ratio.

I Zw 18

The Westerbork observations7) delineated an extended, elongated HI
cloud of 2 x 1 arc minutes at the detection threshold of 95 K.km s~} (1.7 1020
at.cm‘z), some structure was evident throughout this cloud; a provisional inter-
pretation was given, based on the convolution of the beam with six clumps, two
of which being extended. The main HI core was found only approximately centered
on the brightest optical patch.

The new VLA map is displayed in Fig. 1, with a final resolution of
8 x 8 arc seconds, and a detection threshold of 100 K.km s-1 (1.8 1020 at cm‘z).
A lot of substructure is present within a principal, elongated cloud of 60"x30",
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 optical structure of the
galaxy; at the detection threshold, its outer limit coincides roughly, in its
southern half, with an outermost isophote on a very deep CCD blue frame taken
in 1982 with the Canada France Hawai 3.6 m telescope (courtesy L. Vigroux),
whose limiting surface brightness is about 27.5 B mag arc sec=2. The HI is
more extended than the optical image on the west. The peak HI density is clear-
ly displaced from the peak optical brightness; the secondary faint optical
patch at the NW also coincides with a depression in HI surface density. (Posi-
tional accuracy of the optical features with respect to the radio map was in-
sured by astrometric measurements of a dozen stars in the field, enabling a pre-
cision of about 0.3 arc sec r.m.s.)

The peak value of the HI column density, in the core of the main HI
cloud, 1s extraordinarily high: more than 3800 K.km s=! on Fig. 1, but on the
original 55 x 55 B configuration full resolution map it reaches 5500 K.km s—!
(about 10?2 at. cm‘z), is still unresolved, and it 1is likely that the line is
saturated, in which case these figures are only lower limits to the column den-
sity. This unresolved clump, whose diameter at 10 Mpc 1is smaller than 270 pc
(B configuration projected FWHM beam), contains more than 4.4 10 M@ of HI gas
with a mean volumic density larger than 18 cm-3,

The velocity field across I Zw 18 is displayed in Fig. 2; an overall
fairly regular radial velocity gradient is seen over the main HI cloud; assum-
ing that this gradient is due to rotation we derive a Keplerian spherical mass
of 8.9 108 M@ within a radius of 31" (1.55 kpc), about 13 times the total HI
mass of 6.7 107 MO 7). However, a position-velocity cut along what could be
called the optical major axis (best major axis of the principal optical feature
in P.A. 328°) shows blobs of gas departing conspicuously from the main ridge
assoclated with the regular velocity gradient, suggesting lots of turbulent

and/or infall motions.

I Zw 36

The Westerbork observationss) showed a large HI cloud 3' x 2' in ex-
tent, about 4 times larger as the optical image seen on the Palomar Observatory
Sky Survey, with evidence for several subcomponents, and a rather chaotic veloc-
ity field. A companion cloudlet with no optical counterpart was detected at 2'
NE. The detection threshold was 40 K.km s=! (7.5 10!% at. cm—2).

The VLA map, pictured in Fig. 3, has 5.2 x 52 resolution and a de-
tection threshold of 300 K.km s—! (5.5 1020 at. cm=2): any low-brightness ex-

tended emission seen on the Westerbork map is thus likely to be lost on this map.
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The overall HI distribution is approximately elliptical in shape, with a series
of high-density clumps and a deep hole, marginally resolved, in the northeast
half. The centroid of the optical emission coincides with a minimum in the HI
distribution; the maximum HI density peaks at 3100 K.km s~ (5.7 102! at. em~?2)
in a marginally resolved clump containing about 1.3 108 M

mean density of 28 cm—3.

