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IX 

THE COW UNIVERSE 

FOREWORD 

The "cold universe" is a present-day universe. In contrast to the high-energy 
"hot universe'', it is a universe of birth, in which essential formation processes 
take place: moleculars clouds, stars, planets, even (perhaps) galaxies. It is 
mostly observable in the infrared and millimeter wavelentgh domains, and is 
therefore at the crossroads between space and ground-based astronomy. The 
study of our own galaxy provides many clues to understanding the chemical 
and physical processes that govern the structure and evolution of gas and dust, 
star formation, etc., while other galaxies often display extreme examples of 
these processes, such as starburst galaxies. 

The aim of the meeting was to bring together observers and theoreticians from 
different, but complementary, fields, such as interstellar gas and dust, 
molecular clouds, stellar evolution, or galaxies, adopting a synthetic approach 
to the program. The meeting was also timely, since observational techniques 
are making spectacular progress (adaptive optics, interferometry, detector 
arrays; ongoing or proposed space missions, like COBE, ISO, SWAS, FIRST, 
etc.). 

This means that the "Cold Universe" meeting was planned as a complement to 
specialized colloquia, which usually concern only part of the interested 
community. The program reflects this approach, which turned out to be 
particularly appreciated by the numerous students or post-docs attending. 

The introductory chapter describes some of the current frontiers of the "Cold 
Universe": millimeter and submillimeter projects in Antarctica (cold indeed !), 
hypothetical low-mass, cold stars known as "brown dwarfs", which will be 
actively searched by a new generation of instruments, and the cosmological 
horizon itself, with the background structure at recombination first revealed by 
COBE. (The talk on "Brown dwarfs" was presented at a joint session with 
particle physicists attending a parallel "Rencontres de Moriond" conference.) 
The following chapters focus on current problems in interstellar gas and dust, 
molecular clouds and star-forming regions, protostars and young stellar 
objects, circumstellar disks and giant planets. The next two chapters are 
devoted to the cold components of galaxies up to high redshifts, and the last 
chapter gives a short overview of some of the current instrumental 
developments or projects in the IR and millimeter ranges, on the ground and 
in space. 

The meeting took place from March 13 to 20, 1993, in the beautiful setting of the 
ski resort of Les Arcs (Savoie, France). It drew an audience of over 110, 
unprecedented in the "Moriond Astrophysics Meeting" series, and causing 
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some last-minute housing problems. This audience would have been even 
larger but for a giant snowstorm which paralyzed the east coast of the US just 
before the scheduled start of the conference ! Fortunately, nobody had to build 
an igloo, even if this would have been particularly appropriate for a "Cold 
Universe" meeting ! (Igloos are needed in Antarctica, however . . .  ) The parti
cipants, coming from 16 countries, were mostly in the PhD-young senior age 
range, which testified to the attraction of the field and the emergence of a new 
generation. This is particularly reassuring when one realizes that some of the 
projects discussed during the meeting will not be operating before at least a 
decade! 

The program comprised 43 review papers and 48 posters, out of which 16 were 
selected for oral presentation. The selection criterion was mainly to give 
participants the possibility to talk about topics not discussed in the reviews, or 
about recent hot (cold ?) topics. All the posters presented orally are included in 
these proceedings, but unfortunately a few review papers could not make it. We 
feel confident that in spite of this the book will remain a valuable tool both for 
specialists and students for some time. Also, the program included three 
round table discussions on controversial topics: "Dust in various astrophysical 
environments", "Turbulence in molecular clouds'', and "The distant ultra
luminous object IRAS10214+4724" . These discussions, which drew a large 
audience, were very open and lively, too much so to be transcripted in written 
form (but there were no "expletives" to be deleted!). 

The success of the meeting, and in particular the important participation of 
our younger colleagues, was made possible by the generous financial help of 
the European Community "Euroconference" series, of the European Space 
Agency, and of various French Institutions: the Space Agency (CNES), the 
Center for Scientific Research (CNRS), and the Atomic Energy Commission 
(CEA). 

Last, but not least, we would like to thank several people without whom the 
organization of the meeting would not have been possible: Genevieve Thiery 
and Joelle Raguideau, as well as Jean Tran Thanh Van, Director of the 
"Rencontres de Moriond" and indefatigable promotor of an all-nation approach 
to particle physics and astrophysics. 

Thierry Montmerle 

Char/,es J. Lada 
I. Felix Mirabel 
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L'UNIVERS FROID 

AVANT-PROPOS 

"L'Univers froid" est un univers contemporain. Au contraire de "l'Univers 
chaud" des hautes energies, il s'agit d'un univers de naissance, dans lequel 
des processus de formation essentiels se deroulent: nuages moleculaires, 
etoiles, planetes, et meme (peut-etre) galaxies. On peut !'observer principa
lement dans les longueurs d'onde infrarouges et millimetriques; il s'agit done 
d'un domaine au carrefour de l'astronomie au sol et de l'astronomie spatiale. 
L'etude de notre propre galaxie nous fournit de nombreux exemples pour 
comprendre les processus physiques et chimiques qui regissent la structure et 
!'evolution du gaz et de la poussiere, la formation des etoiles, etc. ,  tandis que les 
autres galaxies nous offrent des cas extremes, comme les galaxies a flambee 
d'etoiles. 

Le but du colloque etait de faire se rencontrer des observateurs et des 
theoriciens de domaines differents mais complementaires: gaz et poussiere 
interstellaire, nuages moleculaires ,  evolution stellaire, galaxies, etc . ,  en 
adoptant une demarche synthetique. Le moment choisi etait egalement 
opportun, puisque les techniques d'observation font chaque jour des progres 
spectaculaires (optique adaptative, interferometrie, mosai:ques de detecteurs, 
etc.; missions spatiales en cours ou proposees: COBE, ISO, SWAS, FIRST . . .  ). 

Cela signifie que le colloque sur "l'Univers froid" a ete concu comme un 
complement aux colloques specialises, qui ne s'adressent d'habitude qu'a une 
partie seulement de la communaute concernee. Le programme reflete cette 
approche, qui a ete jugee tres favorablement par les nombreux etudiants et 
post-docs presents. 

Le chapitre introductif decrit quelques-unes des frontieres de "l'Univers froid": 
les projets millimetriques et submillimetriques en Antarctique (tres froid !), les 
hypothetiques etoiles froides de petite masse appelees "naines brunes", qui sont 
activement recherchees, et l'horizon cosmologique lui-meme, avec la structure 
du fond du ciel a l'epoque de la recombinaison, revelee pour la premiere fois 
par COBE. (L'expose sur les naines brunes a ete presente lors d'une session 
organisee conjointement avec les physiciens des particules qui assistaient en 
parallele a une autre "Rencontre de Moriond".) Les chapitres suivants decri
vent les problemes actuels a propos du gaz et de la poussiere interstellaires, les 
nuages moleculaires et les regions de formation d'etoiles, les proto-etoiles et 
autres "objets stellaires jeunes", les disques circumstellaires et les planetes 
geantes. 

Les deux chapitres suivants sont consacres a la composante froide des 
galaxies jusqu'a des decalages vers le rouge eleves, et le dernier chapitre 
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donne un apercu de quelques projets instrumentaux dans les domaines IR et 
millimetrique, tant au sol que dans l'espace. 

Le colloque s'est deroule du 13 au 20 mars 1993, dans le splendide site de la 
station des Arcs (Savoie). Il a attire plus de 110 participants, ce qui est un 
record pour la serie des "Rencontres de Moriond en astrophysique" -et qui a 
cause un certain nombre de problemes d'intendance. L'auditoire aurait ete 
encore plus nombreux si une enorme tempete de neige ne s'etait abattue sur 
l'est des Etats-Unis juste avant le colloque. Heureusement, il ne fut pas neces
saire de construire des iglous, meme si cela n'aurait pas paru deplace dans le 
cadre d'un colloque sur "l'Univers froid" t (Des iglous sont cependant neces
saires en Antarctique . . .  ) Les participants, originaires de seize pays differents, 
etaient en majorite des etudiants de doctorat OU de jeunes chercheurs, Ce qui a 
demontre l'attrait du domaine et !'emergence d'une nouvelle generation. Ceci 
est particulierement rassurant si l'on songe que certains des projets discutes 
pendant le colloque ne verront pas le jour avant une decennie t 

Le programme comprenait 43 exposes de synthese et 48 contributions affichees, 
dont 16 ont ete selectionnees pour etre presentees oralement. Le critere de 
selection reposait essentiellement sur !'occasion offerte de parler de sujets non 
abordes dans les exposes de synthese, ou de sujets "chauds" (ou froids ?). Tous 
les exposes ainsi selectionnes se retrouvent dans le present volume, mais il 
faut deplorer que quelques exposes de synthese manquent a l'appel. Nous 
pensons cependant que ce livre restera utile pendant un certain temps, tant 
pour les specialistes que pour les etudiants. Egalement, le programme a inclus 
trois tables rondes sur des sujets controverses: "La poussiere dans differents 
environnements", "La turbulence dans les nuages moleculaires", "Le lointain 
objet superlumineux IRAS10214+4724". Ces discussions, qui attirerent un 
public nombreux, furent tres ouvertes et animees, en fait trop pour etre 
transcrites par ecrit (mais aucun "nom d'oiseau" ne fut echange . .. ) 

Le succes du colloque, et en particulier la participation importante de jeunes 
collegues, fut rendu possible par l'aide financiere genereuse du fonds pour les 
"Euroconferences" de la CEE, de l'ESA, du CNES, du CNRS, et du CEA. 

Enfin, nos remerciements , et non des moindres, vont a ceux sans qui le 
colloque n'aurait pu etre organise: Genevieve Thiery et Joelle Raguideau, ainsi 
que Jean Tran Thanh Van, Directeur des "Rencontres de Moriond" et 
promoteur infatigable d'une approche "toutes-nations" de la physique des 
particules et de l'astrophysique. 

Thierry Montmerle 
Charks J. Lada 
I. Felix Mirabel 
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ABSTRACT 

ASTRONOMY IN ANTARCTICA 

John Bally 
Center for Astrophysical Research in Antarctica 

Center for Astrophysics and Space Astronomy 
Campus Box 389, University of Colorado, Boulder, CO 80309 
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The interior plateau of Antarctica may be the best place on Earth to perform observations 
in the infrared to mm-wavelength region of the spectrum. Recent results obtained at the 
South Pole indicate that the mm and sub-mm wavelength transparency of the atmosphere 
is substantially better than at any other known site. An effort to build a permanent as
trophysics research facility at the South Pole is underway. The goals include searching for 
small angular scale (10 arcminutes to a several degrees) structure in the 2.7°K cosmic mi
crowave background, a survey of the interstellar medium in the 492 GHz fine-structure line 
of atomic carbon (C I) ,  and ultra-deep imaging of galaxies and star forming regions in the 
near-infrared. The feasibility of a large (7-m class) sub-mm to mid-IR telescope and a 2.5-m 
near-IR telescope are being evaluated. 

1. Characteristics of Sub-Millimeter And Infrared Sites 

In the infrared to mm-wavelength region of the spectrum (.\ = I.Oµm to 3.0mm) ,  water 
vapor is the primary source of atmospheric opacity. The complex symmetries of the H20 

molecule result in over 106 individual spectral lines which cover the spectrum. In addition to 
attenuating the signal, thermal emission from water dominates the emissivity of the atmo
sphere, producing a flux of radiation which can mask the flux received from sources above 
the atmosphere. 

The primary characteristic of a good site usable at infrared to mm-wavelengths is a 
low overburden of precipitable water vapor. The total amount of water vapor that the 
atmosphere above a given site can hold is a strong function of the atmospheric temperature. 
Cold gas holds much less water than warm gas. In general, the average temperature of 
the atmosphere above a given site is a strong function of elevation and geographic latitude. 
The coldest, and therefore dryest, atmospheric conditions are found at high latitude, high 
elevations sites. Thus, infrared and sub-mm wavelength telescopes are usually located on 
high and dry mountaintops. 
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Although deserts are characterized by dry surface conditions, the warm atmosphere above 
them can contain large amounts of precipitable water vapor since the dew point of warm air 
is relatively high. Thus IR to mm-wave transmission (and emissivity) over temperate latitude 
deserts is not expected to be as good as over cold high latitude sites. 

Evaporation and tropospheric convection injects water into the atmosphere. Distance 
from sources of evaporation can influence precipitable water vapor over a site. Water vapor 
can be pushed above coastal or islands sites by convection and prevailing winds. In sites 
such as Chile, the local topography forces the prevailing westerly winds to push water vapor 
over the Andean range, resulting in relatively high precipitable water content , even at high 
elevations. Isolated peaks or island mountains such as Hawaii are better since moist air can 
move around the mountain rather than over it . However, inland sites located far from the 
nearest large body of water in the prevailing wind direction have the dryest conditions. As 
moist air masses move overland, condensation and precipitation removes water from the air. 
Thus, high elevation inland sites tend to have the lowest overburden of precipitable water 
vapor. 

The above considerations indicate that in general, the best infrared to mm-wavelength 
sites are to be found at high elevation, high latitude, inland parts of continents. Inspection 
of a map of the world indicates that the interior of the Antarctic Plateau best satisfies these 
site criteria. Less ideal sites may be found in the interior of Asia, in the Alps in Europe, on 
Greenland, in the Rocky Mountains in North America, and in the Andes in South America. 

2. Antarctica As A Sub-Millimeter And Infrared Site 

The primary considerations for selecting an infrared to mm-wavelength site are: 
(1) Low temperature. At near-IR wavelengths on the Wien side of the blackbody spec

trum, the thermal emission from the atmosphere decreases very rapidly with decreasing 
temperature. South Pole surface temperatures range from -l0°C to -80°C. Figure 1 shows 
the temperature statistics for the South Pole. 

(2) High altitude. At sub-mm and mid-IR wavelengths, pressure broadening dominates 
the line-width of atmospheric lines. For a given column density, the optical depth in the line 
wings decreases rapidly with decreasing pressure. The optical depth in most long-wavelength 
windows is determined by the far-wings of the most opaque lines, and therefore is very 
sensitive to the pressure. The altitude of the South Pole is 2,800 m. However, the pressure 
altitude is frequently closer to 3 ,500 m. 

(3) Low precipitable water vapor. Low temperatures and high altitude imply low precip
itable water vapor which results in lower optical depth in the water lines. At the south Pole, 
the precipitable water vapor is almost always less than 1 mm. Figure 2 shows the month-to 
month averages of precipitable water vapor over the South Pole and Vostok (located 800 miles 
from the Pole) along with the extreme high and low values observed during each month. 

Several other factors should be considered in selecting a site: 
(1 ) Accessibility. Most good sites are hard to get to. The South Pole is accessed by 

ski-equipped C-130 cargo planes. 
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(2) Minimum Cloud cover. Although this is a primary consideration for optical and near
IR sites, frozen clouds are relatively transparent at sub-mm and mm wavelengths. Visual and 
satellite observations indicate that the sky over the South Pole is clear about 403 to 503 
of the time (see Figure 3). Due to the low environmental and atmospheric temperature, the 
sky is expected to be so much darker at near-IR wavelengths (near 2µ;m) from the Pole than 
at temperate latitude sites (when clear), that a much higher average data rate is expected 
despite a lower number of "photometric" quality hours. 

(3) "Dark" skies. The South Pole is one of the most remote sites on Earth. All future 
telescopes will be located in the so called "Dark Sector" about a kilometer from the main 
South Pole base where artificial illumination and RF interference are expected to be at a 
minimum. OH airglow and auroral lines produce narrow band, time variable emission in the 
near-IR and optical windows. These emission lines can be avoided with active filtering (pass 
the light through a disperser, mask the unwanted frequencies, and recombine the light), or 
by choosing observation bands that avoid these lines. Spectroscopic observations naturally 
subtract these features. As shown below, Antarctica may provide the darkest sky on Earth 
at near-IR wavelengths. 

( 4) Low atmospheric turbulence. This is also a prime consideration for an optical or near
IR observatory. At mid-IR to mm wavelengths, the diffraction limit for single dish telescopes 
is usually larger that the seeing disk. However, the 20 to 30°C deep thermal inversion that 
develops over the Antarctic ice sheet during the night may be stable to convective overturning. 
This may result is very stable optical and near-IR seeing at times. 

(5) Long-baseline phase stability. High angular resolution ( 1"  or less) mid-IR to mm 
wavelength observations require large aperture synthesis arrays. Coherent combination of 
signals from different elements of such an array requires that the phase of the incoming 
electromagnetic wave remain stable to a fraction of a radian in an integration time. The 
refractive index variations that dominate sub-mm phase fluctuations are generally produced 
by water vapor. The extremely dry conditions and lack of convection over the Antarctic ice 
are expected to result in a high degree of phase stability. However, no measurements of phase 
stability are available yet. 

( 6) Low average and peak wind. Many high elevation sites occasionally suffer very high 
winds. Although the Antarctic coast suffers fierce winds, the interior Plateau has relatively 
mild winds. Figure 4 shows the average wind speed and surface temperature at the South 
Pole on a month by month basis. 

Several geographic and meteorological factors conspire to make the interior of Antarctica 
an ideal place for near-IR to mm-wave observations. The continental mass is nearly centered 
on the geographic Pole. The global circulation pattern drives storms around the continental 
mass, frequently lashing the shores of Antarctica with fierce storms. However, this pattern 
forms a permanent high pressure zone in the continental interior. During most of the year, 
dry stratospheric air descends over the middle of the continent . Moist marine air masses 
rarely intrude over the interior plateau. These conditions result in less than lOcm of annual 
precipitation, low winds, and dry conditions. 

During the 1980s several groups recognized the potential value of the South Pole for 
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sensitive sub-mm and mm-wave measurements. Several experiments to search for structure 
in the 3°K cosmic microwave background radiation ( CMBR) started to operate at the South 

Pole during the late 1980s. These efforts led to a proposal to the US National Science 

Foundation to form a Science and Technologies Center to develop the South Pole for its 
unique astrophysical capabilities. 

3. CARA 

The Center for Astrophysical Research in Antarctica (CARA), a consortium of univer
sity and industrial research groups, was established to develop the first permanent observatory 

in Antarctica. Three groups of telescopes are nearing completion and will be deployed at the 
South Pole in the near future. 

COBRA (COsmic Background Radiation Anisotropy), was designed to measure small 

angular scale fluctuations in the cosmic microwave background. Several 1-m class telescopes 
operating between 0.5 and 3mm, equipped with cooled bolometric detectors, have been de

ployed by Jeff Peterson and Mark Dragovan's group (Princeton University). These ground

based studies will compliment the large scale (> 7°) studies of CMBR anisotropy with the 
COBE satellite. The larger aperture of ground-based telescopes can be used to measure 
the CMBR anisotropy on scales between 10' and 10°. So far, COBRA experiments have 

operated only during the Austral summer when the South Pole station is accessible by air 
(from mid-October to mid-February). As CARA buildings and facilities are erected in the 
"Dark Sector", COBRA experiments will be operated as "winter-over" experiments, taking 

advantage of the dryer and colder conditions of the 6 month long Austral night. 
AST/RO (Antarctic Sub-millimeter Telescope and Remote Observatory) is a 1.7 meter 

diameter telescope whose primary mission is to perform the first survey of the 492 GHz 

fine-structure line of neutral atomic carbon (C I) and high-lying (J=4-3) CO lines in the 
interstellar medium. Antony A. Stark (CfA) leads a group that is building this heterodyne 
system using state-of-the art SIS mixers for sub-mm observations. The carbon fiber primary 
has better than 10 µm rms surface accuracy that will permit observations throughout the 

sub-mm portion of the spectrum. The ATR/RO system will be the first general purpose year
round astrophysics facility in Antarctica. AST /RO will also be used for continuum studies of 
sub-mm dust emission, emission line studies of the Milky Way, the Galactic Center, nearby 

galaxies such as the LMC and SMC, heterodyne spectroscopy and profiling of atmospheric 

trace gasses that may play a role in the "greenhouse effect", global climate change, and 

ozone destruction. AST /RO will be used to obtain test measurements in the mid-IR spectral 
windows between 20 and 60 µm that are predicted by atmospheric modeling. AST /RO will 
be deployed in December 1994. 

SPIREX (South Pole Infra-Red EXplorer) is a 50 cm class telescope being built by 
Mark Hereld's group (University of Chicago) for ultra-deep imaging in the 2µm region. The 

low temperature of the air over the South Pole during the polar night results in a flux of 

atmospheric ra<liat�u11 aLuut 200 times lower than from the atmosphere above a temperate 

latitude observatory. Thus, in windows devoid of OH airglow and auroral lines, a given 
telescope/camera combination may reach about 5 magnitudes deeper in a given exposure time 
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than the same equipment used at a site such as Mauna Kea. Atmospheric emission models 
(Harper 1989) indicate that observations confined to the upper portion of the K-window 

(between 2.25 and 2.45 µm) will be limited the background produced by the Zodiacal light 
and not the Earth's atmosphere. A 50-cm telescope and a 128 by 128 NICMOS2 camera will 

be deployed in December 1993 to obtain low dispersion spectra of the atmosphere, and to 

perform preliminary imaging experiments. An InSb photometer may also be deployed by the 
the Anglo-Australian Observatory infrared group to measure the sky brightness between 1 

and 5 µm. 
Preliminary results from the COBRA experiments and site testing performed by the 

ATP (Advanced Telescope Project - led by John Bally, University of Colorado) experiments 

indicate that the South Pole is the best site on Earth tested so far for astrophysical measure

ments in the infrared to sub-mm (1 µm to 1-mm) spectral region. During 1992, a 230GHz 

atmospheric. brightness temperature monitor (tipper), borrowed from the National Radio 
Astronomy Observatory (NRAO), was deployed at the South Pole. Preliminary results of 

measurements made with this instrument are shown in Figure 5. During fall 1992, a 12" 

telescope equipped with a CCD camera was deployed to measure "seeing" (atmospheric tur
bulence) at optical wavelengths. In 1993, a Differential Image Motion Monitor (DIMM) will 

be deployed to measure the atmospheric turbulence parameter r0• 

4. Dome-A: A 4,200 meter Plateau at Latitude -82° 

Lynch (1989) has pointed out that the high elevation plateau at latitude -82° near the 

middle of the Antarctic continent is potentially the best site for infrared to sub-mm wave
length observations. A 200 mile diameter flat region is located at an altitude in excess of 

4,000 meters directly beneath the centroid of the permanent high pressure zone which de
velops over the Antarctic Plateau. Due to the low atmospheric temperature, the barometric 

pressure at the surface is equivalent to what is found near 5,000 meters altitude at temperate 
latitudes (pressure altitude of dome-A is thus 5,000 meters). 

Dome-A may be the best IR to sub-mm site for 4 important reasons: 

• Low water vapor. Atmospheric model calculations indicate that water vapor overburdens 

as low as 50µm are to be expected. Figure 6 shows a model calculation of the expected 
transmission over Dome-A (Bally 1989). 
• The high pressure altitude implies less broadening of atmospheric lines. This implies that 

atmospheric windows are broader and more transparent than at lower altitudes. 

• Average and peak wind velocities are expected to be very low because Dome-A is located 

near mean position of the permanent Antarctic high pressure zone where dry stratospheric 

air descends from above. 
• Surface temperatures are very low (under 200K at times), resulting in very low thermal 

backgrounds, especially in the near infrared. The total amount of precipitation is less than 
10 cm equivalent of liquid water. 

Lynch (1989) has proposed that an international base be established at this site to take 
advantage of the exceptional conditions found there. 
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Dome-A may be a unique place for the development and testing of advanced infrared and 
sub-mm instrumentation. The flat ice surface is ideal for the deployment of long baseline in

terferometric arrays such as is required for the search for extra-solar planets. The remoteness, 
high altitude, and low temperature of Dome-A makes it the best analog to space on Earth. 
Many of the techniques required for operation of a Lunar base are required for operations at 

dome-A, including pressurized and heated working environments and long logistical supply 
lines. However, experience indicates that the cost of developing an Antarctic base is more 

than 3-orders of magnitude cheaper than accomplishing the same task in space. 

5. Future Plans and Potential for Antarctic Astrophysics 

5.1. The Next 10 Years 

The immediate goal of CARA is to make the initial compliment of experiments at the 
South Pole operational. During the next few years, we hope to perform a sub-mm survey 

of CO (J=4-3) and CI (J=l-0) emission from the interstellar medium with AST/RO, obtain 
images of the small angular scale CMBR anisotropy with COBRA, demonstrate the utility 

of the South Pole for near-infrared imaging in the 2µm K+ window, quantify the optical 
and near-IR seeing and sky brightness, and measure the mid-IR and sub-mm transmission 
spectrum with ATP experiments. 

CARA is starting to plan for projects which may become operational during the next 5 
to 10 year period. At the present time, the sub-mm characteristics of the South Pole have 
been demonstrated most convincingly. The next major step towards an Antarctic Obser
vatory may be the design, construction, and deployment of a 7-m class sub-mm to mid-IR 

telescope. CARA laboratory facilities are being erected that will be capable of supporting 
the construction and operation of such a telecope. A 7-meter class large Antarctic sub-mm 

telescope might be designed with Ritchey-Cretien optics in an unobstructed, off-axis con
figuration that minimizes spill-over and scattering, and maximizes the field-of view (needed 
for large future focal plane arrays) and beam efficiency. A surface accuracy of several µm 

rms may be possible, which would permit mid-IR operations in the 10 to 60 µm windows 
accessible from the South Pole. 

If the near-IR seeing and sky-brightness measurements indicate good conditions, a larger 

near-IR telescope with a 2.5-m glass primary may be considered. Such an instrument may 
be capable of reaching the faintest limiting magnitude in the K+ window of any telescope in 
the world. 

5.2. Far Future Potential 

The basic reason for considering major astrophysics facilities in Antarctica is that it may 
be considerably cheaper to deploy large structures in Antarctica than in space. A variety of 
fundamental problems, such as the origin of stars and planets, the formation and evolution 
of 15alaxie,, and the origins of structure in the early universe require both high sensitivity 

and high angular resolution. Antarctica may be the first place where very large aperture 

and/or long baseline mid-IR interferometers may be developed that are capable of searching 
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for extra-Solar planets and imaging distant galaxies with sub-arc-second resolution at IR and 
sub-mm wavelengths. 

Ultimately, it may be desirable to develop Dome-A as a manned astrophysics station. 
Such an endevour will almost certainly be international in scope. Either Dome-A or the South 

Pole may be ideal environments in which to test the technology needed for highly ambitious 

future space missions such as the establishment of a Lunar base, or an expedition to Mars. 

On the way, exciting new observations of the Cold Universe may become possible. 

6. Conclusions 

Preliminary measurements conducted under the CARA South-Pole site testing program 
indicate that the high, cold, and dry conditions which prevail in the interior of Antarctica 

provides the best place on Earth for the future deployment oflarge instruments in the infrared 
to mm-wavelength spectral range. High angular resolution, high sensitivity, and high spectral 
resolution observations can be performed throughout the mid-IR and sub-mm bands from high 

sites in the interior of Antarctica. Developing large telescopes that can operate in Antarctica 

is a logical step towards the development and eventual deployment of this technology in large 

space or Lunar observatories in the far future. 
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Figure 1. Surface air temperature statistics over South Pole. 
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Figure 2. Average precipitable water vapor over the South Pole and over Vostok. The 
highest and lowest values measured in each month are also shown. Taken from Bromwich 

(1988), Burova et al. (1986), and Smythe and Jackson (1977) for the years indicated in the 
figure. 

Figure 3. Cloud cover statistics over the South Pole from visual observations by South 
Pole personnel. 

Figure 4. Wind speed statistics at the South Pole. 
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Figure 5. (a) Atmospheric temperature determined from a 230 GHz radiometric mea

surement (dotted curve). Surface temperature at the radiometer site at the South Pole (open 

circles). Taken from Chamberlin and Bally (1993) . 
(b) Atmospheric optical depth at 230 GHz determined by fitting a model atmosphere 

to the measurements of the sky brightness as a function of zenith angle at 230 GHz. Taken 

from Chamberlin and Bally (1993) . 

( c) The percentage of measurements for which r(225 GHz) was less than a given value 

between day 1 and day 70 in 1992. Quartiles are 0.068, 0.080., 0 .103, 0.186. Taken from 

Chamberlin and Bally (1993) . 

(d) The percentage of measurements for which r(225 GHz) was less than a given value 

between day 71 and day 180 in 1992. Quartiles are 0.036, 0.042., 0.051, 0.083. Taken from 

Chamberlin and Bally (1993) . 
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The term brown dwarf was introduced by Jill Tarter to describe self-gravitating bodies 
which are not sufficiently massive to sustain hydrogen fusion, but are more massive, or 
form in a different way, than planets. Their masses would range from roughly 0.001 to 
0.08 M0. It is known from extensive observations that stars with masses just above 
the hydrogen burning limit, 0.08 M0, are quite numerous in our neighborhood of the 
galaxy. Since a body, when in the process of formation, is not aware of the mass limit, 
it is believed that objects should form rather readily below the stellar mass cutoff. Such 
objects lack a nuclear energy source and will cool throughout their lifetimes. This implies 
that older brown dwarfs will be dim and will radiate primarily at longer wavelengths, in 
the infrared. Thus, even though the current evidence for even one bona-fide brown dwarf 
is not conclusive, these objects could still be quite numerous, and perhaps even important 
sources of baryonic matter in the universe. Past searches for brown dwarfs are reviewed 
and future searches discussed. Of special interest are the planned cooled infrared space 
telescopes ISO and SIRTF, which will for the first time permit detection and investigation 
of older brown dwarfs in the solar neighborhood. Also interesting is the possibility of 
detecting such objects far from the solar system via their gravitational lensing effect. 
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I. NATURE OF BROWN DWARFS 

Most of the (known) baryonic matter in the universe is in the form of stars or stellar 

remnants. Initially diffuse gaseous material is concentrated through gravitational attrac

tion, leading to bound objects which eventually contract to form stars. Throughout the 

latter stages of the contraction, the contracting clouds are in hydrostatic equilibrium, 

whereby the inward gravitational attraction is exactly balanced by the pressure gradient. 

Under these conditions, the virial theorem applied to an ideal gas implies that the temper

ature in the interior will scale with radius R and mass M as T � M / R. Thus, contraction 

will continue until the interior temperature is high enough to generate nuclear fusion reac

tions sufficient to power the observed stellar luminosity. This is the point at which a star is 

born, and corresponds to a well defined luminosity and effective surface temperature (the 

zero age main sequence) which depends primarily on the stellar mass. 

Kumar1l and Hayashi and Nakano2) showed that the above scenario would only apply 

to stars above a characteristic minimum mass, 0.07-0.08 M0. Below this mass, electron 

degeneracy pressure becomes dominant and prevents further contraction. This limits the 

central temperatures below the characteristic value required for hydrogen fusion, about 

2 x 106 K. Thus these objects would never reach stable thermal equilibrium. Their only 

source of energy is the heat stored in the interior. As this energy is radiated away, they 

will cool and become less luminous. Hence older brown dwarfs will be very inconspicuous 

and best detected in the infrared spectral region. An excellent review of the astrophysics 

of Brown Dwarfs is given by Burrows and Liebert3). 

II. SIGNIFICANCE OF BROWN DWARFS 

There are a number of reasons for the interest in brown dwarfs. Studies of the mass 

spectrum of stars which have formed clearly show that low mass stars are the most nu

merous. The observed masses range right down to the hydrogen burning limit3),4J. Since 

there is no known mechanism which constrains collapsing clouds to just the mass that 

will eventually burn hydrogen, it is commonly believed that a fair number of substellar 

objects have also formed. The mechanisms which govern the stellar mass spectrum (Initial 
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Mass Function) are not well understood, and a knowledge of this spectrum is important 

in guiding our understanding of star formation. 

The lowest mass stars and the brown dwarfs will have very low surface temperatures. 

Below about 3000 K, molecules such as TiO, CO, H20 dominate the opacity and the spec

trum is decidedly non-Planckian 5) . Below 2000 K, dust grains are expected to condense6). 

The nature and structure of the resulting atmospheric dust clouds is quite uncertain and 

observations of the stellar spectra for these low temperature bodies are necessary for clar

ification. Recall the complex structure seen in the atmosphere of Jupiter, which can be 

considered a brown dwarf which has cooled to circa 135K. It would be extremely difficult 

to predict such complex structure theoretically. 

A third reason for the interest in brown dwarfs is they are directly related, through 

physics, with the giant planets. In fact, the distinction between low mass brown dwarfs 

and giant planets is by the mode of formation: planets form in the circumstellar disk 

remaining after a star has formed. The physics governing these objects is the same, and 

therefore the appearance (temperature, luminosity, spectrum, etc.) should be the same at 

the same age and mass. The study of brown dwarfs will therefore illuminate planetary 

evolution and vice-versa. 

Finally, the brown dwarfs may supply some of the considerable amount of "missing 

mass" in the universe. It has become clear in recent years that at least 903 of the mass 

in typical galaxies is not accounted for. It cannot be conventional stars, gas, or dust. It 

must be "cold", i.e. non-zero rest mass, because the mass concentrates around galaxies. 

One possibility for this mass is brown dwarfs. These objects would rapidly become very 

dim and cool, and could easily have escaped attempts to detect them. One expects that if 

brown dwarfs are so numerous, at least a few should be near the sun where they could be 

studied. The problem is to locate them. 

III. SEARCHES FOR BROWN DWARFS 

An excellent summary of the numerous searches for brown dwarfs is given in the 

review by Burrows and Liebert3l . Here I only highlight a few examples. One tack taken 

in the search for brown dwarfs is to look in the vicinity of nearby stars for dim, red, 

"companions". If true companionship can be established, the primary component can be 
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used to calibrate the age and distance of the candidate brown dwarf. The distance gives 

the luminosity. From the colors or spectra, the temperature may be estimated, though this 

is quite uncertain for temperatures below 3000K. The luminosity, temperature, and age 

may now be compared to theoretical values and known very low mass stars to assess the 

likelihood that the object is a brown dwarf. With current technology, the most sensitive 

searches have been carried out in the K band (2.2 µm), and, hence, are only sensitive to 

the younger, hotter, brown dwarfs. Proof of an undeniable brown dwarf would follow if the 

object is significantly less luminous and cooler than the lowest mass star possible7l (about 

10-4 LG, l 750K) .  No such objects have been discovered. Failing this, one must argue 

based on the age of the object; the many theoretical studies of sub-stellar evolution are 

in fairly good agreement on the decrease in luminosity with age for a given mass object. 

Unfortunately, precise ages are not easily determined and the range of possible ages will 

imply a range of possible masses. Two examples of this are the companions to GD 165 

and Gliese 569. For GD 165B, the minimum mass of 0.06 MG is derived based on the 

minimum age of the white dwarf primary, 6x108 years. If it were this young, it would be 

a bona-fide, though rather high mass, brown dwarf. However, it  could be much older and 

be, rather, a .08-.09 MG very low mass star. Similarly, the age of the Gl 569 primary has 

been estimated8l as between the age of the Pleiades (7 x 107 years) and the Hyades ( 6 x 108 

years) .  Based on its luminosity, this implies masses between 0.05 and 0.1 MG for Gl 569B. 

Again, the object is either a young brown dwarf or an older very low mass star. Lack of 

lithium9l indicates a mass greater than 0.06 MG while the extremely late spectral type of 

M8.510l probably rules out a mass greater than 0.09 MG. More precise age determinations 

are not likely in the near future. More precise masses may be measured through analysis 

of the binary orbit. However, the orbital periods are many hundreds of years. 

The above paragraph suggests one strategy in the search for brown dwarfs: find them 

when they're young, hot, and luminous11l · 12 l .  The up-side of this strategy is that such 

objects will be readily detectable. The down-side is that such objects will be similar to 

ordinary stars in luminosity and temperature. Proof of brown dwarf nature will require 

accurate assesment of the age and luminosity of the object. Good hunting grounds include 

the Taurus and p Oph star-fonning regions (106 -107 y, 140--150 pc), and the Pleiades (108 

y, 120 pc) and Hyades (109 y, 45 pc) star clusters. For example, a 0.01-0.02 MG brown 

dwarf in Taurus or p Oph would appear at K = 14-16 mag, which is quite easy to detect 



with modern detectors. A key in this type of search is establishing cluster membership. 

The danger is that reddened background stars may masquerade as brown dwarfs. 

Brown dwarf candidates have been located in the Pleiades13),l4) and the Hyades15l. 

However, even if these candidates can be confirmed as true cluster members, they are po

sitioned near the brown dwarf/low mass star border on the Luminosity vs. Age theoretical 

diagrams. Therefore, they are ambiguous and at best high mass brown dwarfs. In fact, 

enough studies have been carried out to show that high mass brown dwarfs, > 0.05M0, 

are not numerous enough to supply interesting amounts of mass in the disk population 

of the solar neighborhood. This is not to disparage the effort: the discovery of even one 

true-blue brown dwarf would be extremely interesting. 

The above noted confusion, i.e. young brown dwarfs have spectra similar to late-type 

stars and reddened background stars, can be overcome if we allow them to cool far enough. 

The lowest mass stars will have effective temperatures not much less than 1800K. Brown 

dwarfs of sufficiently low mass in the Hyades and Pleiades will cool well below this limit. 

Such cool objects will probably require cooled space telescopes, such as ISO, SIRTF or 

EDISON, for detection and characterization. In the tables below are given the predicted 

characteristics of brown dwarfs in the Pleiades (assumed age 108 y, distance 120 pc) and 

Hyades (assumed age 109 y, distance 45 pc) using typical evolutionary results7l·16l and 

assuming black-body spectra. 

Table 1. Fluxes and Magnitudes for Pleiades Brown Dwarfs 

M/Mo T(K) 1 µm I 2.5 µm I 3.5 µm I 7 µm 
mag mag µJy mag µJy 

0.01 774 31. 1  20.4 11 16.5 21 
0.02 1271 23.5 17.5 74 15.4 56 
0.04 2245 18.3 15.5 288 14.5 126 
0.06 2829 16.6 14.6 563 13.9 216 
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Table 2. Fluxes and Magnitudes for Hyades Brown Dwarfs 

M/M0 T (K) 1 µm I 2.5 µm I 3.5 µm I 7 µm 
mag mag µJy mag µJy 

0.01 425 46.0 25.0 4 17.0 12 
0.02 661 33.0 20.0 19 15.4 57 
0.04 1068 24.0 16.9 159 14.3 156 
0.06 1482 20.4 15.4 405 13.8 253 

The ISOCAM sensitivity in a broad band at 7 µm is 5 sigma of 25 µJy in 1 hour of 

integration. Thus the mass limit is similar in each cluster, about 0.015 M0. The Hyades is 

attractive because all the brown dwarfs below about 0.06 M0 will have cooled sufficiently 

to be easily distinguished from stars. The Pleiades is favored because of its greater star 

density (38 stars/sq. deg. vs. only 3 for the Hyades). Therefore a survey of about 50 

fields near each cluster would probably locate bona-fide brown dwarfs, even if they are 

no more numerous than stars. SIRTF and EDISON would be considerably more sensitive 

than ISO. These experiments would be needed to do follow-up spectroscopy of brown dwarf 

candidates and make a more accurate assesment of the overall brown dwarf population. 

IV. GRAVITATIONAL MICRO-LENSING 

Compact objects will form multiple images of a background point source. For objects 

of 1 M0 , the typical deviations will be 10-6 arcsec, hence the name micro-lensing. These 

small angles will not be observable, but the attendent amplification in brightness will be. 

Such amplification will be detectable in the macro-lensed images of background QSO's 

lensed by an intervening galaxy. In this manner objects down to the QSO-size limited 

resolution (about 0.001 M0) may be detected, well into the brown dwarf regime. 

Micro-lensing of the "A" image of the quasar Q2237+0305 was clearly observed in 

198817) ,lS) •19) .  The event was very short, and indicates a low-mass object in the intervening 

galaxy, probably < O.lM0 .  Because of the high probability of micro-lensing in this system, 

a long series of photometric monitoring will be required to permit reasonable estimates of 

the number of brown dwarfs, compared to more massive objects, in the intervening galaxy. 

Nevertheless, it is astonishing that a bona-fide brown dwarf may have been first seen in a 

galaxy approximately 200 Mpc distant using this technique. 



Micro lensing of individual background stars by foreground compact objects also will 

result in significant amplification20l . Recently, 2 independent groups have reported 3 

candidate MACHO (Massive Compact Halo Object) gravitational lensing events using 

background stars in the LMC. An Australian-American team21) reports one very well 

observed event. A French team22) reports 2 other candidate events and confirms the 

Australian-American event in the red (it was too dim for them in the blue). In each of these 

cases, the brightening is not repeated, equal in the blue and red, and time symmetric. These 

are 3 of the tests to distinguish between gravitational lensing and stellar variability. The 

Australian-American event is especially impressive in that the 414 high-quality data points 

could be fit by the most simple gravitational lensing model, with 4 free parameters20l . With 

time, both groups plan to apply 2 further tests to these brightening events: independence 

of spectral type and the frequency of events as a function of peak amplification (high 

amplification events being less frequent) .  The French group reports that one of their 

stars was on the main sequence and the other above the main sequence. The Australian

American star was a giant. 

The mass of the lensing object is indicated by the time-scale of the event. Since lensing 

cross section is proportional to mass, the time scale will be proportional to the square root 

of mass and inversely proportional to the transverse velocity. All three reported events 

were of short time scale (about 1 month), indicating a low mass. The Australian-American 

group reports a most likely mass of 0.12 M0 with masses of 0.03 and 0.5 M8 being half 

as probable. The mass estimates are based on detailed modelling of the Milky Way's dark 

halo23) . The French group infer masses of a few 3 to 1 M8 for their events. Interestingly, 

the French have another data set which suggests the dark halo can't consist of 10-7 to 

10-5 M8 objects. 

The French group has reported an analysis of the frequency of events seen and find 

that the results to date are consistent with the entire dark halo consiting of such low mass 

objects. They note that if the halo objects had mass 10-2 M8, they would expect 6 events 

while if they were all 1 M0 they would expect 1 event in the data which showed 2 events. 

This gives the likely mass range and indicates low mass objects comprise a significant large 

part of the dark halo. The halo we are imagining provides a flat rotation curve out to the 
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LMC at 55 kpc. The density is about 8 x 10-3 M0/pc3 in the solar vicinity. This density is 

about 10% the previously known density near the sun (stars, gas, dust, and white dwarfs) .  

V. DETECTING HALO BROWN DWARFS 

It is likely that the dark halo objects really are substellar. Stars in such abundance 

should have been noticed in deep surveys24) . The masses are too low for neutron stars 

or black holes. White dwarfs are a possibility at this time but it seems unlikely that 

the required narrow range of masses would have been produced in the halo. If substellar 

objects predominate, then the gravitational lensing events will be predominantly of short 

duration and this will become clear as more of the lensing data is analyzed and more data 

is gathered. 

The mass limit for brown dwarfs depends on the metallicity. It is approximately 0.077 

M0 for solar metallicity and 0.092 M0 for zero metallicity7l .  Objects in the halo are likely 

to be low to very-low metallicity so we should be prepared for this. 

If the MACHOs are brown dwarfs, then we have a good chance of detecting them 

with cooled space telescopes such as SIRTF and ISO, but not from the ground. Using 

typical evolutionary results7l ·16) and assuming a black-body spectrum and an age of 1010 

years, the expected fluxes at a distance of 10 pc are given in Table 3 and compared to the 

sensitivities of various telescopes. 

Table 3: Brown Dwarf Fluxes (10 pc, 1010 y) vs. Telescope Sensitivities 

M/M0 R/R0 T(K) 2.2 µm 1 4.5 µm 7.5 µm 12.5 µm 
mag µJy µJy 

0.01 0.12 225 38.7 . . .  0.07 4.5 32 
0.03 0.10 450 23.3 0.3 65 230 300 
0.06 .083 750 17.4 70 750 950 600 

Point-source Sensitivities of various telescopes, 5 sigma in 1 hour: 
Sm IRO Mauna Kea 23 0.4 . . .  . . .  . . .  

0.85m SIRTF, EDISON . . .  . . .  0.5 5 12  
0.6m ISOcam . . .  . . .  45 25 . .. 

From Table 3, it can be seen that a 0.03 M0 halo brown dwarf could be detected 

to a distance of 9 pc using an infrared-optimized 8 m ground based telescope. ISOcam 

could detect that object at 30 pc and an 0.85 m SIRTF to a distance of 110 pc. The likely 
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presence of large H2 opacity, and hence small fluxes, in the ground-based K-band near 2.2 

µm, makes a search from the ground even less favorable25l . 
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The way they see the cold universe in Brazil... 
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NASA's Cosmic Background Explorer ( COBE1) has made precise measurements of the 
spectrum and anisotropy of the cosmic microwave background radiation on angular scales 
greater than 7° , and has set new conservative upper limits on the infrared sky brightness and 
thus on any diffuse cosmic infrared background radiation. The cosmic microwave background 
spectrum is that of a blackbody of temperature T = 2.726 ± 0.01 K, with no deviation from a 
blackbody spectrum greater than 0.03% of its peak brightness. Statistically significant cosmic 
microwave background anisotropy has been detected with an effective quadrupole amplitude of 
17 µK, and a pattern consistent with a scale invariant primordial density fluctuation spectrum. 
Galactic results from the COBE mission include an unbiased far infrared survey of the strength 
and distribution of atomic and molecular cooling lines from the Galactic interstellar medium, 
and a large scale infrared continuum emission survey that gives insight into the morphology of 
the Galaxy. 

1 The National Aeronautics and Space Administration Goddard Space Flight Center 
(NASA/GSFC) is responsible for the design, development, and operation of the COBE . Sci
entific guidance is provided by the COBE Science Working Group. GSFC is also responsible 
for the development of the analysis software and for the production of the mission data sets. 
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1. INTRODUCTION 

Since 993 of the radiant energy in the Universe is in the cosmic microwave background 
(CMB) radiation at a temperature below 3 Kelvin, COBEs view of "The Cold Universe" is 
highly appropriate for this book. Many experiments have been performed to measure the CMB 
spectrum and spatial anisotropies over a wide range of wavelengths and angular scales. Fewer 
attempts have been made to conduct a sensitive search for a cosmic infrared background (CIB) 
radiation, expected to result from the cumulative emissions of luminous objects formed after 
the universe cooled sufficiently to permit the first stars and galaxies to form. The purpose of 
the COBE mission is to make definitive measurements of these two cosmological fossils. 

The three scientific instruments on COBE are the Far Infrared Absolute Spectrophotometer 
(FIRAS) , the Differential Microwave Radiometers (DMR) , and the Diffuse Infrared Background 
Experiment (DIRBE) . The FIRAS instrument has met its major objective: to make a precision 
measurement of the spectrum of the CMB from 1 cm to 100 µm. The DMR's major objective 
has also been met: CMB anisotropies have been detected on angular scales larger than 7° at 
frequencies of 31.5, 53, and 90 GHz. The DIRBE objective is to search for a CIB by making 
absolute brightness measurements of diffuse infrared radiation in 10 photometric bands from 
1 to 240 µm and polarimetric measurements from 1 to 3.5 µm. Preliminary upper limits have 
been placed on the CIB, but considerable analysis effort will be required to model and remove 
the strong astrophysical foreground emission for the high quality DIRBE data to produce more 
stringent limits or result in a detection of the CIB. Many papers giving overviews, implications, 
and additional detailed information about the COBE have been presented1-13) . 

2. THE SPECTRUM OF THE PRIMEVAL RADIATION 

The discovery of the CMB radiation14) provided strong evidence for the Big Bang cosmology. 
Radiation produced in the very early universe was frequently scattered until about 300,000 
years after the Big Bang. At this point the characteristic energy in the universe fell to the 
point where previously free electrons could combine with nuclei to form neutral atoms, the 
"recombination" . The 2. 7 K radiation we see today has been traveling to us unimpeded since 
that time. The rapid production and destruction of photons within the first year after the 
Big Bang forced the radiation to have a Planck (blackbody) spectrum. Any mechanism that 
injected energy into the Universe (e.g. a particle decay) between a year after the Big Bang 
and � 2000 years after the Big Bang would give rise to a radiation spectrum characterized by 
a non-zero chemical potential. Thus there would be a Bose-Einstein spectral distortion with 
the photon occupation number N(E) � 1/[e«+µ)/kT - 1] where µ is the chemical potential and 
E is the photon energy. A Compton distortion is usually parameterized in terms of a Compton 
y-parameter, y = (ar/mec2) J nek(Te - TcMB)cdt, where ar is the Thomson scattering cross
section and the integral is the electron pressure along the line of sight. A Compton distortion 
of the spectrum can become important when (1 + z)dy/dz > 1, where this y is computed 
with TcMB set to zero, which occurs � 2000 years after the Big Bang. The thermodynamic 
temperature distortion observed at frequency v is 8T/T � y [x(ex + 1 )/(ex - 1 )  - 4] where 
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x = hv/kTcMB, h is Planck's constant, and k is Boltzmann's constant. After recombination 
it becomes nearly impossible to distort the CMB spectrum short of reionizing the universe or 
through an intense early burst of star formation that produces both starlight and interstellar 
dust. Thus a perfect Planck CMB spectrum would support the prediction of the simplest Big 
Bang model of the universe, while spectral distortions would indicate the existence of more 
complicated releases of energy. 

Initial results of analysis of the FIRAS data to date15-IB) confirm the prediction of the 
simplest Big Bang model that the CMB must have a thermal spectrum. In 1993, a new 
calibration model19) for the FIRAS enabled Mather et a!.20J to use six weeks of interleaved sky 
and calibration data to determine the extragalactic background spectrum. They modeled the 
Galactic spectrum and fitted it by geometrical and spectral methods to remove it and find the 
mean CMB spectrum. The mean temperature is 2 .726 ± 0.010 K ,  over the frequency range 
from 2 to 20 cm-1 .  Over this range the maximum deviation from the blackbody form is less 
than 0.033, with a weighted rms value of 0.013. Fits to the dimensionless cosmic distortion 
parameters give 953 confidence limits of [µ/ kTI < 3.3 x 10-4 and IY I < 2.5 x 10-5 respectively. 

The implications of these limits are summarized by Wright et al.21) . Less than 0 .033 of the 
energy in the CMB could have been added to it after the first year of the expansion. Less than 
10-4 of the diffuse X-ray background can be produced by a smooth hot interGalactic medium. 
Less than 13 of the mass of hydrogen could be burned by Population Ill stars after a redshift 
of 80, and less than 13 of the hydrogen could be burned by an evolving population of galaxies 
like those seen by the IRAS. These limits are based on flbaryon = 0.0125h2 . The Steady State 
theory is conclusively ruled out, as are theories of a Cold Big Bang with needle-shaped dust to 
thermalize stellar radiation. 

The dipole anisotropy of the CMB, presumed due to our peculiar motion relative to the 
Hubble flow, is seen clearly in the FIRAS data, and is consistent with previous results22) . 
These data show that the spectrum of the dipole is that expected from the Doppler shift acting 
on a blackbody spectrum23) . The dipole amplitude is 3.343 ± 0.016 mK in the direction 
(a, 8) = (168.9° ± 0.5°, -7.5° ± 0.5° ) ,  epoch J2000.0, or (1,b)=(265.6° , 48.3°). The color 
temperature of the dipole is 2 .714 ± 0.014 K, and the maximum deviation of the dipole spectrum 
from the expected form is 0.0053 of the peak intensity of the CMB. 

3. SPATIAL ANISOTROPY OF THE PRIMEVAL RADIATION 

Primordial gravitational potential fluctuations at the surface of last scattering give rise 
to the distribution and motions of galaxies and to large angular scale fluctuations in the 
CMB24) . In inflationary models of cosmology25-27l the gravitational energy fluctuations arise 
from quantum mechanical fluctuations from 10-35 seconds after the Big Bang that inflate to 
become classical fluctuations with a nearly scale invariant power spectrum28-29) . The large 
angular scale CMB temperature anisotropy t::.T and gravitational potential fluctuations at the 
surface of last scattering t::. <I> are simply related by 3!::.T /T = t::. <I>/ c2 for adiabatic fluctuations 
in a universe with no cosmological constant (A=O). 
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Measurements of the abundances of the light elements together with nucleosynthesis 
calculations30-3l) imply that 0.01 � llBh2 � 0.015, where \l,B is the fraction of the critical 
mass density (Pc = 3H;/8n:G = 1 .88h2 x 10-29 gm cm-3) in baryons and h = H0/100 km s-1 
Mpc1 , where H0 is the Hubble constant and G is the gravitation constant. Inflation requires 
that ll0 + A0/3H; = 1 so that either Ao f 0, or inflation theory is incorrect, or most of the 
mass in the universe is yet to be detected nonbaryonic material . It is useful to assume that 
this nonbaryonic material does not interact with light. This simultaneously explains why it is 
not seen, and allows it to begin clustering while the universe was radiation-dominated, earlier 
than is possible for the baryonic matter. The nonbaryonic material is broadly categorized 
as "hot" or "cold" dark matter, depending on whether it was or was not relativistic when 
the universe became matter-dominated. A neutrino with mass is a favorite hot dark matter 
candidate. A successful model of cosmology and the evolution of structure must match the 
amplitude and spectrum of density fluctuations from the galaxy scale to the horizon scale. 
Several observables have been derived from galaxy surveys , including the two-point correlation 
function, the amplitude of its integral, the rms mass fluctuation in a fixed radius sphere, and rms 
galaxy streaming velocities. Measurements of large scale (i.e. primordial) CMB anisotropies can 
provide the observational link between the production of gravitational potential fluctuations in 
the early universe and the observed galaxy distributions and velocities today. There are several 
excellent reviews of CMB anisotropy and cosmological perturbation theory32-37). 

DMR results have been reported based on six months of data38l and based upon the first year 
of DMR data39l . Bennett et a!.40l describe the calibration procedures, Kogut et al.41) discuss 
the treatment of systematic errors, and Bennett et al.42) discuss the separation of cosmic and 
Galactic signals. Wright et al.43) compare these data to other measurements and to models of 
structure formation through gravitational instability. The first year DMR maps are dominated 
by the dipole anisotropy and emission from the Galactic plane. The dipole anisotropy is seen 
consistently in all channels with a thermodynamic temperature amplitude 3.365 ± 0.027 mK in 
the direction l = 264.4° ± 0.3°, b = 48.4° ± 0.5°, consistent with the FIRAS results, above44l . 
Our motion with respect to the CMB (a blackbody radiation field) is assumed to produce the 
dipole anisotropy, so the dipole and associated ::::; 1 . 2  µK rms kinematic quadrupole are removed 
from the maps. 

The DMR instrument noise and the intrinsic fluctuations on the sky are independent and 
thus add in quadrature to give the total observed signal variance a�bs = a'bMR + a�ky . The 
aobs is estimated from the two channel (A+B)/2 sum maps, and the (A-B)/2 difference maps 
provide an estimate of aDMR, yielding the sky variance asky (l0°) = 30±5 µK for lb l  > 20°. The 
observations are made with a 7° beam, and the resulting maps are smoothed with an additional 
7° Gaussian function, resulting in the effective 10° angular resolution. 

The correlation function, C( a) , is the average product of temperatures separated by angle a. 
It is calculated for each map by rejecting all pixels within the Galactic latitudP band !b l < 20°, 
removing the mean, dipole, and quadrupole from the remaining pixels by a least squares fit, 
multiplying all possible pixel pair temperatures, and averaging the results into 2.6° bins. The 
Galactic contribution to the correlation signal is small for lb l  > 15° 42) . This is consistent with 
the fact that the correlation function and rms sky fluctuation are insensitive to the Galactic 
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latitude cut angles so long as lb l  < 15° is excluded. The DMR correlation functions exhibit 
temperature anisotropy on all scales greater than the beam size (7°) and differ significantly 
(> 7a) from the fiat correlation function due to receiver noise alone. 

The detected signals expressed in thermodynamic temperature are nearly constant ampli
tude: the rms fluctuations on a 10° scale are proportional to v-o.3±l and the quadrupole and 
correlation functions <X v-0-2±1 .  The fiat spectral index of the DMR anisotropy, without correc
tion for Galactic emissions, is consistent with a cosmic origin and inconsistent with an origin 
from a single Galactic component. However, from this fact alone we are unable to rule out 
a correlated superposition of dust, synchrotron, and free-free emission and thus more detailed 
Galactic emission models are required. Bennett et al.42l constructed models of microwave emis
sion from our Galaxy. CMB anisotropies are assumed to produce differences in the measured 
antenna temperature according to !:!>.TA = !1T x2ex/(ex - 1)2 , where x = hv/kT and T is 
thermodynamic temperature. Synchrotron emission, free-free emission, and thermal emission 
from dust are important at microwave wavelengths. DMR maps, with the modeled Galactic 
emission removed, are fit for a quadrupole distribution. A cosmic quadrupole, corrected for 
the expected kinematic quadrupole, is Qrms = 13 ± 4 µK, (!1T/T)q = (4.8 ± 1 .5) x 10-6, for 
lb l  > 10° . When Galactic emission is removed from the DMR data, the residual fluctuations 
are virtually unaffected and therefore they are not dominated by any known Galactic emission 
component(s) . 

The anisotropy detected by the DMR is interpreted as being a direct result of primordial 
fluctuations in the gravitational potential. Assuming a power spectral density of density 
fluctuations of the form P(k) = Akn, the best-fit result is n = 1 . 1 ± 0.5 with Qrms-PS = 16 ± 4 
µK. Qrms-PS is the rms quadrupole amplitude resulting from this power spectrum fit, i.e. 
making use of fluctuation information from all observed angular scales, as opposed to the 
Qrms derived from a direct quadrupole fit. Forcing the spectral index to n = 1 gives 
Qrms-PS = 16.7 ± 4 µK . Interpreted as a power-law spectrum of primordial fluctuations with 
a Gaussian distribution, the amplitude squared of the [th order spherical harmonic component, 
t:.T?, in each horizon has a x2 distribution with 21 + 1 degrees of freedom, giving a cosmic 
variance for observations within a single horizon volume of 2 < !1T? >2 /(21 + 1 ) . Best fit 
values are n = l . 15::8:i� and Qrms-PS = 16.3 ± 4.6 µK including the cosmic variance. Cross
correlation of the 53 GHz and 90 GHz maps are consistent with a power law spectrum with 
index n = 1 ± 0.6 and amplitude Qrms-PS = 17 ± 5µK, including cosmic variance. 

The observed cosmic quadrupole from the maps, Qrms = 13 ± 4µK, is slightly below the 
mean value predicted by the higher-order moments deduced from the correlation function, 
Qrms-PS = 16 ± 4µK. This is a likely consequence of cosmic variance: the mode of the x2 
distribution is lower than the mean. A map quadrupole value of 13 µK or lower would be 
expected to occur 353 of the time for an n = 1 universe with Qrms-PS = 16 µK. The results 
above exclude the quadrupole before computing C(a) . Including the quadrupole when C(a) 
is computed increases the x2, raises n to 1 .5 ,  and decreases Qrms-PS to 14 µK. The measured 
parameters [asky (l0° ) ,  Qrm. , Qrms-PS, C(a), and n] are consistent with a Peebles-Harrison
Zel'dovich (scale invariant) spectrum of perturbations. The minimum Qrms for models with 
an initial Peebles-Harrison-Zel'dovich perturbations, normalized to the local large-scale galaxy 
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streaming velocities, is predicted to be 12 µK, independent of the Hubble constant and the 
nature of dark matter45-46). 

The most natural interpretation of the DMR signal is the observation of very large (presently 
» 100 Mpc) structures in the Universe which are little changed from their primordial state 
(t « 1 sec) .  These structures are part of a power law spectrum of small amplitude gravitational 
potential fluctuations that on smaller length scales are sources of the large scale structure 
observed in the Universe today. The DMR data provide strong support for gravitational 
instability theories43l .  Wright et al. 55) compare the 94 cosmological models from Holtzman47l 
with the DMR anisotropy results. Three Holtzman models fit the observational data (galaxy 
clustering, galaxy streaming velocity, and CMB quadrupole amplitude) reasonably well: (1)  A 
model with fractional vacuum energy density nvac = Aj3H; = 0.8, H0 = 100 km s-1 Mpc-1 ,  
n B  = 0.02, ncDM = 0 .18 i s  an excellent fi t  t o  the observational data; (2) A "mixed dark 
matter" (MDM) model that fits the data uses both hot dark matter (a massive neutrino with 
nHDM = 0.3) and cold dark matter (ncDM = 0.6) with baryonic dark matter nB = 0 . 1  and 
H0 = 50 km s-1 Mpc-1 ; and (3) An open universe model with n0 = 0.2, nB = 0.02, and 
ncDM = 0.18 for Ho = 100 km s-1 Mpc-1 satisfies the observations, except perhaps for the 
galaxy streaming velocities, but is in conflict with the inflation model and theoretical prejudices 
for no = 1 .  

4 .  THE COSMIC INFRARED BACKGROUND RADIATION 

The Diffuse Infrared Background Experiment (DIRBE) is the first space experiment 
designed primarily to measure the CIB radiation. The aim of the DIRBE is to conduct a 
definitive search for an isotropic CIB radiation, within the constraints imposed by the local 
astrophysical foregrounds. 

Cosmological motivations for searching for an extragalactic infrared background have 
been discussed for several decades48-52l . Both the cosmic redshift and reprocessing of short
wavelength radiation to longer wavelengths by dust act to shift the short-wavelength emissions 
of cosmic sources toward or into the infrared. Hence, the wide spectral range from 1 to 
1000 µm is expected to contain much of the energy released since the formation of luminous 
objects, and could potentially contain a total radiant energy density comparable to that of 
the CMB. Measurement of the spectral intensity and anisotropy of the CIB radiation would 
provide important new insights into intriguing issues such as the amount of matter undergoing 
luminous episodes in the pregalactic Universe, the nature and evolution of such luminosity 
sources, the nature and distribution of cosmic dust, and the density and luminosity evolution 
of infrared-bright galaxies. 

Preliminary results of the DIRBE experiment have been described previously s-9),53-59) . 
Qualitatively, the initial DIRBE sky maps show the expected character of the infrared sky. For 
example, at 1 .2  µm stellar emission from the Galactic plane and from isolated high latitude stars 
is prominent. Zodiacal scattered light from interplanetary dust is also prominent . These two 
components continue to dominate out to 3.4 µm, though both become fainter as wavelength 
increases. Because extinction at near infrared wavelengths is far less than in visible light, 
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the disk and bulge stellar populations of the Milky Way are dramatically apparent at these 
wavelengths. At 1 2  and 25 µm, emission from the interplanetary dust dominates the sky 
brightness. As with the scattered zodiacal light, the sky brightness is strongly dependent upon 
ecliptic latitude and solar elongation angle. At wavelengths of 60 µm and longer, emission 
from the interstellar medium dominates the Galactic brightness, and the interplanetary dust 
emission becomes progressively less apparent. The patchy infrared cirrus noted in IRAS data60) 
is evident at all wavelengths longer than 25 µm. False color all sky images prepared from DIRBE 
data have recently been presented by Hauser54) . The DIRBE data will clearly be a valuable 
new resource for studies of the interplanetary medium and Galaxy (see §5, below) as well as 
the search for the CIB radiation. 

In searching for the extragalactic infrared background, the most favorable conditions are 
directions and wavelengths of least foreground brightness. In general, because of the strong 
interplanetary dust foreground and the relatively modest gradient of that foreground over the 
sky, the infrared sky is faintest at high ecliptic latitude. A preliminary DIRBE spectrum of 
the sky brightness toward the south ecliptic pole was presented by Hauser et al.53) , and is 
reproduced in Table 1 .  This table shows the strong foreground from starlight and scattered 
sunlight at the shortest wavelengths, a relative minimum at 3.4 µm, emission dominated by 
interplanetary dust peaking around 12 µm, and generally falling brightness from there out to 
submillimeter wavelengths. 

Table 1: Cosmic Infrared Background Limits 
>- .AI;. >- Al;. 

(µm) ( 10-7 W m-2 sr-1) (µm) ( 10-7 W m-2 sr-1)  
1 .2  8.3 ± 3.3 22. 21 .  ± 8 
2.3 3.5 ± 1 .4 55. 2.3 ± 1 
3.4 1.5 ± 0.6 96. 1 . 2  ± 0.5 
4 .9 3.7 ± 1 .5 151 .  1 .3 ± 0.7 

12 .  29. ± 12 241 . 0.7 ± 0.4 

To meet the cosmological objective of measuring the CIB radiation, the foreground light 
from interplanetary and Galactic sources must be discriminated from the total observed infrared 
sky brightness. This task requires extensive careful correlation studies and modelling, which in 
the case of the DIRBE investigation is in progress. A conservative upper limit on extragalactic 
light is the total observed brightness in a relatively dark direction. The sky brightness at the 
south ecliptic pole is a fair representation of the best current limits from the DIRBE. The 
faintest foregrounds occur at 3.4 µm, in the minimum between interplanetary dust scattering 
of sunlight and re-emission of absorbed sunlight by the same dust, and longward of 100 µm, 
where interstellar dust emission begins to decrease. Through careful modelling, we hope to be 
able to discriminate isotropic residuals at a level as small as 1 percent of the foregrounds. These 
near-infrared and submillimeter windows will allow the most sensitive search for, or limits upon, 
the elusive cosmic infrared background. 

These data are to be compared with the theoretical estimates of contributions to the CIB 
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radiation from pregalactic and protogalactic sources in a dust free universe6l . The present 
conservative observational limits are beginning to constrain some of the theoretical models 
at short infrared wavelengths, though in a dusty universe energy from these sources can be 
redistributed farther into the infrared. If the foreground components of emission can confidently 
be identified, the current COBE measurements will seriously constrain (or identify) the CIB 
radiation across the infrared spectrum. However, the spectral decade from about 6 to 60 µm 
will have relatively weak limits until measurements are made from outside the interplanetary 
dust cloud. 

The CIB radiation promises to enhance our understanding of the epoch between decoupling 
and galaxy formation. The high quality and extensive new measurements of the absolute 
infrared sky brightness obtained with the DIRBE and FIRAS experiments on the COBE 
mission promise to allow a definitive search for this elusive background, limited primarily by 
the difficulty of distinguishing it from bright astrophysical foregrounds. 

5. COBE GALACTIC STUDIES 

COBE FIRAS results also include the first nearly all-sky, unbiased, far infrared survey of 
the Galactic emission at wavelengths greater than 120 µm 62) . Wright et al. 62) present a map of 
the dust emission across the sky from the FIRAS experiment. The total far infrared luminosity 
of the Galaxy is inferred to be ( 1 .8 ± 0.6) x 101018. Spectral lines from interstellar [C I] , [C II] , 
[N II] , and CO are detected in the mean Galactic spectrum. The lines of [C II] at 158 µm and 
[N II] at 205.3 µm were sufficiently strong to be mapped62-53) . This was the first observation of 
the 205.3 µm line. Wright et al. interpret the [C II] line as coming largely from photodissociation 
regions and the [N II] lines as partially arising from a diffuse warm ionized medium and partially 
arising from dense H II regions. Petuchowski & Bennett35 further elaborate on this conclusion 
by apportioning the [C II] and [N II] transition line intensities among various morphologies of 
the interstellar medium. Petuchowski & Bennett64) have conducted observations on NASA's 
Kuiper Airborne Observatory to measure the scale height of the 205 .3 µm [N II] line with a much 
higher angular resolution (�1 arcmin) than FIRAS. Bennett & Hinshaw63) present the Galactic 
longitude ( l b l = 0°) dependence of the COBE FIRAS line strengths. Significant portions of the 
emission can clearly be associated with the Galactic Center and the molecular ring. The [C II] 
intensity is closely correlated with the far IR continuum, !(158 µm [C II]) ex I(F IR). The 
[N II] intensity is also correlated with the [C II] intensity, however with the surprising relation 
!(205 µm [N II]) ex !(158 µm [C II])-i.5. Morphological models for the origin of these fine 
structure lines are presented by Petuchowski & Bennett65) .  

Initial Galactic studies based on DIRBE data have been reported. A warp in the Galactic 
plane, similar to that seen in H I, is seen in the both the stellar and interstellar dust components 
of the COBE DIRBE data"G) . An examination of the color and extinction of integrated Galactic 
starlight57l has been undertaken showing as much as �  4m of extinction at 1 .25 µm in the 0.7° 
beam, with the unreddened spectrum corresponding to that of K and M giants. The "peanut" 
shape of the bulge is an extinction effect. Also, a DIRBE study of asymmetries in the starlight 
from the bulge support the suggestion that the Galaxy has a stellar bar58l. A study of physical 
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conditions in the interstellar medium along the Galactic plane59l indicates that most of the far 
infrared continuum emission arises from the neutral gas phase. The first results of polarization 
measurements with the DIRBE have also been presented55l , as have observations of comets66l .  

The author gratefully acknowledge the contributions to  this report by colleagues on  the 
COBE Science Working Group and the other participants in the COBE Project. An earlier 
and longer version of this paper was previously presented67l . Many people have made essential 
contributions to the success of COBE in all its stages, from conception and approval through 
hardware and software development, launch, flight operations, and data processing. 
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ABSTRACT 

Dust is formed in stellar environments, and destroyed by sputtering, shattering and vaporization 
in shock waves due to cloud-cloud collisions and supernova blast waves. Dust is also destroyed 
during star formation. We review the dust formation and destruction balance. The calculated 
destruction time-scale is :.:::; 1 billion years and the star dust injection time-scale is � 2.5 billion 
years. Hence, the fractions of elemental carbon and silicon locked up in stardust are < 0.3 and 
< 0. 15, respectively. An efficient ISM dust formation route is therefore implied. In particular, 
in dense clouds dust grows through the processes of coagulation and the accretion of gas phase 
molecules e. g. H20, CO,  CH4• These icy materials may then be photoprocessed to refractory 
materials in more diffuse regions. The resulting carbonaceous grain mantle may actually be 
the "glue" that holds the coagulated grains together. 



36 

1 Introduction 

The observed depletions of the heavy elements in the interstellar medium (ISM) and the in
frared absorption and emission features indicate that stardust consists primarily of silicates 
and carbons. Dust is formed in circumstellar shells through the processes of nucleation, con
densation and coagulation, and is injected into the ISM through stellar winds and (super)nova 
explosions. Once in the ISM, dust is subject to destructive processing through shattering, sput
tering and vaporisation in supernova (SN) blast waves in the intercloud medium. Constructive 
grain processing can take place in dense regions through the accretion of gas phase volatiles 
(ice mantles) and inter-grain coagulation. Ultraviolet (UV) photolysis by starlight of accreted 
ice mantles can lead to the formation of more refractory materials. Thus, dust is a dynamically 
evolving component of the ISM. 

Modelling of the interstellar extinction curve and of the discrete emission features (3 µm 
to 13 µm) indicate grain sizes ranging from a few tens of atoms (i. e. the Polycyclic Aromatic 
Hydrocarbon molecules, PAHs) to �1010 atoms (large grains, radius � 2500A). The implied 
dust size distribution (radius 5A to 2500A) is a power law1l which appears to hold for the entire 
size range of interstellar dust down to the smallest PAH species. A power law size distribution 
is characteristic of many terrestrial aerosols and powders, and in the ISM may well be a product 
of the balance between the formation and destruction processes operating in circumstellar shells 
and in the ISM2l . 

2 Stardust Injection 

Contribution ( 10-6 M0 kpc-2 yr-1 ) 
Source carbon silicate silicon carbide 
C-giants 2 - 0.07 
M-giants - 3 -

novae 0.3 0.03 0.007 
planetary nebulae 0.04 - -

supergiants - 0.2 -

WC stars 0.06 - -

supernovae II 2 12 -

supernovae Ia 0.3 2 -

Table 1: Stardust Injection in the Galaxy 

Table 1 summarizes the dominant sources for stardust formation averaged over the Galaxy3l.4l .  
Late type giants dominate the mass injection (i. e. H and He) into the ISM.The heavy element 
(i. e. 0 ,  Si, Fe, .  . .  ) budget of the ISM is however dominated by SN by a large margin. Carbon 
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may be an exception to this, since helium burning is an efficient producer of carbon in low 
mass stars. In C-rich giants, the carbon is brought to the surface and reaches the ISM through 
gentle winds. Helium burning and mixing in massive stars also leads to the formation of C-rich 
stars, the WC Wolf-Rayet Stars. These objects also undergo mass loss and they are known 
observationally to inject as much carbon as C-rich giants. The SN injection rate of carbon is a 
theoretical estimate and is somewhat uncertain since it depends sensitively on the 12C( a,/ ) 160 
reaction rate. Our analysis is based upon the recent rather high rates for this reaction. 

The dust injection rate depends sensitively on the nucleation and condensation efficiency 
in the outflows which are in general poorly known observationally or theoretically. Carbon 
stardust is known to be formed in the C-rich ejecta (i. e. C / 0 > 1) of C-giants. Type II SN 
may be an important source of carbon stardust as well, if mixing of the ejecta is precluded 
and if condensation is efficient . The dust condensation efficiency in WC stars is small (:=:; 2%) 
and hence they are unimportant in the dust balance (Table 1 ) .  For C / 0 < 1 ,  silicate or metal 
grains are expected to condense, and M-giants and supergiants which show 10 µm and 20 µm 
emission or absorption features (SiO stretching and bending vibrations in amorphous silicates) 
are important contributors to the silicate stardust budget. Supernovae of types II and la are 
the dominant source of newly nucleo-synthesised silicon and could, in fact, be the dominant 
silicate dust producers (Table 1) .  Observations5l of SN1987a show conclusive evidence for 
newly condensed dust (Maust :0:: 10-4 M0), although the absence of spectral features precludes 
a direct determination of the dust composition. From the SN composition, formation of Fe/Ni 
alloys, various oxides including silicates, as well as carbonaceous grains could be expected. 

The minimum dust formation rate is 5 x 10-6 M0 kpc-2 yr-1 averaged over the Galaxy and, 
assuming efficient dust formation in SN, the maximum dust formation rate is 2 .1  x 10-5 M0 
kpc-2 yr-1 . Given the gas injection rate of 10-3 M0 kpc-2 yr1 , then 0.5 - 2% of the total 
gas mass of 5 x 109 M0 is in dust. Thus, gas and dust cycle between stars and the ISM on a 
time-scale of 5 x 109 yr. With a 1 % dust to gas mass ratio in the ISM, the interstellar dust 
is then replenished on a time-scale of 2.5 x 109 yr, if SN are efficient dust factories. Astration 
limits the lifetime of stardust to 2.5 X 109 yr. Finally, we emphasise that these numbers vary 
over the Galaxy due to, for example, the metallicity gradient . Also, the stellar population 
varies across the Galaxy; WC stars are more numerous in the inner Galaxy while C-stars are 
more populous in the outer parts .  

3 Dust Destruction 

In the three phase model of the ISM moderated by SN blast waves6l the destruction of IS dust 
occurs predominantly in the warm medium with nH � 0.25 cm-3 and Tk � 104 K. In the hot 
ionised medium, which has the largest filling factor, the density is too low to yield significant 
grain destruction, and the small filling factor (a few percent) for the cold neutral medium 
ensures little destruction in this medium also6l . Thus, in order to determine the lifetimes of 
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dust in the ISM we have modelled the destructive processes operating on interstellar grains 
subject to SN blast waves in the warm medium. 

Our dust destruction calculations7l , based on an earlier theory8l , use new algorithms for the 
destructive processes of vaporisation, sputtering (thermal and non-thermal) and shattering9l ,  
and fo r  the first time fully treats the partial vaporisation of grains upon collision. The cal
culation assumes an initial power law mass distribution, dn(a) = A; nH a-3·5 da1l ,  and grain 
radii from 50A to 2500A. The numerical code integrates the simultaneous differential equations 
for silicate and carbon grain velocity and mass through a fixed shock profile10l ,  i. e. we do not 
concurrently solve the shock dynamics and grain physics. In Figure 1 we present the shock 
structure (temperature, Tk, density, nH, and electron relative abundance, Xe) for a lOO km s-1 
velocity shock, Yshock , the calculated graphite dust velocities (relative to the gas), Y.orain, as 
a function of grain radius, and the fractional dust destruction for grain-grain (g-g) collisional 
vaporisation, non-thermal and thermal sputtering. The level of grain destruction in a shock 
is primarily determined by the grain velocity. In a shock wave, the gas is rapidly collisionally 
swept up and compressed by the shock, the density is enhanced by a factor of four and from 
conservation of momentum the gas velocity behind the shock is determined to be 0.25 xVshock · 
The grains, having greater inertia, are not immediately stopped behind the shock front and 
therefore have an initial post-shock velocity of 0. 75x Yshock relative to the gas. In the post-shock 
compression of the gas and the magnetic field, the charged grains are betatron accelerated until 
eventually brought to rest by the opposing plasma and collisional drag. These post-shock grain 
accelerations are evident in Figure l(b) .  Silicate grains, of higher specific mass than carbon, 
are accelerated to higher post-shock velocities and therefore undergo enhanced destruction. 

For Yshock ::::; 150 km s-1 the dominant grain destruction process is non-thermal sputtering 
i. e. the sputtering resulting from the impact of gas atoms and ions with the grains at the 
relative gas-grain velocity. For higher shock velocities thermal sputtering dominates. We find 
that grain-grain collisional vaporisation is only a significant destruction process, relative to 
sputtering, for the lowest shock velocities where sputtering is in any case unimportant. These 
trends are clearly shown in Figures 1( c) and 3. In high velocity shocks (Vshock > 200 km s-1 ) ,  
thermal sputtering in  the hot post-shock gas dominates grain destruction. 

We have calculated the graphite and silicate grain destruction for steady-state shocks with 
velocities of 50, 100, 150 and 200 km s-1 for pre-shock density and pre-shock temperature 
of n0 = 0.25 cm-3 and Tk = 104 K, respectively, and pre-shock magnetic field of Bo = 3 µG 
perpendicular to the shock front. The results for graphite grains are presented in Figures 2 and 
3 where the graphite grain destruction is given as a function of grain size (Vshock = 100 km s-1)  
and shock velocity. The calculations for silicate grains indicate overall destruction rates that are 
about a factor of two higher t.han for graphite particles. For Y�hock ::::; 150 km s-1 the dominant 
grain mass loss occurs for the largest particles through non-thermal sputtering (Figure 2). At 
higher shock velocities, grain mass is primarily lost through thermal sputtering of the smallest 
grains. The latter is a reflection of the fact that the small grains provide the bulk of the total 
grain surface area exposed to thermal sputtering. In Figure 3 we also show the fraction of the 
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grain mass likely to be affected by shattering, calculated by assuming a shattering threshold of 
100 k bar (cf. 5 M bar threshold for vaporisation). Clearly, dust shattering is likely to be the 
primary mass re-distribution process, and we are presently investigating this process in more 
detail. 

In Figure 4 we show the results of test particle calculations for lOOOA radius carbon, silicate, 
silicon carbide, iron and ice grains. These data indicate that silicon carbide grains could co
exist with silicates and carbons, all being equally resilient to shocks. Whereas, icy materials, 
not surprisingly, and iron grains will be rapidly destroyed in the ISM. In the case of the iron 
particles the enhanced destruction is due to the high post-shock velocities achieved by these 
dense grains. Iron grains are therefore not expected to be a significant component of ISM dust. 

4 Stardust Budget 

Our results (§3) indicate that a significant fraction (:::; 0.5) of interstellar dust is destroyed in SN 
shocks in the warm medium. It is not possible to preserve grains in cold clouds which contain 
� 90% of the mass because of the rapid cycling times between the phases. The time-scale 
to photo-ionise molecular clouds by massive star formation is on the order of 3 x 107 yr, and 
therefore in steady state the warm medium ( � 10% of the mass) must cycle through the cold 
medium on time-scales of the order of 3 x 106 yr. 

In the three-phase model of the ISM6) the time-scale for SN shocks to destroy interstellar 
dust can be estimated11l and is tsN � 109 yr for graphite and � 5 x 108 yr for silicate. Adopting 
the maximum stardust injection rate estimated in §2, this indicates at most 30% of the available 
carbon in the form of stardust and < 15% of the heavy elements in silicate dust. Since the 
condensation efficiency may well be much less than one, these are really upper limits. For 
silicates, this is in direct conflict with the observed strength of the 10 µm silicate feature in the 
ISM and the observed silicon depletions which imply that � 90% of the silicon is in the form 
of silicates. 

Shattering of large dust grains is also an important process in the ISM. The lifetime of a 
large grain (2'.lOOOA) against shattering is � 2 x 108 yr and � 108 yr for graphite and silicate 
grains, respectively. Hence, the fraction of stardust mass in the form of large grains is expected 
to be :::; 0 .1  . Extinction studies show, however, that half of the dust mass is in grains larger 
than lOOOA. In order to explain the observed interstellar depletions, total dust mass, and grain 
size distribution, dust must grow in situ in the ISM. Hence, coagulation and grain mantle 
formation must be globally important dust processes. 
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5 Dust Growth In The ISM 

Stardust can grow in the ISM through the accretion of ice mantles and also through inter-grain 
coagulation. These processes require high densities (nH 2: 105 cm-3) ,  and can therefore only 
occur in dense cold clouds. In Table 2 we show a typical dense cloud accreted ice mantle 
composition derived from infrared spectroscopy. The dominant component is H20 ice with 
minor traces of other molecules such as CO, CH30H, NH3 and CH4. This is in reasonable 
agreement with theoretical studies of grain surface chemistry. 

Absorption features Relative abundance 
Species >. ( µm) (H20 = 100) 
H20 3.08/6.00 100 

co 4.67 /4.68 0-25 

CH30H 3.50/6.85 7-50 
NH3 2.95/6.10 <5 

CH4 7.70 2 

H2CO 3.53/5.80 < 0.2 

Table 2: Composition of Interstellar Ice Grain Mantles 

This material is relatively volatile and thus cannot be the source of grain growth in the 
general ISM where ice mantles are rapidly destroyed (see §3). However, in dense clouds the UV 
photolysis of this material by starlight can yield a refractory organic residue12l or ultimately 
a carbonaceous material13l .  The idea of organic refractory carbonisation is derived from the 
extrapolation of laboratory data to interstellar conditions and suggests (optimistically) a solid 
carbon formation rate of � 2 x 10-5 M0 kpc-2 yr-1 13) ,  i. e. about a factor of four larger than 
the carbon stardust injection rate (Table 1) .  However, it is not clear that an extrapolation 
of the laboratory UV processing fluxes, by more than two orders of magnitude, is valid. An 
alternative scheme has been proposed14l in which a hydrogen-rich amorphous or polymeric 
carbon accretes directly onto pre-existing silicate, and presumably carbon, grain cores. In a 
similar manner this material is UV photolysed and thermally processed to a more refractory 
amorphous carbon through dehydrogenation. This scheme does have its merits in that a solid 
carbon is formed directly in the ISM. However, the chemical processes involved in the direct 
deposition of a pure hydrocarbon solid from a gas also containing abundant oxygen and0nitrogen 
atoms is unclear. 

Whilst there are hypothesised routes to r.a.rbon grain formation and g:rc,vth in the IS�,1, 
the analogous situation for silicate dust formation and growth is problematical. Firstly, the 
observed depletions indicate that almost all the silicate forming heavy elements in the ISM are 
in dust and, secondly, a plausible route to pure silicate dust formation in the ISM has to exist. 
There is now some experimental evidence for a silicate condensation route via SiHn chemistry15l. 
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Clearly, if silicate dust is indeed rapidly destroyed in SN shock waves, the SiHn chemistry has 
to be an efficient route to its reformation in the ISM. Given the large dust destruction rates 
calculated, and the high observed silicate and carbonaceous dust abundances, the reformation of 
dust in the ISM requires that both carbonaceous and silicate materials condense independently 
of one another from the same cold interstellar gas. Under the generally accepted premise that 
accretion from the cold gas is indiscriminate it is therefore difficult to explain the (at least) 
bimodal interstellar grain composition. An attractive alternative explanation for the high 
silicate dust abundances observed in the ISM may be that silicate grains are protected against 
sputtering by carbonaceous grain mantles that can re-form on rapid time-scales ( � 5 x 108 yr). 

In dense clouds grains may grow by coagulation, the efficient sticking of particles upon 
collision. Figure 5 shows the critical sticking velocity, Ver i for ice grains as a function of radius16l . 
For v < v er colliding grains stick, for v > v er they bounce. The curves labelled Brownian and 
Turbulent in Figure 5 refer to the random thermal motion and turbulent motion in interstellar 
clouds, respectively. Calculations indicate grain velocities in clouds are determined by their 
coupling to the gas turbulence and in general are much larger than the critical velocity. In dense 
cores (> 104 cm-3) ,  the gas turbulence has died down and coagulation can start. However, even 
under these conditions grain masses increase by only a factor of two over reasonable time-scales. 
Whereas, to reform large grains (a = 2500A) from small, a =  500Aor lOOA, grain sub-units 
would require a mass increase of the order of 102 or 104 , respectively. 

Silicate grains and graphite grains do not stick as well as icy grains and little collisional 
growth of bare silicate and graphite grains is expected in molecular clouds16l . However, accreted 
ice mantles will promote coagulation and this synergism between accretion and coagulation may 
play an important role in the reformation of large grains. The icy /silicate/graphitic conglom
erates will be further processed in the ISM by UV photons and shocks. The UV production of 
organic grain mantles may actually be very important, not only in making the mantles more 
resistant to sputtering in shocks, but also to chemically bond the agglomerated grains across 
their contact surfaces.  In that way, organic grain mantles could act as a "glue" which offers 
some protection against shattering in shocks. 

6 Conclusions 

On the basis of our calculations dust is relatively easily destroyed in the warm medium of the 
ISM in SN blast waves. Also, as shown in §2 stardust formation is < 100% efficient. Thus, 
dust must be formed and grow in situ in the ISM. The likely environment for dust growth is 
within dense clouds (nH 2'.: 105 cm-3) where dust can grow by the complimentary processes of 
accretion of gas phase volatiles to form ice mantles, and inter-grain coagulation. Ice mantles 
will subsequently be converted to a more refractory phase by UV photolysis, organic refractory, 
and may ultimately form a carbonaceous or graphitic material. While ice mantles are rapidly 
destroyed in the diffuse medium, the organic refractory grain mantles may be more resilient 
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to destruction. In fact, they may act as a "glue" which keeps the coagulated grains together. 
The formation and growth of silicate grains in the ISM is somewhat more difficult to explain, 
given the almost complete depletion of the silicate forming elements that is observed. The 
condensation of pure silicate grains from the gas phase in a cold and relativity low density 
gas may proceed via SiHn chemistry. Alternatively, silic!!!� .. �mes mar be __ protected against 
sputtering by a carbonaceous coating. 

We are indebted to J .Raymond for the shock profile data. This research was supported in part 
by NASA Consortium agreement NCA 2-637. Theoretical studies of interstellar dust at NASA 
Ames are supported through NASA grant 399-20-01-30 from the Theory Program. 
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ABSTRACT 

The main organic constituent of coal, kerogen, is shown to present a microstructure on a few 
nanometer scale, responsible of specific visible, ultra-violet and infra-red optical properties to 
fit various interstellar environments. Photoreflectance measurements using synchrotron 
radiation in the 300-4000 A region, followed by Kramers-Kronig analysis have yielded the 
dielectric constants and refractive indices of polycristalline graphite and two high ranking 
coals. All three display two resonances which change regularly in shape and position with the 
extent of graphitization. Comparison of the deduced Qext with the extinction curve shows that 
anthracite is the closest fit to the AZ 175 feature, while the carrier of the underlying continuum 
is probably due to low-rank, poorly graphitized coals. If coal is in the form of anthracite, 1/3 of 
the cosmic carbon is involved in the feature. 

STRUCTURE AND PROPERTIES OF COAL 

The coal model for interstellar dust has been introduced by Papoular et al (1989)1) because the 

mid infrared absorption spectrum of these materials resembles strikingly the sky observations 

towards carbon-rich nebulae, namely the unidentified infra-red bands (UIBs). This terrestrial 
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material belongs to a family of carbonaceaous materials, which are classified in all countries 

according to their mining depth and depend only slightly on their birthplace. The main 

constituent of raw coal is a solid, insoluble, three dimensional, organic macromolecular 

skeleton, also called kerogen in dispersed form. It is mixed up with some minerals and free 

molecules. Note that most of the carbon content of primitive meteorites appears as kerogen2). 

Demineralized coal, is made up of the three most abundant (chemically active) elements in the 

universe. The atomic concentrations of carbon, hydrogen and oxygen are proportional to 1 : 

0.5 : 0.02 respectively. The deeper is the mining seam, the more graphitized is the coal. Indeed, 

a large fraction of the carbon is arranged in graphite-like "bricks". These so-called basic 

structural units (BSUs) are oriented at random ; they are made of several layers of planar 

systems of polyaromatic rings packed together providing a medium-range order on a 10 to 20 
0 
A scale. The carbon skeleton is aromatic and the hydrogen and oxygen atoms are attached to it 

under the form of functional groups like CH, CH2, CH3, OH etc.; other oxygen atoms form 

bridges between the bricks. Those bricks lie in an amorphous quasi-fluid phase in which the 

carbon is mostly aliphatic. The carbon skeleton of the bricks gives the 11"-11"* resonance near 
0 

A2200 A (see below), the functional groups are responsible of the UIBs and the semi-

conductor character of the solid material gives rise to a weak continuum starting in the infra

red and rising strongly towards the visible and ultra-violet3,4). Finally, coal is a material which 

evolves with time and temperature. Temperature rise favors the transformation of aliphatic 

carbon to aromatic ring structures, the introduction of medium range order and the decrease of 

the H/C abundance ratio. Therefore, one should consider coal as a class of materials with a 

continuous range of structural properties, which account for a large variety of interstellar 

medium observations. 

THE VISIBLE/UV SPECTRUM OF COALS AND THE INTERSTELLAR EXTINCTION 
CURVE 

0 
The ft2 1 75 A. bump in the interstellar extinction curve (!SEC) is extremely 1.•1ell documented in 

various celestial directions5). Although many models have been proposed6-8), the 

interpretation is still a matter of discussion because of incomplete agreement with observations. 
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We have investigated the visible/UV spectrum of coals using photoreflectance measurements9) 

using synchrotron radiation and a laboratory source. A large spectral region from 300 to 9000 
0 
A is necessary to obtain after a Kramers-Kronig analysis, the complex and real part of the 

index of refraction. The spectral reflectances of polycristalline graphite and two high ranking 

coals "La Mure" and "Escarpelle", (only La Mure is shown in Fig. 1 ,  see ref 9), exhibit two 

broad features with different shape and intensity. After the Kramers-Kronig analysis, one 

obtains the real n and imaginary k part of the refractive index. The k curve shows two 
0 

resonances around 800 A and 2 100 A. They are due to o+ir and 7f resonances. The o+7r 

resonance does not change in position from graphite to coal but decreases in intensity ; in 

contrast, the 7f resonance is red shifted and extends a wing into the visible. Using the n and k 

value and the Rayleigh-Gans limit ofMie's theory, we have computed Qabs only in the spectral 

region of relevance for the extinction curve. This region corresponds to the 7f resonance and 

the red wing of the 0+1r band. We show in Figure 1 ,  the Qabs results for "La Mure" sample, 

and compare with the ISEC data after substraction of a smooth continuum of the form )..-0.85 

and a normalization of the two maxima. The agreement is quite satisfactory, although there is a 
0 

30 A difference in the peak position. Notice also that a great part of the underlying continuum 

a.u. 

0 80 00 
0 

WAVELENGTH (A) 
Figure 1 : Relative extinction efficiency, Qabs (,vQextJ of "La Mure" coal as compared to the 
typical /SEC curve after substraction of a continuum (see text) 



48 

of the ISEC may well be explained by low-ranking poorly graphitized coals8) which do not 

exhibit the 11" resonance but only the a+1r one (actually its red wing) which is always present in 

any carbonaceous materials. Considering the simple model of "La Mure" extinction and the 

continuum, and N(H2) = 1 .3 1021  Av, we obtain M(dust)/M(H) = 1/800, which is about 1/3 of 

the total C content of the galaxy. 

In conclusion, coal is an attractive solid state model for the interstellar dust, since it accounts 

together for the ISEC bump in the UV and for the total UIBs (band and continuum). More 

work is in progress to refine the model in view of the (mild) discrepancies with the 

observations. 

I am very grateful to R. Papoular for making me aware of this exciting problem and for 

developing our laboratory efforts. Thanks are due to my coworkers C. Reynaud, 0. Guillois 

and K. Ellis for their essential contribution in the measurements. 
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A review is given of our present knowledge of the physical characteristics of 
interstellar clouds and the methods used to derive parameters such as temperature and 
density . In particular, I discuss what can be learnt from excitation analyses of 
molecular clouds and compare results obtained using different molecular tracers. 
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1 .  INTRODUCTION 

The interstellar gas is in a highly unrelaxed state. In fact,maps made in the 21 cm 
line of atomic hydrogen or in a variety of molecular lines show that much of the 
gas 1s in clumps, filaments, sheets, and in other contorted structures. A consequence 
is that both the dense gas (mainly molecular) and the diffuse gas (mainly atomic) is 
highly inhomogeneous. Much of the material is clearly in structures with densities 
quite different from the average smoothed-out value that one obtains, for example, 
from the column density of hydrogen along a given line of sight. Estimating the 
local (as opposed to the mean) density in an interstellar cloud is usually therefore 
done by means of an excitation analysis. That is to say; one examines the balance 
between collisional excitation and radiative decay for some atom, molecule,  or ion 
with observable spectral lines and predicts their relative intensities . The observed 
relative intensities are then used to put constraints upon the density of the colliders 
- usually but not always hydrogen. Simultaneously, such analyses normally allow an 
estimate of the temperature and hence also of the thermal pressure in the clouds of 
interest. A determination of these parameters is important from the point of view of 
the cloud dynamics . It additionally allows an estimate to be made of the gas cooling 
rate and hence of the dissipation rate of the "non-thermal turbulence" which is often 
present in both atomic and molecular clouds . 

Many reviews of molecular cloud characteristics are available3l.43l.56l. Atomic 
hydrogen clouds are discussed by Kulkarni and Heiles30l. The basic properties of 
giant molecular clouds (GMC 's) are summarised by Solomon et al. 48) and the 
characteristics of the dense cores often found associated with GMC's are considered 
by Myers39)·40l. Recently also, some useful theoretical insights have come from the 
work of McKee37l, of Elmegreen16l ,  of de Boisanger et aJ.4l.5l and of Wolfire et al.58l. 
Both the observational work and the theoretical studies rely upon excitation analyses 
of one so1t or another. In this article, I will thus confine myself to summarising the 
techniques used to analyse level excitation in a variety of situations in the interstellar 
medium ranging from diffuse atomic hydrogen clouds to their denser molecular 
counterparts. I will also briefly discuss the estimates of the thermal pressure which 
one make in diffuse and molecular clouds and their consequences for our 
understanding of the processes taking place within them. I begin with a short 
summary of resuiis for diffuse domis (section 2) which ate atomic in the sense that 
CO is a minority species. In section 3 ,  I consider in turn the methods used and the 
results obtained for the diffuse molecular material seen in co and 13CO; for 
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molecular absorption lines seen along the few lines of sight where such measurements 
are possible; for the "dense cores " seen in ammonia, CS and other high density 
tracers ; and for regions of high mass star formation. Finally, in section 4, I discuss 
some possibilities for future studies . 

2. PARAMETERS OF DIFFUSE CLOUDS 

An excellent description of the properties of diffuse atomic gas in the galaxy has 
been given by Kulkarni and Heiles30l·29l and readers interested in more than a 
superficial understanding are invited to examine that article. Analyses of optical and 
ultraviolet absorption lines towards stars in the solar neighbourhood have yielded a 
lot of information about the characteristics of diffuse clouds. A good example is the 
study by Jenkins et al. 24 of the lines at 1 138- 1 328 Angstroms of neutral atomic 
carbon. These authors have utilised the fact that the excited fine structure levels of 
CI are appreciably populated at the densities of diffuse clouds and that the ratio of 
excited state to ground state population is a sensitive function of the product of 
density and temperature or equivalently of pressure. They found thermal pressures 
p/k between 1000 and 104cm-3 K with a representative value being around 4000 cm-3 

K. Kulkarni and Heiles29l also examined the possibility of using analogous data for 
ionized carbon (CII) for the same purpose and arrived at estimates for the thermal 
pressure a factor 2 higher than with Cl. It seems in any case certain that the typical 
diffuse cloud pressure is below 104 cm-3 K.  

It is worth noting that these estimates for the pressure are not greatly different 
from the thermal pressures found in the distributed ionized medium (sometimes 
known as WIM or Warm Ionized Medium) which is responsible for pulsar dispersion 
as well as the weak distributed Ha emission seen by Reynolds42l. Kulkarni and 
Heiles29l estimate for this component an electron density of 0.25cm-3 and a 
temperature of 8000 K corresponding to a pressure of 4000cm-3 K .  This is close to 
the value derived for the cold clouds from CI data and suggests that rough pressure 
balance is maintained between the different phases in the diffuse atomic gas. On the 
other hand, this ignores the possible importance of magnetic and cosmic ray pressure. 
It also ignores pressure estimates based upon the scale height of local HI from 2 1  cm 
measurements (see Blitz ' s  contribution) which suggest higher total pressures. 
Probably ,  the real truth is that all of the estimates discussed above have a factor of 
two uncertainty and, moreover, there are real pressure variations of this order also. 
In any case, these diffuse gas pressures are less than or of the same order as the 
molecular cloud pressures we discuss in the next section. 
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Before going on to this however, I note that at least some diffuse clouds appear 
to have relatively high thermal pressure (above 104cm-3K) as evidenced by the 
detection of CS(2- 1) emission at a very low level14) towards 4 nearby stars. The 
interpretation is complicated by the fact that electron excitation becomes important 
,., �m.se i egions but it is nevertheless interesting and a little surprising that CS 
emission is observable in this type of region. High thermal pressures are also 
estimated for the much studied cloud along the line of sight to K>ph32l. Detailed 
models for this type of region have been computed by van Dishoeck and Black51l ·52l. 

3 .  MOLECULAR CLOUD PARAMETERS 

The determination of densities and temperatures in molecular cloud regions has 
been reviewed by Walmsley54l and by Cernicharo8l among others. Briefly, one solves 
the statistical equilibrium equations for the level populations of a given molecule and 
uses an escape probability ansatz to correct for trapping in optically thick molecular 
lines. Rather doubtful assumptions about the geometry of the cloud, it's velocity 
field, and it's homogeneity are made in order to simplify the problem. A quick look 
at one of the many molecular line maps available in the literature suffices to see that 
the results of this procedure should be treated with some scepticism. On the other 
hand, more complex models are often not warranted. 
In the following, we briefly review results from studies of this type for a variety of 

conditions . First, we consider observations of the "clumps" (for the purposes of this 
article, clumps are clouds with diameters of- the order of roughly 1 parsec) which 
are commonly observed in regions such as Taurus and Ophiuchus .  

3 . 1  Extended emission observed in  CO isotopomers 

Nature has decided that the most abundant interstellar molecule (apart from H2) 
should have a small dipole moment which causes it to be excited in the relatively low 
density ( - 103cm-3) parsec sized clumps out of which most molecular clouds appear 
to consist. This molecule is of course CO and it is interesting to speculate upon what 
masses might have been estimated for molecular clouds if CO had had a dipole 
moment of 1 rather than 0. 1 debye. It is also of importance to realise that our 
estimates of the fraction of molecular cloud mass in structures with densities less than 
la3cm-3 may be biased because in 13CO and c 180, even the J = 1-0 transition is very 
sub-thermal . 
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Figure 1 :  Predicted line temperatures of a model molecular clump of given hydrogen 
column density and temperature as a function of density for CS(2-1 ) ,  13CO(l-0) , and 
C 180(1 -0). The temperature has been assumed to be lOK and the ratio of molecular 
hydrogen column density to linewidth has been taken to be 1022cm-2(kms-1y1 • The 
abundances relative to H

2 
assumed for the various species are: 10-6 for 13CO, 2 10-7 

for C180, 3 10-9 for CS . Electron excitation is neglected. 

In practise however, it turns out that 13CO and C 180 are excited at densities above 

l OOcm-3 while high dipole moment species such as CS require much higher densities 

in order to produce observable emission. This is demonstrated in figure 1 which 

compares the results of statistical equilibrium calculations for the three species. The 

LVG computation carried out here assumes a molecular hydrogen column density of 

1022cm-2 and "typical" abundances (CS/H
2 

= 3  10-9, 13CO/H
2

= 10-6, C 180/H
2

= 2  10-1). 

One sees that CS(2- l)  becomes easily observable only above 104cm-3 • An implication 

of this is that one expects maps made in CS and in 13CO (say) to look very different 

from one another as long as there is a considerable fraction of the molecular cloud 

material in low density gas (below 104cm-3). In fact, the available observations31) do 

confirm this implying that the high density cores contain a small fraction of the total 

molecular cloud mass. 

Can one make useful density estimates on the basis of the CO isotopcmer 

measurements alone? Figure 2 shows some sample results of an L VG calculation 

which has been carried out for C 180. An abundance ratio [C 180]/[H:J of 2 10-7 has 

been assumed and the calculations were carried out for temperatures of 1 0  and 20K. 
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One sees that the (2-1 )/(1 -0) ratio saturates above a density of 104cm-3 and that it is 
most sensitive in the range 1000-104 • One sees also that a knowledge of or at least 
bounds upon the temperature are needed to use C180 (2-1)/(1-0) or C 180 (3-2)/(2-1) 
as a density indicator. 

Observationally, there has been rather little work studying the C180 (2- 1)/(1 -0) 
ratio. However, Young et al. 53l have carried out a detailed study of the BS cloud and 
use calculations similiar to those whose results are shown in figure 2 to derive a 
density of 4000cm-3 for the central part of this cloud. Significantly, their study of 
13CO suggests smaller densities suggesting that density gradients are present. The 
"onion-skin "  model of Gierens et al.22l offers one approach to solving such 
discrepancies. In the same spirit, large scale 13CO and C180 maps6l15l towards the 
Orion A cloud have been used to "map" the local density. These authors find clumps 
with densities in the range 3000- 1 .5 104cm-3 and masses 1 -20 solar masses . It will /be 
interesting to compare these results with those from other tracers such as NH3 and 
CS. Finally, Falgarone et al . 17 have examined the 13CO (2-1)/( 1 -0) ratio in areas of 
low 13CO brightness and conclude rather surprisingly that much of the matter is in 
rather high density clumps (above 104cm-3) .  This however concerns regions which are 
non self-gravitating. 

I 
N < N' I !'.?, 

1 .5 

0.5 

STATISTICAL EQUILIBRIUM FOR C 180 

1 0' 

Figure 2: Results of LVG calculations similiar to those used for fig. 1 which show 
predictions for the C180 (2-1)/(1 -0) line intensity ratio as a function of density. 
Calculations have been carried out for temperatures of 10 and 20K. 
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3 .2  Low density gas seen in absorption 

Centimeter wavelength molecular lines have been known for a long time to show 
absorption towards galactic continuum sources . It was rather more surprising to find 
ab�vrption at millimeter wavelengths because continuum so�. ves are relatively much 
weaker. However, it has been known for more than a decade that several ground 
state transitions can be observed in absorption towards sources such as SgrB2 and 
W4933•41 •24l. These lines are found to have excitation temperatures very close to that 
of the 3K microwave background suggesting densities of a few thousand cm-3 at 
most. It is significant that absorption is seen in transitions such as HCN(l -0) and 
HCO+(l-0) but not in 13CO or C180. The simplest conclusion is that the densities are 
such that C 180 and 13CO are excited whereas the high dipole moment species are not 
and, as one sees from figure 1 ,  this implies densities in the range 103-104cm-3 • 

Some temperature estimates for the absorption features are available from 
ammonia measurements. For the Cas A clouds, Batrla et al. 1> find a temperature of 
20K and a pressure of l a5cm-3K. This seems consistent with recent 13CO 
measurements by Wilson et al.57>. For the v = 40 cloud towards W49, ammonia 
measurements by Mauersberger (priv.comm) suggest temperatures below 15K and 
the C3H2 measurements of Cox et al . 12> put an upper limit to the density of 5000cm-3 • 
This translates into an upper limit on the thermal pressure of 7 .5 10'1cm-3• Thus the 
absorption line measurements , which presumably sample random regions in 
molecular clouds, suggest that typical thermal pressures in molecular clouds are a 
factor of 20 at most above the diffuse cloud thermal pressures found in tracers such 
as CI. 

Some work of this type has been carried out towards extragalactic continuum 
sources. These objects are in general at higher galactic latitudes than the regions 
mentioned above and hence relatively nearby clouds are observed. A recent survey 
by Liszt and Wilson34> summarizes recent CO studies . One result of considerable 
interest is the detection of CO absorption towards BL Lac by Marscher et al. 36) using 
the Owens Valley Interferometer. Here, it is significant than the linewidth measured 
in absorption by the Interferometer is comparable to that measured in emission using 
a single dish. Thus the measured supersonic linewidth does not appear to be due to 
averaging velocity variations within the beam. 
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3 .3 Parameters of dense cores 

Many excitation analyses have been carried out of the dense "cores"found 
embedded in molecular clouds with densities of 104cm-3 or more8l. These cores are 
typically found using ammonia or CS as tracers of the dense gas. Figure 1 
demonstrates why CS is appropriate for this purpose. Often, one finds associated with 
such cores infrared (IRAS) sources which appear to be young stars which are still 
embedded in a dust cocoon of stellar or interstellar nature. 

Characteristics of the dense cores and their relevance for star formation are 
summarized in a series of articles by Myers and associates39.4°·20l. The basic 
conclusion is that these regions, which can easily be picked out in maps of the 
NHJ( l , 1) line, have typical dimensions 0. 1 parsec and mass of the order of a few 
solar masses. There is strong evidence1 1l for a correlation between ammonia cores 
and cool IRAS sources with color temperatures between 60 and 100 microns of order 
40K. There is also a general correlation between ammonia cores and the positions of 
T.Tauri stars in well studied regions such as Taurus. Hence, there is good reason to 
believe that low mass star formation is taking place in dense cores. 

The ammonia observations yield temperatures and limits upon the density27•50•2l. 
Typical temperatures are in the range 10-20K if one restricts consideration to cores 
either without associated infrared sources or those associated with low luminosity 
IRAS sources. A curious feature of the data is that there appear to be differences 
between the cores embedded in different molecular clouds. Thus while Taurus dense 
cores have uniformly a temperature of around lOK, cores embedded in larger 
molecular clouds such as the Orion clouds (L1630 and L1641)  have temperatures 
which average around 15K10•25l. The cause of this difference is obscure. It seems to 
be related to the fact that measured line widths are also in general larger in the Orion 
clouds than in Taurus. This is also seen in the CS(l-0) survey of Tatematsu et al. 49l. 
One obvious difference between the Orion and Taurus regions is the presence of 
large OB associations in Orion. The supernova explosions and stellar winds 
associated with the presence of these young stars may be at the origin of the 
increased turbulence in the Orion cloud. 

This difference in temperature is reflected in figure 3 which shows a comparison 
of the thermal pressures found in the nearby ( < 300pc) cores of the Benson Myers2l 
sample(triangles) with the analogous results for the Orion cores of Harju et al.25l, 
open squares). While, for the reasons discussed below, the individual density 
determinations (and hence also pressure) are suspect, the trends seen in figure 3 are 
probably reliable. One can draw the general conclusion that, while there is no clear 
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difference in density between Orion and local cores, the Orion GMC cores do have 
slightly higher pressure. One notes also that all of the cores have thermal pressures 
considerably in excess of the typical diffuse atomic clouds discussed in section 2 .  

Benson Myers Cores 

Orion GMC Cores 

Diff. HI ----)> 

D 

Figure 3 :  The thermal pressure and density derived from the ammonia data of Benson 
and Myers2l for nearby clouds (triangles) are compared with similiar results for 
cores in the Orion GMC obtained by Harju et al.25l, open squares) . For comparison, 
the typical density and pressure of interstellar HI clouds is shown at the lower left. 

In the Orion cores , " turbulence" makes the main contribution to the observed line 
width. By contrast, in some of the nearby cores, the line widths are so small that the 
effects of thermal broadening are directly measurable. A recent multi-molecular study 
by Fiebig and Gi.isten19•18l examines the variation of linewidth as a function of 
molecular mass for three NH3 cores (Ll498,  Ll512 ,  TMC l-C) and derives kinetic 
temperatures which (in two of the three cases) are completely consistent with the 
numbers obtained from the ammonia excitation analysis. The non-thermal line 
broadening in these objects has almost disappeared. A consequence of this is that 
thermal pressure plays an important role in the dynamics of the region and in fact 
thermal pressure and gravitation are roughly in balance in these cores. Magnetic field 
pressure and rotational energy seem incidentally to be negligible. 

Comparisons of this sort often depend upon the density derived from the 
ammonia ( 1 , 1 )  excitation temperature. This method will be affected by clumping 
within the beam which causes one to underestimate the molecular hydrogen density. 
One clearly therefore needs to compare ammonia results with estimates based upon 
other molecules. A study of this type has been carried out by Zhou et al.59l who 
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observed several CS and C34S transitions towards a sample of low mass cores. They 
derive higher densities from their CS measurements than from NH3 which at first 
suggests that clumping is affecting the ammonia results. However, for the three 
sources studied by Fiebig '8l, one can compare the 100-m NH3 measurements taken 
with a 40" HPBW with the Haystack-Greenb1nk results of Benson and Myers2l taken 
with beams roughly double the size. The results show that for one source (L15 12) ,  
the density derived by Fiebig is  a factor 8 smaller than by Benson and Myers 
whereas for L1498,  the 100-m observations suggest a density 2 times larger than the 
results from Haystack and Greenbank. For TMC l -C ,  the different telescopes give 
results consistent within a factor 2. All of these sources have high NH3 (1 , 1 )  optical 
depths and the above differences suggest that the combination of calibration errors 
together with the difficulty of making a precise trapping correction make densities 
derived from the estimated NH3(1 , 1 )  excitation temperature very suspect. Probably, 
the only safe statement on the basis of the ammonia measurements is that the 
densities in all of these sources is above 1 a4cm·3 • 

On this basis, one might think that the CS results are preferable. However, one 
finds observationally59J that the observed CS emission has typically larger linewidth 
and comes from a larger region than does NH3• This suggests that chemical 
differences between the two species are confusing the issue with CS being relatively 
more abundant in the low density envelope surrounding the core with density above 
104cm-3 • One can imagine then that the radiative transfer for CS is analogous to that 
for Hco+ 1•23J .  The scattering envelope redistributes the photons emitted by the core 
both spatially and in velocity . NH3 (which seems to be thin in the envelope) gives a 
truer representation of the core characteristics. If this is generally true, one needs to 
measure an optically thin tracer such as C34S in order to derive reliable core 
densities . Another possibility is C3H2 '3l .  

The above discussion also suggests that homogeneous models are often not an 
appropriate approach to modelling dense cores. Some work has also been carried out 
assuming density distributions appropriate to star forming cores. Thus,  Zhou et aJ .60l 
suggest that their formaldehyde and CS data towards B335 can be explained by a 
model which, outside an inner core of radius 0.03 parsec, has an envelope with a 1 /r 
density profile. In such a situation, higher angular resolution observations detect 
higher densities, which causes the simple L VG homogeneous models often used in 
this sort of analysis to be of doubtful value. 

Nevertheless,  the simple LVG models give an estimate of the density on the scale 
size of the beams used and hence of the local pressure. The Benson and Myers2l 
ammonia data suggest that the pressure in their cores varies between 104·7 and 
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106· 1cm-3K with a median value of 105 ·2cm-3K. In the smaller sample of Zhou et al.59) 
observed in CS,  the derived pressure varies between 105·3 and 106·7 with a median of 
l 06· 1cm-3K. 

3 .4  Physical Parameters of Regions of High Mass Star Formation 

The techniques discussed earlier have found their greatest application in regions 
where 0-B stars are currently forming. A pioneering work in this field was that of 
Snell et al. 47l who used CS observations to derive the molecular hydrogen density in 
the regions M l  7 ,  S 1 40, and NGC 2024. These authors observed CS(2-1) , (3-2) , (5-4) , 
and (6-5) with an angular resolution of roughly 1 arc minute. They thus sampled a 
considerable range in "critical density " (i.e the density for which the collision rate 
n(H2), <JV is equal to the transition Einstein A-value) . They nevertheless managed to 
get single density solutions in a considerable number of positions and concluded that 
the CS emission arises in clumps of density between 4 and 9 105cm-3 • Their results 
were later confirmed by the subsequent C34S study of Mundy et al .38l. More recent 
work with higher angular resolution (Ref.44) has directly demonstrated the existence 
of such clumps in the M 17 cloud and confirmed that their densities are of order 
106cm-3• The most recent development is the extension of this work to the sub mm 
range with the CS(l 0-9) detections of Hauschildt et al. 26). This transition has a critical 
density, above 107cm-3 and one would naively think it should trace extremely high 
density regions. This may be the case but it seems likely that in the sources where 
CS(l 0-9) has been detected, infrared pumping via the vibrational transition at 7 .9µ.m 
is competitive with collisions. 

Another possible tracer is formaldehyde. A very recent study by Mangum and 
Wootten61l shows that one can exploit the fact that H2CO is a slightly asymmetric top 
molecule in order to derive both density and temperature. The consequence of being 
slightly asymmetric is that there are several transitions at neighbouring frequencies 
whose intensity ratios are sensitive to temperature and relatively independent of 
density. Mangum and Wootten derive temperatures of 50-300K and densities of 105 
to 107cm-3 for several regions of high mass star formation. 