9 of HI gas with a
The velocity field in the central part is once more fairly regular
(with some evidence for non-rotating motions on a major axis position-velocity

cut) and yields a Keplerian spherical mass of 7.7 107 M_ at 4.6 Mpc over a 18"

radius (or .8 kpc), to be compared to a total HI mass fgr the central cloud
only of ~ 2.2 107 My 8

As a comparison with I Zw 18 and I Zw 36, we recall that the major
extragalactic HI complexes known to date have much lower mean densities:g)
NGC 604 contains 1.6 106 M@ in an 300 pc diameter cloud with <nH> =7 em™3,
cloud L16 in NGC 4449 contains 3.7 10® M@ in an 410 pc diameter cloud with
<ng> = 8 em™3 and NGC 5471 in M101 has 8.6 107 My in an 1640 pc diameter cloud

with <nH> = 1.2 cm™3 only.
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SOME IDEAS FOR THE CHEMICAL EVOLUTION OF IZw18

Irini Pantelaki and Donald D. Clayton
Department of Space Physics and Astronomy
Rice University, Houston, Texas 77251

Abstract. We present calculations of a simple scenario for dwarf irregular
galaxies like IZw18 that can explain the apparent paradox of having very low
concentrations of CNO in HII regions of a current starburst and yet have nearly
solar ratios for C/0 and N/O. We calculate concentrations in a hot ambient
medium containing primordial clouds, whose collisions initiate new starbursts,
and then argue that about 1% of today's clouds have been admixed from that hot
medium.
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1. Introduction

Observation of ultraviolet emission lines of [NII] and [CIII] from
the dwarf irregular galaxy IZw18 by Dufour [1] has motivated the study of
chemical evolution to be reported here. Déspite the extremely low concentra-
tion X0 of oxygen in the HII regions, the abundance ratios N/0 and C/0O are even
greater than in other moderately metal-poor dwarf galaxies (gig; LMC and SMC).
This observation alone rules out the possibility that the present starburst in
I1Zw18 is its first one, just as it also rules out the suggestion by Kunth and
Sargent [2] that the HII regions observed are contaminated by supernova ejecta
from its present starburst. A galaxy characterized by almost solar ratios
C:N:0 at concentrations some forty times smaller than solar poses a severe and
interesting problem in the chemical evolution of galaxies. We propose here an
interesting historical scenario that may find application to the problems of
dwarf irregular galaxies in general and of IZw18 in particular. Our approach
will be to consider a two-phase interstellar medium, HI clouds surrounded by a
matrix of hot unseen gas, and to specify assumptions that allow us to calculate
the chemical compositions of both. Our postulated hot medium continuously
loses mass by way of a coronal wind, whereas the otherwise primordial HI clouds
are only slowly enriched in CNO by admixing from the surrounding hot matrix.

Consider the following configuration today for a dwarf irregular

galaxy. Past bursts of star formation have left a mass M > 10® M_ of mostly

c]
low-mass stars in some irregular elliptical bulge. This gravitating system

- S
supports about Mg 10 Mo

larger than that of the stars. This hot medium is however continuously flowing

of hot (T ~ 10® K) gas throughout a volume somewhat

away in a coronal type wind and is also continuously being replaced by mass
loss from the stars formed in prior starbursts. The hot medium is kept hot
even between starbursts by mechanical heating from Type I supernovae and by the
kinetic energy imported to the mass lost from intermediate mass stars by the
random (v = 100 km/sec) velocities of the old stars. These power inputs are
found to be adequate to continuously remove the mass of hot medium, leaving
only the ~10% Mg of hot gas that is in hydrostatic equilibrium in the gravita-
tional potential of the stars. Also contained within the system is 2 107 Mo of
HI clouds, envisioned as some modest number of discrete units orbiting the
center of mass of the stars. These HI clouds are considered by us to be
remnants of compressed gas that remained unchanged by the initial starburst,
which turned around the inflow and set the mass of a dwarf elliptical system
[3]. Subsequent smaller starbursts are imagined to occur as a result of colli-
sions of these clouds, which are, for the moment, considered to retain their
initial primordial composition. This construction is consistent with star

formation at late times in essentially primordial matter, as observed in IZw18.
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The interpretation of the very 1low but nonzero CNO abundances
observed in today's starburst is then interpreted by us as follows. The hot
ambient medium contains large and usually variable concentrations XO and XC'
which we calculate below. This ambient gas is mixed very slowly into the
clouds, so that today about 1% of the cloud mass was gathered from the hot
medium by mixing, resulting in cloud concentrations similar to those observed
in IZw18.