A number of detailed studies have also been made of the high density gas 
surrounding the Orion-KL region35 •45l. Over a region roughly 0.5 parsec in size, the 
2cm (21 , 1-21 ,2) line of formaldehyde is found to be in emission (see Wilson and 
Johnston55l and this implies densities of at least 3 1 OScm-3• In this case, the pressures 
are probably influenced by the nearby HII region and are probably above 1 07cm-3K. 
The more distant regions in the inner galaxy studied by Cesaroni et al. 9l probably 
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have similiar characteristics to the Orion ridge gas. 

4. DISCUSSION 

The molecular cloud physical parameters derived from �xcitation analyses are 
important in at least two respects. In the first place, they allow us to check cloud 
mass estimates and indeed mean densities derived from a tracer such as CO or dust. 
These latter estimates usually make an assumption (see Genzel21) for a discussion) 
about the abundance of the relevant tracer as well as about it's  excitation temperature 
(temperature and emissivity in the case of dust) . The excitation analyses do not 
require such assumptions and indeed provide a check upon their validity. It is thus 
only via excitation analyses that we are able to measure molecular hydrogen as 
opposed to something representing molecular hydrogen. On the other hand, the 
excitation analyses have also their weaknesses and one concludes that the two 
approaches to determining molecular cloud masses (from excitation and from column 
density) are complementary. 

Secondly ,  the thermal pressure one derives from density and temperature 
measurements should also provide useful constraints upon molecular cloud madels. 
Thermal pressure is certainly important dynamically in those dense "ammonia"  cores 
where thermal broadening is larger than the non-thermal contribution to the 
linewidth. In this case, it appears that thermal pressure dominates magnetic and 
turbulent pressure. It seems reasonable to believe that these regions46) are a 

reasonable approximation to a hydrostatic isothermal sphere and the mass accretion 
rate of an embedded object is then simply a function of the temperature. Tests of this 
hypothesis on the lines of the study of Zhou et al . 60l seem a reasonable way to go 
forward. In regions such as the Orion cloud cores where " non-thermal" turbulence 
dominates the line broadening, there is evidence25> that temperatures are higher than 
in the narrow line cores. Understanding the reason for this as well as understanding 
the nature of the non-thermal broadening is an important goal for the future. The 

proposals put forward by Chieze at this conference offer one approach to solving 
these problems theoretically. 

The fraction of molecular cloud gas in high density material (above 1 04cm-3) is 
still a controversial quantity. The excitation studies discussed in this article should 
be capable of providing a pa-riial answer to this probiem. In particuiar (see Fig . i), 
the comparison of maps of high density tracers such as CS with maps of 13CO or 
C 180 should allow crude estimates to be made. A start in this direction has been 
made by Lada et al . 3 1 l  who have mapped a large fraction of the L1630 cloud in 



61 

CS(2-1 ) .  They detected CS emission over 10 percent of the region surveyed and 
conclude that less than 1 9  percent of the cloud mass is in cores with density above 
104cm·3 • The absorption line measurements discussed earlier in this article (section 
3 .2) are broadly consistent with this result and suggest that the bulk of GMC material 
is in clumps with density of a few thousand per cubi centimeter or less . However, 
clearly the vastly improved data sets one can expect in the future (see Fukui's 
contribution) will provide new answers to this question. 

As discussed in the Introduction, the origin of the non-thermal turbulence 

observed in most molecular clouds is not presently understood. One result which may 
help to find a resolution of this question is the observation (section 3 .3 and fig.3) that 
there are marked differences between dense cores embedded in different molecular 
clouds. These differences appear to be in the sense that cores embedded in more 
massive clouds ( 105 solar masses or more) have higher pressure (both thermal and 
total) than cores associated with low mass aggregates such as Taurus25l. One possible 

explanation (see section II of Ref.37 and in particular equation 2 . 1 7) may be related 
to the higher pressures expected in massive clouds with high mean extinction. Here, 
the idea is that the pressure contrast between cloud edge and center should reflect the 
depth of the gravitational potential well. 

Finally, I note that one fundamental problem with most of the excitation studies 
discussed in this article is that the clouds, clumps, and cores under consideration are 
far from being homogeneous entities. Hence, as with forbidden line studies of HII 
regions, one can have the problem that since each tracer is sensitive in a limited 
density range (for example 1000-104cm·3 in the case of C180 - see fig.2), the result 
of excitation studies tends to be that one always derives a value corresponding to the 
critical density of the tracer under consideration. This criticism is certainly partially 
valid and in many cases, explains the discrepancies between density estimates derived 
using different tracers . However, one should also be aware that excitation studies 
using several molecular lines of differing critical densities have been carried out and 
one does often find an unique density within observational errors38•6 1l. Moreover, 
even when excitation studies do not yield unique densities , the derived limits can be 
significant. For example, the absorption line studies discussed in section 3 .2  yield 
upper limits to the density whereas most emission line studies give lower limits. 
Combining the two can rather tightly constrain the density in the region under 
consideration. One should therefore not be too pessimistic about the possibility of 
learning something from excitation. 
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In this article I shall summarise recent applications of interstellar chemistry to 
a variety of astronomical scenarios. I shall look in detail at some of these, in 
particular at the chemistry of the polycyclic aromatic hydrocarbons (PAHs) and of the 
fullerenes (C60 and C70). I shall also consider the chemistry that occurs in hot 
molecular cores and show how observations of these regions can be used to probe the 
chemical history of the material. Finally I shall make some remarks about the 
possible presence of H2CO and so+ in oxygen-rich circumstellar envelopes. 
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1 .  INTRODUCTION 

Our understanding of the chemical processes which occur in astronomy has 

greatly increased in the last few years. In part this has to with the great amount of 

data which has emanated from chemical kinetic laboratories,1l·
2
l in part to the detailed 

molecular identifications and maps available from observers and in part to the 

application of astrochemical models to a wide range of astronomical objects including 

diffuse and dense interstellar clouds, carbon-rich and oxygen-rich circumstellar shells, 

shocked gas, photon-dominated regions, protostellar outflows, external galaxies and 

the early universe3l.4J.5l_ 

To date, almost 100 molecules have been detected in interstellar and 

circumstellar clouds, comprising the elements H, C, N, 0, Si, P, S, Cl and, most 

recently, Mg, although P and Mg are each detected in only one molecule and the 

identification of the only Cl-bearing molecule, HCl, remains insecure. The 

chemistries of most elements appear to be driven by ion-neutral reactions although 

neutral-neutral reactions make important contributions to the synthesis of molecules 

containing nitrogen and sulfur and the H2 molecule, which is crucial to efficient 

molecular synthesis, is formed on grain surfaces. Ion-chemistry must be driven by 

ionisation; in diffuse clouds this is provided by the general interstellar ultraviolet 

radiation field, whilst in dense clouds it is provided by cosmic ray particles. In some 

regions, ionisation driven by X-rays might be important and lead to significantly 

different routes to molecule formation. In dense clouds, cosmic ray collisions with 

H2 produce H2 + ions which, within about one day, are converted into H3 + ions. 

Because the proton affinity of H2 is rather low, these ions transfer their protons to 

atoms such as C and 0 (but not N for which the proton transfer is slightly 

endothermic) to form ions such as OH+ and CH+. These ions react rapidly in a series 

of reactions with molecular hydrogen to form the terminating ions H30+ and CH5+, 

respectively. These terminal ions then undergo dissociative recombination with 

electrons to form OH, H20 and CH4 among other possibilities. The H/ ion is also 

crucial in the deuteration of interstellar molecules through its reaction with HD which, 
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at low temperatures, is exothermic by about 220 K. The resulting H2D+ ion then 

transfers D through deuteron transfer reaction with neutrals such as CO, N2, and H20, 

producing DCO+, N2D+ and HDO. Once simple molecules are formed, reactive ions 

and radicals are produced through reaction with He+ ions, which are formed by 

cosmic ray ionisation of He atoms, for example 

He+ + CO --> c+ + 0 + He. 

The c+ ion can then react with methane to produce more complex hydrocarbon ions, 

c+ + CH4 --> C2H2+ + H2 

c+ + CH4 --> C2H/ + H. 

Dissociative recombination of these ions with electrons can produce the observed 

interstellar molecules C2, C2H and C2H2• 

Nitrogen bonds are formed through the reaction of N atoms with OH to produce 

NO which reacts with N atoms to form the N2 molecule. N2 takes a proton from H/ 

to form the observed N2H+ ion and also reacts with He+ to give kinetically excited N+ 

ions. The reaction of N+ with H2 is slightly endothermic but the excess energy in the 

N+ ions is sufficient to drive the reaction. The resulting NH+ ion quickly undergoes 

a series of H-atom abstraction reactions with H2 to form the terminating ion NH/ 

which undergoes dissociative recombination to give NH3• Reactions of this type are 

believed to form the bulk of interstellar molecules in dark clouds, although there is 

still a certain amount of doubt over the formation processes of some of the larger 

species, such as the cyanopolyynes - much of this is related to the lack of accurate 

laboratory studies on the reactivities of these species. 

2. PAH/FULLERENE CHEMISTRY 

In recent years, it has been suggested that a significant fraction of carbon is tied 

up in the form of small polycyclic aromatic hydrocarbon molecules. Such species 

appear to be required if a variety of observations, particularly those of the emission 

bands in the infrared are to be understood (see 6J for an up-to-date review of the 

subject). The influence of PAH, and fullerene, species on the chemistry of interstellar 
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clouds has been discussed7),sJ. It has been suggested that the majority of PAH 

molecules will be negatively charged even in diffuse clouds and that, since they will 

therefore carry the negative charge in these clouds, chemical models which 

incorporate dissociative recombination by free electrons in the gas phase may be 
seriously in error. In addition, PAH+ ions have been suggested as the source of the 

diffuse interstellar absorption bands9l. The abundance of such molecules in the 

interstellar medium is uncertain. Although they are probably formed in the envelopes 

around late-type, carbon-rich stars,10l the mechanisms by which they are destroyed are 

unclear. It has been suggested that they are destroyed through being engulfed by 

supernova remnants10l on a time-scale of 1 08 years, while others1 1 l  have argued that 

they can be destroyed by oxygen atoms, although such a process may involve an 

appreciable activation energy barrier12l. 

More recently, there have been a number of experimental studies performed on 

the ion-neutral reactions of PAH and fullerene molecules, including C60 and C70 (see 

the review article 13l). From these studies it is clear that doubly-charged 

PAH/fullerene cations are readily produced in the reaction of the neutrals with He+ 

ions. The presence of such cations in interstellar clouds raises the possibility that 

their recombination with electrons may be dissociative rather than radiative, as is 

normally assumed for the singly-charged cations. The second ionisation potential of 

these neutrals is about 1 9  eV14l and the difference in energies between the first and 

second ionisation potentials - the energy released upon recombination - is about 12 

e V. It i s  this large energy release which suggests that the recombination is 

dissociative rather than radiative. Note that since the energy difference is less than 

13 .6 eV, the general interstellar radiation field can produce doubly-charged PAH arid 

fullerene cations in diffuse clouds15l. 

The influence of these new laboratory data on chemical models of diffuse and 

dense clouds has been investigated16l. Tn the particular case of dense clouds, if 
recombination is dissociative, and the molecules are not able to reform, a reasonable 

assumption,then all PAH/fullerene molecules are destroyed on a time-scale of < 107 
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years, while the time-scale in diffuse clouds is about 104 years because of the much 

larger electron abundance. This would suggest that P AH/fullerene species are not 

widespread in the interstellar medium. Although the thermodynamic properties of 

many PAH and fullerene molecules are remarkably similar, it is possible that the 

stability of the C60 sphere might ensure that the C60 ++ + e reaction is radiative rather 

than dissociative. Thus C60 may be long-lived while PAHs, and particularly the 

smaller ones, are not. Laboratory studies are required to confirm this conjecture. 

3. HOT MOLECULAR CORES 

It has been become clear that an important component of molecular clouds in 

regions of star formation is contained in the so-called hot molecular cores (HMCs). 

These are small (0.01-0. 1 pc), warm ( 100-300 K), dense (106- 108 particles cm-3) and 

opaque (N - 1023-1024 cm-2, Av = 100- 1000 mag) clumps of gas which contain 

unusual abundances of various types of molecule. In particular, small, saturated 

molecules such as NH3, H2S, CH4 and CH30H are detected with fractional abundances 

enhanced over those in dark, dense clouds by factors of 100-1000; molecules 

containing deuterium, e.g. HDO, NH2D, CH30D, and even a doubly-deuterated 

species, D2C0,17l are readily detected and show deuterium enhancements of 100-1000 

times the cosmic D/H ratio; and large, complex and relatively saturated molecules 

such as ethyl cyanide, CH3CH2CN, dimethyl ether, CH30CH3, and methyl formate, 

HCOOCH3, are detected18l. Since these observational facts are difficult to understand 

using conventional gas-phase chemistry,19) a consensus has emerged that the chemical 

composition of the hot gas is due to the evaporation of the icy mantles of dust grains 

due to the heating effects of nearby, newly-formed stars. In this type of picture there 

is an evolutionary sequence from cold, dark clouds with no embedded sources, such 

as TMC- 1 ,  in which molecules are observed in the gas phase, to cold regions, such 

as AFGL 2 136, seen through infrared absorption toward protostars to contain dust 

having a rich molecular ice, to HMCs, such as the Hot Core and Compact Ridge 

regions in Orion, which have on-going star formation and anomalous gas-phase 
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abundances. The chemistry of this type of sequence has been modelled20),Zl),ZZl. In 
this picture the hot core gas is chemically inert since it is largely composed of 

saturated, stable neutral molecules. For times up to 104 years after the mantle 

evaporation, little chemistry takes place because there is no ionisation from UV 

photons, and cosmic-ray ionisation is inefficient since the fractional ionisation 

produced by this means is inversely proportional to density. Radio observations of 

gas-phase species in hot cores may thus give important information on the physical 

and chemical processes occurring on the surfaces of cold dust particles; if this is so, 

radio observations are better able to detect the trace components of the mantles than 

direct IR measurements of the absorption bands due to the mantles themselves. As 

mentioned above, simple models appear to account reasonably successfully for the 

presence and amount of the smaller molecules and the degree of deuterium 

fractionation observed, providing that some molecular processing occurs in the grain 

mantle once material has been frozen out from the gas phase. However, these models 

are not able to account for the abundances of the larger molecules nor for the 

chemical differentiation observed between HMCs, including those which appear 

nearby in the sky. As examples of this, the Orion Hot Core, which has a density of 

107 cm-3 and a temperature of 200 K is rich in nitrogen-bearing molecules, whilst the 

nearby Orion Compact Ridge, which has a density of 106 cm-3 and a temperature of 

100 K, is rich in large, oxygen-bearing organic molecules. The chemistry of the 

Compact Ridge cloud has been modelled19) as due to the interaction of a wind 

containing H20 and an ambient molecular cloud, following a previous suggestion,23) 

but the injected water is processed away from forming large oxygen-containing 

molecules. The evaporation of mantles rich in water ice was then studied19l but again 

poor agreement was found between calculated abundances and those observed. 

Finally, a model in which a methanol-rich mantle was evaporated was considered. 

In t.his case, good agreement bet\veen theor; and observations \Vas found, although 

there was no discussion as how different mantle compositions can arise in nearby 

regions - the Hot Core chemistry appears to be the result of the evaporation of 
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ammonia-rich mantles20l. Recent interferometric maps24l of thermal CH30H, 

HCOOCH3 and CH30CH3 in Orion have shown that the spatial distribution of these 

molecules is consistent with the picture proposed in 19l. 

The hot gas-phase chemistry which occurs when simple molecules are released 

from the grain surfaces in hot core regions has been investigated in more detail25) in 
an effort to see whether large complex molecules could be synthesised in the gas 

phase rather than on the grain mantles. It was shown that the evaporation of mantles 

which differed only in their NHJCH30H abundance ratio could account for the 

chemical differentiation observed in the Orion hot cores. In the Compact Ridge, 

release of CH30H drives the formation of methyl formate and dimethyl ether in the 

manner suggested by 19\ namely that the released methanol takes a proton from H/ 

and subsequently reacts with CHpH, to form CH30CH3, or H2CO, to form 

HCOOCH3• The formation of other 0-bearing molecules such as ketene, CH2CO, and 

acetaldehyde, CH3CHO, can be driven by the release of simple hydrocarbons such as 

ethene and ethane followed by protonation and reaction with oxygen atoms. Ethanol, 

CH3CH20H, formation is slow in this model and gives a fractional abundance around 

10-1 1 ,  in agreement with the upper limit of 5 10-10 derived by 23l, but much less than 

the value of 10-6 derived by 18l . If correct, such an abundance would undoubtably 

imply a grain surface formation for ethanol. In any case, the gas-phase chemistry is 

unable to reproduce the fractional abundances of ethanol, - 10-8, detected in other 

HMCs 26l. 

In the Orion Hot Core, which is denser and warmer, ion-molecule reactions 

play a less important role in driving the hot chemistry. NH3 released from the grains 

is rapidly converted to the reactive CN radical which combines with the simple 

hydrocabons released to form complex, nitrogen-bearing species such as 

cyanoacetylene, HC3N, and vinyl cyanide, CH2CHCN. Ethyl cyanide, CH3CH2CN, 

is more difficult to form since rhe reaction of CN with C2H6 produces HCN and not 

ethyl cyanide27l. A plausible scenario for the chemical differentiation between HMCs, 

involving both gas-phase and surface chemistry in a collapsing protostar, has been 
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proposed28l. The chemistry of two separated shells was followed for 105 years, at 

which time they are assumed to be impacted by a stellar wind from the protostar. 

The inner shell, which is dense, warm and molecular initially, was taken to represent 

the Orion Hot Core and the outer shell, less dense, colder and atomic initially, was 

taken to represent the Orion Compact Ridge. During the collapse phase, the surface 

chemistry of the two shells is different, molecules such as NH3 and HC3N dominating 

in the Hot Core and Hp, CH30H and H2CO dominating in the Compact Ridge. 

Important differences in the surface chemistry are related to the different grain 

temperatures which affect the evaporation rates of accreted material. 

More recently, the hot gas-phase chemistry which results if alcohols more 

complex than methanol are evaporated from grains has been discussed29l. Species 

such as methyl ethyl ether, CH30C2H5, and diethyl ether, (C2H5)20 can be formed 

with fractional abundances approaching 10-8 for an injected ethanol abundance of 10-6• 

The abundances of these species scale with the adopted ethanol abundance. 

4. OXYGEN-RICH CIRCUMSTELLAR SHELLS 

Over the last few years, an increasing number of molecules containing carbon 

atoms have been detected in the circumstellar envelopes (CSEs) around late-type 

oxygen-rich stars. Since carbon should be entirely tied up in the stable CO molecule, 

the origin of the carbon in other molecules has been a matter of investigation. It has 

been suggested30l·31 l  that the photodissociation of methane, CH4, provided the carbon 

even though there is no evidence for its presence from either observation or theory. 

Recently, the hypothesis that methane is the primary source of the reactive carbon has 

been tested by investigating its chemistry in more detail32l. In particular it has been 

shown that H2CO is a detectable molecule, since it is formed in the CH3 + 0 reaction, 

in which CH3 and 0 are the photodissociation products of CH4 and H20, respectively. 

Radial column densities anrl nrerlicterl :rntenmt temner:itnre.� for a nnmher of r - - - - - -" - - --- - - - - - -- -r - - -- - -- - - - - -- - - --- - - -

millimeter transitions have been tabulated for a number of likely sources32l. The 

column densities of other molecules formed by the reactions of CH3, namely H2CN 
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and H2CS, are at least an order of magnitude smaller than that of H2CO and are 

therefore undetectable with current instruments. As a by-product of these 

calculations, column densities for the ion so+ have also been estimated. so+ has 

recently been detected toward the supernova remnant IC 44333l suggesting that it 

arises in chemistry driven by the interaction between the remnant and small clumps 

of molecular gas, although it is more likely a result of chemistry in a photon

dominated region34l. In 0-rich CSEs, the so+ ion is formed readily by the reaction 

of s+ and OH and lost by photodissociation and by dissociative recombination with 

electrons.  Column densities fall in the range 2 1012 - 2 1013 cm-
2 

for mass-loss rates 

in the range 2 1 0-7 - 2 1 0-5 solar masses per year (see Figure 1) .  Although the dipole 

moment of so+ is relatively large, 2.2 Debye, the lines are expected to be weak but 

may be detectable with a large telescope. 
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Figure 1 :  The radial distribution of so+ is shown as a function of mass-loss rate: 
(a) 2 10-1, (b) 5 10-1, (c)5 W-6, (d) 2 W-5 solar masses per year. 
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Molecular Emission of the Circumstellar Envelope 
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1 IRAM, 300 rue de la Piscine, F-38406 St. Martin d'Heres, France 
2 Centro Astronomico de Yebes, Apartado 148, E-19080 Guadalajara, Spain 

Abstract 

Millimeter wave interferometers allow to study with arc second resolutions the molec
ular emission from opaque circumstellar envelopes. We present here recent data on 
IRC+10216, the prototypal C-rich envelope, obtained with the IRAM Plateau de 
Bure interferometer. 

Claudine Kahane, J .C . ,  M.G. ,  and Jesus Gomez-Gonzalez in 1985, during one of the very first 
observing runs with the 30-m telescope, discussing the discovery of an enigmatic new radical in 
IRC+10216. The radical was identified 8 years later with MgNC by K. Kawaguchi. 
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1 The IRC + l 02 1 6  envelope 

During the phase of high mass loss, red giants are surrounded by thick, dusty envelopes 
transparent only to far infrared and radio wavelengths. The gas in the envelopes is pre
dominantly cold and molecular; it mainly radiates in the rotational lines of CO and of 
number of polar molecules. The rotational lines, many of which are readily detectable 
with large millimeter radiotelescopes, are the best tool for studying these objects. From 
their velocity profiles, one can derive a 3-D view of the envelopes and learn about the mass 
loss histories. From their brightness distributions, one can follow in time and space the 
ongoing chemistry; this latter, although similar in many respects to interstellar chemistry, 
is much easier to apprehend because of the simpler geometry and velocity field. 

The most remarkable and (presumably) closest massive envelope is associated with the 
bright IR object IRC+l0216  (CW Leo). IRC+l0216 was first studied by Becklin et al. 
( 1969) who observed intensity variations with a period of 2 yr and concluded it was a 
Mira-type variable enshrouded in a dusty shell. The distance D to IRC+l0216 is poorly 
known. Becklin et al. ( 1 969) ,  from the lack of apparent motion of the fuzzy optical image 
over a period of 1 5  yr, derived a 'probable' lower limit of D > 100 pc (one arrives at a 
similar limit by considering the radio data presented by Lucas & Guilloteau 1 992); Herbig 
& Zappala ( 1 970), assuming a bolometric magnitude of -7, estimated a distance of 290 pc; 
recently, Winters et al. ( 1 993) , from a detailed modelling of the object luminosity, arrive 
at a distance D = 1 70 pc. For the sake of simplicity, we adopt below the commonly used 
value of 200 pc, for which l" corresponds to 3 1015 cm. The radius of the central star 
( � 1000R0 ) is then � 0.02". The radius of the IR shell, the region where dust forms and 
the gas is accelerated, is 0 .2-0.5" (Bloemhof et al. 1988). 

The outer envelope consists of a dense spherical core, of radius R � 20", and of an 
extended halo (Fig. 1 ) .  The 'core' is observed in the lines of 50 different molecules (Table 
1 ) ;  the halo is observed in the mm lines of CO and in the 492 GHz line of CI (Keene et al. 
1 993) .  12CO, which is after H2 the most abundant molecule and the best shielded from 
dissociation by interstellar UV photons, extends up to a distance of 170" (or 5 1017 cm) 
from the star (see Fig. 1 ) .  The expansion velocity being 14.5 kms-1 ,  the gas from the 
outer layers of the envelope has been expelled some l lOOO years ago. 

The 'CO envelope' has been modeled by several authors (Kwan & Linke 1982, Sahai 
& Wannier, Truong-Bach et al. 1991) .  The results, rather discrepant, seem to indicate 
that the envelope density decreases more slowly than R-2 , i .e. that the mass loss has 
decreased in the last thousand years (from 8 10-5 M0 yr-1 104 yr ago, to 2 10-5 M0 yr-1 
a few hundred years ago. However, line opacity and temperature variations make this 
interpretation disputable. 

The Bure interferometer is ideally suited to study IRC+ 10216's dense core. Its primary 
field has a FWHP of 50" at .\ = 3 mm and its synthetized beam can be as small as 2". The 
large effective area of the instrument ( 460 m2 since April 1993) makes it sensitive enough 
to map with a few arcsec resolution tens of molecular lines. The possibility to observe 
simultaneously two 500 MHz-wide IF bands with a good frequency resolution allows to 
study 5-10  lines in a single observing session. 

A program of mapping the .\ 3 mm lines of the chemically most significant molecules 
is under way at Bure (Lucas 1992, Lucas et al. 1992, Guelin et al. 1993, Lucas et al. in 
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Figure 1 :  12CO J =2-1 line emission along a strip at constant r.a. passing through CW Leo. 
Abscissa: offset from central star (in arcsec) ;  ordinate: intensity (in K .kms-1) integrated 
over a 13 kms-1 velocity interval, centred on Vsys (-34 kms-1 < v < -21 kms-1) .  Note 
the halo component which extends from R = 30" to R = 1 70" (the contribution from the 
telescope error beam is negligible on this scale) .  The data were observed with the IRAM 30 
m telescope and have an angular resolution of 12" (Guelin & Cernicharo, in preparation). 
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Table 1 :  Molecules observed in IRC+10216 (as of Jan. 1st 1994) 

CO NaCl H2S NH3 SiH4 
CS KC! 

- inorganic, stable molecules: SiO AIF 
SiS AICI 

NaCN 

organic, stable molecules: HCN CH3CN 

carbon chains C3 
HCsN 
H2C3 , 
C2S 

linear radicals C2H 
- reactive molecules: CN 

CP 
SiC 

isomers HNC 
cycles c-C3H 
10n ttco+ 

HC3N CH4 C2H2 

Cs SiC4 
HC1N HCgN 
H2C4 
C3S CsS 

l-C3H C4H 
C3N HCCN 

SiN MgNC 

c-C3H2 Si CC 

C2H4 

HCuN 

CsH C5H 

(The molecules detected at millimeter wavelengths are in boldface character. The 
detections of HCQ+ , H2S and C5S are based on only one transition) 

preparation). 14 molecules have been observed to date: the carbon-chain radicals CnH, 
n= 2-6, HC5N ,  CO, CS and C3S, SiO, SiS and SiC2 and the metal compounds NaCl and 
MgNC. The synthetized beam sizes range from 1011 (for CCH and C5H, two of the very first 
maps observed with the Bure interferometer) to 311 (for the SiS map). In addition, vibra
tionally excited lines of C4H and of HCN (Lucas & Guilloteau 1992) have been observed. 
Complementary programmes, with larger field of view, but a lower resolution and a poorer 
sensitivity, are also in progress with the BIMA (see Bieging & Tafalla 1993, Bieging 1993 
and references herein) and the NMA (Takano et al. 1992) interferometers; these include 
maps of other transitions of C4H,  SiS, SiC2 and HCN, as well as of 3 mm transitions of CN, 
C3N, HNC and HC3N. Finally, maps of 2 mm and 1 .3 mm transitions of several species 
were observed with the IRAM 30-m telescope with 12-1711 angular resolutions (Kahane 
et al. in preparation). 

Figure 2 shows four examples of the Bure maps: the emissions of the 95 GHz lines of 
MgNC and C4H and of the 9 1  GHz lines of NaCl and SiS, integrated over a 13 kms-1-wide 
band centered at Vsys =  -26.5 kms-1 ,  the source systemic velocity. The spatial resolution 
i s  511 (311 for SiS) and corresponds to 1 . 5  1016 cm. 

2 What can we learn from Fig. 2? 

The outer IRC+ 10216  envelope i s  known to expand with a fairly constant radial velocity 
( - 14 . . 5 kms-1 ) , so that the velocities close to 'U6y6 plotted in Fig. 2 arise from a thin conical 
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Figure 2: The intensity distributions in the 95 GHz lines of MgNC and C4H ( left) and 
in the 91 GHz lines of NaCl and SiS ( right) , integrated over the velocity interval -34 
kms-1 < v < -21 kms-1. The observations were made with IRAM interferometer; the 
angular resolution is 5" x 5", except for the SiS map where it is 3" x 2". The maps are not 
corrected for attenuation by the primary beam (HPBW 55"). 
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sector, axed on the line of sight and cutting through the envelope along the meridian plane. 
The contours represent roughly the line brightness distribution across this plane (the larger 
thickness of the conical sector at the edges is partly compensated by the primary beam 
attenuation). 

The first thing which strikes in Fig. 2 is difference between the brightness distributions 
of the left and right maps: obviously, the MgNC and C4H emissions arise mostly from a 
thin shell with a radius of c:: 15" ,  whereas those of SiS and NaCl are much narrower and 
centrally peaked. The second is that despite their factor of 5 difference in the contour levels 
(note the higher noise in the MgNC map) ,  the MgNC and C4H brightness distributions are 
very similar. They show the same clumpy appearance (the bright clumps having almost 
exactly the same position on both maps) and the same intensity minima to the N and 
the SE. The central 'hole' seems more pronounced in C4H than in MgNC (see the clotted 
negative contours) ,  but this largely comes from the observing procedure. Whereas the 
MgNC map of Fig. 2 results from a combination of an interferometer map and of a single
dish map (made with the IRAM 30-m telescope) ,  the C4H map is the combination of the 
interferometer map with a single 30 m spectrum and lacks spacings < 24m (see Guelin 
et al. 1 993) .  

The NaCl and SiS sources are much more compact than the MgNC and C4H sources 
and fit inside the central 'hole' of these latter. They are however well resolved and arc 
elongated in the NS or NE-SW direction. North-NE to South-SW is also the direction 
of elongation of the infrared source and of the fuzzy optical picture published by Becklin 
et al. ( 1969). 

The differences between the left and right maps in Fig. 2 cannot be explained ouly by 
the envelope structure and/or line excitation effects. Obviously, the 'central hole' is not 
due to lack of gas and the central peak is not just an excitation artifact: it is observed as 
well in the easy to excite CO molecule (dipole moment µ = 0 . 1 1  D - see Fig. 1 ) .  "" iu 
the hard to excite species SiS and NaCl (µ = 10  D ) ,  and not observed in C4H (µ= 0.7 D ) ,  
HCsN (µ  = 4 D )  and MgNC ( µ  = 5 D) .  These differences must result from chemistry. 

3 Chemistry in IRC + l 0 2 1 6  

The temperature, density and radiation in IRC+10216 are highly contrasted, laying the 
ground for a large variety of chemical processes. The atmosphere of the star ( R S: 2R. ) is 
dense and warm enough for exo- and endothermic 3-body reactions to proceed efTicie11ilv. 
It must be close to thermodynamical chemical equilibrium; the most abundant C'- ii 1 1 cl 
Si-bearing molecules are CO, HCN, H2C2 , SiO and SiS (Tsuji 1973, McCabe et ol. i lJllJ, 
Lafont et al. 1 982). The temperature drops further out , in the inner envelope (R � l Ofi'., ) , 

where most 'heavy' atoms (A � 12 a.m.u.) and molecules condense onto grains. 
The outer envelope (R > >  20R.) is penetrated by the interstellar UV radiation which 

dissociates the 'parent' molecules (H2C2 , HCN, .. ) still present in the gas phase. The 
radicals and ions produced by photodissociation fuel a rich gas phase chemistry (Glassgold 
et al. 1 986, Millar 1 990, Cherchneff et al. 1993). Finally, the grains transiting from the 
inner to the outer envelope are likely to be covered with mantles formed of adsorbed 
molecules. These mantles may partly evapurnLe iu Lhe uuLer envelope, wheu exposed lo 
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UV radiation (photodesorption) or to shocks, releasing new molecules and radicals in the 
gas. At the outer edge of the envelope, the interstellar UV radiation dissociates even the 
most resistant species, CO and, finally, H2. 

• 

In Cherchneff et al. ( 1993) model, SiS is a 'parent' molecule coming from the stellar 
atmosphere. Its distribution, is expected to peak on the star, as is observed in Fig. 3. In 
contrast, C4H is formed from CCH by radical-radical reactions, in the outer envelope. It 
should thus have a shell-like distribution, as observed in Fig. 2. For a mass loss rate of 
2 10-5 M8yr-1 and a 'normal' interstellar UV field, Cherchneff et al. predict a radius for 
the C4H shell of 4-5 1016 cm, in perfect agreement with what is observed. 

The observed maps are however much too detailed to be fully explained by simple 
chemical models. The C4H and MgNC rings in Fig. 2 show bright patches which, re
markably, have nearly the same positions for both molecules (the small differences can be 
caused by the relatively high noise in the map of the weak MgNC emission) .  In fact, C3H,  
another carbon chain molecule with relatively strong molecular lines, has almost exactly 
the same brightness distribution than C4H.  These similarities led Guelin et al. ( 1993) to 
suggest that photodissociation and gas phase reactions (radical-radical and ion-molecule 
reactions) may not be the whole story and that we may be observing at R = 15" molecule 
desorption from dust grains. 

4 Bipolar nebula and binary star? 

The bright emission rings on Fig. 2 appear dimmer to the N and the SW. A similar 
pattern is observed for about all the molecules showing a shell-like brightness distribution. 
Very probably, these faint areas correspond to holes in the envelope. The holes define a 
N-SW axis more or less aligned with the major axis of the SiS source and with that of the 
IR source (P.A.= 20° according to Dyck et al. 1 987) . The outflow from the central star 
may not be as symmetrical as suggested by the fairly spherical CO outer envelope and 
may occur preferentially along a N-S axis, roughly perpendicular to the line of sight. The 
presence of a bipolar flow in IRC+10216 was already suggested by Serkowski (see Dyck 
et al. 1 987) to explain the large intrinsic polarisation observed in the fuzzy optical source 
and by Dyck et al. ( 1 987) to explain the shape of the IR source. 

Finally, although the SiS and NaCl sources are centred right on the star (whose position, 
which coincides with the compact continuum source detected at >. 3 mm, is indicated by a 
cross in Fig. 2 ) ,  the MgNC and C4H sources are clearly shifted 2-3" eastwards. This shift 
denotes that the outer shell has drifted by 106 cm with respect to the star in the last 104 

yr; the most likely cause of this shift is that the central star is a long period binary system 
(Guelin et al. 1 993) .  
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Morphology, dynamics and chemical abundances provide most of the informations 
one can obtain on cold molecular clouds. So far, these three aspects have been studied 
somewhat independently, but it becomes more and more evident that they are intimately 
coupled. We present some of the efforts made by different authors to make the transition 
from a static picture of interstellar clouds to that of dynamically and chemically evolving 
objects. It is a rather difficult task, which requires the calculation of the interplay between 
dynamics, thermal processes and time dependent chemistry. Noticeably, regarding clouds 
as dynamically evolving objects provides a new and promising approach of the interstellar 
chemistry. 
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1 .  INTRODUCTION 

Informations on star forming clouds are obtained from three mam sources : their 
morphology (mass distribution and fragmentation), their dynamical state (addressing the 
problem of supersonic turbulence) and their chemical content (the problem of anomalous 
abundances of various molecules) .  So far, these three aspects have been studied relatively 
independently. The morphology of molecular clouds is not, at the present time, completely 
aprehended. Even salient features, like Larson's relations, are not theoretically definitely 
well understood, or even not accepted. Noteworthing some computations of the interaction 
of (molecular) interstellar clouds with supernovae remnants, only very few calculations 
have been performed on their dynamical evolution, and when it has been done, it was 
by using oversimplified polytropic "equations of state" . Interstellar chemistry has long 
been developed in the framework of "pseudo time dependent" models, that is under fixed 
density and temperature conditions. However, clouds are highly inhomogeneous and the 
physical conditions are evidently highly time dependent. It would be a formidable task 
to elaborate cloud models which would include self-consistently even the main features of 
their morphological, dynamical and chemical evolution. 

The best one can do at present is to couple, step by step and in the most simple way, 
some of these different aspects. For exemple, a simplified chemical network can provide a 
good estimation of the thermal balance between heating and cooling processes, which can 
drive some of the dynamical evolution of molecular clouds. Once this is computed and 
accepted, the main features of the evolution - time scales, condensation ratios, etc . . .  , 
can serve as inputs for a calculation of the chemical history of a cloud parcel!, on which 
the main effort is put on the quality of the chemical network, and so on. I present in the 
followings some attempts in this line. 

One of the most vividely debated general property of molecular cloud complexes is 
perhaps the significance of observed scaling laws between the mass, the velocity dispersion 
and the size of different substructures in a cloud complex. Since their discovery by Larson 
( 1981 ) ,  their very existence and interpretation have been at the center of many discussions. 
This point is examined in Section 1 .  

The fragmentation of the molecular gas may have a profound incidence on the dy
namical time scale of the evolution of a cloud complex, and also on the penetration of 
the ultraviolet radiation field in the depths of molecular clouds. Possible mass exchanges 
between gas phases of different densities may provide a radically new background to the 
problem of the molecular cloud chemistry. However, a lot of observations point to the 
existence of numerous clumps which are not confined by self-gravitation. The origin of 
these unbounds clumps, which may have a large density contrast with the ambient gas is 
presently unclear. However, we show in Section 2 that the ultraviolet interstellar radiation 
field may play some role in their formation. 



85 

The observation of the molecular abundances can also shed light on the dynamical 
state of cold interstellar gas. Section 3 sumarizes to which extent the consideration of 
dynamical phenomenons modifies the standard picture of interstellar c"1emistry. 

2. CLOUD MORPHOLOGY 

Molecular clouds and their clumps often appear to obey definite scaling laws, first 
noticed by Larson ( 1981) .  Since this original work, in which the data sample was inho
mogeneous, the correlations between the mass, the radius and the velocity dispersion of 
various regions have been confirmed by many authors (for exemple : Tomita, Saito & 
Ohtani 1979, Leung, Kutner & Mead, 1982, Myers 1985, Dame et al. 1986, Falgarone & 
Perault 1987, Scoville et al. 1987, Solomon et al. 1987, Fuller & Myers 1992) .  

But, following the point of view of Kegel (1989), one could argue that the basic scaling 
law, M(L) ex L2 , is nothing but an observational bias, related to the sensitivity limit of 
the observations : this scaling implies a definite column density for all observed structure, 
which correponds to a visual extinction Av � 1 mag. But the velocity dispersion appears 
also to scale as CT(L) ex L114•  This statement, which refers now to the dynamical state of 
the clouds, is independent of the evaluation of the M - L  relation, and is consitent , if virial 
equilibrium is assumed, with an actual mass distribution very close to the mass - radius 
scaling law. 

Various tentative physical interpretations of Larson's relations have been proposed. 
Attempts based on the so-called Kolmogorov cascade turned soon to be unsatisfactory. A 
first class of models assumes that substructures can be regarded as virialized clouds in an 
ambiant contant pressure. It is the uniformity of this pressure which would be at the origin 
of the scaling laws. Chieze ( 1987), argued that it could be the result of fragmentation, 
at the threshold of gravitational instability, followed by the virialization of the fragments. 
The fragmentation process may be effective from a temperature of about 8000 K down to 
100 K, where thermal stability is recovered, provided that at each fragmentation stage, 
the interclump gas pressure remains close to its constant and uniform interstellar value . 
The hierarchy would then cover the scales between 100 pc and 1 pc. However, the purely 
thermal interstellar pressure assumed in Chieze ( 1987) is too low if compared to the upper 
bound of the more commonly admitted value P = P/k = 4000 - 20000 Kcm-3 • Similar 
approaches have been followed by Maloney ( 1988) and Elmegreen ( 1989). 

Alternatively, a magnetic field of strength B can support clouds of mass less than the 
critical mass (see e.g. Mouschovias ( 1976)) :  

Mer � 103 Co�G) C�J 2 
Modot 

(Equ (2) of Shu, Adams and Lizano ( 1987)). But again, this would require that all clumps 
have the critical mass and that the magnetic field is practically uniform. 
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Another line of attack may be found in evaluating the momentUlll and energy tranfer 
in a clumpy medium. Consider the total momentum flux at any point of the medium where 
the density is p, thermal pressure p and velocity u. Let g and B be the local gravitational 
acceleration and magnetic field. Since gravity and magnetic fields are of prime importance, 
it is useful! to derive an exact expression of the momentum flux which include them. This 
can be achieved, using the Poisson equation for the gravitational field : 

\7.g = 47rGp ( 1 ) 

It turns out that the net momentum flux can be written as a two rank tensor of cartesian 
components : 

P · ·  = (p - _f__ + B2 ) f r + pu · u · + -1-g ·g _ J_B B · '3 87rG 87r '3 ' 3 47rG ' 3 47r ' 3 (2) 
Gravity has been explicitely introduced in the stress P;1 ,  and exhibits a formal equivalence 
with the magnetic field. A consequence of the Newton law is that the total external force 
exerted on the unit volume of gas by the pressure, the gravitation and magnetic fields, can 
be written as : 

F = -\7.'l> 

where the cartesian components of <[> are : 

<I> · · = (p - _f__ + B2 ) 0 + -1-g·g · - J_B·B · '3 87rG 87r '3 47rG ' 3 47r ' 3 

(3) 

(4) 
According to the preceding results, the variation of the kinetic energy T = J pu2 /2 dV 

of gas motions in a given mass of fluid can be written as : 

(5) 

The total time derivative of the kinetic energy has been expressed as the sum of two terms. 
The first surface integral represents the work done per unit time by the stress <[>, flowing 
through the surface of the system; the second volume integral, the work done by the stress 
in the bulk of the system. 

Consider now a fragmented sytem of mass ML and scale L, in which matter is essen
tially concentrated in NL fragments of scale l and mass m1. The first surface integral in 
Equ (5 )  should then be taken over the total surface 2: of all the NL fragments. Stationary 
states of the fragmented system are thus characterized by the equality : 

(6) 



where the surface integral has been extended to the total surface of the clumps. 
Since the mean velocity of a clump in the center of mass of the system is < U >L , 

and approximating furthermore � by 47r NL 12 , the first surface integral scules as : 

and the second volume integral as : 

W <I> < U >L L3 
z �< > L 

(7) 

(8) 

If the mass of the interclump medium can be neglected (which is the case for L>lpc, where 
most of the mass is actually in the fragments), one has NLm1 = ML. The requirement 
that W1 = W2 implies the definite scaling : 

ML 12 - - = 1  
m1 L2 

(9) 

As it stands, the relation M ex L2 could be interpreted as the result of the energy exchanges 
in a system of scale L fragmented in NL = ( f) 2 sub-systems. In this way the effective area 
of the system as a whole remains proportional to the square of its linear extension. As long 
as dissipation of the kinetic energy can be ignored, the gravitational and magnetic energies 
stored in the bulk of a structure feeds up the internal kinetic energy of its substructure. 
Dissipation through gas cooling should take place at the scale where most of the gas is 
no more concentrated in clumps. According to Falgarone and Perault ( 1987), this occurs 
typically at the scale of about 1 parsec. Note that calculations of hydrostatic clumps taking 
into account the relevant heating and cooling processes show that it is precisely the radius 
above which the envelopes of such clumps would become thermally unstable. Below the 
correponding mass of about 103 Mee» the fragmentation hierarchy appears to break down, 
since then dense cores comprize only a small fraction of the mass of a cloud. 

An alternative view can be the following. Equation (5 )  can also be written as : 

dT 
= 
-j u; o<I>;k dV dt OXj ( 10 )  

The stress cJ> can decomposed into its internal part c)>i and its external part cJ> e .  Accord-
ingly, a steady state requires : 

( 1 1 )  

The rate at which energy i s  flowing through the surface of  the clumps (Eq. 7) can be 
written in a slightly different form. Introducing the clump number density nL , one has : 
W1 � <I>L3(n1l2U L ) = £ /tc since, to a factor about unity, £ =  <I>L3 is the total gravitational 
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plus magnetic energy of the system, while ( n1l2U L) is the inverse of the mean collision time 
tc between clumps. Similarly, defining the dynamical time of the clump system as a whole 
as td = U/L, one has : W2 � f/td. This remark led Henriksen and Turner ( 1984) to 
postulate that a resonance should occur when tc = td, from where a complete theory of 
the self similar evolution of cloud systems has been established (Henriksen 1986, Lattanzio 
and Henriksen 1988, Henriksen 1991 ) .  

Finally, a further consequence of Eq. (9 )  would be  : 

92 B2 
tr P = 3p + pu 2 - -- + - = Const . 

87rG 87r 
( 12) 

This may be a plausible generalization of the requirement of uniformity of the interstellar 
gas pressure, explicitely viewed as the sum of the thermal, kinetic, gravitational and mag
netic pressures. It has been noticed by Larson ( 1989) that this "universal" value of this 
generalized pressure, with a magnetic field of about 30µG as observed in dense molecu
lar gas (Myers and Goodman 1988), combined to a sound velocity of 0.2 km s-1 results 
precisely in a Jeans mass of 1 M8 

In fact , many clumps may not be in gravitational virial equilibrium, but more likely 
confined by the pressure of the ambient medium, in violation of the Larson's relations. 
This essential point has been examined by McKee ( 1989) and Bertoldi and McKee (1992). 
In this approach, ionization regulates the collapse of cloud fragments. Recent observations 
can be found in Falgarone, Puget and Perault (1992) . In the model propsed by McKee, the 
penetration of UV radiation regulates the collapse of clumps. We show in the followings 
that some of these unbound clumps could be in fact transient features arising from the 
thermodynamical properties of the molecular gas. 

II. THERMAL PROCESSES AND THE GENERATION OF TRANSIENT CLUMPS 
AND TURBULENCE 

Far from all clumps are really gravitationally bound. Some of them could be the result 
of the interaction of the molecular gas with the ultraviolet interstellar radiation field. In 
fact , in regions where the visual extinction is less than one magnitude, the UV field is a 
major energy input for the interstellar gas. This limit in magnitude is only indicative, and 
relevant for the standard value of the interstellar radiation field (IRF). In a fragmented 
medium, the shielding by already formed clumps can result in an inhomogeneous distribu
tion of the UV intensity, pertubing the energy balance in the gas. Shielded gas will tend to 
be colder than the neighbouring unshielded regions. Since a general pressure equilibrium 
tends to be quickly restored, the density of shielded regions increases. An estimation of the 
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1) t = 0.50 Myrs 2) t =  0.8Myrs 3) t = 1 .2 Myrs 

4) t = 1.6 Myrs 5) t = 2 Myrs o) t = 2.s Mvrs 

?) t = 2.8 Myrs S) t = 3.2 Myrs 9) t = 3.6 Myrs 

Figure 1 : Shielding of ultaviolet radiation by moving clumps generates turbulent mo
tions in cloud envelopes. The two dimensional velocity field calculated with an implicit 

2-D hydrodynamical code is shown here. Regions coded in black are virtually at rest, those 
coded in white are supersonic. In the present case, 80% of the surface is illuminated with a 
UV intensity corresponding to more than 90% of the Standard Interstellar Radiation Field, 
and only 2% with less than 20% of the IRF. The density varies from 10  to :110 cm-3•  
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density contrasts which can be achieved has been proposed by de Boisanger and Chieze 
(1991) (see also the contribution of de Boisanger in this volume). Large values are indeed 
obtained, even for the standard value of the IRF. 

Some dynamical aspects of this condensation process has been examined through 
2D simulations, with naturally a special attention paid to heating and cooling processes 
(de Boisanger, Chieze & Meltz 1992). We have studied in particular the response of the 
interstellar gas to the shielding by a clump as a function of its velocity. We have generally 
adopted the standard UV field intensity, which is a minimum. Accordingly, the UV field 
affects the thermal balance of the gas lying at an optical depth less than about one : the 
following results concern only the envelopes of molecular clouds. No attention has been 
paid to the hydrodynamical interactions of the clump with the medium in which it moves, 
but only to its effect on the medium through the attenuation of the UV field. A velocity of 
the blockers subsonic relative to the unperturbed gas results essentially in the condensation 
of the gas in the shielded region, with small (subsonic) velocities. Supersonic velocities 
of the blockers are effective in the establishement of a sonic or weakly supersonic velocity 
field, but then, the condensation of the gas is only weak. We have extended this study to 
a collection of moving clumps, with a specified velocity dispersion. The cloud velocities 
where choosen between 0.3 km s-1 (subsonic) and 0.7 km s-1 (weakly supersonic). At 
anytime, about 803 of the surface remains essentially unshielded, shielding being effective 
over 23 of the surface, where the UV intensity is lowered below 203 of its standard value. 
For a mean density of nH � 50 cm-3 , the actual density varies typically between 10 cm-3 

and 370 cm-3 . Much higher condensation factors can be easily obtained with a higher 
( x 10) incident UV intensity. A second result of this study is that "turbulent motions" of 
the perturbed gas can be maintained in this manner (Fig. 1 ) .  

In  this model, the turbulence has a double origin. It basically originates in  the mo
tions of the shielders, which, according to the discussion of Section I, is most likely of 
gravitational origin. When it is exposed to the UV field, the interstellar gas has in some 
sense a "potential energy" relative to the situation where the radiation field is switched 
off. The kinetic energy of the motions imparted to the shielded gas is then essentially 
extracted from this potential energy, which is proportional to the energy density of the 
incident UV radiation. 

CO line profiles can be extracted from these hydrodynamical calculations. Figure 2 
represents normalized CO line profiles, integrated through a 1 parsec line of sight in the 
simulation. The core line width sums up the termal velocity dispersion of the CO molecule 
in each cell , while the broad wings, at reiatively low level, which extend to about 2 km s-1 
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result from the chaotic velocity field generated by the time dependance of the UV field. 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

1 .5 0.5 0 -0.5 ·l  - 1 .5 -2 l .S 0.5 0 -0.5 ·I - 1 .5 -2 
v v 

Figure 2 : Two examples of the CO line profiles obtained in the simulation presented 
on Fig. 1, for t = 0. 8 Myrs and t = 3. 2 Myrs. Velocity is expressed in km/s. 

It is difficult to characterize turbulence in these two-dimensional simulations. How
ever, Figure 3 represents the probability distribution of the velocity difference dv (projected 
on the line of sight) for two points separated by a distance of 0 . 1  parsec. The excess of 
large velocity differences relative to the gaussian law (solid line) is a measure of the inter
mittancy of the flow (see eg. Falgarone & Phillips 1990, and this volume). In each case, we 
have assumed an equilibrium abundance of CO in each hydrodynamical cell, calculated in 
terms of the density, temperature and extinction. Calculations of non-equilibrium chem
istry in molecular gas show in fact that large departures from equilibrium values may be 
the rule. 

In a one dimensional bi-fluid simulation, we have shown that large condensation 
factors can still be achieved, perpendicular to the magnetic field lines, if the radiation field 
is only ten times larger than the standard IRF. This process offers a natural context in 
which molecular gas experiences a succession of condensations and expansions, coupled 
to variations of the UV intensity. The characteristic times which are involved are of the 
order of a few 105 Myr. From a different point of view, the analysis of the molecular gas 
chemistry leads to a similar requirement : best agreement with observations is obtained 
in models which take explicitely into account cycling of the gas from intermediate to high 
densities in comparable time scales. 
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Figure 3 : Representation of the intermitency of the velocity field according to the 
simulation presented on Fig. 1. The distribution of the velocity difference between points 

distant by 0.1 pc (dots) is compared to a gaussian distribution. The turbulent flow is 
characterized by a significant excess of large velocity differnces. 

III. OUT OF EQUILIBRIUM CHEMISTRY 

Calculations of the gas phase chemistry in molecular gas in which the temperature 
and the density is maintained constant (or pseudo-time-dependent models) have shown 
that the abundances of organic molecules first increase, but soon, strongly deacrease. The 
maximum abundances are achieved after only 0 .1-0.3 Myr. Large abundances of neutral 
atomic carbon (Phillips and Huggins 1981, Keene et al. 1985) are observed. 

It was shown in the previous section that molecular gas could experience transient 
transitions between a diffuse phase, exposed to the ambient UV field and a more condensed, 
shielded phase. Furthermore, some effective turbulent mixing can take place during this 
continuous process. With a reduced but self-consistent chemical network connecting 50 
species, Chieze and Pineau des Forets ( 1989) showed that rapid mixing between two or 
more parcells of gas of increasing densities and extinctions strongly affect the abundances 
of C and c+ in the densest regions, resulting in a steady state enhancement in polyatomic 
molecules such as C3H2 .  As is intuitively expected, mixing with a time scale less than 1 
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Myr effectively eliminates the time dependance of organic molecules observed in pseudo
time dependent models. An extension of this work to a much larger network ( Chieze, 
Pineau des Forets et Herbst , 1991 ) , allowed for a better chemistry, so that the study has 
been extended to more complex molecules, as HC9N. A carefull analysis of the chemical 
processes shows that the large amounts of c and c+ flowing in the dense regions do 
not systematically result in the enhancement of the abundances of organic molecules. As 
noticed by Herbst and Leung ( 1989),  this is because ion-molecule reactions between c+ 
and neutral species tend to destroy complex molecules, and furthermore, high electron 
abundances deplete molecular ions which mediate their synthesis. It turns out that if the 
mixing process only is retained, the diffuse component should be rich in neutral rather 
than ionized carbon. This is not a conclusion reached by static models of diffuse clouds, 
in which the carbon is predominently in the form of c+ or co, depending on the optical 
depth (van Dishoeck and Black, 1988). 

It turns out however that it is not a real difficulty if one considers the chemical 
evolution of transient condensations of the kind discussed in the preceding section, in which 
the matter flows in and out with calculated characteristic timescales of a few 0 .1  Myr. In 
this context, ionized atomic carbon is actually rapidly converted to neutral as the extinction 
(and the density) increases, while the full conversion to CO requires considerably more 
time. For example, starting from the conditions nH = 40 cm-3 and Av = 0.25 mag, an 
increase in the extinction to Av = 2 mag triggers a condensation to nH = 1 100 cm-3 after 
just 0.3 Myr. Carbon is by then essentially neutral with a ratio C/CO = 30, (de Boisanger 
and Chieze, 1990). On this basis, the gradual compression followed by the decompression 

of the gas as it passes through a condensation of that type has been introduced in the 
calculations of Chieze, Pineau des Forets & Herbst, ( 1991 ) . It turns out that it is in 
fact during the compression phase that c+ recombines to large abundance of c while 
at the same time significant amounts of organic molecules are produced. This is a good 
point, because the strict "mixing scenario" (neglecting the compression stage) requires 
short mixing times scales, which may be in trouble with the theory of turbulent mixing 
(Williams & Hartquist, 1984). The basic conclusion of the study is that the introduction 
of the dynamics can, at the same time, remove the problem of the time dependence of 
organic molecules abundances and explain their large steady state abundances. The main 
requirement is that a large fraction of the molecular gas should be affected by that kind 
of cycling. 

In an attempt to a more realistic coupling of hydrodynamics with time dependent 
chemistry, Prasad et al. ( 1991) reached similar conclusions. They followed the molecular 
abundances during the gravitational collapse of clouds with masses varied from 40 to 
1000 solar masses. The basic feature of the model is that magnetic field is introduced to 
oppose to the gravitational force, so that the condensation is, here also, only ephemeral. 



94 

Furthermore, the initial densities are low (varying from 10 to 100 cm-3 ) .  For the non-star 
forming cases, the collapse is reversed when the core density of about 105 cm-3, and a 
sequence of contraction-expansion phases follws on a dynamical time scale (with a steadily 
decreasing maximum central density, however) . The important point is that the life-time 
at a density greater than 104 cm-3 is, in most cases, only a few 0 . 1  Myr. The conclusion 
is that the short characteristic dynamical time scale of evolving cores actually limits the 
time available to chemistry to equilibrate, so that "early-time" molecular abundances are 
favored. Regardless some difficulties concerning the real dynamics of dense cores, this 
model provides the gravitational pendant of the compression-expansion process described 
previously. 
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Fig. 4 : Comparison of selected abundances, calculated at equilibrium (doted bins) and 
assuming a cycle of compressions and exansions (grey bins). In this case, the time depen
dent temperature is calculated self-consistently through the heating and cooling processes. 
Black dots represent the abundances observed in TMC-1 . 