2. Calculation for the proposed scenario

To be specific we assume that the dwarf galaxy has experienced six
separate starbursts, spaced 10° yr apart, and thus having an age today of
5 x 10° yr. The first and largest starburst was associated with galaxy forma-
tion and limited the total mass by stopping and reversing infall [3]. The five
subsequent smaller starbursts are in our calculations taken to be equal to the
burst of star formation today, 2 x 10° M@. This mass for today's starburst
results from taking a normal initial mass function and by creating enough O
stars to provide the Lyman continuum. We took the initial starburst to be
7 x 10°® MQ.

Two other arbitrary characteristics were added to each starburst.
Because it did not seem physically plausible to form each star at the same
moment, we spread each starburst out uniformly over 107 yr. This seems a
reasonable dynamic timescale for colliding clouds. We also must specify the
mass of primordial cloud gas that was dispersed into the hot medium by the star

formation process. We took 10° Mg of hot gas created by the initial 7 «x 10® M

]
starburst, whereas the smaller subsequent bursts added 10¢ M@ to the mass of
the hot medium at that time. This dispersed cloud mass is removed from the

galaxy by the supernova power, but, because its mass exceeds the 10° M@
maintainable in hydrostatic equilibrium, it acts as a buffer to first absorb
the early nucleosynthesis products of each starburst.

For this exploratory study we did not treat realistic hydrodynamics
for a configuration that is, in real cases, poorly defined. We took a much
simpler approach in order to facilitate rapid results. We assumed that the
mechanical power P(t) in stellar ejecta is converted, after correction for

radiative losses L(t), to wind power, so that we write

P(t) - L(t) = g—” W(t) N

where W(t) is the mass loss rate from the galaxy of mass M and radius R. We
take the wind W(t) to respond instantaneously to the power P(t), even though in
realistic cases the supernova shocks first create bubbles of overpressure that
only later drive winds. Another approximation made for simplicity is that the

hot medium is well mixed at all times, so that the rate of loss of oxygen mass,
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for example, can be set equal to Xow(t). In truth, of course, a SNII creates
an O-rich pocket that requires time for distribution throughout the volume.
But the multiple occurrence of SNII, overlapping in the hot medium, vitiates
this problem. We take the volume to be a sphere of radius R = 650 kpc. A
simple calculation shows that in the large initial burst, supernovae collide
before they cool, so that we take P - L = 10°! ergs per supernova in Eq. (1).
In the smaller later bursts we also ignored radiative cooling on the rather
uncertain grounds that they expand into an already hot medium in their burst
out of the HII complex.

It is easy to see that the SN power in a 2 x 10% M_ starburst is

®
adequate to remove the 10° Mg of gas cloud dispersed by it into the hot medium,
because that starburst produces 950 Type II supernovae having a total mechani-
cal input of ~10%* ergs, which, for a dwarf of this size is adequate to remove
107 M@ of medium. As a result, the wind following each starburst drives the
medium mass down to the 10° M@ remaining hydrostatically. Between the star-
bursts the intermediate mass stars are shedding a lot of mass into the medium,
but the mechanical power associated with it and with a steady rate of Type I SN
is found to be adequate to continuously drive the medium away. The chemical
effects will be great, however, because between bursts the O-rich supernova
ejecta 1is replaced by C-rich and N-rich ejecta from the intermediate-mass
stars, producing a concentration history that is novel in studies of chemical
evolution.

During the bursts we calculate a mass for the hot medium, taking it
to satisfy

dMg/dt = E(t) - W(t) (2)

where E(t) is the ejection rate from stars, and where the boundary condition on
Mg for each burst is determined by the mass of cloud that was dispersed into it
by the starburst. The well-mixed metallicity Z of the hot medium derives from

d
G (M) = E(6) - 2(0) Ww) (3)

where Ez(t) is the ejection rate of element Z. With the aid of Eq. (2) this
g dzZ/dt = Ez(t)—Z(t)E(t), which is the equation

that we integrate. The Type II SN are derived from 10-100 M@ progenitors whose

equation is transformed to M

deaths are not mass ordered because of the spread of 107 yr in the starburst.
The oxygen yield and supernova power are therefore distributed over a 3 x 107
yr period beginning with the explosion of a massive star formed near t = 0 in
the burst and ending with explosion of a 10 M, star that was born at t = 107
end of the burst.