Other attempts to solve the problem raised by the agreement of the "early time" abun
dances with the observational data involve shocks and stellar winds, which both maintain 
chemical abundances far from their equilibrium values in star forming regions (Williams 
1987, Charnley et al. 1988a,b, Nejad, Williams & Charnley 1990, Nejad & Williams 1992) .  
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The non equilibrium energy balance in molecular gas can thus play quite a significant 
role not only on the dynamics of the gas, but also on its chemical hystory, through a 
continuous cycle of gas condensations and expansions. The observations of the abondances 
of organic molecules may, in this manner, provide valuable informations on the dynamical 
time scales which are actually involved. 
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One of the ideas that most astronomers working in the interstellar medium take for granted is 
that Giant Molecular Clouds, as a whole, are gravitationally bound. In the following article 
this assertion is examined and it is concluded that the available evidence is surprisingly weak. 
Three arguments are discussed in detail: star formation, the virialization of clouds, and the 
internal pressures of clouds, all of which are found to be wanting. The importance of knowing 
whether GMCs are gravitationally bound is of fundamental importance in knowing whether 
gravity plays any role in their formation. 
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There are a number of fundamentally important things regarding Giant Molecular Clouds 
(GMCs) about which we are astonishingly ignorant. For example, we know very little about 

the distribution of angular momentum among the GMCs, and how this quantity varies as 

a funtion of galactic radius (see e.g. Blitz 1993). We are only beginning to get a detailed 

quantitative picture of the internal structure of GMCs. Surprisingly, as will be shown below, 

we really don't have any hard evidence that GM Cs as a whole are bound by gravity. 

That GMCs are gravitationally bound seems to have been taken as such a well established 

fact, that there is the only one work I am aware of that challenges the prevailing view (Maloney 

1988). However, it is worth reexamining this question to see how well established the idea 

really is .  Part of the motivation for looking at this question once again is to understand how 

clouds form and evolve. The detailed structure of a cloud is the result of the various forces 
that act on it, and it is important to know whether or not gravity is one them. 

There are three fundamental arguments that GMCs are bound by gravity. Each of these 

is discussed below. 

1 .  STAR FORMATION 

The star formation argument goes as follows. Star formation is known to take place in 

GMCs. If the clouds form stars that are bound by gravity, then how could the stars form if 

the clouds themselves are not similarly bound? The basic flaw in this argument is that an 
entire cloud need not be bound for part of it to become self-gravitating and form stars. In 

fact, there is increasing evidence that at least some stars form in molecular clouds that are 

not themselves bound. 

The star formation argument, invoked explicitly and implicitly for more than 20 years, 

gave rise to the realization that if GMCs are bound, the efficiency of star formation in GM Cs 

must be low. If this were not the case, the mass of molecular gas in the Milky Way would 

imply a star formation rate much higher than observed (Zuckerman and Palmer 1974). This 

in turn led to the question, if molecular clouds are gravitationally bound, and if star formation 

is so inefficient, what prevents the clouds from collapsing; what holds GM Cs up? Turbulence, 

it was realized, would dissipate too rapidly, and because there are no internal energy sources 

away from the sites of star formation, something has to be holding the clouds up if they are 

bound. This problem has never been solved to everyone's satisfaction. 

Consider, on the other hand, the molecular clouds found at high galactic latitude (HLCs), 

most of which were shown by Magnani et al. (1985 - MBM) to be far from being gravitationally 

bound. The clouds have velocity dispersions far in excess of what is needed to bind them, 

a result confirmed by an independent study of Keto and Myers (1986). Observations of 

the molecular emission (MBM), the dust emission (Weiland et al. 1986), and the extinction 

(Magnani and de Vries 1986), confirm that the luminous masses are well enough known that 

given the observed velocity dispersions, they HLCs as a group cannot remain coherent entities 
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for more than a few million years. 

Nevertheless, some of the HLCs harbor star formation. For the most part, these are ones 

that have been previously classified as dark clouds by Lynds ( 1962). Examples are MBM 

MBM 12, the darkest part of which was catalogued as L1457 /8, MBM 18, also catalogued as 

L1569, and MBM 20 also catalogued as L1642. There is known star formation in these clouds 

(MBM; Magnani personal communication), but MBM find that these clouds have insufficient 

mass to keep them bound by factors of 30 - 100. Apparently, star formation does occur in 

entities that are not in themselves bound, and an entire cloud need not be bound for a part 

of it to form a star. 

In a study aimed at investigating the properties of the denser regions within the HLCs, 

Turner et al. ( 1989) found that many of the dense knots identified by Magnani et al. (1988) are 

sufficiently massive that the knots are gravitationally bound. Although there has been some 

controversy regarding this assertion ( e.g. van Dishoeck 1992), molecules that are normally 

thought to be high density tracers are frequently found in molecular clouds where the mean 

extinction is considerably less than 1 mag (refs) .  In these regions, the expected H2 column 

density implies extinctions considerably higher than what is inferrerd from star counts, sug

gesting that small dense regions can form which may be gravitationally bound even though 

the cloud as a whole is not. Therefore, not only is there star formation in clouds that do not 

appear to be bound, but bound clumps, a necessary precursor of star formation, also may 

have been detected in the HLCs. 

2. THE VIRIAL THEOREM 

That GMCs are gravitationally bound is implicit in the use of the virial theorem to 

determine the CO /H2 conversion factor in the Milky Way. It is worth looking into the details 

of what is done in order to clarify how the results relate to the question of the boundedness 

of GM Cs. 

We start out with the assumption that GMCs obey the virial theorem. Thus: 

2T = V. 

which already introduces a factor of 2 uncertainty, because the clouds need not be virialized 

to be bound. Under the assumption that the clouds have an r-2 density profile, 

where av is the three dimensional velocity dispersion of the gas in a cloud. Now, R = rB, 

where r is the distance to the cloud, and () is the mean angular radius of the cloud. M is 

obtained from the CO derived mass, Meo .  Observationally, 
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where 

a <  TA > Uv = N(H2 ) . 

Here, < TA > is the mean peak antenna temperature (corrected for atmospheric opacity 

and various antenna efficiencies) of the CO line in the cloud, and a is a constant in which 

the mean I(CO)/N(H2 ) ratio is buried (I(CO) is the observed line strength of the J = 1-0 

transition of CO) .. Combining these terms, we obtain, 

Because the variables on the right hand side as well as u v can all be obtained from 

observation, a can be obtained from a linear regression of the variable quantities. On the 

other hand, a, and hence the ratio I(CO)/N(H2 ) may be obtained by other means, such as 
the extinction method (Dickman 1978), or from gamma-ray anC: {; Q  surveys (Bloemen et al. 

1986). All are fundamentally different methods of obtaining a , and the variation of published 

values has been more than a factor of 5. Although, the most extreme values are rejected by 

most observers, few would argue that a is known to better than a factor of 2 in the Milky 

Way, and probably exhibits a variation with radius at least that large. Another way of saying 

this is that if a as derived from application of the virial theorem is in error by only a factor 

of 2, a cloud , or an ensemble of clouds can be unbound even though it may appear to be 

gravitationally bound. For it to be known whether GMCs are gravitationally bound, the 

value of a needs to be known to better than a factor of two, an assertion with which many 

observers would feel uncomfortable. 

It is worth noting that values derived from the application of the virial theorem tend 

to be higher than the others, suggesting that agreement can be obtained if one relaxes the 

assumption that 2T = V. That is, if the clouds obey the relation T = V, the values of a 
derived from the three basic methods are in much closer agreement. The condition that the 

gravitational and kinetic energies are equal is one that may be characterized as gravitational 

neutrality. That is, clouds are gravitationally neutral if a small addition of kinetic energy 

will make them expand, but otherwise the clouds will neither expand, nor collapse with the 

energies they have. Note that gravitational neutrality is really an average condition over a 

molecular cloud, and need not be strictly true everywhere within a cloud. In other words, 

a clump within a cloud may be collapsing to form a star without violating the gravitational 

neutrality of the cloud as a whole. In that way, the cloud may be forming stars even if the 

cloud as a whole is not bound, or even expanding. 

It seems that in the absence of some other arguments, the most commonly cited evidence 

that GM Cs are gravitationally bound is in fact quite weak. Let us now examine what I have 

always believed to be the strongest argument in favor of molecular clouds being gravitationally 

bound. 
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3. THE INTERNAL PRESSURE 

The structure of molecular clouds has long been known to be clumpy. From the work 

of Blitz e.g. ( 1978, 1980, 1993), we find that the volume averaged density of GM Cs . is one 

to two orders of magnitude less than the densities inferred from the CO emitting regions, 

implying that the volume filling fraction of the molecular emission is only a few percent of 

the volume of the cloud as a whole. This is confirmed by detailed maps of the GMCs which 

show numerous velocity components that correspond to the individual clumps within a cloud. 

Observations of the clumps can give a measure of both the density, temperature and velocity 

dispersion of the clumps, and therefore the pressure within a clump. It has long been known 

that the pressure within a typical clump of which a GMC is comprised is far larger than the 

pressure of the general interstellar medium as a whole. If the pressure within a typical GMC 

is an order of magnitude larger than the interstellar medium in which it is embedded, then 

it would seem that either all GM Cs are expanding (an unpalatable conclusion), or that the 

pressure is due to the self gravity of the GMC, and the GMCs are therefore gravitationally 

bound. 

Consider first the hydrostatic pressure of the ISM due to the gravity of the stars in the 

disk. This pressure can be written 

where �� is the gas surface density of the disk projected onto the plane, P• is the density 

of stars in the midplane, and h9 is the gas scale height. Putting in the best values for these 

quantities gives a value of PISM/k = 2 x 104 K cm-2 • For a GMC in hydrostatic equilibrium, 

the internal pressure is 

where �9 is the gas surface density of a GMC. Putting in the best values for the surface 

density from CO measurements one obtains that PaMc/k = 2 - 8 x 105 K cm-2 , at least an 

order of magnitude larger than the value for P1sM- No error in the geometry of a cloud, or 

in the measured CO /H2 ratio could make these two values agree. 

Now let us look at the actual pressure within a clump. That pressure can be written 

where n is the volume density of molecules, and er v is the three dimensional velocity dispersion 

of the gas. If we take a typical value of n = 1 03 (see e.g. Williams and Blitz 1994), and 

crv of 0 .5  km s-1 in one dimension from measured line widths, we find that PcLUMP/k = 

2 x 105 K cm -2 , a value commensurate with the hydrostatic pressure of the cloud as a whole. 

Apparently, the clumps are in pressure equilibrium with the with the hydrostatic pressure of 

the GMC in which it is found. On the other hand, the pressure is indeed at least an order of 

magnitude greater than that of the general interstellar medium. 
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But does this necessarily mean that the clouds are gravitationally bound? Consider the 

possibility that the reason we have clouds in the first place is that they only form in regions 

of enhanced interstellar pressure. Such regions are found in spiral arms, or in places where 

the there are large swept up volumes such as supershells (Heiles 1979). It is not difficult 

to imagine situations where the pressure is temporarily larger than the mean for the disk. 

Furthermore, because the GMCs take up such a small volume of the galactic disk ( 0.001 

- Blitz 1978), these regions of higher pressure do not necessarily affect the overall pressure 

balance of the disk. Eventually, such high pressure regions will equalize their pressure on 

an acoustical timescale. Assuming that the pressure is carried primarily by the HI, a lower 

limit to this time scale is equal to a typical diameter of a cloud (which we may take as 50 

pc), and an HI velocity dispersion of 3-5 km s-1 . This gives a crossing time of 1-2 x l07 y. 

HI envelopes arond clouds are typically much larger than the clouds themselves and contain 

similar masses (Blitz 1993). If the region of enhanced pressure is identified with the HI 

envelopes, the pressure equalization time is more in the range of 2-6 x 107 y, a value quite 

close to the lifetime of GMCs estimated by Blitz and Shu ( 1980) and by Bash et al. (1977). 

That is, if GM Cs form preferentially in high pressure regions and are gravitationally neutral, 

then the lifetime of the clouds is consistent with the star formation timescales of the clouds, 

and other measures of GMC ages. As long as gravitationally neutral clouds can form bound 

regions that give rise to OB associations, then the high pressures found in the clumps may 

simply be a remnant of the conditions under which the clouds formed, and need not be an 

indication that, as a whole, they are gravitationally bound. 

Are we then to conclude that GM Cs are not gravitationally bound? I think it is prema

ture to draw that conclusion, but we should conclude, on the other hand that the evidence 

that GM Cs are gravitationally bound is surprisingly weak. It will be important to look into 

this matter much more deeply and with much closer scrutiny. 

4. THE RELEVANCE FOR CLOUD FORMATION 

On the surface, it would seem that the discussion above is all about a factor of two, the 

difference between whether a cloud is gravitationally neutral , or whether a cloud is virialized 

and thus fairly tightly bound. While this is in some sense true, the consequences are actually 

far more fundamental. If all GMCs are gravitationally bound, then gravity must play an 

important role in how GMCs form in a galaxy. We must in turn look to gravitational insta

bilities such as the disk instability investigated by Toomre (1964) and applied by Kennicutt 

( 1989) to understand both GMC formation and star formation in disks. On the other hand, if 

GMCs are gravitationally neutral, then clouds may form independently of any gravitational 

instability; it may be that what separates a GMC from the surrounding gas may simply be 

a matter of a phase transition. The process of star formation, or the formation of clusters 

is then reduced to a local one: we must look primarily for instabilities within a cloud rather 
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than within a disk. The formation of individual stars is a very local process, but where stars 

form in a galaxy may in principle have nothing to do with gravity. 

In any event , we must conclude that the argument that GMCs are bound because stars 

form within them is a very weak one. We must find evidence beyond that which is presently 

available to evaluate the boundedness of GM Cs. 
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A way from active starforming regions ,  the various tracers of the cold interstellar 

medium, whether atomic or molecular, reveal its self-similar structure in space and in 

velocity space. No characteristic scale has yet been determined and self-similarity may 
extend to scales as small as a few 10 AU. Large local densities are inferred at the smallest 

scales from the observations of rotational transitions of polar molecules, but the actual 

gas mass distribution ( i. e. the cloud mass fraction contained in these small scales) is still 
ill-determined. We show however that the observed small scale structure cannot be a mere 

artefact of the tracers used and reveals the existence of real density gradients at small scale. 

There are several possible origins for the self-similar structure of this medium, and we show 

why, among others, turbulence may play an important role at shaping the medium. 
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1 - Introduction 

This paper reviews the observational grounds on which our knowledge of the structure 

of the cold interstellar medium prior to star formation is based. It is meant to clarify some 

confusing issues regarding the so-called clumpy structure of interstellar clouds, often viewed 

by theorists as a structure in which all (or most of) the mass is concentrated in the smallest 

dense units which thus have an extremely low volume filling factor. As will be seen, this is 

only a simplifying picture with little observational support . On the other hand, the small 

scale structure as observed in the rotational transitions of CO is not only apparent, as it 

has been also written. It traces actual gas density enhancements above a lower density 

medium, but, as long as high angular resolution maps over large cloud areas have not been 

performed, the gass mass distribution in the various density ranges remain unknown. 

Why is it such an important issue? The mass (and therefore the dust) distribution 

controls the penetration of the radiation field into the gas (Boisse 1990) which in turn 

controls the gas heating processes, its ionization degree and its coupling to the magnetic 

field. It also modifies the dynamical evolution because kinetic energy dissipation of an 

ensemble of moving clumps at supersonic velocities of low volume filling factor is much 

smaller than if the mass is distributed (Scalo and Pumphrey, 1982). It also controls the 

mass accretion rate in the star forming process as discussed by Larson ( 1992). The rate 

not only depends on the distribution of clumps in space (uniform or sheet like or fractal, 

for instance) but on the cloud mass fraction contained in these clumps. 

This paper is focused on gas structures with moderate column densities, up to NH � 
1024 cm-2 only. It includes low-mass dense cores in which star formation activity, if 

present, is lenient enough so that presumably it has not deeply modified the structure 

of placental matter, and clouds of low average column density NH < 1021 cm-2 , self

gravitating or not depending on the scale considered and their kinetic energy content. The 

review of Stutzki (1993) on a similar issue includes star-forming regions and is a useful 

complement to this one. 

There is no definition, but observational, of a small scale in the interstellar medium. 

The determination of the existence of an ultimate building block of the cloud hierarchy 

would be an important step forward in the approach to the physics of interstellar matter. 

Yet ,  this lengthscale has never been found. Direct observations in the millimeter range 

for instance, with large telescopes or interferometers, provide a resolution of � 0.005 pc 

or 1 000 AU only in the nearest non star-forming clouds, almost five orders of magnitude 

smaller than the largest structures in the Galaxy but still orders of magnitude above the 

mean free path of an hydrogen molecule in a gas of density lOO cm-3 ( � 1 AU), and the 

dissipation scale of turbulence in atomic clouds which is about 1 0  AU. 
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Figure 1 Illustration of the self-similar structure of molecular clouds observed in cores and in edges. 
Maps of 12CO integrated emission in the Taurus-Auriga-Perseus complex (a) large scale map (Ungerechts 
& Thaddeus 1987), (b) NGC 1499 (Herbertz et al. 1990), (c) 11457 or MBM12 (Zimmermann & Ungerechts 
1990), (d) core in 11457 (Zimmermann 1993), (e) undersampled and (f) fully sampled map of a small field 
in a cloud edge (Falgarone, Phillips & Walker 1991). 
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2 - The direct output of observations: brightness distributions 

Molecular hydrogen being unobservable directly unless the vibrational transitions are 

excited, the knowledge of the molecular gas distribution relies on that of several tracers, 

like the rotational line emission of polar molecules such as CO, CS and C3 H2 , among many 

others, and the far-infrared thermal emission of the dust grains intimately mixed with the 

gas. The choice of the tracers of the cold molecular medium is limited because the gas and 

dust temperatures are low, thus many highly excited molecular levels are not populated, 

and column densities are often too small to allow detections of the dust emission in the 

millimeter range, for instance. 

In the recent years, observations at many sizescales in several of these tracers have 

converged toward the idea that the structure of the cold interstellar medium is self-similar 

over an impressive range of sizescales. Beside several scaling laws which will be discussed 

below, self-similarity is inferred from the fractal dimension found for cloud contours in the 

above tracers (see references in Scalo, 1990; Falgarone & Phillips 1991 ). The unexpected 

and probably most meaningful result, is that the fractal dimension derived from the area

perimeter method is found to be the same whichever tracer is used, and is the same over 

the entire range of sizescales analysed, from 0.01 pc to about 50 pc (Falgarone, Phillips & 

Walker 1991 ; Zimmermann 1993). There is no evidence that any characteristic scale has 

yet been determined since unresolved structure is still present in the highest resolution 

maps whether in large column density cores or in low column density cloud edges, and the 

threshold of the hierarchy is still lying below 1000 AU (Figure I). 

The existence of very small scale structure (down to a few 10 AU) is now observed 

or inferred from several data sets, in many kinds of cold clouds. Atomic clouds have long 

been considered as more or less homogeneous structures of a few pc with average densities 

of a few 10 cm-3.  Combinations of single dish telescopes and interferometric observations 

have revealed the existence of structure in the HI emission and absorption down to the 

resolution of the observations or 0.5 to 1 pc in Kalberla et al. (1985) and down to "" 0.3 pc 

in a nearby high latitude atomic cloud ( Joncas, Dewdney & Boulanger 1991). Such a 

small scale structure had never been seen in emission in HI clouds before. It consists in 
the latter case of thin, very elongated filaments barely resolved in the transverse direction, 

intertwined with each other and which individually cover a broad velocity range compared 

to their small size. Still a smaller threshold in size is inferred by a few observations 

of another kind. In 1989, Diamond et al. have shown that the time variability of the 

VLBI visibility of several quasars was larger in the HI line than in the continuum. They 

inferred time variations of the HI >.=2lcm optical depth which they ascribed to intervening 

structures in local cloud material. If located at about 100 pc from the Sun, the inferred 
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density is nHJ "" 104 to 105 cm-3 and sizes "" 25AU. The occultation of monitored quasars 

and the scattering of their radiation led also Fiedler et al. (1987) to invoke the existence 

of structures of that size in the electron density. 

Unresolved structure is present in high angular resolution CO maps of all sorts of 

molecular media of low average column density, thus poorly shielded from the ambient 

UV field. It includes high latitude clouds (Falgarone & Perault 1988; Zimmermann 1993), 
cloud edges (Falgarone, Phillips & Walker 1991), diffuse and translucent clouds (Gredel 

et al. 1992). Recently, Marscher, Moore & Bania (1994) have inferred the existence of 

structures even smaller than lOAU and denser than nH2 "" 106 cm-3 from secular changes 

in the formaldehyde absorption line profile toward two extragalactic sources whose lines of 

sight cross ordinary regions of molecular clouds. 

Small scale and unresolved structure also exists in low mass dense cores traced by 

molecular line emission (Falgarone, Puget & Perault 1992; Mauesberger et al. 1992; Schulz 

et al. 1992; Zimmermann, 1993; Fuller et al., 1994) or in the dust continuum submillimeter 

emission (Andre et al. 1990; Mezger et al. 1992a,b) down to scales of the order of 0.01 pc, 
one order of magnitude below the size of the observed cold dense cores which have been 

considered as the ultimate fragmentation stage out of which stars form (see Stahler, this 

conference). The knowledge of the actual mass distribution within these cores is essential 

to understand the trigger and development of the gravitational instability. 

All the tracers of the cold interstellar medium reveal spatial structure down to scales 

even smaller than that directly observed. One of the major puzzle with such a picture 

is the following. There is structure visible in the tracers brightness distribution but does 
that mean that the bulk of the gas is actually fragmented down to these small scales? In 

other words, is all the mass in the smallest structures or is it also distributed in less dense 
components, and according to which distribution? How is the observed structure in the 

brightness maps related to the actual mass distribution? On the other hand, is it possible 

that this structure be only apparent, due for instance to small scale fluctuations of the 
abundance or optical properties of a tracer? 

The next section is devoted to the limitations of the methods which have been devised 

to determine the local densities and gas mass distributions (and therefore the gravitational 

potential well) at all scales. These are the primary inputs in any description of the physics 

of the cold interstellar gas in its evolution toward star formation, and as will be seen, 

critically deserve improvements. 

3 - The inferred densities. 

There are essentially two methods used to determine densities. They have been de-
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scribed in several review papers ( e.g. Wilson & Walmsley 1989; Stutzki 1993) and they will 

not be detailed here. The first, which consists in dividing the column density of a structure 

observed above a background emission, by its size l provides only an average density over 

the size l. The other which consists in measuring several line intensities in the rotational 

ladder of polar molecules and deriving the density from a study of collisional excitation 
provides a local gas density. 

Each method has its limitations. The tracers mentioned above provide measures of 

the column density, but the uncertainties may be large. The lOOµm brightness has been 

found to be a good tracer of the total gas column density (within a factor of a few) up 

to visual extinctions of the order of 1 .5 mag only. This limit corresponds approximately 

to the domain for which the UV irradiation of the gas is uniform (see the discussion in 
Boulanger 1993). The line integrated emission of CO(J=l--+0), I(CO), is also a tracer of 

H2 but the calibration factor X = N(H2 )/I(CO) still being much debated (see the review 

of Combes 1991) .  CO surveys provide the range 1020 < X < 5 x 1020 cm-2 /(K km s-1 ) 

with a trend for the larger beam analyses to yield lower values (Sanders, 1994) . The 

range of values for X is indeed quite large since recent determinations of X in high latitude 

clouds give X � 5 x 1019 cm-2 /(K km s-1 ) (de Vries et al. 1987; Heithausen et al. 1993) 

while in the Small Magellanic Clouds a value as large as X � 6 x 1021  cm-2 /(K km s-1 ) 

is obtained (Rubio et al. 1991) .  The H2 column densities, and therefore the average H2 
densities derived from CO and the calibration factor X may not be known better than 

within a factor of 10. The abundance of CO and its isotopic variants for instance is 

extremely sensitive to small fluctuations of the UV field intensity in the column density 

ranges relevant to interstellar clouds (van Dishoeck & Black 1988) but it may not be the 

only reason for such a large dispersion (see the discussion in van Dishoeck et al. 1992). 

The limitations of the second method are mostly due to the difficulty in correctly 

treating the radiative trapping of the millimeter photons and the line excitation. None 

of the existing �radiative transfer models is satisfactory (see Kegel, Piehler & Albrecht 
1993) .  Additional processes may be important like collisional excitation by electrons for 

large dipole moment molecules (Drdla et al. 1988) and, in the vicinity of stars, radiative 

pumping of the excited vibrational levels by infra-red photons (Caroll & Goldsmith 1981 ) .  

In addition, the density derived from the observation of a given pair of transitions seems 

always to provide a density value close to the critical density for these transitions. Higher 

densities cannot be derived because in that case both transitions are thermalized and their 

ratio stays the same. Much lower densities cannot be derived either, because the line 

intensities drop exponentially below the sensitivity limit. The detection of a given pair of 

lines just probes the existence of gas at about the critical densities of the transitions. 

In spite of the above limitations; results of multiline analysis in emission seem to 
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support the idea that the smallest observed structures correspond to dense gas. In the low 

average column density medium which contributes to most of the CO galactic emission, 
CO probably traces gas as dense as about � 104 cm-3•  The strongest support is the fact 

that the three lowest rotational transitions of CO have intensity ratios consistent with 

thermalized emission at low kinetic temperature. Not only is this ratio independent of the 

scale at which it is measured from small scale in dark clouds (Clemens & Barvainis 1988) 

or in cloud edges (Falgarone, Phillips & Walker 1991;  Falgarone, Puget & Perault 1992) 

to large scales from the Galactic survey of Sanders et al. ( 1992) but it is also independent 

of the velocity range across the CO line profiles and is therefore not affected by the degree 

of saturation of the emission. The line ratio being the same in the line cores where the 

opacity is much larger than 1 and in the line wings where it is much smaller supports the 

idea that all these transitions are (or close to) thermalized (Falgarone & Phillips, 1994). 

This however might be an artefact of the existence of turbulence in molecular clouds. The 

results of Albrecht & Kegel (1987) and Kegel et al. ( 1993) show that the existence of a 

correlation length in the velocity field of a cloud considerably modifies the variations of 

the CO(J=2-l)  to J=l-0 ratio across a line profile. A large correlation length relative to 
the cloud size is even able to make this line ratio smaller than 1 in the linewings where it 

is expected to increase above 1. In this case, it is only for densities larger than 103 cm-3 

that the line ratio is observed to be about constant across a lineprofile. 

Recently, Lucas & Liszt (1993) have demonstrated that mm-wave absorption line 

studies in the direction of continuum sources occulted by molecular gas are powerful tools 

to determine the H2 number density and temperature of intervening gas. In the direction 

of BL Lac, they derive H2 densities close to nH2 � 7 x 103 cm-3 and temperatures sligthly 

below lOK. 

Additional indirect constraints on the local density of CO structures are provided by 

their small size, when it is known. Small CO-rich regions in poorly shielded environments 

are very fragile against photodissociation and they have to be dense enough to allow the 

photodissociation front to cross them is a time longer than, say, their observed dynamical 

turnover time ( i. e. the ratio of their size by their internal velocity dispersion 15v ). This 

provides the condition vq, < 15v. The velocity of the photodissociation front depends on the 

external shielding from the ambient UV field through the photodissociation rate r q,, on 

the local CO density xconH2 and on the column density N00 for which r </> has decreased 

by a factor 2 ( i. e. during the time 2/r </> N00 molecules have been photodissociated and 

the front has progressed by l � N00/xconH2 ) .  The front velocity is thus 

(Hartquist et al. 1992). The values computed by van Dishoeck and Black (1988) for various 
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external shieldings, r </> = 2 x 10-12 and 2.5 x 10-14 s-1 ,  and N00 = 1015 and 1017 cm-2 

for A�xt = 0.5 and 1 mag respectively, provide estimates of the front velocity in a gas of 
density nH2 = 103 cm-3 , V<f> � lOkm s-1 in the former case where xco = 10-5 and V<f> � 0.2 

km s-1  in the latter where xco = 7 x 10-5 • Since bv � 1 km s-1 , the above constraint on 

the photodissociation front velocities implies that the H2 densities be close to 104 cm-3 in 
the least shielded CO structures observed in the cloud edges. This of course is an estimate 

since V<f> depends as much on the density as on the CO abundance which precisely varies 

a lot in those transition regions. Furthermore, CO transition regions in cloud edges, when 

observed with large enough angular resolution, are found to be quite sharp, � 0.03 pc. 
Chemical models show that CO self-shielding is reached over such small pathlengths only 

for nH2 � 104 cm-3 which is a further element to suggest that the densities are large (Le 

Bourlot et al. 1993). 

In dense cores, density determinations rely on both the line excitation measurements 

and determinations of the total column density from dust millimeter emission (see examples 

in Mezger et al. 1992a, b; Schulz et al. 1991; Mauesberger et al. 1992). The determinations 

have long been in disagreement, in the sense that the column densities derived from the 

continuum mesaurements were in excess to that derived from molecular lines leading to 

the idea that molecules deplete onto grains. But in general the H2 number densities 

derived from multiline analysis (� a few 106 cm-3) are larger than the core average density, 

suggesting small scale clumping. 

The above discussion refers to gas actually detectable in the CO rotational transitions 

above the millimetric emission of the 2. 7K cosmic background. In the regions where the star 

formation activity is reduced or non-existent, the lack of UV photons and cosmic rays may 

drive the gas kinetic temperature to values so close to that of the cosmic background that 

the line emission of even CO-rich components becomes undetectable. This is illustrated 

by the detection of very faint CO emission in the inner regions of M31 (Allen & Lequeux, 

1993) and that, in absorption, of a CO-rich component difficult to detect in emission in 

the outer Galaxy (Lequeux, Allen & Guilloteau 1993). These authors argue that, if in 

virial balance between self-gravity and kinetic energy, the CO clouds are associated with 

amounts of molecular hydrogen which largely exceed the amounts of atomic HI. 

Regardless of the existence of still denser and colder molecular components, which 

cannot be easily detected by the tracers discussed above, many molecular line observations 

of cold molecular clouds, ( i. e. away from active star forming regions) suggest the existence 
of dense (nH2 � 5 x 103 to 104 cm-3) and cold (Tk < lOK) gas at the smallest scales. 

This was already the results reported by Penzias et al. (1972) in their pioneering CO 

observations of molecular clouds. If a lower density CO gas exists, it does not in cloud 

edges or in poorly shielded clouds where it is photodissociated. We examine now the 
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possibility that matter is divided, even in dense cores, into myriads of small fragments of 

mass M � 2.5 x 10-1 1 nH, R�ooAU M0. 

4 - The unknown density gradients 

The inferred local densities being orders of magnitude larger than the average densi
ties derived at much larger scales, molecular clouds are necessarily quite inhomogeneous 

everywhere, which raises the question: at which scale does the inhomogeneity appear or 

are the density gradients large or small? 

It has been argued by Gredel et al. ( 1992) that the highly contrasted observed CO 
structures are only apparent. The argument which relies on a detailed knowledge of the 

photodissociation process of the CO molecule, is as follows. Small fluctuations of the 

local UV field, most likely provided by fluctuations of NH, by 203 to 503 around NH, � 

1021 cm-2 are sufficient in the transition region where Av � 0.5 to 1 mag to increase 

significantly the CO abundance, and thus the CO column density by factors as large as 

2 to 10. A small increase in NH, , not necessarily associated with a large increase in 

nH, , therefore amplifies the brightness contrast in the CO emission, by generating a local 

enrichment in CO. This amplification is probably real, but the structure seen in CO cannot 

be only apparent. Indeed, the CO structures are really small compared to the clouds 

large scale of several pc or tens of pc and a smooth density gradient across a large scale 

cloud would not produce the observed small scale structure, unless unlikely geometries 

are imagined. Because CO is structured at scales as small as 0.05 pc, the column density 

fluctuations f;.NH, � 3 x 1020 cm-2 must be produced over similar pathlengths f;.l, so that 

locally nH, > 2 x 103/(t;.l/0.05 pc) cm-3 . 

In summary, CO emission traces dense gas in molecular clouds but, because it has 

structure at very small scale, even in poorly shielded components, it also reveals the exis

tence of large density contrasts, either between the CO-rich gas and the H2 shielding layer 

or between the H2 layer and the atomic gas. The internal thermal pressure of this gas is 

therefore of the order Pth/k � 5 x 104 K cm-3 which is far above the thermal pressure of 

all the known components of the atomic medium. This introduces a new question. Since 

the dense and cold structures are neither held by self-gravity because they are not massive 

enough nor by external thermal pressure, what is the mechanism for confining them? Or 

are they highly transient structures? 

An element of answer comes from the measurements which exist now of the average 

kinetic energy density in clouds Pkin = 1/2 p iiv2 where iiv is the internal non-thermal 

velocity dispersion of a given structure (Myers & Goodman 1988 a,b; Falgarone, Puget 

& Perault 1992). The kinetic pressure is found to fluctuate by two orders of magnitude 
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from place to place about an average value independent of the scale or the cloud density, 

Pkin/ k � 3 x 104 K cm-3 which is of the order of the pressure due to the weight of the HI 

layer in the disk of the Galaxy (Cox 1991) .  In addition, the kinetic pressure is comparable 

to the magnetic pressure derived from recent measurements of the field intensity in dark 

clouds B2 /Sn: � 105 k erg cm-3 (Crutcher et al. 1993; Heiles et al. 1993; Goodman et al. 

1994). Magneto-hydrodynamic turbulence is therefore an attractive frame to understand 

the evolution of the cold molecular clouds. 

5 - What are t he plausible physical processes at the origin of the self-similar 

structure of interstellar clouds? 

Self-similarity manifests itself in the fractal structure of the cloud maps in several 

tracers and in the existence of power laws, among which the cloud mass spectra, the size

linewidth relation, and the mass-size relation. Yet ,  as the size of the samples of analysed 

clouds increases, it is no longer clear whether these power laws exist with a single exponent 

across four or five orders of magnitude. Recent determinations of the slope of the cloud 

mass spectra, dN/dM oc Jvf-"', span a broad range, from a � 1 .7  for three different 

nearby clouds (see the review of Stutzki 1993) and masses in the range 10-3 - 102 M0, 

to a � 1 over a more reduced mass range (Williams & Blitz 1993). Early determinations 

from galactic surveys provided 1 .5  < a < 1.8 for cloud masses in the range 104 - 106 
M0. The exponent of the size-linewidth relation is not either the same depending on the 

cloud samples. In the samples of Larson (1981) ,  Falgarone & Phillips ( 1990), Falgarone, 
Puget, Perault (1992) it is close to 1/3, the value expected for incompressible turbulence 

while in those extracted from galactic surveys it is somewhat larger, � 0.5 (Dame et al. 

1986; Solomon et al. 1987). When combined with the mass-size scaling law, M oc  R2 , the 

latter value means that large scale complexes are in virial balance between gravitational 

and internal kinetic energy, which may no longer be true at smaller scales where the cloud 

lifetimes are shorter. 

These variations may reflect real changes in the physics of the hierarchy of clouds from 
the largest to the smallest structures. However, the self-similar structure of the entire 
medium, in space as well as in velocity-space, cannot be ignored. It reveals a coupling 

between the scales and an energy (and/or angular momentum) cascade, the question being 

now: what is the mechanism which drives the cascade. 

Gravitational torques have been proposed long ago (Larson 1984; Henriksen & Turner 

1984). It is an attractive scheme because it naturally connects the structure of the cold 

medium to the star formation process. However, it is in conflict with the fact that the 

scaling laws encompass the self-gravitating scales and include structures which are up 
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to 104 times above virial balance (see the review of Falgarone 1994), if the gas mass 

determinations are correct (see the above sections) . Another attract.ive possibility is a 
(magneto )hydrodynamic turbulent cascade. Interstellar turbulence is indeed quite different 

from turbulence studied experimentally or in numerical simulations. But there is some 

universality in turbulence, and as long as, in the equation of motion, no other force term 

dominates by one order of magnitude the non-linear v · 'Vv term, the dynamical evolution 

is controlled by this non-linear coupling. 

Interstellar gas motions all have extremely large Reynolds numbers (see the review 

of Scala, 1987), and this has been the basis of the turbulence hypothesis, which raises 

a vivid controversy (see the review of Elmegreen 1993).  If the search for a correlation 

length of turbulence in molecular clouds has always been unsuccessful (Scala 1984; Perault, 

Falgarone & Puget 1986; Kitamura et al. 1993), it does not mean that turbulence is not 

present because, in a turbulent velocity field, correlations exist at all scales. A different 

approach to this question is the synthesis of molecular line spectra generated in the velocity 

field computed in numerical simulations of compressible turbulence (Porter, Pouquet and 

Woodward 1992; 1993 a and b ) . The unexpected result is the statistical resemblance of 

the synthetic spectra with those observed in molecular clouds, even in the optically thin 

approximation (Falgarone et al. 1994). These simulations show that shocks have a minor 

contribution to the non-Gaussian shapes of the line profiles and that turbulence generates 

velocity correlations in space which strikingly resemble the observations. 

Another interesting aspect of the physics of turbulence is the fact that the velocity 

field cannot be described only as a random field, because it contains coherent structures 

(possibly at the origin of the phenomenon called intermittency, see Gagne 1987; Douady, 

Couder & Brachet 1991; Vincent & Meneguzzi 1991 ) . These coherent structures are also 

those in which the dissipation of the turbulent kinetic energy is concentrated, giving rise 

to extremely localized regions in space and time where the kinetic temperature may reach 

very large values (Falgarone & Puget 1994). If detected in the interstellar medium, these 

regions would be a specific signature of the presence of turbulence. 

6 - Concluding remarks. 

The recent improvements in the receiver sensitivity, angular resolution and accessible 

wavelength ranges have permitted real observational breakthroughs, in the sense that 

our knowledge of the interstellar medium is no longer confined to the brightest regions 

(i. e. the star forming regions) but extend over the immense areas of placental gas. This 

allows a global approach to the self-similar structure of the cold interstellar medium which 

was not feasible ten years ago. Conspicuous enigma still exist, such as the value of the 
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threshold in the hierarchy of the cold medium, the actual density and mass distribution 

at the smallest scales, or the reliability of the tracers of cold H2 . Furthermore, it becomes 
clear that, at small scale, clouds can no longer be described conveniently through their 

average properties and that the knowledge of the fluctuations of these properties may be 
as important as that of their average. Last, the processes at work in shaping the medium 

are the object of a vivid controversy and are presently unknown. Gravity, magnetic field 

and turbulence are all present but with time-varying relative importances in the history not 

only of a given cloud but of a piece of cloud, not to mention the additional contribution 

of all the thermal effects, driven or not by the UV irradiation. . .  All the attempts at 
reproducing the complex structure of the interstellar clouds by considering one of these 

processes separately have failed. Turbulence is especially attractive given its ability to 

reproduce the observed molecular line profiles. Many observational tests, namely the 
possible signature of intermittency, are required before it can be assessed. 
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ABSTRACT 
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The magnetic flux <I> of a cloud or a cloud core is 0 . 1  to 1 times the critical flux <l>cr which 
is proportional to its mass M. The <I>/ M (or equivalently <I> /<l>cr) ratio for a cloud or cloud 
core is several hundred to 105 times greater than the ratio for magnetic stars with mean 
surface field of 1 to 30kG. The dissipation of magnetic fields in clouds is complicated because 
they contain various kinds of charged particles (electrons, ions, and grains) whose degree of 
freezing to field lines is widely different and whose relative abundance changes drastically as 
the cloud contracts. With a quite general formalism applicable to such wide range of physical 
situation we investigate field dissipation in clouds containing ice-mantled grains, and find 
that t here is a decoupling density ndec such that the flux loss time tB is less than the free-fall 
time tr only at the cloud density nH > ndec and that tB � ( 1 0  - 500)tr(<1>cr/<1> )2 at nu � ndec 
at least for <I> �  ( 1 - O . l )<l>cr· The value of ndec depends rather sensitively on the grain model 
and the minimum value we have found is 4 x 1 09cm-3 including the cases of grains without 
ice mantles. Because a cloud with <I> < <l>cr can begin dynamical contraction whose time scale 
is not much longer than tr , extensive flux loss down to far below <l>cr does not occur at least 
at nH � 4 x 1 09cm-3 . In the past some numerical simulations were done on the quasistatic 
contraction of clouds induced by magnetic field dissipation by assuming that the gas moves 
only across field lines, and the results are quite different from the results on the realistic 
three-dimensional contraction. We summarize the essence and causes of this difference. 
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1 .  INTRODU CTION 

Magnetic fields have various important effects on the processes of star formation . In this 
article we discuss the dissipation of magnetic fields and its effects on cloud contraction with 
some of our new results. We review in §2 the magnetic flux problem in star formation and 
in §3 the processes and the rate of magnetic field dissipation in molecular clouds. In §4 we 
discuss the effect of the cloud geometry on the cloud contraction. 

2. THE MAGNETIC FLUX TO MASS RATIO OF INTERSTELLAR CLOUDS 

Magnetic fields have significant effects on the contraction of interstellar clouds. An oblate 
cloud or cloud core, which has contracted somewhat along magnetic field lines, cannot con
tra.ct dynamically when the magnetic flux through it, <!>, is greater than a critical flux 

<Per = b 01!2 Jo.1, ( 1 )  

where NI i s  the mass of  the cloud or  cloud core, G i s  the  gravitational constant, and b is 
a constant of order unity1L 2 ) , 3) . We take b c-: 27r in this paper. When the magnetic field 
outside the cloud is much weaker than in the cloud, the ratio of the mean magnetic force to 
the mean gravitational force in the cloud is nearly equal to (<I> /<!>er )2 . For a prolate cloud 
with the major axis parallel to field lines the magnetic force is stronger than the self-gravity 
even for some range of <P less than <Iler · Therefore a cloud or a cloud core with <I> > <Iler must 
lose some magnetic flux before it can begin dynamical contraction. 

If magnetic fields a.re nearly frozen to the gas during contraction of the cloud, the magnetic 
flux to mass (<!>/Jlf) ratio, or equivalently <P/<Pm of the cloud hardly changes. Nakano4l, 5 )  
showed that the <!>/<Per ratio for molecular clouds takes values between about 0 . 1  and 1 and 
is 105 to several hundred times greater than the ratio for magnetic stars with mean surface 
field B. of 1 to 30 kG. If we compare with nonpeculiar stars, the discrepancy in <!>/<Per is 
even greater. Mouschovias6l asserts that Paleologou and Mouschovias7l first showed that 
the <P/<Per ratio for clouds is 1 02 to 105 times the ratio for stars. Although they wrote 
these values, they did not show how or by whom these values were derived . In addition to 
B. c-: lkG Nakano4l writes on the comparison with a star of B, c-: 30kG. Substituting t his 
value into Nakano's equation (6) ,  one can easily find out that the lower bound to this ratio 
is several hundred. The value of several hundred to 105 has effectively been obtained by 
N akano4 l .  Irrelevance of Mouschovias' remarks6l on Nakano has also been pointed out by 
Whitworth8l . Mouschovias9l writes that a cloud core of mass "" 1 !118 has a flux 10 to 102 
times <Per at least initially. For example, he considers that a spherical 1!118 blob of interstellar 
matter with the mean density p and magnetic field (c-: 3µG) of the interstellar medium has 
<P c-: 102 <1>er · However, because the radius of this blob, 2 .5(p/10-24g cm-3 )-1 /3 pc, is much 
smaller than the Jeans wavelength in this medium, AJ c-: 180(p/10-24g cm-3 )- 112 pc4 l ,  this 
part cannot contra.ct by itself even along field lines, and then this part alone cannot become 
a star. Therefore it is of no use, or even misleading, to discuss the <I>/ <l>er ratio of such a 
part. Only a part of the interstellar medium whose length along field lines is greater than AJ 
can contract. The magnetic flux <P of such a part is at most of the order of <Iler as shown by 
Nakano4 l .  

3 .  MAGNETIC FIELD DISSIPATION IN CLOUD CORES 

The ohmic dissipation is quite inefficient in the ordinary interstellar clouds. Mestel and 
Spitzer10l  showed that magnetic field dissipation in the ordinary interstellar clouds can be 
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much more efficient than the ohmic d issipation because even if ions are nearly completely 
frozen to magnetic fields, ions and magnetic fields can drift in the sea of neutral particles 
because of very low ionization fraction. This process is called the ambipolar diffusion or 
plasma drift. The degree of freezing of a charged particle to magnetic fields is characterized 
by rw , the product of the cyclotron frequency w of the particle and the viscous damping time 
r of motion of the particle relative to the neutrals. When rw � 1 ,  the particle is nea.rly 
completely frozen to magnetic fields. The molecular cloud contains various kinds of charged 
particles; electrons, many kinds of ions, and dust grains of various electric charge and size. 
The value of rw is usually greater for a particle of smaller mass if the electric charge is the 
same. For example, rw for an electron is a.bout 30 times greater than for an ion HCO+ and 
rw for a grain of charge ±e with radius a = 10-5  cm is 10-4 times that for this ion5) , l l ) ,  
where e is the unit electric charge. Because rw ex B/nH , where B is magnetic field strength 
and nH is the density of the gas by hydrogen number, and B increases more slowly than 1lH 
even in flux-conserving contraction of the cloud, rw for any particle decreases as the cloud 
contracts. Grains of a :::::: 10-5 cm are hardly frozen to magnetic fields in clouds of ordinary 
density. Even ions, which are frozen at such density, cannot be frozen at very high densities, 
e .g . ,  nu � 1 010cm-3 . Moreover, while ions and electrons are dominant charged particles 
a.t low densities, grains of charge ±e are dominant a.t high densities and contribute most to 
prewnting magnetic field dissipation even though they are not strongly coupled with magnetic 
fields. To investigate magnetic field dissipation in such wide range of the physical conditions 
of the cloud we need a general formalism on field dissipation. N akano5l and Nakano and 
Umebayashi1 1 l obtained such a formalism which can be summarized as follows. 

Let us consider an arbitrary closed contour C in a cloud. When a point on C moves with 
a velocity v relative to the neutrals, the magnetic flux <P through this contour changes with 
time according to 

d<P f di = - [(v - VB) x B]ds, (2) 

c 

where ds is an infinitesimal line element along contour C. Because the magnetic flux <P is 
conserved when every point on C moves with v = v B , we call v B the drift velocity of 
magnetic fields. Components of v B parallel to magnetic force j x B/c (say the x-component) 
and perpendicular to both B and magnetic force ( the y-component) are respectively given by 

Ai 1 
I . I VBx = A -;:  J X B , 

Az 1 I . I VBy = - A -;: J x B , 

where j = (c/47r)V' x B is the electric current density and 

(3) 

(4) 

(5) 

Here c is the light velocity and Pv, Wv = qveB/mvc, Tv , mv, and qve are the mass density, 
cyclotron frequency, viscous damping time, mass, and electric charge, respectively, of particle 
v. To obtain simpler expression of the equations we have defined Wv so that it takes a 
negative value for a negatively charged particle. \Ve need not define the component of v B 
along B (or the z-component) because time variation of <P is not related to this component 
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as seen from equation (2 ) .  The dissipation rate of magnetic fields is determined only by 
VBx as shown by Nakano and Umebayashi1 1 l .  This is self-evident for axisymmetric clouds 
because the drift in the azimuthal ( y-)direction has nothing to do with magnetic flux loss of 
the cloud. The magnetic flux loss time, or the dissipation time of magnetic fields, can be 
given by lB = -iJ>/(dif>/dt) � l/vnx, where l is the length scale of magnetic fields. 

From this general formalism we can derive formulae for some limiting cases. The first 
case is for I TvWv l ;p 1 at least for dominant charged particles. In this case we have Ov � Wv 
and then A1 � Lv Pv/Tv and I A2 I � A1 . Therefore we have from equations (3) and (5) 

1 1 I . I ( �  Pv ) -1 1 I . I VBx � - - J X B � � - - J X B . 
A1 c v Ty c (6) 

The last expression of this equation is the terminal velocity of charged particles with which 
the magnetic force on them balances with the frictional force by the neutrals. Because the 
charged particles are nearly completely frozen to magnetic fields in this case, their drift 
velocity is the same as that of magnetic fields. Thus this is the drift velocity of fields by 
ambipola.r diffusion. Equation (6)  is a generalization of the drift velocity obtained by Mestel 
and Spitzer10) which contains only the ion term in the summation. 

The second limiting case is for I Tvwv l  � 1 at least for dominant charged particles. Because 
Ov � l/Tv in this case we have 

(7) 

where (]' = Lv e2 q;Tvnv/mv is the electrical conductivity with 1l v the number density of 
particle //, vVe also have A2 � Lv PvWv = ( eB I c) Lv nvqv = 0 because of charge neutrality 
of the gas. Therefore we lrnYe 

1 1 c2 
Vflx � -A - ij X Bl � -4 [ '  

1 c '/r (J'  
(8) 

The last expression of this equation has been obtained by taking ij x Bl/ c = l ("V' x B) x B l /17r � 
B2 /47rl. Finally we have 

(9) 

This is nothing but the time scale of the ohmic dissipation which depends on the electric 
conductivity (]' and the length scale of magnetic fields l but does not depend on the field 
strength B. 

Thus equation (3)  contains both the effects of ambipolar diffusion and ohmic dissipation. 
Magnetic field dissipation can be described by this equation for any situation as long as the 
fraction of charged particles is very small. 

In addition to the interaction with magnetic fields and with the neutrals, grains have 
an important role in determining the ionization fraction through recombination of ions and 
electrons at grain surface. The dissipation rate of magnetic fields is rather sensitive to the 
grain model, especially to the size distribution 12 ) , 13) . Here we consider ice-mantled grains. 

Similar to the size distribution of grains without ice mantles as proposed by Mathis, 
Rump!, and Nordsieck14) we assume that grain cores have a power-law size distribution 

dN -3.5 -d = Aac 
,ac 

( 10) 
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Fig. 1. The abundances of various 
particles relative to hydrogen in the 
gas with ice-mantled grains with a�min) 
= 50A. Grains a.re denoted as G with 
a superscript representing their elec
tric charge a.nd ( is the ionization rate 
of hydrogen by cosmic rays a.nd ra
dioactive elements. 

for the core radius ac between 2500A and some mm1mum value a�min) ,  where A = 1 . 5  x 
10-25cm2 5 .  \Ve assume that the ice mantle is composed of H20, CH4 , NH3 , a.nd CO, that 
the mantle thickness b is independent of ac because the growth rate of the mantle must be 
determined by the flux of condensa.ble molecules on grains irrespective of ac, a.nd that there 
a.re no heavy elements in the gas phase. The value of b depends on a�min) and the fraction of 
the condensable elements. Because of the uncertainty in a�min) we consider the four cases of 
the combination (a�min) ,  b) = (30 ,  122 ) ,  (50 ,  180) ,  ( 100,  304) , and (200, 520) in A.  

In molecular clouds shielded from ultraviolet radiation ions are first formed by ionization 
of H2 and He by cosmic rays and radioactive elements and transformed into some sorts of 
molecular ions. Atomic ions can recombine radiatively and molecular ions can dissociatively 
with electrons. Both kinds of ions also recombine at grain surface and this process is more 
efficient than the other recombination processes at high densities. The gas in dense clouds 
is nearly in ionization-recombination equilibrium. Figure 1 shows the relative abundances 
of various particles a.s functions of the density nH for the case of a�min) = 50A and the ga.s 
temperature T = lOK. In this figure ( is the ionization rate of an H2 molecule by cosmic 
rays and radioactive elements, and grains a.re represented as G with the superscript showing 
their electric charge. For the case of ( = 10-17 s-1 ions and electrons a.re dominant charged 
particles only at nH < 1 06cm-3 , and at TlH > 108cm-3 grains a.re dominant and electrons are 
about 60 times less abundant than the ions (see Naka.no5l for the reason of this). 

First we consider a.  cloud which is kept nearly in equilibrium by magnetic force across field 
lines, i. e . ,  <ll � <Iler, and by the gas pressure a.long them. The contraction induced by magnetic 
flux loss is highly nonhomologous15) ,  1 6 ) , 1 7) , and only the central part of the cloud contracts 
rapidly. The time sea.le of such a nonhomologous process is nearly equal to the flux loss t ime 
in the central pa.rt of the cloud whose size a.cross field lines is nearly equal to the size along 
them. This time scale is determined by the mean density of this part and is independent of 
the total mass of the cloud12l . Figure 2 shows this time sea.le tB for the four models of the 
ice-mantled grains together with the case without ice mantles with a(min) = 50A. The free-
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Fig. 2 ( left ) .  The time sea.le of  magnetic flux loss, t s ,  for the cloud core of  <P '.::'. <Per with 
ice-mantled grains. Ea.ch curve is labeled with the value of a�min) in A. For comparison 
ts for the case of grains without ice mantles with the minimum radius a(min) = 50A is 
shown by the solid curve and the free-fall time tr by the solid straight line. 
Fig. 3 ( right) .  The time sea.le ts for the cloud core with <P '.::'. <Per and <P '.::'. O . l<Per for 
grains without ice mantles (from Nishi et  a l.13l ) .  

fall time t r  is also shown for comparison. For all cases there is a critical density ndec only above 
which ts < tr holds. We find that is is 10 to 500 times tr at nH � ndee and decreases rapidly 
at higher densities. Because clouds usually cannot contract faster than free fall, magnetic 
fields a.re nearly completely decoupled from the gas at nH ;(; ndee· The value of ndec is between 
4 x 109  and 101 1 cm-3 for the models in Fig. 2. For the other grain models investigated so 
far1 1 ) , 1 2 ) , 13) ndee is between 10 10 and 1 01 2cm-3. Each curve for ts in Fig. 2 has a nearly flat 
part in some density region. In this region the smallest grains a.re nearly frozen to magnetic 
fields ( rlw l  ;(; 1) and contribute to preventing field dissipation more efficiently than the other 
charged particles ( e .g . ,  ions ) .  

For <P < <Per , t s  i s  proportional to <1>-2 when dominant charged particles are frozen to  
magnetic fields because vsx i s  proportional to B2  as seen from equation (6 ) ,  while is is 
independent of <P or B when dominant charged particles a.re not frozen as seen from equation 
(8 ) .  Transition from ts IX <1>-2 to ts IX <1>0 can be seen in Fig. 3 in which ts for <I> = <Per 
and for <I> = O . l<Per is shown as a. function of the density for grains with no ice mantles13l .  
Situation is the same for the other grain models. 

The a.hoYe results can be summarized as follows. At lea.st for <P '.::'. (0 . 1  - l ) <l>cr we haYe 

(<Per ) 2 ts '.::'. ( 1 0  - .500) � t r  

at 77H � 11c!ec • while tB is almost independent of <P at nH ;(; ndec · 

( 1 1 )  

The cloud core with <I> < <Per contracts dynamically if its mass is much smaller than the 
Jeans critical mass. Even if its mass is nearly equal to the Jeans mass, it easily begins dynam
ical contraction because a nearly isothermal cloud is unsta.ble18 ) .  The dynamical contraction 
proceeds almost in a free-fall time tr which is much shorter than t B at the cloud density 
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nH < ndec· Therefore, extensive magnetic flux loss down to far below if>cr is impossible at 
nH < ndec and then at least at nH < 4 x 1 09cm-3 . 

4. CONTRACTION OF MAGNETIZED CLOUDS 

Computer simulations have been made on quasistatic contraction of clouds induced by 
magnetic field dissipation for various cloud configurations: in chronological order, oblate 
clouds which contract along and across field lines15) , 1 5) , l7) (here we call this the 3D con
traction) ,  slab clouds with field lines parallel to the slab surfaces in which the gas is assumed 
to move only across field lines19l  (the lD contraction) ,  and cylindrical clouds with field lines 
parallel to cylinder axes in which the gas is also assumed to move only across field lines20), 2 1 ) 
( the 2D contraction) .  The lD and 2D contractions shown by these simulations are quite 
different from the 3D contraction on some important points. In the 3D contraction the qua
sistatic contraction ends (shifts to dynamical contraction) when the magnetic flux if> of the 
cloud core decreases close to the critical flux if>cr even if the density of the core is much lower 
than ndec i the amount of the magnetic flux lost at nu < ndec is not large, and the contraction 
is highly nonhomologous. In the lD and 2D contractions the magnetic flux of the clouds can 
decrease by several orders of magnitude even at nH < 17deci and contraction is quasista.tic up 
to nil '.:::'. ndec and is not so highly nonhomologous as in the 3D contraction. ·we shall survey 
the ca.uses for these differences in the following. 

4 . 1  The lD Contraction of Disks with Horizontal Magnetic Fields 
A disk in equilibrium has a pressure a.t the midplane given by Pc = 7rG�2 /2, where 

� = J�00 pdz '.:::'. 2pcH is the surface density of the disk, Pc and H being the density at 
the midplane and the effective half-thickness of the disk, respectively. The magnetic flux 
of the disk can also be given by if> = J�00 Bdz '.:::'. 2Bc H, where Be is the field strength 
at the midplane. vVhen the disk is supported by the gas pressure and magnetic force, or 
Pc = C?Pc + BJ/87r , where C, is the isothermal sound velocity, we have 

( 1 2) 

From this equation we find that an equilibrium state exists for any non-zero <I> even if the 
gas pressure is negligible. This means that there is n o  critical magnetic flux for such disks. 
Because Pc '.:::'. 27rG112�2 /if> when the gas pressure is minor, we have for the contraction time 

t t = (� dpc) -1  '.:::'. - (__!:_ dc:"f>) -1  = tn . con Pc dt if> dt ( 13) 
Because the magnetic flux loss time tn for the disk is nearly the same as that for the oblate 
cloud investigated in §3 if the mean density is the same and the rna.gnetic force nearly balances 
with the gravity, we have tcont > tr at nu < ndec · Therefore as long as the initial magnetic 
flux is sufficiently large, contraction of the disk is quasistatic up to nH '.:::'. ndec and dynamical 
only at nu ;(; ndec · Because if> ex p�1 ,  the magnetic flux may decrease with contraction by 
several  orders of magnitude even at nu < ndec ·  This is the process followed by the lD 
simulations19 l .  

However, the  disks with horizontal magnetic fields a.re gravitationally unstable and break 
into fragments in a free-fall time t:z ) , 23) , which is much shorter than tn '.:::'. icont at nu < lldec · 
This means that the gas motion a.long field lines, which was inhibited in the lD  simula.tions1 9 l ,  
actually proceeds much faster than the motion across field lines and the disk changes its 



130 

configuration into a quite different one before significant magnetic flux loss occurs as pointed 
out by Nakano24l .  Finally each fragment must establish pressure equilibrium a.long field lines 
like the clouds studied in the 3D simulations. 

4.2 The 2D Contraction of Cylinders with Longitudinal Magnetic Fields 
A cylinder in equilibrium has a pressure on the symmetry axis given by Pc '.:':'. GApc/2, 

where Pc is the density on the axis and A = J000 2irr pdr '.:':'. ir R2 Pc is the line density (mass 
per unit length) of the cylinder and R is the effective cylinder radius. The magnetic flux of 
the cylinder is given by <I> =  J000 2ir1·Bdr '.:':'. ir R2 Be , where Be is the field strength on the axis. 
When the cylinder is supported by gas pressure and magnetic fields, we have 

<1>2 GA ( 2C2 ) 
8ir3 R4 '.:':'. 2ir R2 A - -c}- . ( 1 4) 

As seen from this equation, the cylinder can take an equilibrium state for any non-zero <I> 
even if the ga.s pressure is negligible. This means that there is no critical magnetic flux for 
such cylinders. When the gas pressure is negligible, we find Pc '.:':'. 4irGA 3 /<1>2 a.nd then the 
contraction time 

( 15 )  

Because tB i s  nearly the  same for the cylinder and the oblate cloud in  §3 for the  same mean 
density as long as the magnetic force balances with the gravity, we again have tcont :?> tr at 
nH < ndec· Therefore as long as the initial magnetic flux is sufficiently large, the contraction 
is qua.sistatic up to ll H '.:':'. ndec and the cloud contracts dynamically only at nH ;<; n<lec · 
Because <I> ex p-: 1 !2 the magnetic flux decreases with contraction by orders of magnitude even 
at nH < ndec · 

However, such a cylinder is gravitationally unstable and breaks into fragments in a growth 
time nearly equal to the free-fall time t: 5 ) , which is much shorter than icont at nu < ndec - This 
means that the gas motion along field lines, which was inhibited in the 2D simulations20l , 2 1 l ,  
actually proceeds much faster than the motion across field lines and the disk changes its config
uration into a quite different one before significant magnetic flux loss occurs. Finally ea.ch frag
ment must establish pressure equilibrium a.long field lines and contract three-dimensionally 
as numerically simulated by N akano15) ,  1 6 ) , 17) . 
4 .3  The 3D Contraction of Magnetized Clouds 

The essence of the 3D contraction has been derived by N aka.no26l which can be summa
rized as follows. Let us consider a. cloud core with mass M ,  radius R, and mean field strength 
B embedded in a medium with field strength Bo . The magnetic tube penetrating the core 
has a radius Ro = R(B/B0) 1 12 far from the core. When the core is mainly supported by 
magnetic force, the virial theorem for this core5l , GM2/R '.:':'. (B2R3 - BJR6 )/'1ir2 , can be 
rewritten as 

R 2 - - l - f Ro - ' ( 1 6) 

where f = <Pcr/<1> is the ratio of the critical flux <Per '.:':'. 2irG112 M to the flux <I> = ir R2 B of the 
core. The pressure equilibrium along field lines gives the central density of the core 

irG'f} BJ f 2 Pc '.:':'. 2c; '.:':'. 2irC;f ( 1  - !2)4 · 
( 1 7) 



As seen from equations ( 1 6) and ( 17 ) ,  R decreases and Pc increases indefinitely as <I> 
proaches <Per (! ----> 1 )  as long as the gas pressure is negligible. From equation (17 )  
quasistatic contraction time is obtained as 

( 1 dpc ) -1 1 - j2 
tcont 

= Pc dt c= 
2(l  + 3J2 ) 

tB , 
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( 18) 

where tB = -<P/(d<P/dt )  = f /(df /dt) is the flux loss time of the core. As f approaches 1 , t cont 
decreases indefinitely. This means that the contraction shifts from quasistatic to dynamical 
one at some stage before <I> decreases to <Per· By setting tcont c= tf in equation ( 18) we find 
that this shift occurs at the stage of f c= (1 + trftB )-1 ,  or 

<I> tf 
- c=  1 + -, 
<Per tB 

( 19) 

assuming trftB � 1 .  Thus the 3D cloud can contra.ct dynamically when <I> is smaller than 
that given by equation ( 19 )  even at nH � ndec · 

Roughly speaking tB is a decreasing fur'tction of nH as seen from Fig. 2. Because tcont is 
nearly equal to tB for the l D  and 2D systems [see equations (13)  and (15) ]  and then a denser 
cloud contracts faster, we can expect that the central region with higher density contracts 
faster than the outer region. Increase of the central density further accelerates contraction of 
the central region. Thus we can expect some nonhomology in the lD and 2D contraction. In 
the 3D system in addition to this effect t cont is proportional to 1 - f2. The central region must 
have f closer to 1 than the outer region and f is generally not very far from 1 .  Therefore 
the contrast in 1 - f2 between the central and outer regions must be much more conspicuous 
than the contrast in tB .  Thus the 3D quasistatic contraction is much more nonhomologous 
than the lD and 2D contractions. 

4 .4  Summary on Flux Loss and Contraction 
We have confirmed that the lD and 2D contractions are quite different in some essential 

points from the realistic 3D contraction. This difference is caused by the (non-)existence of 
the critical magnetic flux which comes from the dependence of the forces on the length scales 
of the clouds. Table 1 shows the dependence of some quantities on the length scales of the 
clouds for lD ,  2D, and 3D systems. The strength of the magnetic force can be given by 
l (V x B) x Bl/47r c= B2 /47rl, where l is the smallest length scale of magnetic configuration 
in the cloud. For the 3D system l is nearly equal to the length scale of the cloud along field 
lines, Z. As seen from Table 1 ,  for lD and 2D systems the dependence of the magnetic force 
on the length scale is different from that of the gravity. Therefore for non-zero <I> the cloud 
can settle down in an equilibrium state by adjusting the length scale H or R even if the gas 
pressure is negligible. For the 3D system the magnetic force and the gravity have the same 
dependence on R (radius of the cloud across field lines) and Z, and then the cloud can settle 
down in an equilibrium state only when <I> takes some special value which is proportional to 
the cloud mass M. This is nothing but the critical magnetic flux given by equation ( 1 ) .  

The magnetic flux loss time, tB ,  or  the instantaneous rate of  magnetic field dissipation, is 
nearly the same for the lD ,  2D, and 3D systems as long as the magnetic force balances with 
the gravity and the mean density is the same. On the other hand, because the length scales 
of the cloud change with contraction and the dependence of the magnetic and gravitational 
forces on the length scales is different among the three systems, the fundamental nature 
of the contraction is inevitably different among them. This is another explanation on the 
difference in the contraction described above. Because the gas motion along field lines, which 
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Table I .  Dependence of some physical quantities on the length scales of the clouds for lD,  
2D ,  and 3D systems 

lD 2D 3D 

l (smallest length scale) H R z 
<I> . . . . . . . . . . . . . . . . . . . . .  BH BR2 BR2 

p . . . . . . . . . . . . . . . . . . . . . .  L,/H A/R2 M/R2Z 

magnetic force . . . . . . . . .  B2/4KH ex <I>2/H3 B2 /41r R ex  <I>2 / R5 B2/41rZ ex <I>2/R4 Z  

gravitational force . . . . .  GL,p ex L,2/H GAp/R ex A2/R3 GMp/R2 ex M2/R4 Z 

is inhibited in the lD and 2D simulations, proceeds in reality much faster than the motion 
across them in these systems, and the force laws are quite different from those in the 3D 
system, we can learn little from the lD and 2D simulations. 
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In this work, we emphasize the importance of the coupling between the thermal, chem
ical and dynamical interstellar gas evolution. We suggest that, at scales of 1 pc or less, 
part of the molecular gas turbulence and condensation is due to variations of the UV 
field intensity. Using 2D hydrodynamical simulations and lD chemico-hydrodynamical 
models, we show that these variations are efficient in triggering both gas condensation 
and fluid motions. Moreover, this process provides a natural background for out of 
equilibrium chemical abundances. 
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l .  INTRODUCTION 

In regions not strongly affected by shocks or outflows from young stellar objects, 
the origin of turbulence and gas condensation in the cold interstellar medium is always 
unclear. Moreover, observed abundances of different atomic or molecular chemical species 
are not compatible with those predicted by pseudo-time dependent models , so that out of 
equilibrium models have been proposed1 l .  

Since i t  i s  likely that, due to the mutual shading of moving clumps, the distribution 
of UV field in fragmented molecular clouds is non uniform, we propose a new process 
in which the energy required to drive turbulence and condensation is extracted from the 
thermal energy of the gas, by variations of the ultraviolet radiation field. In Section 1 ,  
we present 2D hydrodynamical simulations of molecular cloud envelopes, in  which the 
microscopic processes which govern the heating and cooling of the gas have been taken 
into account. They show that, in gas of initial density up to a few 100 cm-3 , variations of 
the ultraviolet field intensity by a factor of ten (or, equivalentely, variations by 1 mag of 
the visual extinction) generate a sonic velocity field, a.long with the formation of discrete 
transient blobs of condensed ga.s2 J .3) . 

In Section 2, we present preliminary results, obtained with a lD chemico
hydrodynarnical model of a. molecular cloud envelope exposed to a varying UV field, which 
show that the process proposed above, gives out of equilibrium abundances, in particular 
high fractions of CI, in good agreement with the observed values. Furthermore, we show 
that out of equilibrium effects push back the chemical transition between regions of high 
and low electronic abundances4l into the dense pa.rt of the cloud. 

2. THERMAL AND DYNANIICAL EVOLUTION OF THE INTERSTELLAR GAS 

Assuming an initial slab geometry, we calculate the response of a .  molecular cloud 
envelope exposed to a varying UV interstellar radiation field. The perturbation of the 
UV flux moves parallel to the x-axis, with an absolute velocity 0 .2 km s-1 , and consists 
in reducing the incident UV field intensity over a limited region of the cloud surface by 
at most a factor of ten. The cloud surface is free, in pressure equilibrium with a virtual 
medium of constant pressure. Periodic boundary conditions are imposed along the x-axis. 

The initial density and temperature profiles correspond to thermal, chemical and 
hydrostatic equilibrium in a uniform gravitational field (parallel to the z-axis) : from 
the surface to the bottom, the initial gas density, temperature and internal extinction vary 
from: nH � 40 cm-3 , T � 80 K and Av � 0 .1  mag to nH � 1 05 - 106 cm-3 , T � 15 K and 
Av � 40 mag. 

The gas heating and cooling rates2 l are calculated at each time step and at each mesh 
point in the envelope. In order to get reasonable computer time, the chemical abundances 
are determined assuming, throughout these 2D simulations, chtemical equilibrium for the 



instantaneous local density, temperature 
and UV intensity. 
The perturbation induces a strong decrease 
in the dominant heating rates. Shielded gas 
cools down and condenses by a factor of 5 
to 10. In steady state, velocities are in the 
range 0.3 km s-1 to 0.7 km s-1  (Figure 1 ) .  

Figure 1 : 2D  simulation of a cloud en
velope : isodensity contours (between 
nH = 50 and 850 cm-3) and velocity 
field (vmax = 0.7 km s-1 ) .  The arrows 
indicate the center and the total width 
of the UV perturbation. 
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3. OUT OF EQUILIBRIUM CHEMICAL EVOLUTION 
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In order to study the coupling between dynamics and out of equilibrium thermal and 
chemical gas evolution, we have developed a lD chemico-hydrodynamical model. The 
kinetic chemical equations, coupled to the hydrodynamical ones, are solved in each zone 
of the model and at each time step using an implicit scheme, which would be described 
in a forthcoming paper. The chemical network is a modified and updated version of 
the dark cloud chemistry described by Pineau des Forets et al.5) : the major change 
concerns the rate for the dissociative recombination of Hi,  which has been taken to be 
1.5 10-7 (T /300)- 0 ·5 cm3s-1 6 ) .  The original network has been reduced from 50 to 32 
species - and 165 reactions: we have checked that this reduced network gives the same 
abundances, for the dominant species, than the larger one. The heating and cooling 
processes are the same than in the preceding simulations. 

As a first application, we examine, once again, the effects of a varying UV field on 
molecular gas. Initially the plane parallel cloud model, exposed to the standard UV field, 
is at chemical,· thermal and isobaric equilibrium (gTavity has not been taken into account 
in this study). We mimick the effect of the external shielding clump by adding to the 
internal visual extinction (originally equal to zero at the surface) a perturbation 6.A.v � 

1 mag. The external pressure is maintained to the initial equilibrium one. As discussed 
in the preceding section, the gas cools and condenses due to the shielding (Figure 2). But 
now the chemical abundances evolve with their own time scales. Since the formation of 
CO is a slow process, high abundances of CI are obtained during the evolution. At a given 
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Figure 2 : hydrogen nuclei density versus 
total visual extinction at differcm times. t = 3.4 Myrs (dashed line) and at chemi

cal equilibrium for the same density 
profile (solid line), 

time, comparison with equilibrium abundances, which would be derived from equilibrium 
calculations for the same density profile, show large differences (Figure 3) and the location 
of the steep chemical trnnsition7l is displaced. 

4. CONCLUSION 

Illumination of intermediate density atomic and molecular gas, by a non uniform UV 
radiation field, generates gas condensation and fluid motions in the range 0.3 - 0.7 km s-1 ,  
which can contribute to the observed turbulence. Furthermore, preliminary results of lD 
chemico-hydrodynamical cloud models, show that this process goes with important out of 
equilibrium chemical effects : in particular, high atomic carbon abundances are obtained 
during gas condensation. 
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A CHEMICAL STUDY OF THE PHOTODISSOCIATION REGION NGC 7023 

ABSTRACT 

A. Fuente, J .  Martin-Pintado, J. Cernicharo, R. Bachiller 
Centro Astron6mico de Yebes (IGN), Spain 

To investigate the effects of the UV radiation on the chemistry of nitrogenated molecules, we 
have carried out an observational study of the reflection nebula NGC 7023. We have mapped 
a region of 3' x3' over the photodissociation region (PDR) in millimeter transitions of 12CO, 
13CO, C180, HCQ+, HCN, HNC and N2H+. Spectra of CS, CN and C2H and of the rarer 
isotopic species H13CQ+, H13CN, and HN13C, were also obtained at selected positions. We 
find evidences of selective photodissociation in the estimated 13CO /C180 ratio. Futhermore, 
all molecular abundances, except those of CN and perhaps C2H, decrease towards the star, 
and significant gradients in the values of some molecular abundance ratios (the HNC/HCN 
ratio decreases by a factor of 5, the N2H+ /HCQ+ ratio decreases by a factor of 12, the 
CN/HCN ratio increases by a factor of 8 and the (CN+HCN+HNC)/NH3 ratio increases by 
a factor of 30 towards the star position) reveal the existence of important chemical changes 
towards the star. Chemical equilibrium model calculations have been carried out in order 
to interpret the observed behavior. Our results show that the variations found in molecular 
abundances cannot be explained by the kinetic temperature and/or the hydrogen density 
gradients measured in the nebula, but they are well explained by the influence of the stellar 
UV radiation on the chemistry of the molecular gas if the emission arises in a region at a visual 
extinction between 6 and 10 mag from the star. Molecular destruction in this region (Av � 

6 mag) is due mainly to reactions with H+, C, H, c+, 0, and to electronic recombination. 
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1 INTRODUCTION 

One expects that newly formed stars alter chemically the clumps surrounding them. We have 
chosen the reflection nebula NGC 7023 to carry out a detailed study of the influence of UV 
radiation on the nitrogenated molecules chemistry. The results of previous works1l ·2l show 
that NGC 7023 has a favorable geometry for this kind of project. Futhermore, although a 

bipolar outflow6),2) is likely to be associated with HD 200775 (the star illuminating NGC 
7023) ,  the relative narrowness of the CO and NH3 lines1 ),2) suggest that shock fronts are not 

the dominant process in this nebula. 

2 OBSERVATIONAL RESULTS 

All the observations were carried out with the IRAM 30m telescope on Pico de Veleta 
(Granada, Spain) .  Our observational results can be summarized as follows: 

1 .  The abundances of 13CO, C180, HCO+ , HCN, HNC, and CS decrease towards the star. 
Table 1 shows the estimated fractional molecular abundances of HCN, HNC, N2H+ and 
HCO+ towards some selected positions in the nebula. Offsets are relative to the star 
position. Note that all the molecular abundances, except those of CN and perhaps C2H 

decrease towards the star. Some of them, like HCO+ and HNC abundances, decrease by 
a factor >30 (See Rph in Table 1 ) . 

2. The behavior of the 13CO I C180 ratio suggests the existence of selective photodissocia
tion effects in these isotopes. Fig. 1 shows the 13CO and C180 column densities, and 
the 13CO I C180 column density ratio as a function of the distance from the star for a 
strip in declination at a constant offset in right ascension of O". This ratio takes values 
of � 10  close to the star, increases up to values of � 20 - 30 at a distance of 60" -
80" from the star and then decreases again to values � 10 further away. This enhance
ment of the 13CO / C180 ratio can be explained in terms of selective photodissociation 

(isotopic fractionation can also contribute to enhance the 13CO / C180 ratio for kinetic 

temperatures Tk<36K) .  

3 .  Significant variations in the values of the abundance ratios when approaching to the 
star prove the existence of chemical changes in this direction. These changes can be 
summarize as follows: 

• The HNC/HCN ratio decreases by a factor of � 5 (see Fig. 2) .  

• The CN/HCN ratio increases by a factor of � 8 and the (CN+HCN+HNC)/NH3 
increases by a factor 2: 35 (see Fig. 2) .  

• The N2H+ /HCO+ ratio decreases at least by a factor of 12. 
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Table 1. Fractional molecular abundances1 

Offsets C180 Hco+ HCN HNC CN cs NH� N2H+ C2H 
(") ( 10-8) ( 1 0-9) ( 10-10) ( 10-10) ( 1 0-10 ) ( 10-10) ( lo-9) ( 10-10) ( 1 0-9) 

(0,0) 1 . 2  ::;0 . 1  
( - 10,20) 2 .4  0 .02 0 .3 0 .2 2 .5 0 .3 ::;LO ::;o .8  
(-30,50) 7.6 0 .4 1 .4 0 .7 6.2 0 .8 0 .1 s;o.1 0.6 
(-50,40) 7 .4 4 .2  2 .3 1 .3 0 .3 
(-30,80) 4 .7  1 .3 1 . 1  6 .7  5 .7  3 .0 2 . 1  1 .8 0 .9  
(-20,100)  10 .4 0 .9 1 .3 3 . 1  1 . 6  1 .8 3.4 1 .5 0 .7  
(20,130)  0 .6 4 .7 4 .6 1 .6  0 .6  0 .4 

(-40,120) 6 . 7  0 .4 3 .7  2 .8  0 .7  
R;h 9 65 15  33 2 10  2':34 2':2 2': 1  

1 Defined as N(X)/N(H) where N(H) i s  the total hydrogen nuclei column density 
2 Data taken from1) 

3 Rph is the ratio between the largest estimated abundance and the abundance at (- 10" ,20") 
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Fig. I :  13CO column density, C180 column 
density and 13CO I C180 column density ratio 
as a function of the distance from the star for 
a strip in declination for a constant offset in 
right ascension of O". 

Distance from the star (arcseconds) 

Fig. 2: Indicated fractional abundances and 
abundance ratios as a funcLion of the distance 
from the star for the strip formed by the offsets 
(- 1 0" ,20" ) ,  (-30",50" ) ,  (-30",80") ,  ( -20" , 100") and 
(-40" , 120") .  
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3 CHEMICAL MODEL 

In order to interpret the behavior of the chemical abundances found towards NGC 7023 we 

have carried out some chemical equilibrium calculations assuming different kinetic temper
atures, hydrogen densities and visual extinctions from the star. The set of reactions used 
in our calculations is essentially the scheme of4),s) excluding the reactions involving PAHs, 
but including photodissociation and photoionization reactions. (See3) for more details . )  The 
results can be summarized as follows: 

• We can explain the changes observed in the HNC/HCN abundance ratio 

as the effect of the increasing kinetic temperature and/or the effect of the 

increasing UV flux towards the star. However, the behavior observed in the 

CN/HCN and (CN+HCN+HNC)/NH3 ratios can only be explained by the 

influence of the stellar UV radiation on the chemistry. 

• All the observed abundances except that of C2H ,  and all the studied abundance ratios 
except the N2H+ /HCQ+ one, are consistent with those calculated theoretically 

for a region located at a visual extinction between 10 and 6 mag from the star, 

and with the kinetic temperatures and hydrogen densities estimated from observational 

data. To account for the C2H abundance and the N2H+ /HCQ+ abundance ratio, we 
have to suppose that C2H emission arise mainly in the low density envelope/interclump 
medium and that the N2H+ and HCQ+ emission come from regions with different density. 

• Reactions with H, H+,  C, c+,  0, N and electronic recombination are the most important 
molecular destruction mechanisms for a visual extinction larger than 6 mag from the star 
(i .e . ,  where the nitrogenated molecules emission is expected to arise) .  

The results of model calculations and the detailed comparison of theoretical predictions with 
observations are presented in3). 
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INTERACTING H20 MASERS IN STAR-FORMING REGIONS 

ABSTRACT 
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We (i.e., my student K. Pavlakis and I) have studied the interaction of H2 0 masers in 
star forming regions as a physical mechanism for the explanation of the very strong H20 
maser sourses. We have carried out detailed numerical calculations for both saturated and 
unsaturated masers and have derived approximate analytic expressions for the expected 
brightness temperature from interacting masers. We have found that the interaction of 
two low or medium power masers can in principle lead to the appearance of a very strong 
one. 

1. INTRODUCTION 

An interesting idea regarding the powerful Galactic H2 0 masers was proposed by 
Deguchi & Watson (1989). They demonstrated that two medium power masers, separated 
by distances characteristic of the size of star-forming regions and aligned to within the 
angular size of the beam of one maser, can result in reduced beam size and therefore 
enhanced brightness temperature. Elitzur, McKee, & Hollenbach (1991 ) extended the 
work of Deguchi & Watson and proposed that the two giant bursts of H20 maser emission 
in W 49 and Orion were the result of interacting masers. 
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In this paper we present a qualitative discussion of interacting (both saturated and 
unsaturated) masers. The results of our numerical calculations appear in a lengthier 
publication ( Kylafis & Pavlakis 1992). 
2. QUALITATIVE DISCUSSION 

Consider a maser region in the form of a cylinder of diameter d and length l (see 
Figure 1) .  Its maser radiation is emitted mainly through the bases of the cylinder and 
into solid angles n along the axis of the cylinder. Let the brightness temperature of the 
maser along the axis of the cylinder be Tbo ·  Now consider in addition a background source 
(in Figure 1 it is shown as a similar maser) at a distance D > > l from the maser and 
an observer on the other side of it. When the radiation of the background source enters 
the maser, and if its intensity is high, it causes the maser radiation to be emitted in the 
solid angle n. � ( d/ D)2 < < fl (Deguchi & Watson 1989; for the case of dissimilar sources 
see Elitzur, McKee, & Hollenbach 1991). The observer on the right, who detects this 
radiation and does not know its origin, calculates an iJotropic luminosity which is orders 
of magnitude larger than what would be inferred if the maser were alone. In what follows 
we explain qualitatively and quantitatively the effects of the background source on the 
observed intensity. 

Let </>; be the net rate (i.e., stimulated emission minus absorption) of maser photon 
production per unit volume due to the internal radiation of the maser and </>8 the corre
sponding rate due to the radiation of the background source. The photons produced with 
rate </>; are emitted on either side of the maser and into solid angle 2!1, while those produced 
with rate </>8 are emitted toward the observer and into solid angle !18 � ( d/ D)2 < < fl. 

D 

Fig. 1 .  Schematic repreJentation of two Jimilar maJerJ interacting with each other. 

The brightness temperature or the intensity seen by the observer can be written as 

Tobs � ( ITx I + Ts) exp( l r l ) or I � </>; </>s obs � 2!1 + n ' 8 (1) 
where Tx is  the excitation temerature of the maser line, T. is the brightness temperature 
of the background source and T is the optical depth of the maser line. 

For the sake of this qualitative discussion let us treat the intensity of the background 
source as a parameter. When the mean intensity of the photons that are produced with 
rate </> 8 is much smaller than the mean intensity of those produced with rate </>;, then clearly 
the effect of the source on the maser is negligible. An equivalent condition is T8 < <  ITx l · 
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For collisionally pumped H2 0 masers the excitation temperature is typically in the range 
102 ;;;; ITx l ;;;; 103 K and l r l ;;;; 25 (Kylafis and Norman 1991 ) .  

A s  T8 increases, a point is reached where T8 � ITx I o r  ¢./n. � ¢;/2!1. A t  this point, 
the effect of the background source on the observed intensity begins to become important. 
Note however that the equation T8 � ITx l  implies <fas < < ¢;.  That is, the radiation from 
the background source has a significant contribution to the observed intensity despite the 
fact that it causes the production of a negligible number of photons. 

As T8 increases further, the observed intensity grows essentially linearly with T8 (see 
eq. [1] ) .  This is because with <fas < < ¢;, the background radiation has a negligible effect 
on the populations N1 and N2 and therefore on T and Tx. 

The linear increase of Tb will continue until ¢. � ¢;.  This occurs when T8 � 
(2!1/!1.) ITx I· At this point, equal number of photons are emitted into solid angles 2!1 
and n • .  A further increase of T8 can have different effects on the observed intensity de
pending on whether the maser is saturated or unsaturated. 

2.1. Saturated Masers 

If the maser is saturated, then the photon production rate per unit volume ¢; has 
essentially its maximum possible value. That is, for every pumping event a photon is 
emitted. As T. increases, <fas increases, but only at the expense of ¢; .  Thus, more and 
more photons that would be emitted into solid angle 2!1 are emitted into n. and this last 
increase of T8 can at most increase the observed brightness temperature by a factor of two. 

In summary, to within a factor of two, the brightness temperature Tf of a saturated 
maser in the direction of the observer as a function of the brightness temperature T8 of 
the background source is given by { no , if T. ;;;; ITx l ;  

Tf � (no / ITx l )T. , if ITx l ;;;; T. ;;;; 1Tx l (2!1/!1.) ;  
no(2!1/!1.), if 1Tx l (2!1/!1.) ;;;; T • .  

(2) 

The background source affects not only the forward brightness temperature Tf, but 
also the brightness temperature Tt of the maser in the direction of the source. It is straight
forward to show ( Kylafis & Pavlakis 1992) that the background brightness temperature 
Tt of the maser is given by 

if Ts ;;;; ITx 1 (2!1/D.); 
(3) 

otherwise . 

If the background source is a maser (call it 2) identical to the one under study (call 
it 1 ) , then T8 cannot be arbitrary. The radiation of maser 2 affects maser 1, but also the 
radiation of maser 1 affects maser 2. Self-consistency is obtained when the output of maser 
2 is the input to maser 1 and visa versa (Deguchi & Watson 1989) . This means T. = Tt. 
Equating T. with expression (3) we find that self-consistency requires 

(4) 
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2.2. Unsaturated Masers 

If the maser is unsaturated, then the photon production rate per unit volume </i; is 
not the maximum possible. Therefore </is and consequently T[ can continue increasing 
linearly with T8 , while </i; remains constant. This linear increase will stop when the maser 
saturates. For a collisionally pumped maser, saturation occurs roughly when the radia
tive rate becomes comparable to the typical collision rate Cji � 10-2 (nH2 /109cm-3) s-1 
(Palma et al. 1988). From then on </is can increase only at the expense of </i; and only a 
small increase in T/ can occur with increasing T • .  

According t o  the above discussion, one can write approximate analytic expressions 
similar to those for saturated masers. Thus, for the forward brightness temperature we 
have { I'&o , if T. � ITx l i 

T! � (Tbo / ITx l )T. , if ITx l � T. � T; ; 
(I'&o/ITx l )T; ,  if T; � T. ,  

(5) 

where T; is a brightness temperature of the background source at which the net radia
tive rate becomes comparable to the typical collision rate. For the backward brightness 
temperature we have 

3. SUMMARY AND CONCLUSIONS 

if Ts � T; ; 
otherwise . 

(6) 

In agreement with previous work on interacting H20 masers, we have found that the 
interaction of two low or medium power masers can in principle lead to the appearance of 
a very strong one. 

The interaction of a very weak and a medium power maser can also lead to a very 
strong one. 

We find it tempting to suggest that probably all H2 0 masers in star-forming regions 
with observed brightness temperature I'& �  1013 K are the result of interacting masers. The 
reason for this is the following: To obtain brightness temperatures I'& > 1013 K one needs 
aspect ratios (i.e., ratio of length to width) a > 10 if the maser region is static (Elitzur, 
Hollenbach, & McKee 1989) and a � 100 if the maser region has velocity gradients (Kylafis 
& Norman 1991 ) . Since velocity gradients are probably present in star-forming regions, it 
makes more sense to think of the masers with Tb � 1013 K as interacting masers rather 
than as very long cylinders. 
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ABSTRACT. Based on data collected by the "Einstein" satellite in the early 80's, the study of 
star-forming regions in soft X-rays had a strong impact on the understanding of the pre-main 
sequence evolution of low-mass stars (T Tauri stars), but little on molecular clouds and star 
formation per se. The newly available data from the ROSAT satellite, with an order-of
magnitude improvement in sensitivity and angular resolution over "Einstein", allows to address 
not only stellar problems like PMS evolution, dynamo-related magnetic activity, star-forming 
efficiencies, etc., but also problems related to molecular clouds. This is because X-rays have 
been found to be associated with deeply embedded objects, and therefore to provide an intense 
source of ionization in the dense regions of molecular clouds. In particular, these stellar X-rays 
may provide a feedback mechanism on star formation. 

[Photograph courtesy of Serge Brunier©, Ciel & &,pace magazine] 
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1. INTRODUCTION 

One of the early discoveries of the "Einstein" satellite, around 1980, was that 

soft X-ray emission was ubiquitous throughout the H-R diagram. In addition, 
it was soon recognized that pre-main sequence (PMS) stars were among the 
brightest of the cool stars. Also, many X-ray sources near molecular clouds 
were found to be associated with previously unnoticed stars, which subsequent 

optical spectroscopy revealed to be very similar to "T Tauri stars" (- solar mass 
PMS stars), but lacking their characteristic emission lines. The new PMS stars 

were therefore called "weak" T Tauri stars (or "WTTS"), in contrast with the 

previously known "classical" T Tauri stars ("CTTS"). This discovery was 
important for the understanding of early stellar evolution, since there were 2 to 
3 times as many WTTS as there were CTTS: the known population of low-mass 
PMS stars had suddenly at least tripled. (It is now believed that, in rough 
terms, CTTS are WTTS surrounded by an optically thick circumstellar 
accretion disk; for a review, see, e.g., Bertout 1989). 

Several nearby molecular clouds were observed with "Einstein", 
typically in a few exposures only thanks to the large field-of-view (- 1 sq. 
degree) of the IPC instrument (see Giacconi et al. 1981): Orion (- 450 pc), 
Taurus-Auriga, Ophiuchus, and Chamaeleon (- 150 pc). 

At the distance of the nearest clouds, the detectable X-ray luminosity 
was - lQ29 erg.s-1 at minimum, and reached - 1032 erg.s-1 in flaring events, 
i.e., 102 to 105 times the quiescent solar X-ray luminosity. The X-ray emission 
mechanism is bremsstrahlung from a - 107 K plasma (kT - 1 keV), trapped in 

large magnetic loops. Most of the emission characteristics (timescales, 

temperature, densities, etc.) are basically solar in nature; given the observed 
levels of luminosity, one can speak of a "supersolar" activity (for reviews, see, 

e.g., Feigelson, Giampapa, & Vrba 1991 ,  and Montmerle et al. 1993). 
Most of the "Einstein" PMS sources were however found in the vicinity, 

or at best in the periphery, of molecular clouds, with a moderate extinction (Av 
< a few units at most). As a result, the problems addressed by "Einstein" were 
entirely of a stellar nature: evolution of low-mass PMS stars, dispersal of the 
accretion disk of CTTS, which then evolve into WTTS, dependence of activity on 
age, rotation or other stellar parameters as a test of the dynamo mechanism 

(see, e.g., Montmerle et al. 1994), etc. 

The advent of the ROSAT X-ray satellite (launched in 1990 and still 
operating; see, e.g., Trumper 1983), with an order-of-magnitude increase in 
sensitivity and angular resolution over "Einstein", has brought significant 
changes and improvements in the field of early stellar evolution: as we shall 
see, the number of PMS sources is severalfold larger than with "Einstein", 

allowing a much more statistically significant database (which is especially 
useful for stellar studies), and making it possible to probe deeply into 
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molecular clouds, with potentially important implications on molecular cloud 
structure and star formation. 

In this paper, we will concentrate on this last aspect, discussing the two 
first available cases of ROSAT observations of molecular clouds: Chamaeleon I 
and Ophiuchus. 

2. THE CHAMAELEON I CLOUD 

In a recent paper, Feigelson et al. ( 1993) discuss ROSAT observations of the 
Chamaeleon I dark cloud. In two overlapping - 6,000 sec. exposures,  they find 
70 X-ray sources with a good SIN ratio, and up to 19 more less reliable sources, 
which is a factor 3-4 more than earlier "Einstein" data (Feigelson & Kriss 
1989). A deeper ( - 30,000 sec.) exposure (Krautter et al. 1994) yields only a 
handful more sources, indicating that the Feigelson et al. sample is essentially 
complete at a typical ROSAT level of sensivity. About 1/3 of these sources are 
new WTTS, and most of the others are CTTS and previously known WTTS, 
studied in the optical by Gauvin & Strom (1992). All the Cha I ROSAT sources 
have optical counterparts on photographic plates (my ::S 18), and their 
extinction is generally weak (< Av > - 1). The X-ray luminosities range from -

6 x lQ28 to - 2 x 103 1 erg s-1 .  Fig. 1 shows the location of these sources in 
relation with an IRAS contour map of the cloud. The H-R diagram of the 
optically studied sources indicates an average age of - 107 yrs. 

One of the most striking results is a previously unknown (and still unex
plained) tight correlation, in the form of a proportionality, between the X-ray 
luminosity Lx and the stellar mass M* . This allows the use the X-rays to 
estimate the star formation efficiency (SFE): from the X-ray luminosity 
function, one can derive a mass function, yielding an estimate of - 200 low
mass (0. 1  < M*/M0 < 5) young stars present in the cloud (half of them being too 
faint to be detected by ROSAT even in long exposures), with a combined mass of 
- 150 M0 . On the other hand, the molecular content of the cloud is poorly 
known: its large angular size has up to now prevented a complete CO survey 
with a good angular resolution using the SEST. From the IRAS map (see Fig. 
1), two dense cores may be seen, with a mass of � 300 - 500 M0 estimated from 
CO data. This yields an SFE :S 20 %. 

IR studies (e.g., Prusti, Whittet, & Wesselius 1992) show a small number 
of "Class I" sources (evolved protostars), with respect to "Class II" and "Class 
III" sources (embedded CTTS and WTTS, respectively; for details on the 
classification of IR sources, see Andre & Montmerle 1994, and Andre, this 
volume, and refs. therein). Combined with the small mass of the molecular 
cores and the relatively large age of the TTS, this indicates that star formation 
activity in Cha I is low at present, although the relatively high SFE suggests 
that it must have been higher in the past. 
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Fig. 1. Spatial distribution of the 89 ROSAT X-ray sources in the Cha I cloud. Symbols: 
filled circle, CITS; open circle, WITS; cross, new source; dot, source unrelated to the 
cloud. The contours are from the IRAS l OOµm map: dashed line, outer boundary; solid lines, 

cloud cores. (From Feigelson et al. 1993.) 



149 

3. THE p OPH CLOUD 

The recently obtained ROSAT results on the p Oph cloud are m sharp contrast 

with those on the Cha I cloud outlined above. Having obtained a deep (33,000 
sec.) exposure of the p Oph cloud core region, Casanova et al. ( 1993) concen
trated on the most sensitive central - 1/4 sq. deg. of the ROSAT image (as 
opposed to the - 4 sq. deg. total image of the Cha I cloud). In this area, 55 
sources were detected with a good SIN ratio, and up to 50 more may be present. 

In addition, 1/3 of the reliable sources are invisible on photographic plates, 
whereas all the sources previously discovered with "Einstein" (Montmerle et 

al. 1983) had optically visible counterparts. 
On the other hand, the p Oph cloud core has been the target of many IR 

observations over the past years, which have yielded almost 100 IR sources 
definitely associated with the cloud, at various stages of evolution (e.g., Wilking, 

Lada, & Young 1989, Greene & Young 1992, Comeron et al. 1993). Casanova et 
al. find that over 70 % of the ROSAT sources have cloud member counterparts, 

with the tentative detection of a few Class I sources. Many of the remaining 
ROSAT sources have IR counterparts which are not yet confirmed, but likely to 
be, cloud members. So contrary to the Cha I cloud, where a large fraction of the 

ROSAT sources are associated with as yet unidentified optically visible stars, it 
is found that the p Oph X-ray sources are almost all identified with IR sources, 

only 2/3 of them being also optically visible. The majority of the X-ray sources 

are therefore closely associated with the cloud (with corresponding likely ages 

< 106 - 107 yrs), which is confirmed on two grounds: (i) the ROSAT sources tend 

to cluster around dense regions (Fig. 2); (ii) the visual extinction Ay , 
determined from optical or IR photometry, reaches 40 or more (Fig. 3), showing 
that the X-ray sources are truly embedded in the cloud. The resulting X-ray 

luminosity function ranges from - 1028 to ;:::; 1031 erg s-1, and is statistically 

indistinguishable from that of the optically visible X-ray detected TTS; the total 
X-ray luminosity in the cloud is  "' 5 x 1032 erg s- 1 . Assuming that an 

extrapolation of the X-ray luminosity function down to solar X-ray luminosity 

levels (- 1027 erg s-1) is valid, implies a total number of X-ray emitting stars -

300. 
This number is much larger than the one found in the Cha I cloud 

(when normalizing to the same area), testifying again to the well-known 
intense star-forming activity of the p Oph cloud, but perhaps more importantly 
indicating an intense irradiation of the dense parts of the cloud by embedded 
X-ray sources. While this had been suspected after the "Einstein" results on p 
Oph and Orion (Silk & Norman 1983, Krolik & Kallman 1983), the ROSAT 

results not only prove the presence of X-ray sources deep within molecular 

clouds, but also suggest they have a close link with the densest regions. 
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Fig. 3. Histogram of the number of p Oph cloud members as a function of visual extinction 
Ay, for the X-ray detected sources (shaded area), and for all member IR sources. (From 
Casanova et al. 1993.) 
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4. X-RAY IONIZATION IN MOLECULAR CLOUDS 

The immediate consequence is that in active star-formd1g regions there 

must be important sources of in situ ionization. (The main ionization source 
is Auger electrons from X-ray absorbing atoms, see Krolik & Kallman 1983.) 
Indeed, Casanova et al. show that the dense regions of p Oph are sufficiently 
opaque to X-rays of energy � 1 keV for the average ionization rate to be <s> � 
10-17 s-1, which is comparable to (or greater than, near the X-ray sources) 
the usual ionization rate inferred from the observed chemical states (radicals, 
etc . . .  ) in molecular clouds, and generally attributed to low-energy cosmic rays. 

Since these cosmic rays have a very uncertain spectrum because they have not 
been observed, ionization by embedded X-ray sources therefore provides an 

attractive, measurable alternative ionization source in molecular clouds. We 

note, however, that this would not be the case in less dense regions like in the 
Cha I cloud, for which the X-ray luminosity and opacity are too small to result 

in a significant ionization by this process. 

Although the average ionization fraction in molecular clouds is very 
small (<X> = lQ-7), ionization effects are crucial for many aspects of their 

structure and evolution: 

- they control the chemical states of the gas and dust, and the abun
dance of molecules, especially radicals; 

- they govern the way gas and dust are tied to the magnetic field 

(ambipolar diffusion); 
- because of this, they have a direct impact on gravitational collapse and 

star formation (more ionization means less ease for collapse, in other words 

less star formation). 
As emphasized by Silk & Norman ( 1983), this last point is especially 

interesting in that, contrary to low-energy cosmic rays, it provides a feedback 

effect : since X-ray emission apparently starts very early during PMS stellar 
evolution, it prevents, or at least regulates, further star formation in the 

vicinity of the already formed stars. We note that, unfortunately, current star 
formation models (e.g., Shu, Adams, & Lizano 1987, McKee 1989) do not take 

this effect into account. 

5. CONCLUSIONS 

After the sensitive ROSAT observations of low-mass PMS stars spanning a 
wide age range (> 107 yrs for T Tauri stars to < 106 yrs for embedded sources, or 

even < 105 yrs if the dectection of Class I sources is confirmed), soft X-rays 

appear perhaps surprisingly as a unique and verstatile tool to find and identify 
young stars, and thus to study the earliest stages of stellar evolution. Also, in 
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regions where active star formation is going on, X-rays from embedded young 
stars may provide via ionization effects an important feedback mechanism 
which should be taken into account in star formation models. 
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dense regions where active star formation is going on, X-rays from embedded 
young stars may provide via ionization effects an important feedback 
mechanism which should be taken into account in star formation models. 

Our group has undertaken a large program with ROSAT to observe a 
number of molecular clouds at various distances, which may reveal yet other 
aspects of the interactions between young stellar X-ray sources and interstellar 

matter. 
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Dense cloud cores are sites of star formation, having density greater than 1 04 
cm-3. Molecular observations at radio wavelength so far were rather slow is 
searching for dense cores since radiation from them is fairly weak, making it 
difficult to carry out an extensive search in a reasonably short time scale. The 
recent advent of sensitive receivers reaching the quantum detection limit are 
overcoming this difficulty, providing an unbiased sample of dense cores. This 
paper describes one of the most recent efforts to search for dense cores that are 
directly connected to stellar birth. 
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1 .  INTRODUCTION 

Star formation is one of the most basic issues of keen interests in modem 
astrophysics. Dense cloud cores are believed to be the site of star formation. 
Our knowledge on dense cores however is far from complete due to limited 
observational data on these cold objects in interstellar space. This is because 
millimeter-wave radiation from dense cores are generally too weak to be mapped 
in a reasonably short time. The recent advent of extremely sensitive 
superconducting receivers are now beginning to overcome such a difficulty. In 
particular, one of the most sensitive receivers developed at Nagoya University is 
extending studies of dense cores significantly over the last two years1 · 2• 3). This 
receiver having receiver noise temperature of 20 K in double side band is 
installed on the highly efficient two 4m millimeter telescopes in Nagoya. The 
survey already obtained more than 20,000 c1 80(J=l -O) and CS(J=2-1 )  spectra at 
3 millimeter wavelength. These molecular spectra can trace dense gas with 
density of 104 - 10s cm-3. In this contribution we will describe high density 
cores in three low mass star formation regions; i.e., Orion(L1641 and Ori KL), 
Taurus, and Ophiuchus on the basis of a complete dataset of dense gas on a size 
scale of 0. 1 pc. 

We will in particular discuss the following three questions; 1. What 
molecular spectrum is best to probe dense cores, 2. What is required for a dense 
core to form stars, and 3. Can we witness the very early stage of the gravitational 
collapse of a dense core. 

2. PROBES FOR DENSE GAS; cs vs cI8o 

Two of the most frequently observed spectra to probe dense gas are CS and 
c iso. CS J=l -0 and 2-1 transitions are collisionally excited at density greater 
than 1 04 cm-3. The C1 80 J=l-0 transition can probe density similar to or a little 
lower than CS because of its smaller optical depth on a size scale of 0. 1 pc, 
although this transition has lower critical density than CS. It is however not well 
confirmed how these two spectra are consistent with each other in terms of the 
intensity distribution. If the two are equally good tracers, their distribution 
should be reasonably similar to each other. Except for a few works of limited 
angular extents4,5), observational efforts to compare distributions of different 
molecules have not been made systematically. 
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Figure 1 Total intensity maps in ci so (J=l-0) (upper) and CS (J=2-1 )  (lower) for the Orion A 
molecular cloud including the L 1641 cloud. They are obtained with the Nagoya 4-m 
millimeter-wave telescope with a 2' grid spacing. Mapping area is surrounded with a dashed 
line. Filled circles and crosses indicate the locations of the protostar-like IRAS sources and the 
molecular outflows, respectively. Contours are from 0.6 K km/s with a 0.2 K km/s step. 
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We made a coordinated c18o and CS survey of the Orion A molecular 
cloud that includes Ori KL region and the L l  641 dark cloud. Figure 1 shows 
the two distributions with 3 arc min resolution. They look generally similar to 
each other, while a closer look indicates that they are considerably different 
particularly at galactic longitude greater than 21 1 degrees. The difference is  
most clearly shown in Figure 2, a close up of the CS and ciso distributions. 
The ci so distribution shows a ridge elongated roughly along the galactic plane, 
being associated with several far infrared compact sources detected by the IRAS 
(the Infrared Astronomical Satellite). These IRAS sources show rising spectra 
toward the longer wavelength typical to a protostellar object. The IRAS sources 
coincide in position with the c1 8o ridge remarkably well. 

We interpret this difference indicates nonuniform CS abundance. It is well 
established that CO abundance is uniform, basically determined by atomic carbon 
abundance in the gas phase, although CS abundance may be affected by 
environmental conditions. We infer that the ciso abundance represents the true 
gas distribution. The remarkable agreement of the protostellar IRAS sources 
and the ci so ridge in Figure 2 is a natural consequence of recent star formation 
in an elongated dense gas distribution. There are two CS peaks in Figure 2, and 
each of them is associated with molecular outflows6) ,  suggesting that CS 
abundance may be enhanced due to some dynamical effect of the outflow. 
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Figure 2 Close-up views of a dense core in the left side part of the L l 641  
cloud. Protostar-like IRAS sources are displayed as filled circles. Crosses 
mark the locations of molecular outflows. Contours are from 0.6 K km/s 
with a 0.2 K km/s step. 
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CS enhancements by a factor of 10 due to shocks are suggested in high velocity 
wings in CO outflow sources7, 8) . Theoretical works also predict enhancement 
of sulfur bearing molecules in shocked molecular gas9). 

We note that the CS distribution does not show a detailed agreement with 
that of the high velocity CO wings. This is explained as a result of different time 
scales of formation and destruction of CS. The time scale of CS formation is 
determined by the dynamical time scale of shocks, while the destruction time 
scale is determined by the ion-molecule chemistry, an order of magnitude larger 
than the formation time scale. In other words the CS enrichment can freeze a 
recent record of a shock passage, and may last longer than the shock itself. 

In the north of the cloud (at smaller galactic longitude), difference between 
CS and cI 8o is generally less clear, except for the Orion KL region containing a 
most spectacular outflow from a young star at 1=210 degree. The Ori KL is 
most prominent in CS. The total molecular column density in the north region is 
by a factor of 3 greater than that in the south region on the average. This tends 
to make molecular emission optically thicker than in the south, and may explain 
the similar distribution of CS and c18o in the north at least qualitatively. 

The above data indicate that cs is considerably different from ciso 
particularly in regions of smaller molecular column density, suggesting that CS is 
not a good tracer of dense gas. It seems that CS abundance is affected by shock 
or some local physical conditions. Thus, we shall use ciso data in the following 
in order to describe dense gas distribution. 

3. CONDITIONS FOR ST AR FORMATION 

In order to address conditions for star formation we shall compare two 
nearby regions of low mass star formation in the Ophiuchus north and Taurus 
regions at distance of -140-160 pc. The Taurus dark cloud complex has total 
molecular mass of 3000 � as estimated from the Bco datalO), and is known as 
an active site of star formation. The Ophiuchus north region1 1) is a more 
extended complex of smaller clouds in the north of the p Oph main cloud. The 
total molecular mass of the Ophiuchus north region is also 3000 M0 as estimated 
from the Bco data. 

The Bco distribution of the Taurus dark cloud is shown in Figure 3. We 
observed C180 emission towards most of the Bco peaks with the 4m telescope. 
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Figure 4 a) (bottom) Intensity 
histogram of - 5,000 c1 so (J=l -0) 
spectra toward the dense part of the 
Taurus. Vertical axis denotes the 
number of the spectra included in each 
c1so intensity range in logarithmic 
scale. b) (top) Histogram of the mass 
fraction of the gas associated with the 
young stellar objects as a function of 2.0 

1 8  C 0 intensity. 

The angular coverage is complete for the gas having molecular column density 
greater than 2xl021 cm-2. In stead of showing individual c1so maps, we show 
only a histogram of C180 intensity for the whole data set of 5,000 cl So spectra 
in Figure 4. We have identified cl So gas that is associated with young stars or 
protostars by comparing the dataset with lists of IRAS point sources and T Tauri 
stars12, 1 3) .  The result shown in the upper part in Figure 4 illustrates that 
young stars are preferentially located in regions of high cl So integrated intensity 
greater than 1 .0 K km s- 1 ,  corresponding to large molecular column density 
above - 8 x 1021 cm-2. This suggests that stars are formed in dense molecular 
gas at a higher rate; we estimate star formation efficiency to be 2 - 3 % by 
dividing the stellar mass by the molecular mass as estimated from the c1so data. 

It is a little curious that the sign of star formation is not so strong at the 
densest gas the C180 emission can probe, i.e., with clSo integrated intensity 
greater than 1 .5 K km s-1 .  This may be partly due to the limit of sampling (only 
20 points are included), or may actually indicate the lower fraction of densest gas 
is associated with a protostar. If the latter is the case, the lifetime of the densest 
gas in c1 so may be fairly short, suggesting a rapid dispersal of the dense gas 
after stellar birth. 
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The Ophuichus region is a huge complex of dark clouds including not only 
the p Oph main cloud but also more than 20 smaller cloudlets in the north as 
revealed by Bco observations1 1). These dense molecular clouds are enveloped 
by a less dense 1 2co clouds14). This north region has been completely surveyed 
for c1 8o cores with the 4m telescope. 26 c1 8o cloud cores are now identified, 
seven of which are shown in Figure 5.  For these seven cores, the intensity 
distribution of cl So was modelled by a power-law distribution, resulting an 
average power index of -0.5 for the column density distribution. This 
corresponds to a power-law density distribution with an index of - 1 .5 ,  nearly 
consistent with that of an isothermal spherical cloud in dynamical equilibrium.  

A remarkable fact for these cores in  the Ophiuchus north region i s  that only 
a few of them are associated with a star or IRAS source, suggesting that star 
formation is considerably inefficient in the region. This marks a significant 
difference in star formation activity from the Taurus cloud described above. 
Although cloud properties of the two regions are quite similar in total mass and 
density as inferred from similar c1 8o column density, the Taurus cloud appears 
significantly more active than the Ophiuchus north region, by about a factor of 
ten in star formation efficiency. It seems that cloud collapse is significantly 
slower in Ophiuchus than in Taurus. Nozawa et al. ( 1991) 1 1 ) suggests that 
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Figure 5 Typical dense cores in the northern part of the Ophiuchus region. 
c 1 so (J=l -0) total intensity maps. Contours are from 0.36 K km/s with a 
0. 1 8  K km/s step. Crosses mark the positions of the IRAS point sources. The 
number represents the central position of a core in 1 and b. 
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ultraviolet radiation from the Seo OB2 association may make the ionization 
degree higher in Ophiuchus than in the general interstellar space. In fact, 
according to a calculation by Nozawa et al. the average UV radiation may be 
about 10 times higher. This higher ionization degree tends to make stronger the 
coupling between the magnetic field and the molecular gas, and thereby, to slow 
down the gravitational collapse in Ophiuchus north. In Taurus, there is no 
strong source of ultraviolet radiation like Seo OB2. 

4. SEARCH FOR COMPACT CORES 

Dense cores are the ultimate site of star formation in molecular clouds. 
Searches for dense cores however are far from complete. This can be 
particularly a serious problem for starless cores, since most of the searches for 
dense cores are made toward IRAS point sources or optical young stellar objects. 
In order to overcome this difficulty we have carried out a new search for dense 
cores at a high angular resolution of 20 arc sec. with the 45 m telescope at 
Nobeyama on the basis of a fully sampled ciso map taken with a 3 arc min beam 
in Taurus. 

The ciso data at Nagoya covers about 30% of the area of detectable Bco 
emission corresponding to a molecular column density of 1021 cm-2 with 3 arc 
min resolution. The ciso distribution was used to select regions for the higher 
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Figure 6 Typical examples of the "star-less" core (left) and the dense core 
with IRAS source (right) in the Taurus region. Contour maps of tt13co+ 
(J=l -0) total intensity obtained with the Nobeyama 45-m radio telescope. 
Contours are from 0. 14  K km/s with a 0.07 K km/s step. The positions of the 
infrared sources are indicated as a cross mark. 
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resolution study. The spectra observed are C3H2 (220-21 1 ) and H13co+ (J=l -0), 
since at such an angular scale even ciso (J=l -0) emission is saturated. The two 
spectra are collisionally excited at density of 1Q5 cm-3 , while their uniformity in 
abundance remains to be checked by further observations. 2,000 points were 
observed with 20 arc sec beam, more than 20 dense cores were detected and 
mapped (a set of cores with and without stars is shown in Figure 6). About a 
half of them are dense cores discovered in the present study. Figure 7 shows 
histograms of the core diameter and line width. A core radius of a starless core 
is systematically larger than that of a core with a star. The average radius of the 
starless cores is by a factor of three larger than that of cores with stars. In 
addition, the linewidth of starless cores is larger by 40% than that of cores with 
stars . 

The present result suggests that there is a significant difference in physical 
properties between cores with and without stars although statistics is still to be 
improved. If this trend is real, the difference may represent the dynamical 
collapse of a cloud core as modelled by numerical simulations1 5). These 
simulations indicate that the cloud radius at a certain density decreases with the 
collapse. The observed trend that stars are always found in most compact cores 
is consistent with the predicted decrease of a core radius in time. The increase 
of the linewidith in cores with stars is another notable aspect. This may be due 
to outflow from a protostellar core, or may represent dynamical mass accretion. 
The linewidth, 0. 7 km s- 1 , is consistent with the gravitational accretion if we 
adopt 0.5 solar mass as a mass of the stellar core. 
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radius (pc) f:..V (km/s) 
Figure 7 A histogram of the size(left) and velocity width(right) of dense 
cores in Taurus observed with the Nobeyama 45-m telescope in H1 3co+. 
Shading indicates the dense cores with the protostar-like IRAS sources, and 
non-shading indicates the "star-less" cores. 
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5. SUMMARY 

We summarize this contribution as follows; 

1 .C1 80 is a tracer better than CS at a size scale down to O. l pc 

2.The collapse time scale differs from region to region. The radiation field may 
play a role in retarding the collapse in Ophiuchus north. 

3 .  Compact cores with O.Ol pc radius, probable candidates for the earliest phase of 
collapse have been detected in Taurus. 

The high resolution study at Nobeyama was made under a collaboration 
with Tetsuo Hasegawa, Masahiko Hayashi, Kazuyoshi Sunada, and Nagoyashi 
Ohashi. This research was supported by the Specially-Promoted-
Research Grant of the Ministry of Education, Culture and Science (No. 
01065002). 
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I summarize the expected signatures of protostellar condensations, defined as ultra-dense com

pact pre-stellar cloud cores undergoing collapse. The question addressed is why, while there 

should be hundreds of PSCs potentially detectable with current technology, have there only 

been a few convincing cases presented so far. The choice of suitable observing tools and ap

propriate search strategies is discussed. Observational evidence for low-mass candidate objects 

and their physical characteristics is reviewed. 
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1 Introduction 

The physical nature and structure of dense molecular clouds is directly related to our under

standing of the late star formation process. Despite major efforts over the last decade, our 

knowledge about that decisive phase when a compact ultra-dense cloud core finally evolves 

into a protostar, and about the physical environment controlling this process, is still rather 

incomplete. Answers to the questions of what ultimately triggers the star formation process, at 

what critical density a cloud core decouples from the ambient cloud and starts collapsing into 

the stellar phase, and on what time scales, are observationally barely constrained. For a better 

definition of the late star formation process, the gas density and temperature, the magnetic field 

and the velocity field need to be determined - on all relevant scales and, at best, before the 

structure is affected by the (so-formed) stellar object. 