It is an important ingredient of our calculation that carbon is

produced in both SNII and in intermediate-mass stars. We take the yields to be
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such that when averaged over the entire mass spectrum, as in a normal continu-
ously evolving galaxy, half of the carbon originates in SNII and half of it in
the intermediate-mass stars. We calculate explicitly the time dependence of
carbon production because the deaths of those stars are mass ordered. This
carbon ejection has the effect of maintaining the concentration of carbon in
the hot medium, even as it replaces the gas ejected earlier in each starburst
from the SNII.

Figure 1 illustrates the magnitude and time dependence of both oxygen
and carbon concentrations in the hot medium. The behavior of XO is remarkable.
Its rapid rise is normally expected

as Type II supernovae begin; but the

peak value, XO = 0.3, is exceedingly -l E ' j ! ! ]
large for such short times, and the

subsequent precipitous fall is, as ngC-Z- ]
far as we know, unprecedented. How 3 N
are these surprises to be inter- |,

preted? The key 1is the 1large wind or -
driven by the SNII. It causes the ak

hot-ISM mass to decline rapidly. The log X )
mass fraction Xg reaches a very large -2y B
value very quickly precisely because 3 ]

0 I 2 3 4 5

it measures the concentration in the
—_— t (Gyr)

medium still remaining. The huge SN

yleld in the face of falling Mg Figure l.Concentrations of O and C in
results in the quick rise. This the hot medium as a function of time.
changing identity of the mass under discussion is also responsible for the
equally sudden decline in XO' The intermediate stars eject large amounts of
mass after termination of the SNII, and that ejecta is oxygen free. The wind
keeps carrying the medium away and diluting the rapidly declining amount of
oxygen remaining with this oxygen free ejecta. The mechanical power can
support a wind capable of holding Mg at 10% Mo despite the ~10°% Mg of
intermediate-mass-star ejecta placed into it during the first 10° yr after the
termination of SNII from the initial starburst.

The situation for carbon is somewhat different. The value of XC
increases suddenly during the SNII bursts, but the intermediate-mass-star winds
that drive down both oxygen and SNII carbon contain new carbon themselves.
Therefore XC does not fall to a low value between bursts. The sudden dip in Xg
at the beginning of each burst, very narrow in time in Fig. 1, appears because
we flooded the ISM at that moment with the mass of primordial cloud that is

liberated to the hot medium in each starburst.
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3. Discussion

Suppose that the primordial clouds move through the hot medium. Some of
the hot medium will slowly mix through them by turbulence within the clouds. If
we envision that admixing occurs at a constant rate over 5 x 10° yr, the re-
sulting abundance in the clouds would be proportional to a time average of the
abundance in Fig. 1, which yields a carbon abundance five times that of oxygen.
According to Dufour's results for IZw18 the oxygen abundance is actually larger
than the carbon abundance by a factor of 3. Although it is, therefore, very
easy to explain within this scenario the surprisingly large abundance of C with
respect to 0, constant mixing yields an excessive C/0 ratio. But a constant
mixing rate may not be appropriate. During the bursts of star formation mixing
may be enhanced owing to the enhanced turbulence in the hot medium. Oxygen-rich
supernova shells may even cool and partially condense on the surfaces of the
primordial clouds, giving C/O the observed value. The condensation of the SNII
ejecta on the clouds may also have been enhanced by their position relative to
these primordial clouds. It is reasonable to assume that the SNII products get
ejected close to the HI clouds which presumably remain concentrated in the
central region of the galaxy where the cloud collisions and starbursts occur,
whereas the intermediate mass stars release carbon and nitrogen after their

migration away.