In the following, a protostellar condensation is defined as an ultra-dense compact pre

stellar cloud core undergoing collapse. For an unambiguous identification, it has to be 

demonstrated that 

o towards the core the gas density and column density is steeply rising, 

o the kinematic pattern characteristic of collapse is observed (in form of eg. local red-shifted 

self-absorption), and 

o in the earliest evolutionary phases, the IR luminosity is due mainly to accretion. 

In Section 3 ,  I will briefly summarize the " expected" characteristics of a .!?.roto§.tellar £ondensation 

(PSC hereafter) .  The number density of PSCs in the solar neighborhood will be estimated and 

possible search strategies (together with their limitations) will be addressed. Finally, some new 

pieces of evidence for PSC candidates will be discussed. For excellent, more thorough reviews 

on the subject I refer to the articles by eg. Evans2) and Shu et al. 21) . 

2 S tatistics & Search Strategies 

Widely used and rather straightforwardly interpreted tracers of mass column density are the 

mm continuum emission of interstellar dust and the optically thin line emission of the ubiq

uitous, easily excited C180 molecule1 . Amazingly, in the parameter range discussed here and 

with current single-detector technology, the sensitivity of both tools to a given H2 column den

sity are quite comparable (see Fig .I )  - although clearly towards narrow-line cold targets (like 

dark cloud cores) line measurements are more advantageous. However, because large sensitive 

bolometer arrays will become available soon at the large mm/submm telescopes, while the 

1The equivalent transitions of the more abundant CO isotopomers , 12CO and 13CO , are - due to their 

increased fractional abundance - sensible to lower H2 column densities, but in consequence, towards the cloud 

cores become easily saturated, thus sensitive to details of the radiative transfer. Because PSCs are typically 

found embedded in a more extended and often massive ambient cloud structure, studies based on these species 

are of limited dynamical range. 
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development of powerful heterodyne arrays will still take some time, in the near future the 

most efficient way to search for protostellar condensations will be via their mm dust continuum 

emission (particularly for the nearby and hence somewhat extended objects) .  
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Figure 1:  Point source response of 
single-element coherent and incoherent 
receivers to the A=l .3mm dust contin
uum and the C180(2- l )  molecular line 
emission, respectively. For an on-source 
integration time of 100 s, and observa
tional and technical constraints charac
teristic for observations with the IRAM 
30m-telescope, the detectable (rrns) H2 
column density versus temperature is 
calculated (for two sets of linewidths 
� V). The sensitivity adopted for the 
bolometer is 50 mJy/,/S (Eq.l ) ;  for the 
l .3mm SIS receiver I used T�if' �500 
K and a spectral resolution of 4 chan
nels/FWHP. 

Next, an estimate is given for the number of protostellar condensations that will be potentially 

detectable with these state-of-the-art facilities (see also Mezger11l ) .  For optically thin emission 

(at A=l300µm, H2 column densities of �1025·5cm-3 are required for r=l ) ,  and for standard 

submm dust absorption cross-sections15) , crlf c::::2.4 10-20 
• ,\�;;, , the (total) flux density S1 ob

served towards an object at distance D relates directly to the mass column density, and thus 

to the clump mass Mc1 by, 

( 1 )  

for dust temperatures 1 5STDS30 K (see e.g., Mezger et al.15) for the relevant formulae) .  For a 

given (local) star formation rate, W� [M0yr-1pc-2] ,  and an initial stellar mass spectrum, <!>(m) ,  

the number of  detectable PSCs in  the mass interval (m,m') i s  

7r lm' lRh(m) 
N (m, m') = -W� dm dR · R · <l> (m) x Tpsc , 

2 m 0 
(2)  

where the 'horizon' Rh(m) [=DJ describes the distance up to which for a given detection thresh

old Sv ,  cores of a given mass will be detectable (Eq. l ) .  Tpsc denotes the 'lifetime' of the pro

tostellar phase (�105 yrs) .  In Eq.2 it is assumed that the mass of the (isothermal) protostellar 

clump equals the mass of the so-formed stellar object (M.=Mc1) - a rather unlikely, conserva

tive approach. In Table I ,  for representative mass bins, N(m,m') is calculated for the classical 

Miller-Scala IMF and a local SFR W� �5·10-9 M0yr-1pc2 (Miller & Scalo16l ) ,  assuming a de

tection threshold in mapping mode of �50 mJy - a number deduced from this year's experience 

with the MPifR 7-element bolometer array8l attached to the IRAM 30m-telescope. 
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Mass bin [M0] Horizon Rh [kpc] Npsc 
0 . 1  - 1 .0 0.3 - 0.9 600 

1.0 - 10. 0.9 - 3.0 660 

10. - 50. 3.0 - 6.6 >100 

Table 1: The number of protostellar condensations, Npsc , is calculated from Eq.2, for a detection threshold 
of S v = 50 mJ y and the local formation rate W0 . Because the galactic SFR is sharply increasing towards the 
galactic center, massive PSCs will be found at a �3 times higher probability than based on the (comparatively 
low) local rate. 

In summary, there should be many hundreds of protostellar condensations detectable with 

current technology, and thus the question to be addressed is, why there are only so surprisingly 

few claims of detection in the literature? The answer is twofold. First, the technological progress 

has been quite dramatic only over the last few years, and thus until recently, even prominent 

dark cloud cores in the nearby Taurus Molecular Cloud have been difficult to detect13l . Second , 

and more relevant for future perspectives, little observing time has been allocated for systematic 

search projects. So far much of the work has been directed towards sites already well known for 

ongoing star formation activity, thus often lacking a clear-cut 1-o-s geometry and often suffering 

from quite confusing physical interaction between the embedded/ associated YSOs and potential 

PSCs (14) ,l) ) .  More unbiased activities have been started by several groups now5),6) ,l4) , and 

encouraging first results have been presented. 

3 C haracteristics of Protostellar Condensations 

The detection of a strong dust emission peak2 may be indicative of, but is definitively not 

sufficient evidence for, the presence of a dense core undergoing collapse. Independent comple

mentary molecular excitation studies of the density (and temperature) profile across the core, 

and in particular of the velocity field have to be performed. To quantify the observational 

expectations, in this section I sketch the signature of a low-mass protostellar condensation as 

deduced within the theoretical framework of the so-called inside-out collapse scenario developed 

by F .Shu and collaborators20l ·21 ) ,9) . The discussion is restricted to the physical characteristics 

of low-mass PSC - not only because they clearly outnumber the more massive protostars, but 

also because the theoretical framework of low-mass star formation is more advanced and the 

observational constraints are better established. 

The basic starting point is the observational finding17) that the typical low-mass ( � solar mass) 

2The (optically thin) mm dust emission scales as Sv cxN·Tv . Broadband submm photometry is required to 

derive independently the temperature of the dust, Tv - thus excluding that the observed flux enhancement is 

due to internal heating by an embedded YSO ("hot spot") .  Similar arguments hold for a proper analysis of the 

molecular line emission. 
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dense core is cold and isothermal (Tk SlO K) ,  displays little rotation, and evolves in approxi
mate equilibrium between gravity and (mainly) thermal pressure (Table 2) .  

L1498: Energy densities 

Gravity 
Magnetic Pressure 
Thermal Pressure 
Non-thermal Pressure 
Rotation 

EG = :'f-G p2R2 
B2 EB =  87r 

Eth = �  p a[h 
Enth = � P a;th 
Erot = t pR2fl2 

29 
< 19  
22 
0.7 
0 .3 

Table 2: The physical conditions in  the 11498 dark cloud core (according to  Fiebig & Giisten 4)) suggest 
that the core is thermally supported against gravity. Energy densities, <, are given in [10-11 erg cm-3] .  A 
3-sigma upper limit on the magnetic field strength Bii <70µG is deduced from Zeeman observations in the 
CCS(JN=lo-Oi) transition with the MPifR lOOm-telescope. Excitation studies of NH3 and C3H2 imply a H2 
density, n(H2) �105 cm-3, and a core mass of �1-1 .5 M0 . The thermal and non-thermal velocity dispersion 
has been separated in a multi-molecular line study, probing the variation of linewidth as function of molecular 
mass. Notably, the so-derived "kinematic" temperature is totally consistent with the kinetic temperature of the 
gas, Tk = 9.7(±0.2) K, derived from the NH3 excitation. 

Shu20l suggested that cores following these properties finally develop the (unstable) equilibrium 
density distribution of a singular isothermal sphere with, 

a2 p(r) = 
27

r
G

. n-2 , (3)  

and where a is  the effective 'sound' speed 3 .  The right-hand equation is expressed in convenient 
units, measuring a in [kms-1] ,  the core radius n in [1017 cm], for a mean molecular mass µ=2.3.  
The collapse of a singular isothermal sphere proceeds in a self-similar manner (from inside-out) , 

with the central core collapsing first (essentially in free-fall ,  V(R) ex n-�)  and an expansion 
wave propagating outward at speed a (at R;n(t ) ) .  The density profile inside Rn flattens, 
approaching 

0.975 · a3 ( ) . n-�  p r = 47r(2 G3  M)! 
and 5 -3 3 -� -l n(R) = 6 .5 · 10 cm · a  · R17 • M 2 • (4) 

M [M0] is the mass of the central protostellar core, increasing with time, M = M·t. The mass 
accretion rate (='= the infall rate) ,  which is a function only of the sound speed, is given by, 

(5) 

Thus with only two parameters - the effective sound speed a and the core mass M(t) - the 
overall scenario is determined (compare with Fig.2) .  Strong predictions are made both on 

3In the original approach20l a was the isothermal sound speed (k·T/m)� . Later a 'turbulent' pressure term 

was added9) to account for the finding that - outside the densest cores - purely thermally broadened lines are 

rarely observed, and in fact , on larger scales, non-thermal 'turbulent' broadenmg dominates7l (Vtur ex r0·7± · 1) . 



174 

T [KJ n [cm-->i 
50 
30 

I .  I .  

.5 .5 

-'/' .2 

1000 100 10 10 100 1000 [arc sec) 

17 18 [cm] 
Core Radius (D = 200pc) 

Figure 2: Characteristics of a low-mass protostellar condensation as predicted in the framework of the inside
out collapse scenario developed by F.Shu and coworkers20l ·21 l : the core, undergoing free-fall collapse, is em
bedded in a static envelope described as a singular isothermal sphere. An expansion wave travels outwards at 
radius R.n. The physical parameters determining the pattern, the effective sound speed a (=0.28 kms- 1) and 
the grown-up central core mass M(t) (-0.1 M0), have been adjusted to fit the suspected protostellar object 
GF9-2 (Sect.4). The mass presently undergoing collapse, M(R::::'.R;n), is - 0.8 M0 , the mass of dense gas 
amounts to M(n::::l04cm-3) -2 M0. 
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the amplitude of the physical parameters and their spatial gradients .  Their observational 

verification however, turns out to be difficult (for an evaluation of the predicted IR spectrum 

of the object, I refer to the contributions by Stahler and Andre): 

o low-mass protostellar condensations are cold and compact, and thus are of low intrinsic 

brightness. For example, the expected line temperatures of the dense gas tracing CS and 

NH3 molecules are only a few K T mbi 
o lines emitted in the collapsing sphere are narrow (6.Vcs �0.2-0.3 kms-1 only), and the 

volume of interest itself is spatially very confined (R < Rn) ·  Therefore highest angular (E>mb 
::; 10-20" ) and spectral (a few 10 kHz channel width at most) resolution is required to resolve 

and thus identify the kinematic footprint (i.e., local red-shifted self-absorption) of ongoing 

collapse. It seems worth pointing out, that while this absorption feature is best imprinted on 

optically thick transitions arising from the collapsing layers, optically thin transitions (being 

unaffected by radiative transfer effects) trace best the intrinsic velocity field and density 

distribution of the core. Appropriate tools, like the mm-transitions of CS or HCN and their 

rare isotope substituted species, need to be studied complementarily. 

To conclude, observational verification of a protostellar object undergoing collapse requires 

dedicated experiments, with state-of-the-art detectors installed at the largest mm/submm fa

cilities, in order to achieve present sensitivity limits. This explains the failure of earlier lower 

resolution studies to detect any such object. Clearly, the velocity pattern would be best resolved 

by means of mm-interferometry (providing arcsec angular resolution) ,  but with most facilities 

the expectedly weak, narrow line signals are unaccessible. 

4 Candidates of Protostellar Condensations 

The discovery of quite a number of "so-defined" protostars has been reported during the recent 

years, most of them being identified via their excess dust continuum emission (see references 

in l),n). However, the very nature of these objects is yet a topic of controversy (the dispute 

about NGC2024 represents an outstanding example 12l •19l ) ,  generally because observationally 

it is difficult to constrain the state of evolution of the heavily obscured central energy source 

(YSO versus protostar). The question to be answered is, from where does the observed IR 

luminosity originate, from nuclear burning or from the accretion of infalling matter? For only 

three of the objects has kinematic evidence4 for ongoing collapse been claimed: 

The morphology of IRAS 1629 22 is complex (the core is rapidly rotating, and harbors a close 

binary),  and the local origin of the absorption has been questioned10l . The isolated globule 

B335 represents a more clear-cut example. Zhou et al.25) state that the density and the 

velocity field as derived from their high-resolution CS and H2CO data, is generally consistent 

with the inside-out collapse model (Sect .3) .  Studying globular filaments18l as potential sites of 

'Although obviously, from the absence of this evidence, an object's protostellar nature cannot necessarily be 

ruled out - it is just that the most convincing piece of evidence is lacking. 
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Figure 3: Greyscale representation of the H2CO(lo1-l11)  absorption towards globular filament GF95l . Em
bedded dense NHs cores are superposed. The distribution of the 1 .3mm dust continuum and NH3 emission 
towards GF9-2, the suspected low-mass protostellar object, is shown in the insert. 

low-mass star formation, Fiebig et aJ.5) report the detection of a protostellar core undergoing 

collapse in its earliest evolutionary phases towards filament No.9 (Fig.3). This well-organized 

filament fragments into a series of quite regularly spaced globules containing a few 10 M0 each. 

A total mass of �500 M0 is derived, the full length is �5.9 pc with an axial ratio as small 

as 1 :30. A search for higher-density cores (using NH3 and CS) led to the identification of a 

total of 10 compact ( <n> �105 cm-3) solar-mass clumps, with sizes as small as 0.02 pc. Most 

of the cores seem in approximate equilibrium evolution( ta � lth+nth) i but three contain very

low luminosity IR objects (a few 0 . 1  10 only), their cold IR spectra classify them as young 

'Extreme Class I '  objects (interpreted as IR-protostars, which luminosity Lrn derives entirely 

from accretion of infalling material onto the central core). 

Clump no.2 has attracted special attention (see insert in Fig.3) .  High-resolution spectroscopy 

with the IRAM-30m telescope presents direct kinematic evidence that the clump is collapsing: 

CS spectra show deep red-shifted self-absorption which is spatially confined and most prominent 

towards the core's center (Fig.4 ) .  No associated IRAS source or CO outflow is detected (different 

to the previous two candidates) ,  and the core is isothermally cold (the limit Tv <15  K deduced 

from the l .3mm dust continuum, is consistent with the Nlh rotation temperature of �10 K) .  
Model fits  to the molecular line data again show quantitative agreement with the low-mass 

star formation scenario developed in Sect.3 (Fig.2), making GF9-2 a very likely candidate of 

a protostellar condensation in its earliest evolutionary phase. A high-resolution study 
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GF9 - 2  
Figure 4 :  The CS(2-1) line towards the core of  GF9-
2, showing deep red-shifted self-absorption - the footprint 
of ongoing collapse. For reference, the intrinsic velocity 
profile, as derived from transitions unaffected by radiative 
transfer effects (e.g. the optically thin C34S line or the 
satellites of the NH3 1 .3cm inversion transitions) , is given. 

-4 -2 

Velocity [kms-1] 

of the velocity field with the P lateau-de-Bure mm-interferometer is presently being carried out, 

from which a final confirmation about the evolutionary state of the object is expected. 
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ABSTRACT. Our observational understanding of star formation and early stellar evolution 
is closely linked with our capability to directly measure the basic characteristics {e.g., mass, 
size, density, temperature) of the circumstellar matter surrounding young stellar objects 
(YSOs) . The advent of sensitive bolometers (including arrays in some cases) on large ground
based radiotelescopes such as the !RAM 30 m or the JCMT has recently yielded significant 
progress in this field, by providing a very sensitive way to detect and study the dust component 
of the circumstellar material. In particular, it is now possible to estimate the evolutionary 
states of all YSOs through systematic measurements of their circumstellar dust masses. In this 
way, a new type of extremely obscured YSOs (designated "Class O" ) characterized by virtually 

no near-IR/mid-IR emission but strong submillimeter emission have been identified. Class 0 
"protostars" , of which the jet-like outflow source VLA 1623 in p Ophiuchi is the prototype, 
are surrounded by significantly larger amounts of circumstellar material (Mc* ;2:, 0.5 M0) than 
the Class I YSOs observed in the near-infrared (which typically have Mc* ,:S 0.1  M0) ·  They 
are also rarer and correspond to the youngest protostellar stage known to date (probable age 
� 104 yr) . 
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1. Introduction: Protostars, Prestellar clumps, and Pre-main Sequence Stars 

Stars are thought to form from the inside-out collapse of dense cloud cores (e.g. , Shu et 
al. 1993; Stahler in this volume) . After a probably very short isothermal phase, during which 
the liberated gravitational energy is freely radiated away (e.g., Henriksen in this volume) , an 
opaque stellar object or protostar forms at the center and starts heating up, while continuing 
to build up its mass from a surrounding infalling envelope or cocoon. The youngest protostars 
are thus surrounded by large masses of circumstellar material (Mc*) compared with their own, 
growing stellar mass {M*) ,  i.e., they have Mc* > >  M*. Their luminosity is well approximated 
by the infall luminosity Linf >::; GM*M / R*, where M is the infall rate (cf. Stahler and 
Henriksen in this volume) . When protostars have accumulated most of their final, main 
sequence mass, they become pre-main sequence (PMS) stars which evolve approximately at 
fixed mass (although accretion of residual amounts of material may still occur through an 
accretion disk) . Therefore, independently of the details of any protostellar theory, and in a 
statistical sense at least, larger amounts of circumstellar material are expected to surround 
younger stellar objects . 

Observationally, distinguishing the youngest protostars from pre-protostellar condensa
tions which have not started collapsing on the one hand, and from PMS stars still embedded 
in their parent clouds on the other hand, is very difficult. Because dust emission remains 
optically thin at ,\ �  1 mm up to extremely high column densities (NH2 :5 1026 cm-2) ,  submil
limeter continuum observations with large single-dish radiotelescopes equipped with sensitive 
bolometers provide a very sensitive way to detect both high density prestellar clumps on the 
verge of collapse and circumstellar structures (envelopes and/or disks) around young stel
lar objects (YSOs) at any evolutionary stage (e.g., protostars, embedded PMS stars, post 
T Tauri stars) . Once circumstellar structures have been distinguished from prestellar con
densations by other means (e.g., evidence for a central YSO at infrared or centimeter radio 
wavelengths) , it is possible to use the circumstellar mass inferred from millimeter con tin um 
observations as a tracer of YSO evolutionary state. The effectiveness of this method is illus
trated in § 2 by the results of an extensive 1.3 mm continuum survey of the p Ophiuchi IR 
cluster. In § 3 ,  the basic properties of a new class of very cold YSOs recently recognized in 
the submillimeter band and designated "Class O" are described, with particular emphasis on 
the p Ophiuchi source VLA 1623. Finally, § 4 proposes a revised observational scenario of 
early stellar evolution. 

2 .  Evolutionary Status of the near-IR sources of the p Ophiuchi cluster 

2. 1 Millimeter continuum observations 

In an effort to sample the evolution of the mass and spatial distribution of the circum
stellar material as a function of time, Andre & Montmerle (1994; hereafter AM) have used the 
IRAM 30-m telescope equipped with the MPifR bolometer to conduct a 1.3-mm continuum 
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survey of more than a hundred YSOs located in the p Ophiuchi cloud and nearby related re
gions. In particular, single-point photometry was obtained for each of the 78 members of the 
p Oph near-IR cluster discussed by Wilking, Lada, & Young (1989; hereafter WLY) , which 
comprise a large number of Class I ( "infrared protostars" ) ,  Class II ( "embedded T Tauri 
stars" ) ,  and Class III sources ( "naked T Tauri stars" ) (cf. Lada 1987) . With an overall (3-u) 
sensitivity of � 20 mJy /beam, the detection rate of these systematic "ON-OFF" observations 
was high, on the order of 40 %. In addition, mapping observations were performed around a 
total of 19 YSOs (see AM for other details) . 
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Figure 1. IRAM 30-m bolometer maps of the Class II IR source EL 24 (a) and of the Class I 
IR source EL 29 (b) (from Andre & Montmerle 1994). 

2.2 Circumstellar nature of the millimeter emission 

The millimeter continuum detections most likely correspond to thermal emission from 
cold dust around the young stars. In most of the bolometer maps (e.g., Fig. 1 ) ,  the emission 
is centrally peaked at the nominal YSO position and well contrasted from the surrounding 
medium, almost independently of IR Class or strength. This is a clear indication that the 
emission arises from circumstellar dust associated with the YSOs themselves rather than 
from interstellar dust clumps related to cloud structure in regions of high column densities. 
In contrast, the various molecular-line maps that we have obtained so far with the same 
telescope toward the same sources show very little structure at the positions of the YSOs 
and most likely trace larger-scale emission from the ambient cloud itself (e.g., Despois et al. 
1994). The single-dish continuum technique therefore appears particularly powerful to probe 
circumstellar material (although line observations with millimeter interferometers can also 
discriminate against large-scale cloud emission) . 

In addition, the maps show that, when detected, the millimeter emission of Class II 
IR sources is unresolved within the 12" beam of the telescope, consistent with the presence 
around these sources of circumstellar dust disks with radii significantly smaller than 1 ,000 
AU. This supports the hypothesis of WLY that Class II sources are classical T Tauri stars 



182 

(sometimes) embedded in (interstellar) cloud material. In contrast, the Class I IR sources, 
almost always detected at 1.3 mm, are resolved, but display a concentrated structure (FWHM 
:5 25" , i.e . ,  radii :5 a few 103 AU at 160 pc) . This is qualitatively consistent with Class I 
YSOs being protostellar sources "self-embedded" in spheroidal circumstellar envelopes, al
though the sizes of these envelopes appear to be ,2: 5 times smaller than predicted by the 
"standard" Adams, Lada, & Shu (1987; hereafter ALS) model. 

2.3 Circumstellar masses 

In order to make meaningful evolutionary comparisons, one needs to estimate the total 
(i .e., integrated) circumstellar fluxes Sf�imm from the various YSOs. We have done so on 
the basis of our mapping results and various extrapolation methods. In particular, because 
the outer parts of circumstellar envelopes may not be dense enough to emit significant dust 
continuum emission at 1.3 mm, we have used the standard model of protostellar envelopes 
(e.g., Terebey, Shu, & Cassen 1984; ALS) to infer an "effective" upper limit to Sf�imm based 

on the emission mapped in the inner regions (see AM and Terebey, Chandler & Andre 1993 
for details) . 

Assuming an optically thin, isothermal dust source, Sf�imm is readily converted 

into a total (dust + gas) circumstellar mass Mc* by a relation of the type: Mc* = 

I sf�imm d2 ] I I ll:i.3 Bi .3(Taust) ], where Bl.3 is the Planck function A = 1.3 mm. 

Figure 2 .  Spectral energy distributions of the Class II IR source EL 24 (a) and of the Class I 
IR source EL 29 (b) ; a disk fit and an (optically thin) envelope model are also shown in (a) 
and (b) , respectively (adapted from Andre & Montmerle 1994) .  

In order to assess the influence of temperature effects on the mass estimates, we used 
disk models similar to those of Beckwith et al. (1990) for Class II sources and simple (op
tically thin) power-law envelope models for Class I sources (see examples in Fig. 2 and AM 
for details) . This modeling study shows that the volume-averaged temperature of the emit
ting circumstellar material is generally well constrained by the spectral energy distributions 
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(SEDs) to be < Tdust >� 30 K. 

The largest uncertainty in the mass determinations arises from the :mly approximately 
known value of the dust opacity per unit mass column density K:i.3, which implicitly contains 
the dust-to-gas ratio. For the extended circumstellar matter seen around Class I sources which 
is probably quite similar to the material of dense cores, we use K:i.3 � 0.01 cm2 g- 1 ,  as this 
value seems appropriate (within a factor � 2) for dense (n -Z 106 cm-3) cloud regions (e.g. , 
Mezger 1990; Andre, Ward-Thompson, & Barsony 1993, hereafter AWB) . In the circumstellar 
disks of Class II sources, the dust opacity is more uncertain since particle growth, possibly 
in the form of fractal aggregates, may occur prior to planet formation, which will enhance 
,,;,, over the value applying to dense cores (e.g., Beckwith & Sargent 1991 ;  Ossenkopf 1991) . 
To facilitate comparisons, we adopt the same value K:i .3 � 0.02 cm2 g- 1 for Class II and 
Class III sources as Beckwith et al. (1990) in their related mm continuum study of T Tauri 
stars in Taurus. 

Converting S��{ into Mc* in this way, we find that the circumstellar masses of Class III, 
Class II and (contrary to expectation) Class I near-IR sources are small compared to stellar 
masses (i.e., are < <  1 M0) .  They are also smaller than the masses (typically 0.5-3 M0) found 
by Ward-Thompson et al. (1994) for pre-protostellar condensations, using a similar dust 
continuum technique. More precisely, the large majority of Class III sources are undetected 
at 1 .3 mm, implying that their circumstellar masses are lower than our detection threshold: 
Mc* < 3 x 10-3 M0. The median value for detected Class II sources is � 0.01 M0, i.e., on the 
order of the mass of the "minimum solar nebula" only (but 70 % of all Class II sources have 
a circumstellar mass below this value) . The median mass for Class I sources is only 6 times 
larger, and their maximum mass is comparable with that of Class II sources (� 0 . 1  M0) · 
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Log[Mc* (M0)] 
Figure 3. Cumulative distributions of the circumstellar mass Mc* for the p Oph Class II, 
Class I sources, and "Class O" sources (see § 3) (from Andre & Montmerle 1994) .  
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These results are illustrated in Figure 3. They confirm the evolutionary sequence 

Class I --> Class II --> Class III inferred from IR studies (Lada 1987) . However, the small 
values of the circumstellar masses measured around the near-IR sources of p Ophiuchi suggest 
that, as early as the Class I stage, YSOs have already accumulated most of their final stellar 
mass, and thus are no longer in the main accretion phase (here defined by Mc* > M*) .  

3 .  A New Class of YSOs: The "Class O" protostars 

A posteriori, the failure to find an object in the early protostellar stage when Mc* > M* 
among near-IR sources is perhaps not too surprising since detailed numerical calculations of 
protostellar collapse suggest that the spectral appearance of the youngest protostars should 
more closely resemble that of a blackbody at 10-30 K (cf. Boss & Yorke 1990) than that of 
a relatively broad Class I SED (as in ALS) . The youngest stellar objects are thus likely to 
be found among strong (sub)millimeter continuum sources so highly obscured by their own 
circumstellar material that they are virtually undetectable at near-IR wavelengths. 

-24 16 00 

x Sl 

-24 17 00 

-24 18 00 0 

-24 19 00 

p OPH A - MM CONTINUUM/C0(2-1) - !RAM 30-m 

X S2 

16 23 30 
a (1950) 

. .... - - ... 

16 23 20 

, ,  I '  
, _ _  

Figure 4. Millimeter continuum map of p Oph A obtained with the IRAM 30 m telescope 
and MPifR bolometer (cf. AWB). The jet-like CO outflow driven by the candidate low-mass 
protostar VLA 1623 is superposed (cf. Andre et al. 1990) . 

3.1 Protostellar and/or prestellar condensations in p Oph A 

It was recently recognized that the source VLA 1623 in the p Ophiuchi cloud core A is 
very likely a stellar object with such characteristics (AWB) . VLA 1623 was first discovered 
with the VLA at 6 cm as part of a radio continuum study of the B3 star Sl and its surroundings 
(Andre et al. 1988; Leous et al. 1991) .  It was subsequently identified as the driving source 
of a jet-like CO outflow by Andre et al. (1990). Follow-up continuum mapping of p Oph A 
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at 1.3 mm with the IRAM 30 m telescope (see Fig. 4) and 800, 450, and 350 µm with the 
JCMT showed that VLA 1623 coincides with a compact, roughly spherical clump of radius 
� 1000 AU, total mass � 0.6 M0, average density � 2 x 107 cm-3, luminosity � 1 L0, 
and outer temperature Td :5 20 K (AWB; see also Fig. 5) .  This clump is thus a candidate 
protostellar condensation reminiscent of those described by Glisten in this volume (see also 
Mezger 1993) . In fact, our submilimeter mapping of p Oph A reveals at least three more 
compact clumps (labeled SMl, SMlN, and SM2 in Fig. 4) which have apparent characteristics 
(e.g., M :5 1 M0) very similar to VLA 1623 and are also invisible at infrared wavelengths. 
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Figure 5. Spectral energy distribution of VLA 1623 along with a graybody fit (adapted 
from Andre, Ward-Thompson, & Barsony 1993) .  

Mezger et al. ( 1992) independently mapped the same region at !RAM with very simi
lar results, and interpreted all these clumps as low-mass, "isothermal protostars" . However, 
based only on dust continuum observations, it is very difficult to distinguish true protostellar 
condensations from pre-protostellar condensations similar to those found by Ward-Thompson 
et al. (1994) in their JCMT continuum mapping survey of "Myers" dense cores with no 
embedded sources. The reason is that these condensations are expected to form relatively 
slowly through a quasi-static phase of ambipolar diffusion during which they remain approx
imately in virial equilibrium. Since the collapse is expected to proceed from the inside-out 
(see Stahler in this volume) , most of the material in the youngest protostellar condensations 
(those which have just started collapsing) is still in equilibrium, making them virtually in

distinguishable from pre-protostellar condensations. (Spectroscopic signatures of collapse are 
often ambiguous, although claims have been made in the case of some "Class O" objects such 
as B335 - Zhou et al. 1993; see also Giisten in this volume.) 

In p Oph A, all four submillimeter clumps are within a factor of 2 of virial equilibrium 
(see AWB) . In the case of VLA 1623, the compact VLA continuum emission (which most 

likely traces the existence of shock-ionized gas at T � 104 K) ,  together with the presence of 
the bipolar flow, strongly suggest that the brief isothermal phase has been passed and that 
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a stellar object has already formed at the center. On this basis, AWB interpreted VLA 1623 
as a protostar in the main accretion phase (see also 3.2 below) . In contrast, none of the other 
submillimeter condensations of p Oph A are associated with a molecular outflow or a compact 
radio continuum source. Furthermore, closer inspection reveals that these other clumps are 
more amorphous in shape than VLA 1623 (for instance, their peak positions tend to depend 
on the wavelength of observation), suggesting the absence of any central attracting and/or 

heating source inside them. On these grounds, AWB hypothesized that SMl, SMlN, and 
SM2 are pre-protostellar in nature and have not yet entered the isothermal collapse phase. 

3.2 VLA 1623 as the prototype of a new class of YSOs 

Independently of any model, the cold temperature, low bolometric luminosity, relatively 
massive circumstellar structure, and high internal obscuration (Av � 1000) of VLA 1623 all 
point to an extremely young object, perhaps a true protostar. For instance, the location 
of VLA 1623 in various theoretical evolutionary diagrams for (low-mass) protostars (e.g., 
Appenzeller & Tscharnuter 1975; Adams 1990) suggests an age ranging from � 103 yr to 
3 x 104 yr (this "age" has to be understood as the time elapsed since the formation of a 
central, opaque protostellar core, i.e., since the end of the isothermal phase). 

AWB suggested that VLA 1623 and a few other low-luminosity YSOs, all characterized 
by unusually high values of the ratio Lsubmm/ Lbol and undetected in the near-IR, make up 

an entirely new class of YSOs (the "Class O" ) ,  corresponding to the "theoretical" concept of 
a protostar in the main accretion phase (defined by Mc*/M* > 1; cf. § 1) . Indeed, while 
the submillimeter luminosity Lsubmm (or almost equivalently Ll .3mm) of a protostellar source 
provides a relative measure of its circumstellar mass Mc*'  the bolometric luminosity Lbol 
may be used to infer the central stellar mass M* on the basis of various plausible mass
luminosity relations for protostars (e.g., Fig. 6) . In the youngest (accreting) sources at least, 
the measurable ratio L1 .amm/ Lbol should thus tend to reproduce the variations of the mass 
ratio Mc*/M*. The boundary between the Class I and the Class 0 is by definition set at 
the critical luminosity ratio corresponding to Mc*/M* = 1 (see AWB for explicit values) . 
However, because of uncertainties in the relations between Lbol and M* on the one hand and 
between 11 .amm and Mc* on the other hand, the actual boundary is necessarily somewhat 
vague. In practice, the two classes are best distinguished in diagrams plotting Si'.'imm (or 
equivalently Mc*) against Lbol (cf. Fig. 6) . When studying highly obscured protostellar 

objects, such diagrams appear to be more appropriate equivalents of the H-R diagram than 
the L-Av diagram of Adams ( 1990) (cf. Saraceno et al. 1994) . 

As Figure 6 shows, there is continuity between Class I and Class 0 sources. However, 
while objects still well in the main accretion phase are dominated by the effects of their 
circumstellar cocoon (Mc* > > M*) and are likely to retain detailed information about their 
genesis, those with Mc* < < M* are at the end of their accretion phase and are probably 
already dominated by stellar rather than protostellar processes. In that sense, Class 0 sources, 
which provide good observational candidates for being in the former stage, cannot just be 
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considered as "extreme Class I" sources. 

It is important to point out that Class 0 sources are statistically very young. For instance, 
in the p Oph central region where the IRAM 30 m mapping study of Mezger et al. (1992) 
provides an essentially complete survey for Class 0 sources down to Mc* � 0 . 1  M0, VLA 1623 
is the only good candidate while there are between 11 and 24 near-IR Class I sources known 
with Lbol ;?:, 1 £0 (cf. WLY and AM) .  This suggests that the lifetime of Class 0 sources is 
at least an order of magnitude shorter (i.e., .$ 104 yr) than the estimated lifetime of Class I 
sources ( .$ 105 yr; cf. WLY and Kenyon et al. 1990) . 
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Figure 6. Circumstellar mass Mc* against bolometric luminosity Lbol for the p Oph Class I 
and Class 0 sources (filled and open circles) .  The hatched area represents the border zone 
between Class I and Class 0 (see AM for details) .  The locations of the Taurus infrared pro
tostellar candidates modeled by ALS are shown (as triangles) for comparison. An indicative 
protostellar evolutionary track for an initial cloud core mass - 0.5 M0 and a mass infall rate 
- 10-5 M0 yr- 1 is superposed. 

3. 3 Jet-like outflows from class 0 protostars 

One of the most outstanding features of the newly recognized Class 0 sources is that virtu
ally all of them drive spectacular CO molecular outflows. These outflows are highly collimated 
or "jet-like" (with length-to-width ratios exceeding 10 and opening angles smaller than 30° ; 
see, e.g., Fig. 4),  relatively fast (with typical characteristic velocities Vchar ;?:,  50 km s- 1) ,  

apparently very young (with dynamical timescales tayn < <  104 yr) , and powerful (with me
chanical powers Leo = 1/2 Meo Vc1.ar approaching - 50 % of the bolometric luminosity of 
the central sources) .  Two of the most remarkable of these jet-like CO outflows are those 
driven by the Class 0 sources L1448-C (Bachiller et al. 1990) and VLA 1623 (Andre et al. 
1990) . In contrast, while there is growing evidence that some outflow activity exists through
out the embedded phase (e.g., Terebey et al. 1989; Parker et al. 1991) , the CO outflows 
from Class I sources tend to be po01 ly collimated, slower, and much less energetic than those 
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from Class 0 sources. In an effort to characterize the evolution of molecular outflows dur
ing the protostellar phase, Bontemps et al. (1994) have recently obtained and analyzed a 
homogeneous set of C0(2-1 )  data around a large sample of low-luminosity (Lbol < 100 L0) 
embedded YSOs, including 28 Class I sources and 5 Class 0 sources. Their results shows that 
Class 0 sources are distinguished from Class I sources not only by stronger submillimeter 
continuum emission (which is the criterion defining the Class 0), but also by more collimated 
and more powerful CO outflows (see Fig. 7) . This clear evolution of outflow characteristics 
from Class 0 to Class I is consistent with the most recent theoretical views on the struc
ture of molecular outflows (e.g., Stahler 1993) , according to which the observed CO outflows 
represent ambient gas that has been progressively entrained (in a turbulent fashion) by an 
underlying jet directly originating in the central star and/or circumstellar structure. In this 
picture, the youngest CO outflows are indeed expected to be the fastest and most highly 
collimated flows, i.e., to appear " jet-like" . Evidence for the driving jet has very recently 
been found toward some Class 0 sources in the form of shock-excited molecular hydrogen 
emission (Bally et al. 1993; Davis et al. 1993) or Herbig-Haro objects (Eiroa et al. 1993) .  
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Figure 7. Outflow momentum flux against circumstellar mass of the driving source for a 
sample of nearby, low-luminosity Class I and Class 0 YSOs (from Bontemps et al. 1994).  

4. Conclusions: A Revised Observational Scenario of Early Stellar Evolution 

The recent (sub)millimeter continuum results obtained on low-mass YSOs (e.g. , AM) 

confirm the usefulness of SEDs to infer the evolutionary states of YSOs, as first pointed out 
by Lada (1987) in the infrared range. However, it is now apparent that observing the SEDs at 
wavelengths significantly longer than 100 µm (e.g., at 1 .3 mm) is of prime importance to get 
at a complete evolutionary picture . In particular, the strength and spatial distribution of the 
millimeter continuum emission of YSOs may be used as quantitative tracers of the progressive 
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decrease and condensation of the circumstellar material as early stellar evolution proceeds. 
We thus propose a revised evolutionary scenario from Class 0 to Class III (see Fig. 8) .  

In this scheme, the Class 0 sources are the youngest stellar objects, probably true pro
tostars at the beginning of the main accretion phase. They are virtually undetectable in the 
near-IR (>. < IOµm) and their SEDs closely resemble that of a single temperature blackbody 
at T � 10-30 K .  These objects are in the process of assembling the bulk of their final stellar 
mass which is still in the form of an "apple-like" circumstellar structure. Although they 
probably have not developed a significant disk yet, they are already driving jet-like outflows 
(see Henriksen & Valls-Gabaud 1993 and Henriksen in this volume for a possible mechanism) . 
Present observations are indeed consistent with the outflow phase starting as soon as a pro
tostellar core forms at the center of a collapsing dense cloud fragment. Inflow and outflow 
must therefore occur simultaneously (see also Lada & Shu 1990) . Virtually all Class 0 sources 
known to date are associated with VLA radio continuum emission, which probably traces 
free-free radiation from shock-ionized material in the associated wind and/or the accretion 
shock at the surface of the central object (this VLA emission is one of the least understood 
observed characteristics of this stage) . 

The next stage is that of the near-IR Class I sources or "infrared protostars" of Lada 
(1987) , which have much broader spectra than Class 0 sources, clearly implying a wide range 
of temperatures. Based on their millimeter continuum properties, these objects are confirmed 
to be self-embedded in spheroidal envelopes, but the new result is that these envelopes contain 
only residual (i. e., substellar) amounts of circumstellar material. In that sense, Class I sources 
have passed the main accretion phase and probably are in a late (and perhaps slower) accretion 
phase, affecting the highest angular momentum material of the parent cloud core. For this 
reason, they are likely to have developed a significant disk (with radius up to :S 100 AU; e.g., 
Terebey et al. 1984) ,  although millimeter interferometric observations show that this disk 
cannot be very massive (Terebey et al. 1993) .  Class I sources also drive CO outflows, but 
these outflows are much broader, slower, and less "penetrating" than those of Class 0 sources 
(e.g. ,  Bontemps et al. 1994) . 

The last two stages in our revised scenario correspond to the near-IR Class II and Class III 
sources, and are virtually unchanged with respect to Lada's scenario (see AM for details) . 
These two classes group PMS stars which have passed the self-embedded phase but are in 
some cases still obscured by interstellar material from their parent clouds. 

Although this evolutionary progression of SEDs is in fact continuous and may be param
eterized by a "mean frequency" or a "bolometric temperature" (Myers & Ladd 1993) ,  the 
break down of YSOs into of four distinct classes is justified by the fact they correspond to 
conceptually different stages of evolution. 

Acknowledgements. I am grateful to Catherine Cesarsky and Thierry Montmerle for 
their encouragement about this work, and to Sylvain Bontemps for providing Figure 7 prior 
to publication. 
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Philippe Andre at 2 µm. Picture taken with the ALICE IR array for UKIRT (ROE) . 



PROTOSTELLAR CONDENSATIONS IN THE SERPENS CORE 

Mark M. Casali 
Royal Observatory, Blackford Hill, Edinburgh EH9 3IU 

Carlos Eiroa 
Fisica Teorica, Universitad Autonoma de Madrid, Cantoblanco 28049 Madrid 

Glenn White 
Queen Mary and Westfield College, London 

ABSTRACT 

193 

MM/submm continuum maps made with the JCMT reveal at least 6 discrete objects in the Serpens 
cloud core, four of which have no NlR counterparts. Comparison with a C180 map shows that the 
submm objects are associated with the densest molecular gas in the core. It is clear that these 
represent the youngest population in the cloud core. CO(J=2-l )  maps in the line wings reveal 
multiple outflows from the 50+ young stars known from the NlR and submm. The majority ofNlR 
sources were not detected in the submm, a result consistent with other recent results showing that 
Class I sources are not particularly brighter in the submm than Class II. The brightest source in the 
core is FIRS ! ,  a bright submm object similar to IRAS 16293. A near IR reflected continuum jet 
emerging from its obscured centre points to the presence of hot (>SOOK) material. 
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1. INTRODUCTION 

The Sexpens cloud core forms the densest part of a large 1°x2° molecular cloud at a distance 

of 300 pc. The core itself is some 30 sq. arcminutes in size and a well known site of low 

mass star formation3l. A combination of UKIRT NIR, and JCMT nun/submm continuum and 

heterodyne maps has been used to study the young cluster population as well as its 

interaction with the gas. 

2. PROTOSTELLAR CONDENSATIONS IN THE CORE 

An 1 100 µm contour map is shown in Fig.I overlaid on a 2 µm (K) image of the core from 

Eiroa and Casali 5l. The K image shows approximately 50 YSOs reaching a density of 104-105 

Mo pc·3 in the Southern subcluster. Yet of the 6 identified peaks in the mm, only sources 5 

and 6 are associated with NIR point sources. This was confirmed with deeper maps at 800 

and 1 100 µm centred on the Southern part of the cluster. This lack of correlation is at first 

somewhat surprising, given the large masses of circumstellar material expected to surround 

these embedded phase (many are probably Class I) objects, but is actually consistent with 

recent findings which suggest that Class I sources are not significantly stronger mm 

continuum emitters than Class II TT-like objects2l. 

The most luminous source in the core is FIRS ! with a flux density of 8 Jy at 800 µm. 
Integrating its spectrum gives a bolometric luminosity of 80 L0. Of interest is a short jet seen 

at 2 µm emerging from the geometric centre of the mm peak. 

3. MOLECULAR GAS AND MULTIPLE OUTFLOWS IN THE CORE 

It is important to know where the dense molecular gas is in the core. In Fig.2a we see that 

the dense material as traced by C180(J=2-l )  is generally associated with the mm continuum 

peaks, though the correspondence is not perfect in that the C180 peaks do precisely match 

those in the mm, an effect which may be related to heavy element depletion onto grains6l. 

Further the dense gas is not well associated with the NIR sources. A picture naturally 
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Figure I JCMT contour map at l lOOµm overlaid on a greyscale 2µm image. FIRS! is 
labelled as source 1 .  

emerges, then, i n  which the NIR sources are the oldest objects having dissipated surrounding 

material, while the remaining dense gas is forming new protostars - the mm peaks. 

With so many young stars in the core, a large number of outflows would be expected and this 

is indeed the case as shown in Fig.2b where maps of the blue and red line wings of C0(2-1) 

are shown. Assigning sources to particular outflows is difficult, except for FIRS! where a 

blue lobe seems associated with the near IR jet which must therefore be emerging from the 

cloud towards us. 

4. FIRS ! 

The ratio of bolometric to submm luminosity for this object is a factor of 10 higher than the 

very coldest protostellar sources such as NGC1333-IRAS4 or VLA16231> and is in fact more 

like that of IRAS 16293-2422. As with IRAS16293, there is substantial evidence for hot 

material in the core. In particular Eiroa and Casali 4> have shown that the tip of the NIR jet 

nearest the centre is probably reflected continuum. Assuming this to be thermal (extending 

the cm emission to the NIR results in negligible flux), considering the angle subtended by the 
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Figure 2 (a) JCMT C180 (J=2- 1) contour map on greyscale l lOOµm continuum image. 
(b) Contour of CO(J=2-1)  line wings. Solid contours are integrated 10-20 km/s, and 
dashed contours -20 to -10 km/s. 

reflection, and constraining the total luminosity to be 80 L0, a temperature >500 K is required 

in the centre of FIRS 1 .  Clearly a hot core has already formed in this young object. 

REFERENCES 

1 .  Andre P., Ward-Thompson D., Barsony M., 1993, Ap.J. In press. 
2. Barsony M. and Kenyon S. ,  1992, Ap.J. 384, L53 
3. Eiroa C., 1991 ,  in Low Mass Star Formation in Southern Molecular Clouds, ed Bo 
Reipurth, ESQ report no. 1 1  p.197 
4. Eiroa C. and Casali M.M., 1989, A&A 223, L17 
5. Eiroa C. and Casali M.M., 1992, A&A 262, 468 
6. Mauersberger R. et al , 1992, A&A, 256, 640 



COLD INTERSTELLAR DUST DETECTED AT MM WAVELENGTHS 

ABSTRACT 

P. Merluzzi 
Istituto di lngegneria Aerospaziale 

Napoli, Italy 

197 

Recently several observations of the emission spectrum of the Galaxy at IR, submm and 
mm wavelengths have shown unexpected strong emission in various regions of the sky. In 
order to account for these results, the emitting dust must be characterized both by a wide 
range of dimensions (a few A to about lµm) and of temperatures (10-50 K),  at least for the 
inner part of the Galaxy. 

Taking into account that the IRAS FIR measurements evidence the presence of hotter 
particles and are not completely adequate to estimate the total dust mass fraction, we should 
emphatize the importance of mm and submm observations. Actually Pajot et al. 1 )  find that 
about 903 of the dust is expected to have a temperature lower than 20 K so that it radiates 
only 103 of the energy at FIR wavelengths. 

For a better understanding of the interstellar dust nature we have analysed previous 
observations performed in Antarctica and extended from b � -6.5°, l � 305° to b � -9°,  
l � 312° which are compared with new 3mm data by Piccirillo2l .  These data have been used 
to determine the spectral behaviour of the emission detected in this region of the sky. In 
addition, laboratory measured optical properties of cosmic grain analogs3),4) have been used 
to discuss the astronomical data. 
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1 .  EXPERIMENTAL 

The scanning of the galactic plane (>. = 2 mm) was performed at the Italian Base in 
Antarctica using lm instrument with a field of view (FOY) of � 1 ° .  The observations were 
taken with the drift scan technique at the declination of � -69°. We have detected the flux 
coming from two galactic structures respectively at � 13. 75h and � 14.50h of right ascension. 

The 3mm fluxes of the same sources were measured with another experiment carried out 
at Terra Nova Bay with a FOY of 15 arcmin2l. The brightness of each region of the sky is 
determined at 2mm by averaging the data every time-length lasting about 14 minutes. This 
procedure allows to smooth any high frequency atmospheric noise down to the frequency 
corresponding to half of the FOY width. Further analysis5l allow us to achieve a signal to 
noise ratio of about 4 for the galactic regions. 

3. RESULTS AND DISCUSSION 

Figure 1( a,b) reports our data at 2mm, derived for the sky region at � 14.50h of right 
ascension, and 3mm together with IRAS fluxes at 60 and 100 µm (we obtain a similar result 
for the adjacent region). We tend to interpret the observations as essentially due to thermal 
dust emission, we note that all data shown in fig. 1 (  a,b) may be fitted by appropriate thermal 
emission curves once the spectral index a is known. For the wavelength region covered by 
IRAS observations we have assumed the usual >.-2 emissivity6) .  The corresponding gray 
body temperature is found to be T '.:::' 24K, in good agreement with the results obtained by 
various authors. Beyond approximately 400µm the experimental data can not be accounted 
for by the same thermal curve. Actually, two different couples of values for both the spectral 
index and the temperature are able to match the submm and mm observations. 

We remind that several grain models suggest that at least three components are needed 
to reproduce the interstellar extinction curve7l and IRAS fluxes. 

We have, then, considered some laboratory studies about different materials believed to 
simulate interstellar dust grains and, in particular, data concerning different kinds of silicates 
and carbonaceus materials which have been investigated determining both the morphological 
properties and the optical characteristics from YUY to FIR and mm wavelengths. 

The laboratory results show that, regardless of their specific composition, silicates present 
a spectral trend which follows a >.-2 law4) ,s) in the FIR. The same spectral index is found for 
graphite9l .  On the contrary, amorphous/ disordered carbon is characterized by an extinction 
efficiency >.-" with a varying from 0.9 to 1 . 1  according to the actual structure of the carbon 
and the hydrogen content of the grains 3 ) .  In particular, slightly hydrogenated amorphous 
carbon which contains randomly oriented small graphitic islands shows a >.-LI spectrum3). 

The results of the fits reported in Figure 1(  a,b) indicate that both silicates and amor
phous/ disordered carbon are able to account for the observational data that we are consider
ing. However, the choice of one material respect to the other implies a different equilibrium 
temperature for the emitting material, respectively 7K and 16K. 

The optical constants determined in laboratory for the two materials above mentioned 
(silicates4l and amorphous/disordered carbon3l have been used to estimate grain equilibrium 
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temperatures in two cases: (a) diffuse medium, (b) giant molecular cloud (characterized by 
A., 2: 5mag ). In the first case we have considered the usual interstellar radiation field as given 
by Mathis, Mezger and Panagia10> ;  in the second one we have also taken into account the 
correction proposed by Bollea & Cavaliere11> .  The resulting equilibrium temperature values 
are reported in Table 1 .  
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Fig. 1 (  a,b) Present work data for the galactic structure at r .a. 14 .50h and ti '.::::' -69.1 ° 
(¢) compared with 60 and 100 µm) IRAS data (I) and 3mm data (o). 

If we compare the results reported in Table 1 with the fits shown in Figure 1( a,b) we 
note that, apparently, it is possible to account for the mm observations by considering two 
different grain components: a) cold particles with a ).-2 spectral trend; b) hotter particles 
with a ). -1.l  spectral trend. In the case of the cold particles the observed fluxes should be 
prodnced by silicates sitting in giant molecular clouds. On the contrary, the wormer particles 
should be amorphous/disordered carbon grains present in the diffuse interstellar medium. 

In order to verify if the long wavelength fluxes derive from giant molecular clouds or 

from molecular cirrus clouds we have considered two different catalogues12),l3) .  In neither 
catalogues we can identify any source located in the same direction of the galactic regions 
we have observed (i.e. l '.::::' 305° - 312°, b c:: -6.5° - -9° ) . This negative result seems to 
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suggest that the submm and mm fluxes reported in Figure 1 have to be explained as due to 
thermal emission by dust sitting in the diffuse interstellar medium and characterized by a 
>.-1 .1 spectral trend. 

We note, in this case, that the IRAS lOOµm flux should be due to the same particles 
which produce the mm emission. This is particular interesting as agrees well with the model 
by Desert, Boulanger and Puget 7) which indicates that large grains dominated by silicates 
with additional dark refractory mantle do account for about 903 of the lOOµm IRAS emis
sion and the total submm emission. All these evidences imply that silicates emission prevails 
at intermediate and FIR wavelengths while at longer wavelengths it is dominant the amor
phous/ disordered carbon mantles emission with a >. - 1 . 1  spectral trend. 

At the end it is interesting to note that, very recently, Meinhold & Lubin14) have pointed 
out that their 3.3mm observations of dust emission at very high galactic latitudes seem to 
suggest an emissivity close to one. 

Table 1 
Equilibrium temperatures computed for silicate and amorphous/disordered carbon grains 

both in the interstellar medium and inside a molecular cloud. 

Source 

Diffuse iuediun1 

Giant Molecular Cloud 
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Stars form during the gravitational collapse of molecular cloud fragments known as dense 
cores. These cores grow slowly within a giant cloud complex, until they become gravitationally 
unstable. This "bottom-up" picture is very different from the traditional "top-down" scheme 
of heirarchical fragmentation first proposed by Hoyle. The structure and evolution of accreting 
protostars is well understood, but their predicted luminosities are higher than those of most 
deeply embedded stellar sources. 

Protostars disperse their parent cores to become pre-main-sequence stars through the action 
of a powerful wind. Empirically, this wind is channeled into a bipolar nozzle configuration 
that gives rise to the optical jets and broad molecular outflows observed near young stars. 
Neither the cause of the wind nor the mechanism for nozzle formation is yet understood. 
Among optically revealed young stars, many have spectroscopic and photometric properties 
that indicate the continued presence of circumstellar disks, but a large fraction is curiously 
lacking these properties. Finally, the basic tenets of star formation theory could be tested in 
the near future, once observers obtain bolometric luminosity functions for populous clusters 
of embedded objects. 
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1. INTRODUCTION: THE PROBLEM OF STAR FORMATION 

The basic question confronting a theoretical account of star formation can be readily 
framed. How is it that the vast, ragged structures known as giant molecular clouds, each 
measuring some 1020 cm in total extent, can produce the tiny, compact spheres we call stars, of 
typical size 101 1  cm? The mean number density in a giant molecular cloud is 103 cm -3 , some 
20 orders of magnitude less than the density of a solar-type star. Clouds are so different from 
stars that the path leading from one to the other must be long and complex. Nevertheless, 
star formation theory attempts to trace the main connecting thread, by isolating those few 
processes of paramount importance. 

It is easy to see that the self-gravity of the cold (T � 10 K) and massive ( M � 105 M0) 
clouds must play a leading role. It is then also natural to suppose that some form of 
fragmentation, possibly in successive stages, might be the key to reducing clouds to stellar 
dimensions. Such a view was articulated 40 years ago by Hoyle1 ) ,  in a paper which effectively 
guided thinking in the field for over two decades. Hoyle's scheme, which came to be known as 
heirarchical fragmentation, was an attempt to see how stellar masses might emerge naturally 
from the collapse of a diffuse parent body. The logic of Hoyle's argument is worth reviewing, 
despite the fact that, in his day, molecular clouds themselves had not yet been discovered 
through millimeter observations. 

Hoyle reasoned essentially as follows. No cloud can undergo a sustained collapse unless 
it somehow radiates away most of the kinetic energy developed during the process. Otherwise, 
the cloud would "bounce,'' i. e . ,  its kinetic energy would be converted back into gravitational 
potential energy, and it would re-expand to its original size. Consider now a cloud so massive 
that its self-gravity greatly overwhelms its internal support from thermal pressure. During 
collapse, typical fluid elements will attain speeds that are highly supersonic. Even if the cloud 
were to remain perfectly isothermal, so that each element radiated away all of the work done 
by internal pressure, the total energy loss would still be much smaller than the increase in 
bulk kinetic energy. 

There exists, however, another efficient means of energy loss, as Hoyle was quick to 
point out. Colliding supersonic streams will shock, and thereby attain temperatures that 
lead to copious radiation. In such a violent collapse, the cloud can be expected to break 
apart into smaller subunits before its average density has increased greatly. In some of 
these fragments, the thermal pressure gradient may actually exceed self-gravity; these bodies 
expand until hydrostatic equilibrium is reached. In other pieces, gravity might still dominate; 
these quickly break apart as before. It remains, therefore, to consider those fragments with 
only a slight excess of gravity over the pressure gradient. 

In such marginally unstable bodies, Hoyle argued, the collapse must proceed 
subsonically, i. e . ,  without the generation of shocks. As the cloud fragment undergoes slow 
contraction, the gravitational force gradually overwhelms pressure, provided any internal 
energy increase is promptly lost through radiation. Hoyle showed that an initially spherical 
cloud of uniform density can contract by about a factor of 10 in volume before the increase 
in its kinetic energy exceeds radiative losses. At this point, he reasoned, the cloud fragments 
again. Some of the resultant pieces will again be marginally unstable to collapse, so that the 
cycle of condensation and breakup can continue through a number of generations. As the 
cloud density at every step steadily rises, the time between successive fragmentations drops. 
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The process ends with the production of a fragment so dense that it cannot radiate away 
sufficient energy during its brief contraction time scale. Such a piece achieves hydrostatic 
equilibrium as a star. In later versions of the model, the endpoint was identified as the time 
when the fragment becomes optically thick to its own cooling radiation2l. 

The idea of heirarchical fragmentation was appealing for its simplicity and internal 
consistency, but two subsequent developments, one theoretical and the other observational, 
served to undermine it. Hoyle was correct that only clouds with a slight predominance of 

. gravity over pressure are viable candidates for star formation, but he was wrong about their 
mode of collapse. As the cloud begins its subsonic contraction, it has time to establish 
a centrally peaked pressure and density distribution, just as it would in true hydrostatic 
balance. Now the contraction time scale is shorter in the denser, inner region than farther 
out. Hence, the initial density gradient steepens with time. Eventually, the central region goes 
into true free-fall collapse, while the outside remains relatively static3l .  During this inside-out 
collapse, the boundary of the falling material is a rarefaction wave that moves outward at 
the local isothermal sound speed4l . Three-dimensional numerical simulations5l indicate that 
this mode of collapse is actually stable against fragmentation, presumably because incipient 
perturbations are torn apart once they enter the region of collapse. 

The observational development was the discovery, within giant molecular clouds, of 
the localized sites of low-mass star formation. Stars of approximately solar mass or less are 
believed to form within cloud condensations known as dense cores6l . These cores have typical 
diameters of 1017  cm, number densities of 105 cm -3 , and are frequently observed to contain 
young stars, i. e . ,  unresolved infrared sources of luminosity 7) . To date, the cores have failed to 
show any convincing evidence for collapse motion. Indeed, with their internal temperatures 
of about 20 K, cores both with and without stars appear to be in hydrostatic balance. 

It is natural, then, to suppose, that dense cores form stars through the process of inside
out collapse. The failure to observe free-fall motion reflects the small amount of interior gas 
that actually attains high speeds. If this view, now widely accepted, is indeed correct , then 
the heirarchical fragmentation picture fails, since no subsonic contraction is occurring at 
densities in excess of those observed in star-forming cores. 

The fact that there exist dense cores without stars, and that these, too, are apparently in 
hydrostatic balance, suggests that Hoyle's "top-down" scenario for star formation be replaced 
by a "bottom-up" one. Dense cores begin as unobservably small "seeds," embedded within 
the background gas of a giant molecular cloud. These seeds grow by slowly drawing in, 
through their gravity, ambient matter. It is currently believed that this accumulation process 
is mediated through a magnetic field that threads the core and its environs. The dominant, 
neutral component of the gas can slip past the field and be pulled in by the core's gravitational 
field, while the ions gyrate about the field lines, retarding the neutrals through collisions8l ,9) . 
At any time during its growth, the dense core will appear to be in hydrostatic balance, as 
the observations indicate.1 

Why do the cores ultimately go into collapse? It has long been known, through 
analytical studies, that hydrostatic, isothermal objects embedded in a uniform background 

1 The magnetic field also enters into the hydrostatic balance, but the associated force is 
of the same magnitude as both gravity and the thermal pressure gradient9l. 
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pressure have a maximum stable mass10) , l l ) .  Numerical work has established a similar upper 
bound for magnetically supported configurations12l .  The limit exists because heavier bodies 
need greater central pressures for hydrostatic support. Isothermal clouds, therefore, require 
higher densities, which eventually create a gravitational force near the center that cannot be 
resisted. Thus, dense cores are predicted to begin collapsing, from the inside out, once their 
central density exceeds the volume average by about a factor of 10.  

2. PROTOSTARS 

The primitive star, or protostar, that forms at the center of a collapsing dense core 
builds up its mass from the cloud material raining down upon it. As Hoyle surmised, this 
highly supersonic material must release its kinetic energy through a radiative shock in order 
for the collapse to continue. Early on, the cloud envelope can fall directly onto the stellar 
surface, which is bounded by a strong accretion shock front (see Fig. 1). 

Figure 1 .  Structure of a spherical protostar13) . 

The protostar's luminosity is mostly from accretion, and is equal to 

GMM Lace = -R-- ( 1) 

for a star of mass M and radius R. Here, M is the accretion rate, i .e . ,  the mass per unit 
time falling from the overlying envelope. In a parent cloud with isothermal sound speed ar, 
this rate can be found from the approximate equality 

M � a�/G , (2 )  
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which holds with a numerical coefficient of order unity4l .  For a realistic cloud temperature 
range of 1 0  to 30 K, equation (2) predicts accretion rates between 2 x 10-6 and 1 x 10-5 M0 
yr-I .  

The radiation produced at the shock front still needs to make its way out of the cloud 
envelope. A photon produced near the stellar surface must traverse a large column density 
of gas and dust, which could, in principle, trap the radiant energy. In practice, however, 
the major source of opacity is the interstellar dust. The dust grains can only absorb a 
small fraction of the accretion luminosity before they sublimate. This sublimation occurs 
in a relatively thin layer at the dust destruction front in Figure 1. Inside the front is an 
optically-thin opacity gap, in which the incoming matter is entirely in the gaseous phase. 

Once photons from the star reach the dust destruction front, they are quickly absorbed 
in the surrounding dusty envelope. The total luminosity crossing any sphere in this region 
remains constant, but the color temperature of the radiation field steadily falls as the photons 
are absorbed and reradiated many times. Finally, at the radius marked dust photosphere in 
Figure 1 ,  the opacity is so low that the radiation can fly unimpeded through the rest of 
the dense core. By this point, the color temperature has fallen to several hundred degrees, 
corresponding to wavelengths in the mid-infrared regime. 

The fact that protostars are infrared objects is, of course, troublesome from an 
observational perspective. In particular, their broadband spectra are influenced as much by 
the composition and spatial distribution of the grains in their cloud envelopes as by the nature 
of the underlying sources of radiation. Nevertheless, Adams, Lada and Shu14l have proposed 
an empirical evolutionary sequence of infrared sources, using . " from both groundbased 
instruments and IRAS. In their scheme, objects which exhibit, longer wavelengths, the 
greatest departure from a blackbody spectrum are deemed to be protostars. Such "Class I" 
sources are relatively common. They constitute, for example, about 10 percent of all objects in 
the Taurus-Auriga molecular cloud complex15) ,l6) ,  and about 30 percent in the p Ophiuchus 
region17l . Unfortunately, the fraction of protostars in a forming cluster is expected, from 
general theoretical considerations, to be much lower18) . In addition, the observed bolometric 
luminosities of typical Class I sources are frequently below that predicted by equation ( 1 )15) . 

To appreciate the latter point, we must establish the protostar's radius as a function 
of its mass. This mass-radius relation was a focus of controversy throughout the 1970's, as 
various researchers attempted to follow numerically the collapse process3l•19l. The controversy 
was finally resolved through careful treatment of the energy losses at the accretion shock13l .20) .  
I t  was found, for example, that the radius of a 1 M0 protostar i s  about 5 R0, far lower than 
had been predicted earlier from more qualitative arguments21l .  Thus, equation (1 ) can be 
rewritten 

Lace = 62 L , -- --( M ) ( M ) ( R ) -1 

8 10-5M0 yr- 1 1 M0 5 R0 (3) 

Although the mean protostar mass is expected to be less than 1 M0 , the average radius is 
also smaller than 5 R0, and the luminosity strongly peaks at a value between 10 and 50 L�) . 
Empirically, Class I sources are sometimes found with luminosities this high, but many are 
considerably dimmer1 7) .  Thus, the identification of such sources with protostars cannot be 
considered secure. 
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3. PRE-MAIN-SEQUENCE STARS 

Young stars which are no longer surrounded by infalling cloud envelopes, but have 
not yet started burning central hydrogen, are said to be in the pre-main-sequence phase. 
Because they are optically visible, these objects are much easier to identify than the infrared 
protostars. Pre-main-sequence stars of roughly 2 M8 or less are known as T Tauri stars22) ,  
while those of  higher mass are called Herbig Ae/Be stars23) . The T Tauri class i s  more 
populous, and so its properties have been more firmly established 24). It is the infrared 
excess exhibited by many of these stars, for example, that is most often cited as evidence for 
circumstellar disks25) . 

A central issue in star formation theory is the nature of the transition between the 
protostar and pre-main-sequence phases. How does accretion end, and what disperses 
the remnants of the parent dense core? Complete answers to these questions are not yet 
available, but important observational clues exist. The most deeply embedded young stars 
are frequently seen to be driving molecular outflows. These are broad regions of cloud gas 
observed to be moving away in a bipolar fashion from the central stars, with typical speeds 
of 5 km s-1 • Several hundred outflows have now been detected, and their characteristics are 
well documented26l .  

It is generally accepted that molecular outflows are responsible for clearing away the 
remnant clouds, but the mechanics of the dispersal process has not been elucidated. Nor 
has the relationship between the outflows and another bipolar phenomenon associated with 
young stars, the Herbig-Haro jets 27) . These are sinuous strands of hot (T � 104 K) gas, 
moving at high speed ( v � 300 km s-1 )  from the driving stars. The jets are intrinsically 
faint, and easily obscured by intervening cloud matter. Not surprisingly, few of them have 
been seen together with well defined molecular outflows, although there are some noteworthy 
exceptions28) .  Nevertheless, there is growing evidence that every outflow represents turbulent 
cloud material that has been entrained by a central jet29 ) .  The jet itself consists of a stellar 
wind which has somehow been constrained into a bipolar nozzle configuration. 

Once the jet and outflow clear away the rest of the dense core, the exposed pre-main
sequence star gradually shrinks under the influence of its own gravity. During this phase of 
quasi-static contraction, the star's central temperature climbs until hydrogen ignites in the 
central region. In the case of T Tauri stars, the stellar interior contracts homologously, in 
a manner similar to what Hoyle envisioned for marginally unstable clouds. These low-mass 
objects are fully convective as a result of surface cooling, which draws out more heat than can 
be transported by radiation alone30l .  The Herbig Ae/Be stars, on the other hand, have lower 
interior opacities, and are stable against convection. Most of these stars begin contracting 
nonhomologously, i. e . ,  their outer layers actually expand while their deeper interior shrinks31l .  

Since pre-main-sequence stars are optically visible, their evolution can be followed in 
a conventional H-R diagram. The evolutionary tracks of stars ranging in mass from 0.6 
to 6 M0 are shown in Figure 2. The dotted curve is the birthline, i. e . ,  the locus of stars 
immediately following the termination of protostellar accretion33) ,34l . The modest radii of 
accreting protostars imply that the set of pre-main-sequence tracks is severely truncated 
compared to older calculations that ignored the protostar phase35l. Most tracks depart 
smoothly from the birthline, but stars from about 2 to 4 M8 first jump upward in luminosity, 
as a consequence of their nonhomologous contraction31 ) .  
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Figure 2. Theoretical pre-main-sequence evolutionary tracks {solid curves) and birthline 
{dotted curve) in the H-R diagram32l . Each track is labeled by the stellar mass in solar 
units. 

The theory outlined here makes definite predictions concerning the distribution of pre
main-sequence stars in the H-R diagram. No star in this class should be situated above the 
birthline, while the youngest stars should be located close to the line, but below it. Finally, 
the theory predicts a rather modest upper mass limit, about 8 Mc;» to the pre-main-sequence 
phase. Stars which continue to add mass above this limit are burning hydrogen, and should 
appear on the ZAMS once they are optically revealed. In Figure 2, the limit corresponds to 
the intersection of the birthline and the main sequence. 

Figure 3 shows that the observed stars appear to lie in the proper region of the H-R 
diagram. In addition, those young stars with mass more than about 8 M0 do appear to be on 
the ZAMS, but the available sample is small36l .  Levreault37) has studied about a dozen stars 
which are optically visible pre-main-sequence objects, but are still associated with molecular 
outflows, and therefore presumed to be especially young. It is gratifying that this sample 
indeed lies close to the theoretical birthline 34) .  

Many T Tauri stars exhibit a constellation of photometric and spectroscopic properties 
that set them apart from more mature objects of similar mass. These "classical" properties 
include the previously mentioned infrared excess, as well as an ultraviolet excess, and emission 
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Figure 3. Observed pre-main-sequence stars in the H-R diagram32) . 

lines whose profiles are indicative of strong winds. However, a large fraction of the T Tauri 
class, perhaps half of the total, does not have these properties38l. These "naked" stars 
appear throughout the allowed region in the H-R diagram, including near the birthline24•39l . 
Now many researchers have sought to explain the classical properties by the presence of 
circumstellar disks40l .  Furthermore, the theory of disk formation makes it clear that disks 
are a natural outcome of the collapse of rotating dense cores41 l .  Thus, it appears that the 
naked T Tauri disks must have drained onto their central stars, or perhaps have been dispersed 
by these stars, early on. Given the inadequacy of our present knowledge of disk evolution, 
both alternatives remain viable. 

4. CONCLUSION 

It should be clear from this brief overview that significant gaps remain in our 
understanding of young stars. Nevertheless, a consensus has emerged over the past decade 
that the main outline of a more complete account of star formation is now secure. In some 
areas, such as the phenomenology of T Tauri stars, our knowledge is highly detailed. In others, 
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such as the origin of protostellar winds, basic theoretical issues are still being debated. It is 
unlikely, however, that future observations, such as the first confirmed detection of protostellar 
collapse, will force a major alteration of the basic scheme. 

The situation is entirely different regarding the formation of stellar groups. Most 
mature stars are in binary pairs42l ,  and the current high rate of discovery of pre-main
sequence pairs makes it clear that binarity is common up to the birthline43l .  Are such pairs 
born from the same dense core, or were they once more distant companions? Over larger 
scales, stars tend to form in clusters, usually gravitationally unbound. The existence of 
clusters per se is no mystery, given the large masse·s and sizes of giant molecular clouds, but 
what causes a giant cloud to begin producing stars? Finally, the distribution of stellar masses 
within such groups (the "Initial Mass Function") is heavily weighted toward low-mass stars. 
What is this important fact telling us about star formation? 

The most basic properties of extremely young, embedded clusters are just now being 
learned. A key technological breakthrough has been the advent of the CCD infrared array 
camera44l . Researchers can, in a relatively brief time, construct high-resolution maps of 
extended, visibly obscured regions of star formation45l . Once array detectors are available at 
the mid- and far-infrared wavelengths where many young stars peak in intensity, astronomers 
will have at their disposal the basic tool for understanding stellar clusters - their bolometric 
luminosity functions. 

Naturally, a complete theory of luminosity functions is not available, but important 
steps are being taken toward providing observers with a conceptual framework for the 
interpretation of their results. Only recently has it been emphasized that the luminosity 
functions of very young clusters should be qualitatively different from those of older 
systems46l.47). Fletcher and Stahler18l have calculated the evolution of the luminosity 
function by utilizing a simple stochastic model of cluster formation. Here, protostars have a 
certain probability per unit time of dispersing their cloud envelopes to become visible pre
main-sequence stars. This probability is determined by assuming that the cluster's mass 
distribution approaches a pre-assigned Initial Mass Function after long times. Once the data 
is available, it will be interesting to compare the actual luminosity functions of populous 
clusters with the predictions of this model. 

Throughout this project, the author was supported principally by NSF Grant AST-9296096. 
He received additional support from the Center for Star Formation Studies, a consortium 
of U. C. Berkeley, U. C. Santa Cruz, and NASA-Ames Research Center funded through a 
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INFRARED LUMINOSITY FUNCTIONS OF VERY YOUNG CLUSTERS 

ABSTRACT 

Charles J. Lada 
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60 Garden Street, Cambridge, MA 02138 USA 

Young star clusters are important laboratories for studies of star formation and early 
stellar evolution. In particular. with sizes between 0 .. 5-3 parsecs. rich young clusters, 
especially those embedded or partially embedded in molecular clouds, provide the 
smallest spatial scales for which a significant determination of the Initial Mass Function 
( IMF)  can be made. Consequently, observations of such clusters enable tests of the 
universality of the IMF in both space and time. Infrared imaging observations have now 
been obtained for a small but growing number of young clusters in nearby molecular 
clouds. Infrared luminosity functions have been constructed for many of these clusters. 
In this contribution observations of two rich and relatively nearby clusters ( IC 348 and 
NGC 2264) are discussed and compared. The infrared luminosity functions of these 
clusters are found to be surprisingly similar in shape. !'vforeover, their slopes are much 
steeper than that expected for a population of ZAMS stars whose distribution of masses 
is given by the field star IMF. However. with approximate adjustments for the effects of 
pre-main sequence evolution, the slopes of the luminosity functions of these clusters are 
found to be consistent with that expected if the underlying distribution of stellar masses 
in the clusters is identical to that of the IMF of present day field stars. In addition, 
in both cases the luminositv functions are found to flatten and turn over at K band 
magnitudes corresponding t� masses (0 .5-0.7.S M0) which are considerably above the 
hydrogen burning limit but roughly consistent with the peak in the present day field star 
IMF. To date, observations of these and other young embedded clusters have not yet 
provided any compelling evidence to refute the notion of a universal IMF. 
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1 .  INTRODUCTION 

A fundamental consequence of the theory of stellar evolution is that the life history of 
a star is almost entirely pre-determined by its initial mass. Consequently, to understand 
star formation and the consequent luminosity evolution of the galaxy requires a detailed 
knowledge of both the initial distribution of stellar masses at birth and how this quantity 
varies through space and time within the galaxy. Unfortunately, stellar evolution theory 
is not able to predict the Initial Mass Function ( IMF) of stars. This quantity must be 
derived from observations. However, to do so is not straightforward because stellar mass 
is not itself an observable quantity. Stellar radiant flux or luminosity is the most readily 
observed property of a star. According to stellar evolution theory there is a unique 
mass-luminosity relation for main sequence stars and in a classic paper nearly 40 years 
ago Salpeter ( 1 955) used this fact and knowledge of post-main sequence stellar evolution 
to determine the IMF for present day field stars in the solar neighborhood. He found 
that the IMF was well represented by a simple power-law: �( logm.) � m:;-1.35 for stars 
with masses in the range between 1-10 M0. The derived sign and slope of the Salpeter 
IMF indicates that most stars which form in the galaxy are of low mass and moreover 
that most of the stellar mass in our galaxy is contained in such stars. Subsequent studies, 
particularly by Scala ( 1978, 1 986) extended knowledge of the field star IMF to sub-solar 
masses and found that the IMF has a peak at about 0.3 M0 and therefore turns over 
and departs from the Salpeter power-law well above the hydrogen burning limit .  

The field star IMF,  by itself, however may not necessarily provide a strong constraint 
for star formation theory. This is because the field star IMF is a globally averaged IMF, 
averaged over both the lifetime of the galaxy and a over a specific volume of space ( i .e, the 
solar neighborhood ) .  Although it is often assumed that the IMF is universal in both time 
and space, this has never been demonstrated in a completely satisfactory way. However, 
in order to develop comprehensive theories for star formation and galactic evolution it 
is  crucial to know whether the detailed form of the IMF is universal. Are there spatial 
and/or temporal variations in the initial conditions and other important astrophysical 
parameters that can alter the process of star formation and the form of the IMF? Or 
is star formation such a robust process that the outcome is always an IMF of the same 
form? 

In principle, observation of large enough groups of young or newly forming stars in  
different parts of the galaxy should be able to provide fundamental constraints on these 
questions. The smallest spatial size scale over which a meaningful determination of a 
luminosity function can be made is that characteristic of an open cluster. Clusters are 
important laboratories for studying the initial luminosity function because they consist 
of statistically significant groups of stars who share the common heritage of forming 
from the same parental cloud at the same epoch in time. Young embedded clusters 
are particularly useful since they are not old enough to have lost significant numbers 
of members due to stellar evolution or dynamical effects such as evaporation or violent 
relaxation (e.g., L ada Margulis and Dearborn 1981! ,  Lada and Lada 1991 ) .  However, only 
in the last few years have advances in infrared detectors enabled the direct observation 
of such embedded and often obscured clusters. In particular, the development of large 
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format infrared array cameras has made it possible to image in reasonable amounts 
of telescope time the relatively large regions of sky which contain entire clusters and 
embedded stellar populations (e.g., E. Lada et al. 1991, C. Lada tl al. 1991 ,  Gatley et 
al. 1991 ,  Barsony, Shombert and Kis Halas 1991 ;  Greene and Young 1992, Eiroa and 
Casali 1 992, Carpenter et al. 1993). In this contribution I will discuss recent observations 
of two young clusters, NGC 2264 and IC 348, made with infrared array imaging cameras 
and the constaints such observations place on the question of the universality of the IMF. 

2. INFRARED IMAGING OF NGC 2264 AND IC 348 

N GC 2264 is a rich and relatively large ( � 6 parsecs in extent) young cluster located 
at a distance of about 800 parsecs from the sun. This cluster has been extensively studied 
at optical, infrared and millimeter wavelengths (e.g . ,  Herbig 1954a, Walker 1956, Warner, 
Strom and Strom 1977, Blitz 1979, Adams, Strom and Strom 1983, Margulis, Lada and 
Young 1989, Margulis, Lada and Snell 1988) .  It has an age of roughly 5 x 106 years and 
is partially embedded in but largely foreground to a massive molecular cloud. We (Lada, 
Young and Greene 1993) recently completed an extensive near infrared imaging survey 
of this cluster with a 128 x 128 HgCdTe NICMOS array camera attached to the 1 .55 
meter reflector of the University of Arizona Observatories located on Mt. Bigelow near 
Tucson, Arizona. Images were obtained in three standard infrared colors: J ( 1 .25 µm), H 
( 1 .65 µm) and K (2.2 µm). The present discussion will deal primarily with the K-band 
observations which are less sensitive to the effects of extinction than the two shorter 
wavelength bands. However, it should be noted that analysis of the J and H band data 
produces the same overall results. The K band survey consisted of 450 individual frames 
and covered an area of roughly 540 square arc minutes in size. From analysis of these 
images we were able to extract 1656 sources in the K band. Additional observations 
of the cluster and a large control field situated well off the cluster and its associated 
molecular cloud were obtained with the SQIID infrared array camera of NOAO attached 
to the 1 .2 meter telescope on Kitt Peak. SQIID consists of 4 256 x 256 PtSi detector 
arrays mounted to permit simultaneous observations at four infrared bands: J, H, K and 
L. The control field covered an area roughly 225 square arc minutes in size or roughly 
half the area of the K band survey of NGC 2264. After accounting for the difference 
in surveyed areas, the control field was found to contain only 230 fewer K band sources 
above the completeness limit than the cluster field. The surface density of sources in 
the cluster is about 25% higher than that of the control field indicating that field star 
contamination is relatively severe for NGC 2264. 

IC 348 is a relatively rich and young cluster in the nearby Perseus molecular cloud 
complex. At a distance of 380 parsecs it is considerably closer than NGC 2264 and in a 
direction that is less likely to be contaminated by background and forground stars. With 
a diameter of roughly 1 .5 parsecs it is also significantly more compact than NGC 2264. 
Its age is estimated to be 0.5- 1 .2 x 107 years (Strom, Strom and Carrasco 1974) and 
is therefore somewhat (perhaps a factor of 2) older than NGC 2264. Like NGC 2264, 
however, IC 348 is situated in front of a relatively massive dark cloud and at lea.st some of 
its members appear partially embedded within the cloud (Herbig 1954b ) .  We (Lada and 
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Lada 1993)  have recently performed an extensive near-infrared imaging survey of this 
cluster using SQIID on the NOAO 1 .2 meter telescope. We imaged an area roughly 385 
square arc minutes in size centered on the cluster as well as a region roughly 365 square 
arc minutes in size located well off the cluster and its associated molecular cloud. We 
extracted 505 K band sources above the completeness limit in the on field and roughly 
160 sources in the equal size off field region. Clearly the issue of field star contamination 
is much less of a concern for IC 348 than for NGC 2264. 

3. INFRARED LUMINOSITY FUNCTIONS 

Figure la shows the K-band luminosty function ( I...:LF) constructed for those stars 
observed toward NGC 2264 as well as the luminosity function constructed for the stars 
in the control fields. The latter KLF has been scaled by a factor of 2.4 to account 
for the difference in the observed areas of the cluster and control fields. In addition, 
the KLF of the control field has been adjusted to account for extinction due to the 
molecular cloud behind the cluster. Millimeter-wave spectral line observations of CO 
and NH3 (B litz 1 979,  Crutcher, Hartkoph and Giguere 1978. Margulis and Lada 1 986: 
Krugel et  al. 1987 )  show that the cluster lies projected onto a massive, dense molecular 
cloud core. The molecular gas is clumpy and we estimate the visual extinction to vary 
between roughly 2- 1 5  magnitudes through this region. The effect of extinction is to 
decrease the number of background field stars that would otherwise be observed toward 
the cluster. To account for this effect quantitatively, we shifted the luminosity function 
of the control fields by 0.5 magnitudes to simulate a uniform extinction of 0.5 magnitudes 
at K ( i .e. , Av � 4 .5  magnitudes) caused by the background molecular cloud. With this 
correction for extinction there is an excess of 485 sources above the completeness limit 
( 14 .5  magnitudes) toward the cluster. Even with this adjustment, Figure la shows that 
for the faintest sources, the number of stars in the control fields is essentially the same 
as that observed toward the cluster. This indicates that at low luminosities the number 
of stars observed toward the cluster is consistent with that expected for line-of-sight field 
stars. This in turn suggests that the cluster luminosity function likely turns over at faint 
magnitudes. Figure 1 b shows the KLF resulting from the subtraction of the luminosity 
functions of the cluster and extincted control fields for K magnitudes between 9 and 14 .  
This should represent the luminosity function for the cluster members. The luminosity 
function is observed to rise until a K magnitude of roughly 12.5 after which it flattens 
out and turns over. A linear, least-squares fit to the data between 9 and 12.5 magnitudes 
gives a slope for the luminosity function of 0.32 ± 0 .04 and is illustrated in the figure. 

Figure 2a shows the KLFs constructed from our ( Lada and Lada 1 993 ) observations 
of the IC 348 cluster and its equal sized control field. The control field stars were each 
artifically extincted by 0 .5 magnitudes at K to approximately account for the extinction 
due to the associated molecular cloud. The amount of extinction was estimated from 
comparison of the JHK color-color diagrams of the cluster and control fields. Given that 
most of the stars observed toward the cluster cannot be field stars, this estimate likely 
refers more to the average extinction toward the cluster members themselves rather 
than toward the background field stars and probably underestimates the extinction 
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Figure 1. a)-Top: The I\ luminosity function of sources observed toward NGC 2264 
along with the corresponding luminosity function for the eight control fields observed off 
the cluster. b )-Bottom: The difference between the cluster and control field luminosity 
functions. This should be representative vf the luminosity function of the cluster. 
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to  the background stars. Even with this correction an excess of 369 K-band stars 
is found in the direction of the cluster and. except at the faintest magnitudes, field 
star contamination is minimal. As with NGC 2264, near the completeness limit ( 14 .5 
magnitudes) the number of stars observed toward the cluster is comparable to that 
expected from background/forground field star contamination. Figure 2b shows the KLF 
for the cluster resulting from the subtraction of the luminosity functions of the cluster 
and extincted control fields. The luminosity function rises until a K magnitude of about 
1 1 ,  then flattens and appears to turn over near the completeness limit. This behavior is 
evident even in the raw KLF (Figure 2a) uncorrected for field stars. A linear least-squares 
fit to the data between 6 and 1 1  magnitudes indicates that this KLF is well described by 
a single slope of 0 .40± 0.03 in this range. 

4. DISCUSSION AND CONCLUSIONS 

The KLFs of NGC 2264 and IC 348 share two important characteristics. First, 
both KLFs appear to be power-law in form for the brighest stars and second, their 
shape departs from a power-law form at large (faint ) magnitudes, consistent with a 
flattening or turn o\·er at the lowest stellar luminosities. Both these characteristics are 
also evident in the E\IF for field stars (Scalo 1986) . The slope of IC 348 (0 .40) is just 
barely significantly steeper than that of NGC 2264 ( 0 .32 ) .  However. as we show below, 
both slopes are considerably steeper than that expected for a young cluster of ZAMS 
stars whose underlying mass function is given by the field star IMF. 

In principle. the luminosity function of a very young cluster is closely related to 
its initial mass function. For a stellar system for which the mass function and mass
luminosity relation are power law in form ( i .e., dN( logm. ) ex: m-;�dlogm.; Li.; ex: m�) ,  the 
slope of the K luminosity function can be shown to be: 

I Q =  --
2.5(3 

Here / and B are the spectral indices of the stellar mass function and the K luminosity
stellar mass relation. respectively. For early-type (0-F) main sequence stars which are 
sufficiently hot that their infrared emission is in the Rayleigh-Jeans regime, one can 
show that the K luminosity-mass relation is approximately a power law with f3 = 2.0 
and consequently °' = � (e.g., Lada 1991 ) .  For an underlying mass function similar to 
that derived for local field stars by Salpeter ( 1 955) . / = 1 .35. and °' = 0.26.  This is 
appears to be significantly flatter than the slopes derived for NGC 2264 and IC 348. 

This value is identical, however, to the slope of the K-band luminosity function 
derived from similar infrared observations obtained by Lada et al. ( 1991 ) for the luminous 
and rich cluster associated with Ml 7. The agreement of the observed KLF for Ml 7 and 
the predicted slope likely reflects the fact that the stellar population of l\Il 7 is dominated 
by massive OB stars. Not only are such stars likely to be on the main sequence in even 
the youngest clusters, but in addition, the IMF for massive stars is well represented by 
the Salpeter slope. On the other hand, both IC 348 and NGC 2264 consist mainly of 
later-type, low mass stars. Moreover. these clusters are young enough that most of their 
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low mass stars ( spectral types F and later) have not yet arrived on the main sequence. 
Predicting the form of the KLF for these clusters is a more challenging task since: 1 )- it 
is well known that a single power-law shape is not consistent with the functional form 
of the field star IMF at all stellar masses and 2)- there is not a unique mass-luminosity 
relation for pre-main sequence stars as there is for main sequence stars. 

The field IMF appears to flatten or even turn over at masses below about 0 .3 M8 (e.g., 
Scala 1978. 1 986: Miller and Scala 1979 ) .  For example, Scala ( 1978) shows that if a log 
normal function is fit to the field star IMF, the slope of the IMF is variable and given 
by: I = 0.94 + 0.94log(m. ) . For a 1 M8 star, which would be representative of the 
stellar populations in NGC 2264 and IC 348. we expect / = 0.94. For a coeval cluster of 
stars one might guess that the mass-luminosity relation can be represented as a simple 
function of time, i .e  .. /3 = /3( t ) .  However, to determine /3(t) either requires modelling 
of the luminosity evolution of a young cluster of pre-main-sequence stars (including the 
unknown effects of circumstellar disks and disk accretion) or observations of groups of 
such stars with known masses but of differing ages . Recently, Simon et al. ( 1 992) 
have been able to calculate the J'vIK-mass relation for 106 year old PMS stars in Taurus 
using published pre-main sequence models. From their derived relation we find /3pms 
� 1 .0 .  With this value of /3, appropriate for one million year old low mass pre-main 
sequence stars. and �; = 0.94, we derive a = 0.38. Within the uncertainties this is in 
good agreement with the observed KLFs for both IC 348 and NGC 2264 despite the 
fact that both clusters are considerably older than a million years. Recently, Zinnecker, 
McCaughrean and Wilking ( 1 992) have modelled the luminosity evolution of a coeval 
cluster of diskless stars. Their models also predict slopes of the KLF that are steeper 
that those expected for ZAMS clusters. For a standard IMF. they predict that a =  a(t) 
as expected for a time varying mass luminosity relation and they also find that f3 � 1 .0 
for million year old stars. We have analyzed the results of their models and found in 
addition that a is not a single valued function of time. In fact the predicted slopes for 
KLFs of both 1 06 and 5 x 106 year old clusters are nearly identical. Apparently, the 
slopes of the KLFs of NGC 2264 and IC 348 are not different from those expected for 
young clusters whose underlying distribution of stellar masses is similar to the field star 
IMF. 

The K luminosity functions of IC 348 and NGC 2264 also both appear to flatten 
and turn over at large magnitudes. For NGC 2264 the KLF departs from the power-law 
fit at a K magnitude of roughly 1 3.0  while for IC 348 the KLF begins to turn over at a 
magnitude of about 1 1 .5 .  The distance moduli of the clusters differ by 1 .6 magnitudes and 
thus the KLFs of both clusters appear to turn over at the same intrinsic brightness. This 
brightness corresponds to the luminosity of a main sequence star of early G spectral type 
(i .e. ,  M. � 1 M8 ) as well as to the brightness of a 0 .75 NL" diskless pre-main sequence 
star of roughly the same age as the clusters (5 x 1 06 yrs . ) .  This turnover appears to occur 
at a slightly higher mass than that (0 . 3  M8) at which the local field star IMF is believed 
to peak (Scala 1978 ) .  However. it does approximately correspond to a mass roughly 
consistent with that (0 .6  M8) at which the local field star Il\fF begins to flatten out. 
Consequently, it appears that both the overall slope of the observed luminosity functions 
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at intermediate magnitudes and their apparent turnovers at relatively large magnitudes 
are consistent with the assumption that the underlying cluster mass function is well 
described by the IMF for local field stars. 

Finally, we note that the nearly identical slopes (i.e., 0.37-0.38) derived for the 
luminosity functions of NGC 207 1 ,  NGC 2068, and NGC 2024, three rich embedded 
clusters in Orion, (E.  Lada et al. 1991 ) further suggest that the mass functions of these 
clusters are also all consistent with the local field star IMF. Moreover, in another recent 
study, Carpenter et al. ( 1 993) constructed differential H band lumninosity functions 
(HLFs) for 1 2  relatively distant clusters in the second and third quadrants of the galaxy 
and found the average of the HLF slopes for this sample to be 0.37 ± 0 . 12 . A result 
which is again consistent with the idea of an underlying IMF similar to that of the field. 
Yet, the striking similarity of the slopes of the luminosity functions of so many young 
clusters is suprising and somewhat disconcerting. In particular, for young clusters of 
low mass stars the variation in (3, the mass luminosity relation, is expected to be much 
larger than the variation actually observed in o:, the slope of the KLF. Moreover, unlike 
model clusters, the observed clusters are not coeval on time scales comparable to their 
ages and they contain many stars with infrared excess emission. In this case a single 
mass-luminosity relation may not be appropriate for all members of a cluster. Evidently, 
any differences in either the ages of these various clusters, or in the natures of infrared 
stars within them are not manifest in the slopes of their infrared luminosity functions. 
Nonetheless, despite these problems, the observations are still consistent with the notion 
that all these clusters are characterized by the same underlying mass function. Within 
the framework of present understanding, there is therefore as yet no compelling evidence 
from infrared observations of young clusters to suggest that the IMF varies significantly 
through either time or space within the galaxy. 
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Luminous Radio-Quiet Sources in the W3(Main) Cloud Core 

E. F. Ladd, J. R. Deane, D. B. Sanders, and C. G. Wynn-Williams 
Institute for Astronomy, University of Hawaii, 2680 Woodlawn Dr., Honolulu, HI 96822 

ABSTRACT 

We have resolved the 450-800 µm emission from the W3(Main) star forming region into 
three major peaks, using an 8" beam on the James Clerk Maxwell Telescope (JCMT). One 
of the submillimeter sources is identified with W3-IRS 5, a well-known candidate protostar. 
However, to our surprise, we find that none of the submillimeter peaks coincides with any of 
the prominent compact HII regions in the area. We estimate that the three submillimeter 
sources together contribute 35-50% of the total bolometric luminosity of the region and 
speculate that the contribution of luminous radio-quiet sources to the total luminosity of HII 
region/molecular cloud complexes may be larger than is often assumed. 



222 

The spectral energy distributions of HII region/molecular cloud complexes indicate that 

the bulk of their luminosity is emitted in the far infrared and that this far infrared and 
submillimeter emission is generated by cool (T = 30-60 K) dust (see, e.g. I ) ,2l) .  Because of 
the large beam sizes typically used for far-infrared and submillimeter continuum observations, 
it has been difficult to determine whether the OB stars ionizing the HII regions are the sources 
of the luminosity, or whether this luminosity is generated independently within the nearby 

molecular material. 

Submillimeter observations of the W3(Main) region were made with the 15 m JCMT in 

1992 November. The continuum maps were obtained using the facility UKT-14 bolometer 
system with passbands centered at approximately 450 µm and 800 µm and beam sizes of 8" 

and 14", respectively. Our results are shown in Figure 1, along with maps of 20 µm3l and 
a 5 GHz radio continuum emission.4l The submillimeter continuum emission breaks up into 
three main emission centers--one in the east, and two in the west. We designate the sources 
SMS 1, 2, and 3 from E to W in order of decreasing right ascension. 

SMS 1 is resolved and nearly circular at half power, with low flux level extensions to the 

east in the direction of IRS 3/W3B and north in the direction of IRS 1/W3A. The 450 µm 

and 800 µm centroid positions are consistent with the 20 µm position of IRS 5,3) several H20 
maser groupings,5l and the radio continuum source W3(M).6l 

SMS 2 lies close to the 20 µm source IRS 4,3) and near to the compact HII region 
W3(C)7l . We find that the position of SMS 2 lies 7.511 from the center of W3(C). The size 

of the positional discrepancy is sufficiently large that we are confident that SMS 2 is not 
associated with W3(C). IRS 4 lies 411 from the centers of both W3(C) and SMS 2, nearly on 

a line between these two sources. Therefore we conclude that there are are least two distinct 

major sources of emission in this area (W3(C) and SMS 2), and quite likely an additional 

unrelated infrared source (IRS 4). 

SMS 3 is more extended than the other two submillimeter sources. Cuts in right ascension 

and declination indicate that this source has a FWHM size of 30" x 1611• No 20 µm emission 

was detected in this region to a point source detection threshold of 150 Jy,3l nor was radio 
continuum emission detected greater than 6 mJy/2" beam.6) 

Combining our data with infrared results,3) ,B) we have estimated the 20-800 µm lumi
nosities for these three sources, as well as for IRS 1 (which was not detected as a distinct 
source in our submillimeter maps) and the entire region. The total luminosity for the region 

is estimated to be 5 .2  x 105 10. IRS 1 and IRS 5 each account for about 30% of the total. 

SMS 1 and SMS 2 account for an additional 6% each. However, it should be noted that 

the luminosity of SMS 2 may contain some additional contribution from either IRS 4 or the 

source associated with W3(C), and therefore this luminosity should be regarded as an upper 

limit to the luminosity of SMS 2. 
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IRS 5 has long been recognized as a candidate high-mass protostar, based on its high 
luminosity, infrared energy distribution, and relatively weak radio continuum emission (see, 

e.g., 3) ,s) ,9) ,lO) We have found two more sources in the W3(Main) cloud that exhibit behavior 
similar to that of IRS 5. While both have luminosities about a factor of 5 lower than that of 
IRS 5, they are not associated with detected radio continuum emission. 

These radio-quiet sources account for at least 35% (SMS 1/IRS 5 + SMS 3) and up to 
50% (SMS 1 /IRS 5 + SMS 2 + SMS 3) of the total luminosity generated in the W3(Main) 

core. With the addition of extended emission probably generated by lower-luminosity, non
ionizing sources, the luminosity from W3(Main) could be roughly equally divided between 

sources associated with HU regions and sources which have little or no ionized environs. 

Based on these results, we suggest that the submillimeter continuum emission is a better 
tracer of the spatial distribution of luminosity in high mass star formation region than is the 

radio continuum emission. 

On galactic scales, several authors have tried to determine the fraction of our galaxy's total 
luminosity that is generated by HU region stars. Sodrowski et al. found that roughly half of 

the total infrared luminosity in the galaxy is generated in or near HU regions, ll}  while Scoville 

& Good claim stars that ionize hydrogen can account for 25% of the total.12) However, these 
investigations used data with large beam sizes and therefore could not distinguish between 
luminosity generated by HU region sources and luminosity generated by nearby companions 
such as the sources examined in this work. With the large beams used in these surveys, all of 

the luminosity from the W3(Main) core would appear to be coincident with all of the radio 
continuum flux. If our result for W3(Main) can be generalized to all embedded HU regions, 
then the total galactic luminosity due radio-quiet and non-ionizing sources may be greater 

than that found by these authors. 

1) Wynn-Williams, C. G. ,  & Becklin, E. E. 1974, PASP, 86,5 
2 )  Chini, R. , Krugel, E., & Wargau, W. 1987, A&A, 181 ,378 
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5) Genzel, R. Downes, D. ,  Moran, J. M., Johnston, K. J . ,  Spencer, J. H. ,  Walker, R. C. ,  

Haschick, A., Matveyenko, L. I . ,  Kogan, L. R. , Kostenko, V. I., Ronniing, B. ,  Rydbeck, 
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Harper, D.  A. ,  Loewenstein, R., & Moseley, S. H. 1980, ApJ, 242,601 
9) Hackwell, J .  A . ,  Gehrz, R. D . ,  Smith, J. R. , & Briotta, D. A. 1978, ApJ, 221,797 
10) Wynn-Williams, C. G.  1982, ARA&A, 20,587 
1 1 )  Sodrowski, T. J., Dwek, E., Hauser, M. G., & Kerr, F. J. 1987, ApJ, 322,101 
12) Scoville, N. Z . ,  & Good, J . C .  1989, ApJ , 339,149 
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NUMERICAL SIMULATIONS OF MULTIPLE STAR FORMATION 

Turner, J . A ,  Bhattal, A ,  Chapman, S.J , Disney, M .J ,  Whitworth, A.P. ,  University. o f  Wales College o f  Cardiff, 
U .K. 

Abstract 
From the growing observational evidence that binary /multiple star formation occurs prior to the pre-main 

sequence1 ), it is clear that any theory of star formation MUST also explain binary formation. 
This pa.per details two formation mechanisms for binary /multiple stars, which occur simultaneously with 

protostar formation. The protostellar discs we form have masses 5 � 30M0 , diameters 200 � 4000 AU. The 
binaries/multiples have separations 400 � 7500 AU. The formation mechanisms were found by conducting 
nun1erical siinulations of star fanning scenarios2) .  

The numerical modelling of star formation involves extreme changes in density (21  orders of magnitude), 
but by using Smoothed Particle Hydrodynamics 2•3) with a spatially varying scale-length, we have obtained 
density changes of 10 orders of magnitude, which is about a million times greater than previous workers. 

To minimize computational expense we use a hierarchical tree data structure, which reduces the gravity 
and hydrodynamic calculations from order N2 to N log N. This reduction allows us to use up to 200,000 
particles in each calculation ,  thus enabling very detailed structure to be modelled. The temperature of the 
gas is prescribed to be isothermal at lOOK and lOK for low and high densities respectively, with a continuous 
power-law dependance T ex n-'.t  inbetween . The particular scenario we are investigating is collisions between 
two identical clouds, which are isothermal, in detailed hydrostatic balance and confined by a hot, rarefied 
medium. 

Binary and Multiple Protostar Formation 

Each cloud is parameterised by its mass M, and radius R. The collision is characterised by its Mach number 

M ,  and impact parameter b. The clouds are made of molecular hydrogen at lOOK. These parameters have been 

systematically surveyed with M = 150, 375, 750 M 0 ;  b = 0, 0 . 1 ,  0 .2,  0 .3 ,  0.4,  0 .5,  0 .6 ;  M = 3, 5, with R being 

chosen so that the clouds are Jeans-stable, M = 0.3 M; . 

The collisions proceed with a layer of dense shocked gas forming between the clouds. When the layer is 

massive enough it becmnes Jeans unstable and fraginents into one or 111ore condensations, which then coUapse 
and interact with one another to form protostars. 
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All of these collisions form massive protostar(s) and the majority form binary/multiple systems. Those 

which only produce single protostars have small amounts of angular momentum i .e. b ""  0.0 .  Increasing M or 

M means binary systems form at smaller impact parameters due to the increased angular momentum in the 

system. The two modes of binary formation which occur in our simulations are accretion induced rotational 

fragmentation (ARF), and shock induced thermal fragmentation (STF)3) .  

A R F  i s  a complicated format.ion mechanism, and begins with the layer fragmenting into one condensation 

(Figure 1 ) .  The gas flowing along the shock layer develops into two streams, which accrete onto the condensation, 

increasing its angular momentum because the gas flowing along the shock layer has larger and larger specific 

angular momentum the further along the shock layer it has to travel. This continues until the condensation goes 

rotational unstable and has to lose angular momentum. It does this in two ways. It can form a bar which then 

splits into two, or spiral arms can be excited (Figure 2). These arms detach and then condense (Figures 3). The 

new condensations orbit around the original condensation, and grow by accreting material from the accretion 

flows. They cause spiral anns to be re-excited in the original condensation. The surrounding condensation(s) 

then accrete these spiral arms as they detach and therefore grow at the expense of the original condensation. 

This process of accretion onto the sn1aller condensations, causes then1 to grow and form inultiple systems with 

the original condensation ( Figure 4) .  

STF occurs when the layer fragments into two or more condensations (Figure 5), which fall towards the 

centre of the layer and therefore towards each other (Figure 6) ,  whilst collapsing to form individual prot.ostars. 

At the centre of the layer they interact (Figure 7) ,  and form binary /multiple systems by capture (Figure 8) .  
Sun1111ary 

By conducting realistic sin1ulations of cloud-cloud collisions, we have identified two forn1ation 111echanisms 

for binary /multiple protostar systems. ARF : a single condensation forms, the gas in the shock layer develops 

into two accretion strea1ns onto this condensation, spinning it up. The condensation becomes unstable and 

smaller condensations break off it .  These condensations then grow to become companions, thereby forming 

binary /multiple systems. STF the fragments in the shock layer condense to form protostars, which fall 

towards ea.ch other and form binary /multiple systems by capture. 
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Figure 0 . 1 :  An example of ARF. The colours represent the column density through the shock layer and are 
logarithmically scaled, from white representing 6 x 1023 cm-" to blue 2 . 1  x 1018 cm- 2 .  
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Figure 0.2 :  An example of STF . The colours represent the column density through the shock layer and are 
logarithmically scaled. from white representing ·l x 10'3 cm-' to blue 2 . 1  x 1018 cm-2 
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A B S T R A C T .  Young stellar objects m a n y  tim es eject h ig h  velocity, collim a t e d ,  bipolar out

flows.  T he o p t ically d e tected H erbig- H aro ( H H )  obje c t s  show a rather wide range o f  ch arac

teristics,  ranging from the m o re s im p le ,  "jet-like" H H objects to objects with highly ch aotic 

structures.  T his p a p er p resents a review of the m echanisms t h at h ave been suggested in t h e  

p ast for exp lain ing t h ese structures , w i t h  a p articular e m p hasis o n  n e w  m o dels of outflows 

from variable sources.  T h ese "variable source" m o dels are at t his tim e quite attractive,  since 

they seem t o  provide a u nified fram ew or k  for u n ders t an ding the striking differences b e tween 

the structures o f  t h e  observed HH o bj e c t s .  
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l .  I N T RO D U C TIO N 

M any young stars p r o d u c e  collim ated o u t fl ow s ,  w h ich p resent m an y  interesting observa

tional prop ertie s ,  an d p r o d u ce d e t e c t able e m ission in a large wavelength range . U ltr aviolet 

(IU E l ) ) ,  o p tical2) , infrared a) an d radio contin u u m  4) observations show the presence of highly 

collimate d ,  high velocity ( - 1 00-400 k m  s - 1 ) stellar o utflow s ,  some of w h ich h ave "jet-like" 

morphologies, and o t h ers showing c on siderably m ore chaotic stru c t u re s .  

Prob ably t h e  m o s t  strik ing p rop erty of t h ese outflows is t h a t  t h e  emitting k nots observed 

in H erbig- H aro ( H H )  obj e c ts (the name given to the optical m a n ifestations of the outflows 

from you n g  s t ar s )  h ave high proper m otions directed approximately away fro m  the central 

sources.  T h is effect was d iscovered in H H  l a n d  2 by H er b ig and J ones5l , and h as since been 

observed i n  several object s .  P ro p e r  m otion m e asurements h ave now also b een c arried out 

w ith radio continuum observations6 •7) . I t  is observed t h at b ot h  proper m otion a n d  radial 

velo cities o f  H H  objects generally lie in the 50-400 km s- 1 velocity range . 

A very interesting recent discovery h as b ee n  t h a t  in the so c alled " H H  jets'' ( = the H H  

o bjects w i t h  c lear j e t-like m orph ologies ) ,  t h e  chains o f  w e ll aligned knots along the b o d y  of the 

jet also show h igh ( - 3 00-400 k m  s- 1 ) proper m otions directed away from t h e  source8 •9 • 1 0 l . A 

similar effect h as also b een detected in radio continuum observations1 1 ) . A s  w ill be d iscussed 

later in t h is p a p er,  t h is observa t ion seems t o  b e  fu n d a m ental for discern ing b etween different 

theoretical m o dels.  

As t h e  HH jets app ear t o  h ave the m ost sim p l e ,  organized structure , a large p art of 

t h e  p as t  theoretical effort h as gone into m o d e lling t h ese objects.  In t h is revie w ,  a critical 

d iscussion of the stellar jet  m o d els w h ich h ave b een proposed in the p ast is presented ( § 2 ) .  

Finally, a m ore det ailed discussion o f  recent m o d els of jets from variable sources i s  carried 

out ( §3 ) .  

2 .  M O D E L S  O F  H H  J E T S  

S o m e  H H  objects  ( t h e  " H H  jets" ) show a ch ain of well aligned k n o t s  exten d in g  radially 
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away from t he source to d istances of a few times - 1 0 1 7  cm , sometimes p ointing to a b righter ,  

b ow shaped H R  object ( t h e  b est exam p le of this morp hology p ossibly b eing H R  3 4 1 21 ) .  T h ese 

b ow s h a p e d  structu r es have b ee n  m o d eled q uite successfully as the e m ission from a b ow s h o c k  

formed by the "head" of the jet 1 3 • 1 4 • 1 5 • 1 6 ) ( t hough this is by far not a com p re h e n sive list of 

the relevant lite r ature , for w h ich we refer t h e  reader to the review of Reip urth 1 7) ) .  

W hile ( a s  d iscussed above) there is somewhat o f  a con sens u s  regard in g the interpreta

tion of t h e  "heads" of H H  jets , the situatio n  is much less satisfactory for the structures of 

aligned k n ots observed close to the outflow sources.  T h e  ap parently m ost straightforward 

interp retation of th ese knots is that they corresp o n d  to the e m ission p r o d u c e d  by st ationary,  

recollimation " c rossing shocks" . Such shocks are always observed in over- or irn derexpan d e d  

( i .  e .  , initially u n der- or overpressure d )  lab oratory jets . 

T he theory of stationary crossing shocks w as first p resented by P r a n d t l 1 8l , w h o  studie d  

t h e  linearized p roble m .  I n  the context of astro p hysical jets ,  exten sive num erical simu lations 

of s u ch s h o c k s  h ave b ee n  carried ou t 1 9 •20 l , some of them incorp orating the p hysical  p ro cesses 

relevant for stellar j e t s2 1 •22 l . An a n alitic th eory for the fully non linear regime h as also 

b een develo p e d 23l , an d it is  fo u n d  to b e  in good q u antitative agreement w ith the n u merical 

sim ulation s 2 4) .  

P re d ictions of intensity m ap s  and p osition -velocity d iagrams from these m o d els2 5)  s h ow 

structures that are r e m iniscent of H H  j e t s .  In q ualitative agreement w it h  ob servations, a 

structure of low excitatio n ,  m ore or less regularly spaced knots is p re d icted . A lso in agreement 

w ith the o b se r vatio n s ,  n arrow e m ission line p rofiles c entred at the p r oje c t e d  jet  veloc ity are 

p r e d icte d .  

H owever , these m o dels h ave two i m p ortant p roblems : 

- t he p re d icted knot s e p aration to j e t  diamete r  ratio agrees w it h  t h e  values observed in H H  

jets o n ly if the M a ch numb er of t h e  flow is low ( M  � 2 -5 ,  w h ic h  is too low by a factor of 

- 5 c o m p ared to the e m p irically d e termined M ac h  n u m b e r s  o f  M - 1 0- 3 0  fo r  HH j e ts ) ,  

- t h e  theo retic ally p redicted k not structures a r e  st ationary ( i .  e .  , t h e  k nots a r e  always a t  the 

same d istance fro m  the jet sou r c e ) ,  in d isagreement w ith t h e  fact that ( a t  le ast in some 
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c ases , see § 1 )  t h e  k n o t s  of H H  jets are observed to h ave high p r o p e r  motions d irected 

away from the jet  source . 

T h is second p roblem clearly ellimin ates t h e  recollim ation shock m o d el ,  at least for the H H  

j et s  w it h  observed h i gh k n o t  p r o p e r  m ot io n s .  

A second p ossibility t h a t  h as received a lot of attent ion i n  the astrophysical  literature 

1s that the observed knots m ight correspo n d  to " K elvin- H e lm h o lt z  modes26l " w h ich could 

produce t r avelling crossing s h o cks inside t h e  jet b e am . T his i d e a  h as b e e n  studied in det ail 

for extragalactic j e t s ,  in p articu lar in the context of linear analyses27•28l . A ls o ,  n u m e rical 

simulations s h ow that if a d irect  forcing at the right frequency is applie d ,  a "travelling c rossing 

shock" p attern d o e s  arise in slab jets 29 •30l . 

T h ese travelling crossing shocks a p p e a r  to be qu ite attractive in t hat they indeed can 

reprod u c e  the o b s e rved p r o p e r  m otions o f  H H  jets,  though they s t ill h ave somewhat of a 

p roblem for exp lain ing t h e  c o rrect k n o t  length to sep aration ratio . To reproduce the observed 

valu e s ,  it is n e cess ary for the M ach n u m b er of the jet with re spect  to the en viron m ental  sound 

s p ee d  to b e  - 2-5 , w h ich see m s  to b e  som e w h at u n likely since t h is would i m p ly a t e m p e r at u re 

of � 1 0 5  K for the environm ent surroundin g  t h e  jet  beam . H ow such a t e m p erature can b e  

m aintained for a s u bstantial a m o u n t  o f  time i s  un clear . 

T h ere are other lingering questions about t h e  reality of the " K elv in - H elm holtz m o de" 

interp ret ation of k n ots in H H  jets.  For exam ple,  all simulatio n s  of jets w h ic h  show such 

travelling c r ossing shock structures31 l  are m ad e  for t h e  case o f  b e ams w h ich are in exact 

p ressure b alance w ith the surroun d ing environment ( so as to elliminate t h e  p resence of the 

d o m in ant "stationary mode" of P ran d t l 1 8l ) .  Such a pressure b alance cond ition is u n likely to 

be p resent in H H  jets ,  w h ich are thought to be moving in stron gly stratifi e d  environ m ents.  

I t  is  also in teresting t o  n o t e  that in h igh Reyn olds number laboratory jets ,  t h e  effect of  

the K e lvin-H e lm h ol t z  instab ility at the jet/e nvironment b o u n d ary generally is  n o t  to d rive 

long waveleng t h , organized " t r avellin g crossin g sho ck "  m o d e s ,  b ut t o  gen erate a turbulent 

b o u n d ary layer .  T h is result is con sistent to some extent w it h  the fact that t h e  growth 

rate o f  the K elvin - H e lm holtz m o d e s  is highest for m o d e s  w ith very large number of n o d e s ,  



235 

a n d  that such m o des are sp atially confined to t h e  region close to the jet b eam /environ m ent 

b ou n d ary27) . T his b o u n d ary layer grows both into t h e  surrounding environm ent and into 

the jet , so that at large enough d istan c es from t h e  source the jet b ecomes fully t u r bulent32) 

( an d  references therein) . 

T h e  tu rbulent dissipation in the b o un d ary layer results in the p r o d u c t ion of a d iffuse 

em ission, w h ich m ight b e  observed in some H H  jets32 •33 •34) but d oes not explain the existence 

of org anized knot structures.  B ir kinsh aw 3 5 )  discusses the fact that organiz e d  s h o c k  structures 

c an surv ive inside the t u r b u lent regio n .  H owever,  these organized shock stru c t u res actu ally 

are the stationary crossing shocks,  so t h a t  the problem of explaining the observed proper 

m otions rem ain s .  