A non-zero initial oxygen concentration may also produce more realistic
C:N:0 ratios. This may happen if we imagine pristine matter falling between
outflowing channels of material from the initial burst of star formation.
Turbulence between infalling and outflowing channels may change the composition
of the former, which therefore reaches the galaxy with nonzero oxygen concen-
tration and subsequently participates in the condensation of the clouds where
the smaller bursts later occur. Much of todays C and N may then have been

admixed as we described.
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Ha FABRY-PEROT INTERFEROMETRIC OBSERVATIONS OF BLUE
COMPACT DWARF GALAXIES
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and
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Ha Fabry-Pérot interferometric observations of the two blue compact
dwarf galaxies (BCDs) 7 2Zw 403 and 1 2Zw 49 are presented. The
velocity field of 7 Zw 403 shows no clear large-scale organized
motion but the velocity field is not completely chaotic either.
The gas associated with the 8 HII regions in 7 Zw 403 has neither
the highest nor lowest velocities. The BCD 1 Zw 49 is dominated by
a single HII region which is ~ 50 times brighter than any other
feature in the galaxy. There is a chain of fainter HII regions
extending across the galaxy. The velocity field is well ordered
along the HII region chain, but it is very complex around the domi-
nant HII region, suggesting Ha loops and filaments fround the
latter. Both BCDs show velocity gradients of ~ 25 km s~ - on scales
of ~ 10 pc in 7 Zw 403 and of ~ 50 pc in 1 Zw 49. These velocity
discontinuities compress the gas and are probably responsible for
the star formation.
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I. Introduction

It is now generally agreed that blue compact dwarf galaxies
(BCDs) manufacture massive stars in intense bursts of star forma-
tionl). BCDs are ideal laboratories for studying close at hand the
starburst phenomenon, because their masses are too small (i 109 M@)
to sustain density waves and hence the study of starbursts in BCDs
is not complicated by density-wave triggered star formation, as is
the case in the Milky Way. l!oreover, the high gaseous content?2)

and low metallicityl)

of BCDs suggest that they are relatively
young systems. This expectation is born out by detailed studies of
their stellar populations (Loose and Thuana) found that the oldest
stars in the BCD Haro 2 are only ~ 4 x 102 yr old) and of their
neutral gas spatial distribution which shows a clumpy, unrelaxed

structure4’ 5, 6) .

Thus BCDs may be prototypes of young galaxies and
studying star formation processes in BCDs may help us to understand
galaxy formation.

The triggering mechanisms of starbursts in BCDs are still
completely unknown. It 1is clear that an understanding of such
mechanisms can only be acquired through an understanding of the
kinematics and dynamics of the atomic and molecular gaseous compo-
nent in these galaxies. The neutral atomic hydrogen component can
be studied with radio interferometers such as the Westerbork and
the Very Large Array telescopes. These HI interferometric stu-
dies?:5:6) nave already given very interesting general results.
The HI gas shows an irregular structure with very high density
clumps and holes in the HI distribution. The gas density in these

clumps can reach ~ 30 H atoms cm—3, as compared to the range of

3 found in HI complexes 1in nearby galaxiesS).

1-8 H atoms cm™
Although the main HI complex to which the starburst region is asso-

ciated generally possesses a regular velocity gradient consistent
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with rotation, expansion or contraction motions, the velocity
field of the outlying gas is not inconsistent with the notion that
neutral hydrogen is infalling into the galaxy, creating a large-
scale disturbance to its interstellar medium?). Larson’) has
argued that indeed both a high gas surface density and a large-
scale disturbance to the interstellar medium of the BCD are
necessary to trigger a burst of star formation. The high gas
density shortens the star formation time scale and increases the
efficiency for star formation. The large-scale disturbance feeds
rapidly the gas into the starburst region.

The study of the ionized gas component in BCDs is a necessary
complement to that of the neutral gas component. The ionized gas
probes directly the kinematics of the starburst region and detailed
comparison of the kinematics of the neutral and ionized gas can
pinpoint the possible influence of stellar winds, supernovae and
ionization on star formation. We discuss here the preliminary
results of a program to obtain Ha Fabry-Pérot interferometric maps
of Dblue compact dwarf galaxies. BCDs are particularly appropriate
objects to study with a Fabry-Pérot interferometer because of their
very strong and narrow Balmer emission lines and because their

star-forming regions occupy nearly the entire galaxy or a large

fraction of it.

I1. Fabry-Pérot maps of blue compact dwarf galaxies

The objects were chosen from the list of Thuan and Martin?2)
which gives the HI width for each BCD, an information which 1is
useful for deciding the velocity range and resolution for our
interferometric observations. Other criteria of selection included
large angular size, strong Balmer 1line emission and interesting

optical structure. We report here on the observations of 2 BCDs:
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7 Zw 403 (Vg = - 92 km s”1, 1y = - 13.5, dyg = 1.7, Avgy (HI) =
43 km s_l) and 1 Zw 49 = K59 = U8098 = Arp 266 = N4861 + 13961

(Vg = 905 km s™1, Mg = - 17.3, dpg = 411, Avgg (HI) = 92 km s™1).

In the morphological classification scheme of Loose and Thuang),
7 Zw 403 belongs to the most common type of BCD, the iE type, with
several centers of star formation and irregular (i) isophotes in
the central region Dbut with elliptical (E) outer isophotes.
1 Zw 49 belongs to the class of "cometary" galaxies, with a large
dominant HII region in the "head", and a chain of smaller HII
regions in the "tail".

The observations were carried out on the Mayall 4m telescope
of the Kitt Peak National Observatory on the nights of April 26-30,
1986. The instrument used was the Rutgers Imaging Fabry-Pérot
Spectrometer with a Texas Instruments 800x800 CCD detector, kindly
loaned to us by Dr. J. Gunn. Briefly, the spectrometer accepts a
25 mm diameter field of view (~ 2.5' on the 4m), collimates the
light, passes it through an order-selecting interference filter and
a Fabry-Pérot etalon, and re-images onto the detector. The etalon
used for these observations had a FWHM resolution of 0.82 A at Ha
and a free spectral range of 25 AR. The CCD detector operated with
approximately 50% quantum efficiency at Ha, and with 12 electrons
effective readout noise (including the photon noise of the approxi-
mately 100 electrons pre-flash employed). The image scale was 0.33"
per pixel.

Both galaxies were observed in the Ha emission line and both
had 11 exposures of 900s each. The exposures were spaced by 0.5 A
and went from 6558.2 A to 6564.0 A for 7 Zw 403 and from 6580.4 A
to 6586.9 A for 1 Zw 49 to cover the emission line and nearby
continuum. The images were corrected with flat-field and bias

frames, and were spatially shifted so that all frames were aligned.
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A line profile was extracted at each pixel in the image and the
line was fit with a Gaussian of four parameters: 1line intensity,
continuum intensity, velocity, and line width. Velocities accura-
cies, estimated both by the internal error parameters of the
Gaussian fit and by the agreement of nearby, independent pixels,
are better than 5 km s'l, over most of the map.

Maps of the Ha line intensity and velocity are presented for
the two galaxies. Figures 1 and 2 show the results for 7 Zw 403.
The maps cover a region about 45" in size. This galaxy is domina-
ted by 8 bright HII regions, immersed in fainter diffuse Ha emis-
sion. The peak of the brightest HII region is about 800 photons
pixel'l, while the diffuse emission 1is typically 50 photons
pixel'l (Figure 1). The HII region diameters range from ~ 37 pc
to ~ 92 pc, adopting for 7 Zw 403 the distance of the 181 group of

9)

3.2 llpc The spatially more extended underlying older stellar

8) is absent in

population clearly visible in a deep B CCD picture
the Ha picture.

The velocity map (Figure 2) is encoded with black at -~
-70 km s~1 and white at ~ -110 km s~!. The Ha lines are generally
unresolved (Av < 36.5 km s_l). It is clear from figure 2 that there
is no simple over-all organization to the velocity field in 7 2Zw
403. Along the major axis of the galaxy, black and white zones
alternate with each other and there is no clear systematic varia-
tion of the ionized gas velocity from one end of the galaxy to the
other. There is no overall rotation and turbulent random motions
must be important. But although there 1is no clear 1large-scale
organized motions, the velocity field is not clearly chaotic on
smaller scales either. The Ha velocities show evident coherence in

directions perpendicular to the major axis as can be seen by the

bands of the same shading running across the galaxy. These bands
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Figure 1 - Ha intensity map of 7 Zw 403. North is at bottom and
East to the right. The map is 45"x45" in size. The
galaxy is dominated by 8 bright HII regions, immersed in
fainter diffuse Ha emission. The peak of the brightest
HII region is about 800 photons pixel™ -, wPile the
diffuse emission is typically 50 photons pixel™ .
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Figure 2 - Ha velocity map of 7 Zw 403 with the same orientation
and scale as in figure 1. The velocity map is encoded
with black at a heliocen&ric velocity of -70 km s~ - and
with white at -110 km s~ There is no simple over-all
organization to the velocity field. The Hoa intensity
contours are overlaid.
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have sizes of ~ 70 x 320 pc. On yet smaller scales (10 to 20 pc),
there are locations in the BCD where there are velocity gradients
larger than 30 km sl. The corresponding dynamical time scale is
only < 10° years, as compared to a burst age between ~ 2 x 107 ana
~ 5 x 107 yrl). A complex velocity field in such a predominantly
gaseous system cannot be maintained much longer than several dyna-
mical time scales. Thus the ionized gas in 7 Zw 403 cannot be in
an equilibrium state and must have been stirred up by the ongoing
starburst.

Figure 2 also shows the contours of the 8 HII regions super-
posed on the velocity map. An intriguing fact is apparent: the
gas associated with the HII regions, sites of the youngest stellar
populations in the BCD tends to have intermediate velocities, while
both the highest and lowest velocity areas occur in the diffuse gas
between the HII regions.

Figure 3 shows the Ha intensity map of 1 Zw 49. The longer
dimension of the galaxy in Ha is ~ 65". There is a dominant HII
regions whose diameter is ~ 185 pc, adopting a redshift distance of

7.2 Mpc (H. = 75 km s~1 Mpc™l) and which is ~ 50 times brighter

o
than any other feature in the galaxy. This HII region is surroun-
ded by complicated loops and filaments of Ha, suggestive of past
supernova events. This impression is reinforced by the presence of
large holes in the Ha distribution, with diameters varying from
~ 50 pc to ~ 280 pc, also suggestive of explosive events. A chain
of 14 fainter and smaller HII regions with diameters between ~ 60
and 100 pc extends across the body of the galaxy. The HII region
chain strongly suggests some type of self-propagating star forma-
tion which was stopped at the edge of the galaxy. The largest HII

region in the Large lMlagellanic Cloud, 30 Doradus, may be very simi-

lar to the dominant HII region in 1 Zw 49, if the LMC was seen more
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Figure 3 - Ha intensity map of 1 Zw 49. North is at the top and
East to the left. The longer dimension of the object is
~ 65" in size. There is a dominant HII region followed
by a chain of smaller HII regions immersed in diffuse
emission. Ha loops and filaments can also be seen.
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Figure 4 - Ha velocity map of 1 Zw 49 with the same orientation and
scale as in figure 3. The velocity field is well-
ordered along the HII region chajln ranging from a helio-
centric velocity of 848 km s - at the dominant HII
region to 913 km s~ at the other end. The velocity
field around the dominant HII region shows a very
complex structure, probably caused by the presence of Ha
filaments 1lying either in front or behind the rest of
the emitting gas.
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edge-on. All HII regions, including the dominant one, are embedded
in much fainter diffuse Ha emission. As in the case of 7 Zw 403,
the much more extended older stellar populations clearly visible in
a deep B CCD frame8) and whose diameter is ~ 4.1 is not seen in the
Ha picture.

Figure 4 shows the Ha velocity field of 1 Zw 49. Contrary to
the case of 7 Zw 403, the change of shading is more gradual and
systematic along the major axis of the galaxy, reflecting a well-
ordered velocity field along the chain of HII regions, ranging from

1 at the very bright HII region

a heliocentric velocity of 848 km s~
to 913 km s~1 at the farthest end. This velocity field can be
understood as the rotation of a disk galaxy viewed edge-on, with
the bright end approaching and the faint end receding.

On this overall regularity in the velocity field on large
scales, are superposed disordered motions on smaller scales. The
velocity field around the dominant HII region is very complex.
Detailed examination of the line profiles in this region suggests
that they are double-peaked, which indicates that the filaments are
distinct kinematic entities, probably lying either in front of or
behind the rest of the emitting gas. We have not yet fitted
two-component gaussians to the line profiles in this part of the
galaxy, and thus the velocities displayed in figure 4 are averages
over the double-valued velocity field in this region, doubtless
giving rise to much of the complicated appearance of the velocity
map here. As in 7 Zw 403, there are sharp velocity gradients (Av ~
25 km s'l) on scales of ~ 50 pc in some locations, again suggest-
ing that the gas is not in equilibrium there. These sharp velocity
gradients on small scales appear to be a general feature of star-
forming dwarf galaxies. They are also seen in the blue irregular

galaxies NGC 4214 and NGC 444910) | These complex velocity fields
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are probably responsible for the star formation itself. The velo-
city jumps compress the gas, causing it to collapse and form stars.

Clearly, the Fabry-Pérot interferometric Ha intensity and
velocity maps are rich in information and can teach us a great deal
about star formation in blue compact dwarf galaxies. Their high
spatial (~ 1"5 or 23 pc in 7 Zw 403 and 52 pc in 1 Zw 49) and
velocity (~ 2.5 km s'l) resolutions allow to probe smaller scales
than is possible with the HI interferometric maps (the VLA beam
with the B configuration is ~ 5" x 5", with a velocity resolution

of 12 km s"l) and to study the effects of the young stellar popula-

tions on the gas: dynamics of HII regions, effects of supernovae
causing filamentary structure and holes, etc... These maps will
also permit to ask such questions as: can the cloud motions be

sustained by supernovae explosions or are additional sources of

momentum needed such as infall of the outlying gas seen in HI

4,5) 10),

maps or merger with another galaxy

Acknowledgements

TXT has been partially supported by NASA grant NAG 5-257 and

by Air Force Office for Scientific Research grant AFOSR 85-0125.

References

1) Thuan, T.X., 1987, this volume.

2) Thuan, T.X. and Martin, G.E., 1981, Ap. J., 247, 823.
3) Loose, H. and Thuan, T.X., 1986, Ap. J., 309, 59.

4) Vi;llefond, F. and Thuan, T.X. 1983, Ap. J., gég, 444 .

5) Viallefond,_F., Lequeux, J. and Comte, G., 1987, this volume.



Ho INTERFEROMETRIC OBSER VATIONS OF BCDS 163

6)

7)

8)

9)

10)

Brinks, E. and Klein, U. 1986, in Star-Forming Dwarf Galaxies
and Related Objects, eds. D. Kunth, T.X. Thuan and T.T. Van
(Editions Frontiéres), p. 281.

Larson, R.B., 1987, this volume.

Loose, H. and Thuan, T.X. 1986, in Star-Formirig Dwarf Galaxies
and Related Objects, eds. D. Kunth, T.X. Thuan and T.T. Van
(Editions Frontiéres), p. 73.

Sandage, A. and Tammann, G.A. 1976, Ap. J., Zlg' 7.

Hartmann, L.W., Geller, M.J. and Huchra, J.P. 1986, A.J., 23,

1278.



T.X. THUAN et al.

prm————eer

164




165

HENIZE 2-10: A STARBURST DWARF GALAXY
Hans Zinnecker
Royal Observatory, Edinburgh, Scotland
present address: Max-Planck-Institut fiir extraterr. Physik, 8046 Garching, FRG

New observational results on He 2-10 are described, including 2 um spectroscopy, 10 um
mapping, and CCD imaging (in B, He, SII, OIII). Strong By emission a 2.17 pm, CO-
absorption at 2.3 um, and the Q-branch of molecular hydrogen at 2.41 um have been detected.
The centre of the galaxy is clearly resolved in He 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 pum map which
shows a central point source unresolved at the 4” resolution level. IRAS data indicate that
about half of the total luminosity is in the 12-100 um range and that the mass of hot dust is ~
10° Mg [T(dust) ~ 50 K]. The nucleus seems to dominate the emission. The ionizing radiation
is equivalent to ~ 2500 06V star. The NIR continuum comes from starlight (red supergiants).
H; emission could be due to shock excitation caused by supernova remnants. The starburst
models of Telesco [20are used to deduce that the burst must have occurred ~ 1107 yr ago.
The observed WR features in the integrated spectrum suggest a similar age of the young
population, while the nonthermal r