To fin alize t h e  discussion of t h e  K elvin - H elmholtz m o d e s ,  o n e  shou ld mention t h e  results 

of B lo n d i n ,  Fryxell and K onigl36 ) . T h e se authors ( w ho studied the case of p ressure m atched 

jets).  find t h at the p assage of the he ad of t h e  jet strongly dist u r b s  the surroun ding environ

ment. T hese distu rb ances (p ossibly asso ciated w it h  vortex shedding from t h e  head o f  the 

jet) excite internal shocks in the b eam of t h e  jet . The numerical simulations clearly s h ow 

two " c rossing shock cells" trailing the head of the jet . T h ese shocks do h ave h ig h  proper 

motions,  in qu alitative agreement w ith observations of knots in HH jets . H owever,  in the 

nu merical simulations36 ) , the knots always trail the jet head by only a few jet diameters, 

in clear qu alitative disagreement w ith H H  jets ( w here the knots are observed to b e  close to 

the ou tflow source, far u pstream of the head of the jet ) .  T hese travelling knots following 

t h e  leading working su rface can also b e  seen in numerical simulations of jets o u t  of p ressure 

equilibrium w ith the s u r rounding environment3 7 ) .  A lso interesting is the analytic model  

of Silvestro a n d  collab orators38) in w h ich it  is  suggested t hat K elvin-H elmholtz in stabilities 

in the jet /environ ment interface m ight result in the form a t ion of m ore or less "flat" shock s  

across the b e am of the j e t .  H owever, it i s  u n c lear t h a t  such an effect c o u l d  o c c ur i n  a h igh 

M ach number flow . 

3 .  J E T S  F R O M  VA R I A B L E  S O U RC E S  
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A n  alternative exp lanation for t h e  structures of aligned knots in H H j e t s  is that they 

are t h e  result of a tim e-variability of the ejection velocity.  Rees39) p ointed o u t  that e ven 

smooth variations in the source velo city would steepen into d iscontinuities ,  resulting in t h e  

p r o d u ction o f  shock w aves t r avelling away fro m  the s o u r c e  a l o n g  t h e  b e am of t h e  j e t . Raga 

et al. 4o ) noted that if t h e  a m p li t u d e  of t h e  velocity variability is s u p ersonic , the resulting 

discontinuit ies a c t ually corre s p o n d  t o  two-shock "intern al w o rking surfaces" . T hese internal 

working su rfaces are q u alit atively similar to the "le a d ing working surface" (at  the h e a d  of t h e  

j et ) ,  b u t  instead o f  t ravelling into t h e  un distu r b e d  environ m e n t ,  they travel i n t o  t h e  m a t erial 

ejec ted from t h e  source in the p r evious "ej e c tion episode" of the source variability. 

W ilso n 4 1 ) c arried out num erical simu lations of an adiab atic "variab l e  velocity jet" , in 

w hich h e  followed the form a t io n  of two work in g  surfaces ( t h e  leading working s urfac e ,  and 

one inter n al w or k in g  surfa ce ) .  T h is simulation was intended for m o d e lling extr agalactic jets 

w ith two align e d  lobes on one side of the o u tflow source . 

A similar explanation was p ro p osed by R aga e t  al. 40) for explaining the " t w o-headed 

s truct ure" ( t h e  two heads b eing RH 4 7  A and D) of t h e  b lueshifted-shifted l o b e  of the 

HR 4 6 / 4 7  o utflow . A ls o ,  in t h e  p osition-velocity diagrams ( o b t ained by p lacing a slit  along 

the H R  4 6 / 4 7  ou t fl ow axis1 2 • 42 ) )  the regions b e tween the source and R H  4 7  A a n d  b etween 

HR 47A a n d  R H  470 both c o rres p o n d  to "ramps" of increasing rad ial velo city (actually, 

increasing m o d u lu s ,  as the r a d ial velocities are negative) away from the source.  As p ointed 

o u t  b y  Raga e t  a l. 4o) , t h is is exactly the right sign ature exp ected from m o dels of j e t s  fr om 

variable velocity sou rces (for an altern ative interp retation of th ese "velocity vs. p osition 

ramps" , see H artigan , R aym o n d  and M e aburn43l ) .  

A n other exam p le o f  such b eh av iour i s  H H  3 4 ,  i n  w h ich a velocity monotonically in

creas i n g  away from the source is o b served both in radial velo c i t y 1 2 )  and proper m otion8•9) 

m e asu rements.  T he m ost likely explan ation of such velocity vs.  p osition ramps is that  they 

are t h e  result of a "velo c ity sorting" of m a terial eje c t e d  from the source in a time- d e p e n dent 

w ay40 ) 

E v id e n c e  for a tim e-v1niability of the out flow velocity is also seen in obj e c t s  such as 
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H H  1 1 1 4 4 • 1 0 ) . T h is object  shows three b lueshifted and two redsh ifted b ow-sh ap e d  str u c

t u re6,  w hich c an be straightforw arldy interpreted as working surfaces formed by a n u m b er of 

"ejection e p isodes" of t h e  central sou r c e .  

Raga e t  a l. 4 o )  also suggested t h a t  t h e  alig n e d  k n ots observed along m ost H H jets p ossi

bly could corresp o n d  t o  more or less u n resolved "intern al working surfaces" t r avellin g away 

from t h e  central source.  T h is idea w as p u rsued w it h  analytic tech niques4 5 •46) a n d  also w it h  

nu merical simulations47•48 •49 • 50l . N on-p erio dic variabilities result in t h e  p ro d uc tion of k n ot s  

m oving a w a y  from t h e  s o u r c e  at different velo c it ies, resulting in " c a t c h i n g  u p "  p r ocesses b e 

t w e e n  fast and slow k nots51 ) . I t  w ill b e  interesting to see if such e v e n t s  m ight b e  " c a u g h t "  

in the fu ture by observers 

Even t h o u g h  t h ere is substantial evidence t h at som e of the c h aracteristics of H H  jets 

(such as the "mult i p le b owshock structures" and "velo c ity v s .  p osition r am p s" observed in 

some obj e c t s ,  see a b ove) m ight b e  the result of a t im e-variability of the o u tflow velocity, t h ere 

is still som e sceptic ism w h e ther or not the same explanation is valid for the almost u n resolved ,  

aligned k nots close t o  the outflow source.  E isliiffel a n d  M un d t8 • 5 2 )  claim t h a t  o n c e  a corre c t ion 

for the orientatio n  angle of the ou tflow h as b e e n  carried o u t ,  the d e p roje c ted p r o p e r  m o tion 

velocity Vp of the k n ot s  ( w h ich E isliiffel a n d  M u n d t  call the "pattern s p ee d " )  is lower t h a n  

t h e  spatial velocity v ,  of t h e  emitting m aterial (ob t ained fro m  t h e  de-projected radial velocity 

m e asurements) . 

If correct , t h is resu lt a p p e ars to b e  in d isagree m e n t  w ith t h e  "internal working surface 

mo del" 53) , as in such a m o del  one would exp e c t  t o  have vP "" v,  (as m ost of t h e  e m ission 

is produced b y  t h e  m a t e rial "trap p e d "  in the two-sh o c k  internal work ing surfaces, the radial 

velocity and the p rop e r  m o t ion c orresp o n d  t o  d ifferent projec t io n s  of the m otion o f  t h is 

trap p e d  g as ) .  H owever , from an analysis of similar d a t a  other au t h o rs2 •54l obt ain vP "" v,  

( d u e  to the fact t h at t hey use d ifferen t  m e t h o d s  for d etermining t h e  orientat ion angle of the 

o u tflow s ) .  T h e  question o f  whether or not the "int. er n a l  working su rface" m o d el i s  a p p licable 

for t h e  u n resolved condensations of H H  jets is t h u s  s t ill u n answere d .  

I t  h as also been suggested t h a t  some o f  t h e  fea t u res observed in H H obj e c t s  m ight b e  
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t h e  result of d irection variabilities of the source55 • 5 6 l . T h is idea is particu larly attractive for 

m o delling object s  w h ich show "sinu ous" structures ( su c h  as R H  46/4742)  or R H  8 3 5 7) . 

New m o dels of jets from sou rces w ith a general velo city+ direction variability also show 

interesting charac terist ics . For appro priate parameters such m o d els result in a b re a k u p  of the 

jet b eam into a series of discrete "interstellar b u llets" travelling in different d irections away 

from the source58l . S u c h  m o dels m ight b e  attractive for exp laining t he more " b u llet-like" 

H H  objects ( s u c h  as R H  32 59)  ). D e tailed comparisons of t hese m o d els w it h  observations of 

RH objects should b e  m ad e  in the fut u r e .  

4 .  C O N C L U S IO N S  

We have presented a disc ussion of m o dels of jet-like H H objects.  Q uite a large amount 

of work h as been done in m o d elling the "head s" of these jets,  and there is now an at least 

partial consensus that some of t h e  observed H H objects do ind eed corresp ond t o  the h e ad s 

of jets.  

T h ere is substantially m ore controversy about the m o d els for the structures of aligned 

k n ots c lose to the o u tflow sources.  T hese m o dels fall roughly into t h ree categories : 

- steady recollim ation s h o c k s ,  w h ich seem to be ruled out at least in some objects ( d u e  to the 

observation of h ig h  proper m otions for the e m itting knots) ,  

- K elvin- H elmholt z  travelling shock m o de ls ,  w hich can p ro d uce k n ots w it h  h igh p roper m o

tions ,  b u t  are in a still som e w h at un certain theoretical footing,  

- m o dels of jets from time-depen dent sources. 

T h is last category o f  m o dels is very r ic h ,  opening u p  a range of p ossible analytic and 

n u merical calculations. Both analytic a n d  theoretical m od els clearly show t h at sup ersonic 

variabilities in the outflow velo city lead t o  the form ation of "internal working su rfaces" that 

travel down the b eam of the j e t .  In such a m o de l ,  all of t h e  k n ots along a jet can be interpreted 

as being similar h u t  s m aller versions of the leading h e ad of the j e t .  

M ore g e n e r a l  variabilities of the s o u r c e ,  involving d irection as w e l l  as velocity time-
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changes , lead t o  rather comp lex fl ow s .  It is s t ill u n c le ar w h ether or n o t  t h ese m o re c o m p le x  

fl ows could exp lain t h e  p ro p e rties of the m ore c h aotic,  "bu llet-like" H H  objec t s .  H owever , 

t h is questio n  m ight be resolved in t h e  n e ar fut ure through detailed c o m p arisons b etween 

model p redictions and observatio n s .  
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I discuss briefly but completely the implications of time dependent accretion 
for the history of bipolar outflows in section 1. It is shown that the standard Shu 
estimate is good initially, but that either a 'bang' or 'whimper' mode may develop 
subsequently. In the case of a whimper mode the current outflow luminosity may not 
reflect the current infra-red luminosity. Section 2 discusses various outflow driving 
mechanisms. A general argument is given to explain observed correlations in terms 
of radiative driving. Recent wind and magneto-disc models are briefly summarized 
and criticized. Finally in section 3 a new type of outflow model is introduced in its 
'toy', analytic form. 
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1.  What Goes Up Must Have Come Down 

Inflow, Outflow and Luminosity 

In this section I wish to review certain subtleties of the accretion phase which 
may not be sufficiently well known. Such a study may help us to answer questions 
of the type: Is inflow/ outflow occurring simultaneously? Is the bipolar phenomenon 
part of the actual star building process or is it rather an early secondary phase? Has 
the initial cloud been used up? If not, then out to what radius has it been disturbed? 
What are the possible histories of the luminosity due to accretion? 

Now there is a commonly used estimate of the spherically symmetric accretion 
rate in an isothermal cloud due to Shu l ) ,2 )  . But such a single value can only either 
be some average estimate or can only apply at some special epoch in what is more 
generally a time dependent flow . Let us first examine under what conditions this is 
a valid order of magnitude estimate. 

If a is the isothermal sound speed in a spherically symmetric self- gravitating 
medium, and if the mass inside a sphere of interest is not changing rapidly in a 
dynamical time, then the accretion zone extends to the Bondi-Parker type critical 
point at the sonic or 'virial' radius Ts ,  where Ts = Gms/ (2a2 ) ,  and ms refers to mass 
enclosed by the sonic radius3l . Since at this point the radial velocity is the sound 
speed (that is the radius moves outward relative to the material with the speed a) , 
we see that an estimate of the accretion rate per unit solid angle at this stage is given 
by A � T; p8a. Here Ps is the density at the sonic point. If in addition we suppose 
that in order of magnitude Ps � 3m8/ (47rr�) (see below for a justification) , then 
simple manipulation gives A �  (3/27r) ( �) , and m; � (6/7r) ( G�:, ) . The latter 

expression gives essentially the " Bonnor-Ebert" mass 3 1 ) ,  which is the maximum 
mass of a spherical, isothermal, self- gravitating, cloud in hydrostatic equilibrium. 
Our estimate is in fact slightly larger by a numerical factor � 1 . 17,  and estimates 
the minimum mass required for transonic, steady inflow. For an observed density it 
may give the best estimate of the mass in the protostellar condensation in terms of 
a measured density. 

I now turn briefly to an exact solution, which permits one to see when the Shu 
estimate needs to be generalized. We examine self-gravitating, zero temperature 
accretion of a cloud that has at t = 0 a power law density distribution4l. One can 
only expect this solution to be applicable out to an initial radius T = T 8 where we will 
assume that the collapsing region detaches from its surroundings. We shall therefore 
use the virial radius as our fiducial scale T0 , which is arbitrary without such physical 
considerations. In addition, for simplicity, we study here only the case of virialized 
or zero energy radial shells . 

One measures time in units of (2Gm8/T� )- 1!2,  space in units of T 8 ,  hence velocity 
in units of >)2Gm8/Ts , and density in units of m8/ (47rT� ) .  Throughout, m8 is the 
mass initially inside T 8 and is the unit of mass . Then the initial density and mass 
distributions are p0(T) = (3 - 2/D)r- (2/D) ,  and m0 (T) = T(3-2/Dl. 



243 

The location of a shell initially at r namely R(r, t) is found from the formulae5J,G) 
R = rS(E) , where S(E) = (1 - 3E/2) 213, and E = t/r(l/Dl.  

In these formulae D is any real number 2': 2/3 or < 0 so that they describe a 
considerable range of power law initial states of zero temperature. We observe that 
every shell finds itself at the centre when E = 2/3, so that the time to enter the 
singularity is simply (2/3)r ( l/ D) for the shell initially at r. 

It is frequently necessary to invert R(r, t) for r(R, t ) ,  which one achieves by 
writing the equations for R, S and E together as 

x3 + (3/2)1x(2/D) - 1 = 0, (1 )  

where x2 = S = R/r,  and I =  t/ R(l/D) = E/x(Z/D) . Fortunately this is readily 
solved for interesting choices of D. Note that E and I are two equally good choices 
of self-similar variables since I = I ( E) by (1) and the definitions. 

The radial velocity is given as a function of R, t, by the formula 

R(l-1/D) 
U(R, t) = -

x(3-2/ D) , 

and the density by the expression (remembering that r = R/ x2) 

( p0 (R/x2) ) 
p(R, t) = 

x3(x2 (1 - 2/ (3D)) + 2/ (3D) )  
. 

(2) 

(3) 

The most important result from this treatment then follows as an expres
sion for the accretion rate per unit solid angle A(R, t) = m/47r in units of 
r; (ms/ (47rr� h/2Gm8/r8 = a3/ (7rG) as 

( R(3- l/D)Po (Rjx2 )  ) A(R, t) = 
x(6-2/Dl (x2 ( 1  - 2/(3D)) + 2/ (3D)) 

. (4) 

The first example is to choose D = 1 which corresponds to the 'isothermal' 
density law7l,B) and makes I = t/ R . Equation (1) is now a cubic equation and the 
one positive real root is; for 13 <::; 2 x = -\ /2+ 12 / (2t::.) + t::./2,  where t::. = (4 - 13 + 
Js(2 - 13 ) ) ( 1/3l , and for 13 > 2 x = -1;/2 + 1;  cos (¢/3) , where cos ¢ =  (4 - 13) /1;3 . 
We observe that x = 1 at I = 0 and that x --+ 0 as I --+ oo as is required to maintain 
x21 = E <::; 2/3. 

The striking behaviour in this case is that (see equation (4)) A varies from 1 
when x = 1 to 3/2 as x --+ 0, according to A(R, t) = (3/2)/ (x2/2 + 1 ) .  One sees that 
the accretion flow is strictly self-similar in this case with the same spatial profile at 
all times and the same temporal variability at each point in space. On remembering 
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the units of A and taking r 0 = rs , this gives the asymptotic accretion rate at all R 
as (3/27r )a3 / G, precisely as in our estimate of the Shu mode above. 

Equation (3) reveals that the density is asymptotically ex 1 /  (t 112  R312 ) ,  so that 
this region has the free-fall density profile, as have all cases in fact. The outer density 
variation continues however to reflect the transition from the initial law to the free-fall 
profile, for which equation (1 )  is needed. 

However this behaviour is critically dependent on the initial density power law 
D. For example if D = 3/4 then equation (1 )  is no longer analytic, but x813<; S: 
2/3 plus this equation suffices to show that x --+ (3<; /2) -318 as r; --+ oo. Equation 
(4) yields A(R, t) = (3x) 2 / (x2 + S)R-1 and so (note that now <; = t/R413) one 
finds asymptotically that A --+ (9/8)x2 / R or ex t-3/4 for all R. The density is 
asymptotically ex l/(t718R312 ) .  I refer to this mode that occurs for 2/3 < D < 1 
as a 'whimper' mode since the accretion inevitably declines in time, although it 
increases with decreasing R. In this sense it is a true 'inside out' mode and is not 
strictly self-similar. This applies mostly at small R for physical reasons since the 
outer boundary falls in at t = 2/3 and abruptly ends the accretion. The mode with 
D = 1, appropriately referred to as the 'Shu' or 'stationary' mode, will end also with 
the falling in of the initial outer boundary, assuming a discontinuous density decrease 
beyond this surface. 

The cases with D > 1 furnish us with another mode of considerable interest. We 
choose D = 2 so that we accrete an intially virialized zero temperature cloud whose 
density is proportional to r- 1 .  Equation (1 ) is now a cubic in standard form and 
gives x = -<;//::,, ' + t:,, '/2 , where t:,,' = (4 + 2yl4 + 2<;3) 113 for the real root, and we 
note that <; = t/ R(I/2 ) .  Equation (4) now shows that A(R, t) = 3/ (x3(x 2+ 1/2))  R312 ,  
which i s  not strictly self- similar. However in the asymptotic limit x <;  --+ 2/3 suffices 
to show with equations (3) and (4) that p --+  9t/R(3/2l and A --+  (81/4)t3! Thus this 
initial distribution yields a 'bang' mode. In fact one sees from the form of A(R, t) 
that initially (x ::; 1) the mass flow decreases towards the center ('outside in' mode 
in this sense) , while at every R it ultimately increases without limit as t --+ oo. But 
this latter phase is probably terminated by the infall of the initial surface T8 • 

The apparently zero density special case when D = 2/3 corresponds in fact 
to accretion of nonself- gravitating virialized matter onto a central point mass m8 • 
The above formulae apply, except that the expression for the initial self- gravitating 
density must be replaced by an equation for the initial test particle density of the same 
form, but wherein (3 - 2/ D) is replaced by an arbitrary constant .\, and the power law 
dependence also becomes arbitrary in the form r-C2/ 8) . One then finds that the bang 
and whimper modes exist respectively for 8 = 2 and 8 = 1 respectively, although 
as emphasized below the non self-gravitating phase may generally be considered a 
whimper mode relative to the self-gravitating phase since .\ will be much smaller 
than one. Thus the different time dependences in this mode are perhaps best named 
as 'whimper-bang' and 'whimper-whimper' modes . 

In essence the arguments of this section manage to extend the discussion of 
isothermal accretion to more general initial mass distributions, by using this device 
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of neglecting the pressure in the inner collapsing core region. This region has presum
ably become unstable due to the outward diffusion of magnetic flux, heat and angular 
momentum2l,9) . But what have these simple models got to de with the questions 
raised at the beginning of this section? Most directly we see that the protostellar 
accretion should be strongly time dependent in general. This means that in the whim
per mode for example, an earlier phase of rapid accretion might have launched an 
energetic bipolar outflow, but that the currently observed low IR luminosity might 
reflect rather the tail of the accretion phase. 

If this latter idea were to be correct it would imply that a bipolar phenomenon is 
already launched in the protostellar collapse. The characteristic time for this phase 
is 2/3 or Gm8/ (6a3) in regular units (r0 = r8) or 1 .6 x 105 X m8 T10

(3/2) years, where 
in this paragraph the core mass is in units of 2m0 and a mean molecular mass of 2 
amu is used. The outer cloud temperature is given in units of lOK. This time is near 
the upper end of the range of dynamical life-times of bipolar outflows so that they 
may indeed be sensitive to variations in the protostellar flow . Note also that in this 
period the cloud has been disturbed out to a radius of rs , which is 0.1  x ms/T10 pc . 
Interestingly enough, for plausible ranges of core mass and cloud temperature, this 
scale encompasses that of the observed bipolar outflows. 

To illustrate the possible luminosity history of a proto-stellar object (PSO) that 
is first condensing under the influence of its own self-gravity, and subsequently be
comes a young stellar object (YSO) that accretes essentially massless surrounding 
material, let us follow in detail a plausible special case. 

There is a very early proto-stellar phase during which the cold cloud is contract
ing but has not yet formed a substantial opaque core. There will be nevertheless a 
thermal luminosity due to the efficient radiation of the work done by the force of grav
ity on the collapsing cloud. Assuming that the gas remains isothermal throughout, 
it is easy to calculate this luminosity thermodynamically as 

Lth = -a2 f p"il.v dV, (6) 

or in our standard units for the case D = 1 as 

Here R0 ( t) is an inner cutoff radius that coincides with the small but growing 
opaque core of the cloud. If one supposes that a � 0.2 km s- 1 as below then this 
luminosity is only � 2 x 10-3 £0 if R0 /Rs = 10-8 , and it decreases slightly as the 
opaque core grows. It increases rapidly with the ambient temperature however and 
it will be somewhat larger for the flatter density profiles, as may be calculated from 
the formulae above. 

During the later proto-stellar phase the thermal luminosity due to the isothermal 
compression is generally dominated by the accretion shock luminosity released at the 
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radius of the opaque core R0 , where T = Kp(R0 , t )R0 f:::! 1 .  This may be estimated as 

which becomes, on expressing the various quantities in terms of our standard units, 

(5) 

We will take the efficiency factor 411" f as essentially unity in this illustration to 
allow for a net accretion efficiency of f:::! 10% due to geometrical effects (see e.g. section 
3 and references therein) . The dependence of m0 on time follows from m0 = ( 411" f)A0 
with A0 given by equation ( 4) above and thus , besides the efficiency, only the time 
dependence of the opaque core is not calculated consistently in this estimate. 

Now if we suppose that the PSO is in the Shu isothermal sphere mode, then 
D = 1 and at small radii A0 f:::! 3/2 by equation (4) so that m0 f:::! (3/2)t, whence by 
(5) 

This becomes on putting R0 = 10-6 (essentially several times the eventual stellar 
dimension) , and a f:::! 0.2 km s-1 

that is of order 10 solar luminosities when the surface initially at r8 falls in 
(t = 2/3) . 

On the other hand if the protostar is still primarily a virialized turbulent cloud32l 
so that the initial density profile is with D = 2, then the same considerations as above 
yield 

Lsh f::j 1 .02 x 102 - -
t4 ( 2as ) 
R0 ?rG 

Thus choosing once again R0 f:::! 10-5 and t = 2/3, one finds Lsh f:::! l60L0. The 
onset of the bright period is however rather abrupt compared to the isothermal case 
above, being a real bang mode near the end of the protostellar phase. 

If as above the initial cloud boundary is taken to be rather close to r. , then it is 
reasonable to assume that there is a discontinuous decrease in the density beyond this 
radius and that the mass already accreted in the protostellar phase now dominates 
that in the surroundings . In this case we may continue to follow the luminous history 
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of what is now a YSO by switching to the appropriate formulae for the accretion of 
test particle matter with an initial density p0 (r) = (47rr;p08/m8)r-216 = >.r-216 and 
D = 2/3. Supposing further that ti =  1 gives by equations (4) anJ (5) with m0 = 1 

Lsh = (47r f) >.R�l2 (i + 
3!12 ) 113 x !�. 

2Ro 

This result shows clearly that in comparison with the protostellar luminosities 
above this continuing accretion is a 'whimper-bang' mode since the 'whimper fac
tor' >.. = 47rr;p08/m8 should be small when the self-gravity of the surroundings is 
negligible, and nevertheless the luminosity increases slightly with time. This 'after 
birth' phase might continue until the supply of surrounding material is exhausted; 
but since the accreting material originates beyond r8 and hence beyond the direct 
gravitational domination of the star, the luminosity is rather sensitive to fluctua
tions of the density, specific angular momentum, and comoving magnetic flux in the 
surroundings. Such perturbations may provoke the anisotropic instabilities such as 
discussed in section 3. 

All of this discussion ignores in fact the inevitable anisotropy that must be 
present if inflow and outflow are to coexist. Such anisotropy is likely to come from 
the increasing effects of angular momentum in the outer core-cloud material, and 
ultimately perhaps also the magnetic field. The effect of angular momentum added 
to an initial Bondi flow has been studied numerically1o), ll )  . The results show core 
accretion and the formation of thick discs with maximum scales of order r 8 ,  which are 
maintained dynamically in a sort o f  convective circulation of the cloud material. The 
eventual accretion of such 'storage discs' is likely to be the second, longer lived phase 
of young stellar activity. Section three discusses the existence of a sort of 'bipolar 
instability' provoked by the same effects. 

2.  Outflow Mechanisms 

( i) Radiation Driving 

The radiation force per unit mass in an opaque spherically symmetric medium 
driven by a central luminosity L. is KL./ ( 47rr2 c) , where K is the Rosseland mean 
opacity. The luminosity may be taken to be constant in a steady state. We equate 
this specific force to the acceleration in a radially accelerating outflow v (dv /dr) ,  and 
then integrate this equation times the constant mass flux 47rr2 pv from zero to a radial 
optical depth r to obtain the radial component of momentum flux imparted to the 
layer of optical thickness r as Fr = 

rL • . Taking into account that the photons will 
not all be moving purely radially in �n opaque medium, reduces this estimate by 
about a factor of 3 .  This is of course the basic way in which the envelope of a star 
supports itself. 

All of this is fine, but the essential question is rather how quickly are the photons 
diffused in frequency into gaping spectral holes? If for example the initial photons are 
absorbed by cool dust grains after very few scatterings or high temperature absorp
tions and reemitted to escape directly in the IR (the Rosseland mean is dominated 
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by the most transparent spectral regions) , then the mechanism is defeated . Thus we 
infer that such a momentum flux must be established in a region where the 'scatter
ing' plus thermal absoption opacity is greater than the dust opacity by the requisite 
factor r . Such a region is likely to be close to the star, depending among other 
things on the radius of grain formation. It may in the limit be the source of the high 
velocity wind that is frequently invoked to explain the outflows. 

The requirements on the optical depth are most severe for the low luminosity 
sources where factors of 104 or so are necessary12l .  This can only be true rather close 
to the 'stellar' photosphere. It may be rather that we have to invoke a 'whimper' 
accretion mode wherein the current outflows were driven by an earlier more vigorous 
luminosity and larger opacity. If so then in figure 1 12) , the low luminosity sources 
(say L < 102·5 L0) have to be shifted horizontally by some step (roughly constant?) 
to meet the true radiation driven line presumably delineated by the high luminosity 
sources. 

But what is this 'radiation driven line' ? If we could deduce it a priori, then the 
shift introduced above might provide a direct measure of the accretion age according 
to the theory of section 1 .  It turns out that the slope at least may be simply calculable. 

Much can be learned simply by placing a point source of constant luminosity 
L inside an opaque (at least in the inne r regions we assume LTE) self-gravitating 
medium. The angular dependence of the flow and such questions as the asymptotic 
velocity will be discussed elsewhere, but it is instructive to carry out a dimensional 
analysis. From L* '  G, and the radiation constants one can construct more or less 
uniquely: 

A characteristic mass 13l ;  m0 = J3k4/ (aµ4G3) , which is almost exactly lm0 
for a mean molecular mass µ of 2 amu (this might more appropriately be 1 in this 
phase) , and which amusingly is also expressible as J45/7r2 m;lanck/µ2 . It is really a 
kind of self-gravitating 'Eddington' mass, given L, and the diffusion limit. 

A characteristic scale; r� = (3k4/aµ4G915)r;4l5 , which is numerically r0 = 

3 .7  x 1015(L , /  L0) -2!5 cm and is probably an estimate of the scale over which the 
outflow attains its characteristic velocity. 

' 

A characteristic velocity; V0 = (GL, ) ( 1/5), which is numerically 2(L,/ L0) 115 km 
s- 1 . This must be distinguished from the maximum velocity in the outflow which 
must be calculated asymptotically. 

A characteristic density follows as p0 
10- 14(L / L©)G/5 gm cm-3. 

m0/r� , or numerically 4 x 

These scales allow us to calculate the characteristic momentum flux in the flow 
r;p0V02 as ex L�/5, the characteristic mass flux r;p0V0 as ex L:/5, and of course the 
characteristic energy flux r;p0V03 as ex L, .  

These last proportionalities are then a relatively general estimate of  the slopes 
of 'radiation driving' lines in the three planes of interest. The observational mea-
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sures are a slope of 0.6 in the mass flux- luminosity plane14l, which is as expected ( 
ignoring error! ) ,  and more recently 12l 0.69 ± .05 in the momentum flux - luminosity 
plane, and 0.8 ± .06 in the energy flux-luminosity plane. These latter two measures 
are rather flatter than expected above. However in each case an interpretation of the 
data wherein the sources with luminosity greater than � 102·5 L0 define the radia
tion driving lines with slopes close to the predicted values, while the low luminosity 
sources define a second line with the same slope but shifted horizontally to higher 
luminosities, is possible. It is particularly compelling in the energy flux luminosity 
plane12 l .  

I conclude then that although the case is  not proven, since no working detailed 
models yet exist, there is some support for radiation driving. 

(ii) Stellar Winds 

Snow plough or thin shell models 1 5 ) , lG) have led to a clear discussion of the wind
ambient medium interface in terms of energy-driven or momentum-driven outflows. 
This picture has been tested against the observed 6cm radio emission and the observed 
correlations between L, ,  and the two mechanical fluxes in the CO outflows12 l .  It is 
concluded that all constraints are met by fast (500 - lOOOkm s-1 )  mostly ionized 
winds whether the ultimate interaction be energy or momentum driven, and by low 
velocity ( 300km s-1 )  mostly neutral, momentum driven winds that are subsequently 
shock ionized. The energy driven case is the most efficient relative to the observed 
bolometric luminosity in the IR. However it requires delayed cooling, which seems 
problematical in a dense expanding wind. A similar problem is posed by the remark12) 
that ionizing photons at the Balmer limit lead to predicted 6 cm emission that is close 
to that observed. This suggests that high temperatures must be maintained in the 
wind region so as to populate the Balmer ground state and that the wind is optically 
thick. Thus radiative driving may play a role and in fact the observed12l correlation 
between the 6 cm emission and Leo is reminiscent of that found 17) for extra-galactic 
bipolar outflows, between the mechanical lumino sity of the outflow and the nuclear 
narrow line luminosity. 

Another model 18) treats both the temperature and opacity problems for the high 
luminosity sources. The radiation from a polar accretion shock heats a 10 au cavity 
in a thick accretion disc that intermittenly 'backfires' along the polar axis . It predicts 
outflows to be associated with soft x-ray sources however, at least when one is looking 
down the polar axis in an outburst phase. Admittedly this phase is only thought to 
last a few years, and the moving object found recently19l in Cepheus A bears some 
ressemblence to the type of ejected object that is predicted . 

(iii) Magneto-Disc Driven Outflow 

These are wind generation models20l • 2 1 l  wherein a centrifugally driven outflow 
is launched from the open magnetosphere of a Keplerian disc. The equatorial disc 
material is dense and dominates the magnetic field (super Alfvenic) but , just as is 
the case for the Sun, there is a gradual transition with height to a magnetically 
dominated (sub Alfvenic) 'corona' (of relatively low temperature) . The interesting 



250 

idea is that the angular momentum carried off by the spun up material permits in 
turn the steady inflow of material in the disc. Thus the wind mass flux becomes 
related to the desired accretion rate onto the central object. There seems to be no 
clear opinion as to the phase in which this disc phenomenon occurs, but it may of 
course operate at various times on different scales. 

The most detailed ideal MHD model20l is that of a 2D steady flow. Each flux 
tube is defined by the cylindrical radius of its foot point in the disc, r fp , and bound
ary conditions at the disc are fixed simply by means of conservation laws. Although a 
family of non-self-similar models is found, there is no real matching to the boundary 
conditions either at infinity (in cylindrical radius) or at the protostellar boundary 
layer. However the authors do select a model with an axial current flow that is 
constant with disc radius as the one that avoids both central and surrounding sin
gularities. In their preferred example the asymptotic outflow velocity v00 ex rj; , 
where the value is aroun<l '1 1 km s- 1 at 1 au. Thus this is really a kind of jet model 
where the high velocities are produced on rather small scales. The mass outflow in 
the wind is very amall compared to the mass flow through the disc, by the square of 
the lever arm ratio r1p/r A ( r A is the distance of the Alfven point on each flux tube 
from the axis) s:nce this is the ratio of the specific angular momentum carried by a 
mass element at each end of the ' lever'. 

The preceding treatment ignores the necessary disc structure and internal dis
sipation. Assuming ambipolar diffusion in a weakly ionized disc, one finds22l a con
sistent vertical structure that can eventually be matched onto the centrifugal type 
models , and which is correctly sub-Keplerian in the disc mid-plane. It should be 
noted however that they believe that this applies on much larger scales than the 
inner few au. This latter region they expect to be dominated by Ohmic diffusion and 
is really the beginning of the boundary layer. At 100 au, they suggest a mid-plane 
density of 1010cm-3. The thermal structure of the disc as a function of radius has 
also been calculated 23). It is found that the ambipolar heating in such a weakly ion
ized disc can maintain temperatures near 104 K out to distances approaching 1000 
au. This has the virtue of explaining the forbidden line emission in the disc, although 
it has also been argued 24) that the recollimation of the centrifugal winds will produce 
these lines in an oblique shock structure. Such large discs are virtually identical in 
location to the 'storage' discs discussed previously, except that they are Keplerian. 
They might be the next evolutionary phase after extensive internal dissipation and 
cooling of the thick discs. 

These models are not without their difficulties. The most worrying of these may 
be the boundary condition at infinity which must serve to hold the disc magnetosphere 
open. For 1:nlike solar wind type models where the open field is 'combed' out by an 
organiL';.; ,lffrrerrtial flow, it is rather the open field here that must crea·Le the large 
scale ·'L . ,., ;,nc.1 so it must be otherwise created. Such fields are subject to various 
inst;•l· : :; • :  .• �, af whi :h the pinching or recollimation mode and the kink and helical 
[nstJ.bXties an j us t  1 fo•c• examples . The non-linear relaxation of dominant magnetic 
fields ·,o ei :�h.:;I ;, force tree or an equipartition configuration is another. Moreover the 
open field is necessarily anchored both at the Keplerian disc and at infinity and so 
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it is subject to strong 'twisting'. It is not clear that the open field structure can be 
maintained in the presence of such effects, even in the mean. 

There is a variant25l·26l of these models that was also suggested previous! y in 
the context of extra-galactic sources27l. Here a magnetic field is wound up in the 
disc near an Alfvenic point until a magnetic explosion is driven vertically in both 
directions along the axis. Angular momentum is extracted during this process so 
that material falls onto the star simultaneously. Unlike the centrifugal models, the 
mass flux is equally balanced between the accretion and the outflow. The asymptotic 
velocity is limited however to about twice the Keplerian velocity at the ejection 
radius. The model produces a time dependent (bursting) jet model. The scales at 
which high velocities are produced are comparable to the stellar radius so that this 
is a near boundary layer phenomenon in contrast to the disc models discussed above. 
Nevertheless this model avoids having to maintain the globally ordered magnetic 
field. 

Overall I feel that it is not very satisfying that a Keplerian disc should be inserted 
as an ad hoc component, separate from both the surrounding outflow and the distant 
accretion. In effect the study of the vertical velocity structure of the disc suggests 
that we seek to integrate it into the combined inflow/ outflow. We turn to such a 
model in the final section. 

3. Bipolar Circulation Models 

An analytic example of a new class of model has recently been described 28) . 
The essential characteristic of the class is to represent the central point in centrally 
symmetric accretion flow as a saddle singularity rather than as a node. That is, the 
spherically symmetric nodal 'Bondi' type accretion meridional stream lines are para
metrically unstable to the development of hyperbolic circulation under the addition 
of rotation and/or a magnetic field. In the steady state, the magnetic field is parallel 
to the stream lines. Since the flow is super-Alfvenic everywhere the stability of the 
global structure is maintained by the familiar 'combing' of the magnetic field due to 
the differential motion. The self-similar structure of the stream -field lines does not 
strictly match an arbitrary boundary condition at infinity, but this symmetry seems 
to be a natural small scale limit of a more general self-gravitating circulation or 'con
vection' flow. I call it a circulation flow since the material is not accreted unless it 
lies on those relatively few stream lines that physically intersect the stellar disc. It 
is in this way that these models minimize the luminosity associated with a massive 
outflow / inflow, in contrast to the low efficiency disc wind models. One expects that 
they should be mainly relevant in an early post protostellar formation phase as the 
more distant, high specific angular momentum, material falls in. 

In addition to the meridional behaviour, each stream-field line in the bipolar 
outflow version of these models makes a spiraling approach to the axis roughly parallel 
to the equatorial plane and then emerges in the form of a conical helix wrapped about 
the axis of symmetry. Interestingly enough, there is an alternate mode wherein the 
sense of the motion is reversed. 
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In order to produce realistic models of bipolar outflows including the asymptoti
cally fast velocities, it seems that the models must be worked out with self-gravity and 
radiative heating included. However the discovery of sources such as VLA 162329) 
with large relatively uniformly distributed external masses stimulated28l a reasses
ment of an analytic solution previously discussed30l. This 'toy' model is incompress
ible, viscous and does not produce the requisite velocities at large distances, but it 
does illustrate nicely the behaviour characteristic of this class of model. Figure 1 
shows on the left the meridional stream-field lines for a typical case, while on the 
right it shows the pressure contours and the pressure in a gray scale representation 
with the lighter shades representing the higher pressure. One sees that a thick pres
sure disc forms as a result of the inflow and as a cause of the outflow. In effect 
the material falls in and rebounds into a bipolar pattern rather than attain the star 
radially . Most material 'misses' the target as it were. If as it turns the corner some 
free energy is added, then reasonable velocities at infinity may be attained. The 
bottom image of Figure 1 shows the path in space of one of the self-similar family of 
stream-field lines. 
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A BSTRACT 

The Herbig Ae/Be stars arP thought to lw the intPrnwcliate mass counterparts of the T 
Tauri stars. It is now clear that these two groups share a lot of propertiPs i n  common 

anr.l it would seem tha.t a signifi cant fraction are smTrnttHled l >y circ n m stdlar disks. The 
presence of such disks manifPsts itsPlf in  a n 1 1rnl wr of ways not ouly by their expecte.d 
infrared excess but also from optical spect roscopy. Fm example,  we-· SPP not on ly "vei l ing" 

of absorption lines hut the occulting pffcect of tl i esc· disks c>t1 t lw forliir.lden l i m· emission .  

The most heavi ly enshroudPd stars ap].Hcitl' t o  l w  t lw most act ivP a s  determi1wd for 
example by their clegreP of outflow act ivity. The "activity IPvcel" of tlwir disks, howevccr, 
could be ovPrrated due tu 1mclerestimates of A v ,  this nrny account in part for their 
secemingly large values of M"cc · 
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Although a lot of effort has gonte into undierstanding low mass formation, riela.tivdy 
little is known about how internw.diatie mass stars (2MH < JV!. < lOM(,J ) form as iem
phasised for example by Palla1 l .  This situation is hieginning to change. Hier big 2) was tlw 
first to identify a group of spectral typie B-A stars which hie thought might be thie higlwr 
mass counterparts of thie T Tauri stars. Thiey showied similar s1wctroscopic propierties 
such as strong Ha emission ( oftPn with P Cygni profiles) and Ca. I I  K and N al D l iiws, 
et cetera. I n  addition, Herbig stipulatPd that to he a mPmhter of this group, the star had 
tu be associated with a dark cloud and reflection ndrnlosity. Tlwse conditions virtually 
ensured that the"Herbig Ae/Bie stars" wiere young stdlar objects ( Y S O s )  although this 
conclusion has bieen challengied np to relativdy rieciently , Sf'e for f'Xample tlw rieview hy 
Catala3l . 

Within tlw past fpw yiears it has lwrnme dPa.r that Herhig Ae/Be stars share 
a large number of other pruptertiies in common with T Tauri stars such as i nfra.red 
excesses i n  t lwir spectra.I e1wrgy distribution ( S ED s ) ,  Herbig H arn ( I-IH )  outflows, a high 
degree of polarisation, radio continuum emission indicative of a wind,  as well as other 
features usually associatPd with higher mass star formation such as tlw 1m-,sencP of water 
masers4l . The rf'ader is referred to �evf'ral rPVif'WS of tlie pro1.wrties l'or detai ls 1 1 ,:J),·' 1 .  HPre 
we wish only to concentrate> on orie facet of tlwir physics: thP evide1HT that tlwy arie 
surroundied by disks.  

Most of this evidencie is indirtect , for example opti cal studiies of Hterhig Ae/Be stars 
have shown us that they a.re associated with HH temission. Occasionally this is in thie 
form of highly collimated j f'ts such as LkHCY 1 9861 or LkHrv 2:)471 lmt often the <"mission 
is  much more poorly col l imated as for iexamplP in MWC'  1 0808 ) .  Eith"r way, thierie is 
a clear association lwtween such iemission and the presence of a disk�l.  An altPrnativP 
approach is to PXamin<" their SED JO) . Here wie sef' the iufrared ex . .  ess expect Pd of such 
disks ( see Fig. l )  hut i n  achlition a foature pointPd ont hy Hil lenbrand d a.I . 1 01 i .P. a 
dip or infliection around 2-:3 microns .  The origin of this fPa.tme remains uncerta.in hnt 
it  has bieien variously attrihnted to tlw sublimation of dnst as WPll as ma.gnetosphteric 
accrietion10l .  The SEDs of Herbig Aie/BP stars can lw broadly classifi<-·d into :l classiesl lJ I ,  
Group I have a ,\F ,1 ex ,\- � ,  Group I I  have a flat ur rising spectrnm ( a.t least lwtween 
10-100 /till , while  Group III  have virtually a blackbody spectrnm. Croup I I I  may lw 
the Hierbig Ate/Be star Pf]uivalent of tlw weak-Jim· T Tauri stars althongh this is far 
from certain .  There docs appear to l w  a.t least a small 111 1mher of stars classified as 
Herbig Ae/Bie stars that a.re not young and may in some cases he ''ordinary" Be type 
stars. A ,\F.1 ex ,\-t  s1wctrurn CiW lw Pqually attrihu tecl to a ·'reprn . .  Pssing" disk or 
to onie that this actively n.cnding1 2 l . I t  is i mpossible to d i s t i ll!!:1 l i sh  l wtW<'<'ll thes<' two 
possibi l i ties on tlw basis of th" S E D  alone in  the mid Lo fa r i r1frnr< 'd .  O bviously a pme 
reprocessing disk cannot rtcprocess mon· P!JPrgy t ha.u i s  i ncideut npon i t from tlw star. 
This l i m i t ,  i n  thte thin disk approximation , is L*/4 so tlw clear way to disti nguish hetweeu 
thesie possibi l i tiies is to measnrP L. hy ddermini 11g the photosplwric contribution. 
This method is  huwiewr fraught with <litticnlties. The usual thing that is done i s  to 
measure E ( B - V )  and ,  givien the spectral typie, one ca.u detiermi1w the visual extinction 
Av and lwncie dPrive the trne apparient photosplwric l nmi nosity. For many of tlwsie 
stars, howevf'r, parti c.ula.rly thosf' that are heavily Pnshromled iu d nst,  tlw spectral typ<' 
is <either unknown or is thought to li" within a widP r;mge of srwctral classes. Moreover 
E(B-V)  values may he a. poor gauge of tlw PXtinction , hroadl >aud photonwtry measures 
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s1wctrum at about. ; j  1 im and t lw s h arp r lrop i n  >. F.1 at  mm wa.vPlengtlis .  T l 1 i s  i s  a C roup 
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Figur<' 2: ThP sp<ectra.l e1wrgy r l i strilmtion for V:H(i ( :ass lwt.WPPll  t.h e  optical  to mm 
r<egim<'s1 1 l .  This typP of SEO would lw cla.ssifiPd as l wlonging to t h a.I. o l' a. Croup 11  star.  

Tlw extinction howPwr towards t his  YSO conk! lw grossly nndnest i rn a t.ed ( sPr-' tr-' x t )  so 
that the photospheric contrihnt.ion might lw much Lirger. 
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only b l u<eshift<ed [SI! ]  <>mission is  ohsnved. \�ihtcn S<'<"ll forhidd<>n l i 11P <"mission is Pi ther 
highly b!iJPshiftPC! or at a velocitv close to the syskmic velocity. 

not onl y  the contrilrntiou of the photosplwr" hut ""·'· "cout i 11 1 1um " compo1wnt dne 
to the disk .  That snrh a. COlll]Hlllent is prestcnt,  aud is i m p orta.ul. is clear from t lw 
strength of opt ical veil i n g  i u  Herbig Ae/ B e  stars which  is only uow l wginniug to lw 
explore d 1 1 l .  Since, as in t he c<tse of the T Tauri stars, t lwn· is  a "] , ]ne con t i nnnrn " ,  
attributable for example t o  t lw honmlary layer l wtwt'<'ll the disk aw l tlw star o r  , for 
example,  accretion colnmn s ,  t h i s  wonld !Pa.d to an nn derest im<lte of A\' .  We note a.lso 
that t h<' t h at tlw relations h i p  lwtw<>en E(B-V) and A v  depends 011 assumiug t hat the 
grains around Herbig AP/He stars are s imilar to thosP in the interstdla.r nwdin m .  In 
fact rect>nt ohserva.tions1 1 I snggt-'8ts that this  i s  uot the <«ISP. Tims S E ils such as th<' tJllP 
i l lustrated in Fig. 2 for V:l7(i Cass arP highly 11nct'l'ta.i11 i1 1 tilt' optical  n"ginw. It could he 
t lw ca.SP t h at the p lrntosplwric C<llltri \ ,ution is rn 1 1<· \ 1 \ ;1 rgt'l' aud t.lw S E D  PV<'ll disk-l ike 
i n  t lw near to far- i u frared. C ronp II  S ED s  h ave het"ll ;ctl rilrnted lo a combination of 
star+disk+envtclope101 · 1 :J I .  WhPtlJPr somP H<'rhig Ae/Be sta.rs are trnly C roup II  might 
lie qu<>st iom'd i n  a.t ]pa.st a numlwr of c a.sP.s. Fiua.lly W<" nwution one other Plfect tha.t 
should ca.ntioll us aga.iust usi ug E (B -V )  val 1ws. For so11 1<" sliirs ,  l ikt" H M o n ,  it is apparPnt 
that we du nut ohsPrvP llw sta.r directly hnt iustead scattPrPd <'mission : again t h i s  wi l l  
make t lw star look bluer than i t  trnly is  an d lwnce coutri lmtP to n 1 1  t 111dPrestimation 
of A v .  All of t]WS<" dfects will cl<'<t rl v  lw most. evi dP11t. i u  t lw !wav ily enshro1 1dPd stars 
i . t'. t]w Croup !ls w h i ch an· prPs 1 1ma.hly still iu  t. lw Par!y stagt·s of formation . That 
t]JPy a.re st i l l  s 1uTomHkd J,y rP! a t i vP!y large quan tit ies of  dust and gas <tlJ(l presumably 
accrdi n g  is  evideuced uot by the i"<'l'Y l1igh A\' ( PVPU if  uudPrPstima.ted )  au d their high 
pola.risa.tion but the grPa.kr d1;mce of f-irnling optical <mt.flows amongst this group1 1 1

. 
Note also th<tt nndPrPst i m a.ks of the tr11P luminosit ies of t hPsP sl .ar:-. ( lwncP tlwir m a.ssPs 
a.nd, morP i mportantly, their t rnt' rnutrihution to tlJP disk lnmiuos i t y  v i a  reprocPssted 
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radiation) could be responsiblf' for what ap1wars to lw anoma.lonsly high <estimatf's of 
mass accretion rates13l . 

Recently WP have undertakten a spPc.troscopic stndy of Hnhig AP/BP stars not only 
to quantify the effects of veiling and df'tnmine thPir photusplwric class more pr<"cisely 
but to examine thPir forbiddPn lim· emission 1 1 ) .  Forbiddten Jim· <emission is only SPPn 
in a relatively small number of casPs (about 203) of tlw stars snrvPyPd i .P. somtewhat 
less frequPntly than with classical T Tauri stars. In part this can bP attrilmtPd to tlw 
luminosity of the forbidden !inf' <"mission growing nrncl1 m<irP slowly with mass than that 
of the star itself. Thus therP is incrnasingly a contrast prohlPm as tlw mass of tlw YSO 
increases. What is intPresting though is that forbic!t!Pn Jin<" <"mission is vPry common 
amongst Group II som-cPs and that, whPn SPPn, this <emission is Pitlwr at, or closP to, 
thP systemic velocity or is blneshiftPd i .e. WP sPe tlw AppPnzel!Pr-.Ja.nkovics-C)strPicher 
effect14) in Herbig Ae/Be stars. This effect is ge1wrally attrihntted to tlw ]H"PSPnCP of a 
disk obscuring tlw n·clshiftted <-'mission ( sPte Fig. :{ ) .  

I t  i s  now evidPnt that Hterbig AP/BP stars ane, a.s HPrbig originally cla.inwd, tlw 
higher mass countterpa.rts to tlw T Ta.mi stars. Clos<-' analogies ca.n lw drawn l wtwP<en tlw 
two groups. Tlwste stars, howPvPr, may in tinw provirlP a. vital link in onr nrn!Prsta.ncling 
of how high mass a.nd low ma.ss stars form . 
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ABSTRACT 

The observational evidence for large envelopes and disks in the immediate environment of 
Herbig AeBe stars are reviewed. In particular, I firstly summarize the results of far infrared 
observations, then discuss the capability of very small grains (VSG) and policyclic aromatic 
hydrocarbons (PAHs) to account for the observed mid-infrared fluxes. Finally, I briefly discuss 
the possibility that the disk properties are deeply affected by the surrounding matter, and 
suggest that, at least for large number of these stars, accretion may play a less relevant role 
than previously thought. 



262 

1 .  INTRODUCTION 

Herbig Ae/Be stars are early-type emission-line stars associated to optical nebulosities. As 

first shown by Herbig 1 ) ,  they are pre-main-sequence stars of intermediate mass and luminosity. 

The presence of large amount of circumstellar matter around Herbig Ae/Be stars i s  shown 

by a variety of observations. According to the selection criterium first defined by Herbig l ) ,  
they are associated to extended optica.l nebulosities. T h e  average extinction, derived from 

the reddening of tile stellar spectrum, is of the order of 2-3 mag, significantly larger than the 

values found, for example, i n  T Tauri stars in Taurus. The spectral energy distributions are 

characterized by t he presence of large infrared excesses. Polarization maps 2) 3 ) 4) reveal the 

existence of extended clouds of dust. l\folecular observations show that dense gas is  associated 

to several Herbig Ae/Be stars 5) 6)7)8) .  On smaller scales, speckle interferometry results indicate 

that matter exists very near the central stars, with complex geometrical configurations 3 ) 9 ) .  

Finally, there is ample spectroscopic evidence of h i g h  velocity winds 10) , C O  outftows l l )  and 

HI-! objects 12)  a osociated to Herbig Ae/Be stars. 

In spite of the large and growing body of observations, up to now most of the i nforma

tion on the circumstellar matter around these stars has been obtained through studies of their 

spectral energy distributions. Observa.t. ions in the far infra.red l3la.nd detection of the silicate 

feature 14l indicate that the infra.red excess of Herbig Ae/Be stars is  likely due to dust.  How

ever, attempts to model it with spherically symmetric dust shells have failed (see, for example, 

15) l6) 1 7 ) ) .  Hillenbrand et al . 18)  have divided Herbig Ae/Be stars in three groups. Group I 

includes 29 stars (out of .5 1 )  with large infrared excess and spectral energy distribution decreas

ing with increasing >. in the range 2 .2-20 flm. Group II includes 13 objects with flat or raising 

infrared spectra. Group I I I  is formed by 9 stars with small infrared excess, probably arising 

from free-free emission. Hi llenbra nd ct al. propose that in Group I stars the i nfrared excess is 
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due to a geometrically flat, optically thick circumstellar disk, similar to those advocated for T 

Tauri stars l9)20l . Natta et ai . 16) 17) have shown that the spectra.I energy distribution and the 

far infrared brightness profiles of some Group II objects can be fit by models where the star 

and its circumstellar disk are embedded in a large envelope of dust of moderate optical depth. 

However, the accretion disk interpretation is not entirely satisfactory. The observed near 

infrared colours, in fact, are compatible with the disk hypothesis only if the disks have inner 

holes of several stdlar radii 17l 18l21l ; these, in turn, are not consistent with the high accretion 

rates derived by various authors, a.s discussed by Hartmann et ai.22l . 

In this paper, I will present recent results on some aspects of the star+disk+envelope 

system. I will first summarize the results obtained from 50 and 100 11m brightness profiles, then 

discuss the possible role of very small grains and polyciclyc aromatic hydrocarbons. Finally, I 

will show that disL properties can be changed by the presence of surrounding matter, and how 

this may affect our estimates of the disk properties themselves. 

2. THE FAR INFRARED PROPERTIES OF Herbig Ae/Be STARS 

Observations at 50 a.nd 1 00 flm from the Kuiper Airborne Observatory using a multi

channel scanning photometer have been obtained for a total of 14 Herbig Ae/Be stars 16) 17)23) .  

The system compares a stable, well known point-source profile with a scan across the source; 

in good signal-to-noise observations, it can resolve objects with FWHM sizes of the order of 

10 arcsec. Table 1 summarizes the results available so far. It gives in Column 1 the name of 

the source, in Column 2 the classification according to Hillenbrand et al. 18 ) ,  in Column 3 the 

distance, in Column 4 the bolometric luminosity, in Column 5 the position angle of the scan 

on the plane of the sky, measured counter-clockwise from the declination a.xis, in Column 6 the 
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FWII :\I at 1 00 / l l l l  in pc, S 100·  computed a,;suming that both the source and t he point source 

han• gauss i a n  profiles. Typica l uncertainties on S 100 arc of 1 0%. 

TAB L E  1 

FAR-IR SIZES 

Source Group D L e S 1 00 
(pc) (L8) (deg) (pc) 

Lkfla: 198 II 600 2.so 60 0 . 1  
165 0 . 1  
258 0 . 1  

A B  Aur 1 60 80 130 <0.010 
220 <0 .013  

�!WC 137  1 300 1.so 170 0.36 
255 0.3·1 

Lklb2 1 5  800 700 173 0 20 
262 0 .37  

R Mon II 800 700 266 0 .0.5 
176 <0.0G 

Z C�!a II  1 1.50 8000 320 <0.07 

CD -42° 1 1721  I I  2000 28000 87 0.40 
177 0 30 

mvc 297 450 2000 3.j 0 . 1 2  
1 1. 5  0 . 1 5  

R C r  A I I  1 2 6  90 70 0.027 
160 0.026 

V l686 C:yg 1000 1 300 340 0 . 1 5  

P V  Cep I I  500 100 1 1 5  <0.04 
2.55 <0 .05 

V645 Cyg II 3500 40000 350 0 .37 

LkHn2:34 1000 .S50 262 0 . 10  
348 0 . 1 8  

�!WC 1080 2500 30000 280 0.3-l 
15 0 16  

Ref. 

1 7  
1 7  
1 7  

2 3  
23 

23 
23 

23 
23 

1 7  
1 7  

1 7  

1 7  
1 7  

23 
23 

17 
17 

,., 

1 7  
1 7  

1 7  

23 
23 

23 
23 
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Of the objects listed in Table 1 ,  only three (AB Aur, Z Ci\la and PV Cep) are not resolved 

at 100 pm, and many are also resolved at .SO Jll11. S 100 varies between 0.03 and 0.4 pc, and it 

is independent of the classification as Group I or Group II sources. 

The width of the 1 00 pm brightness distribution can only be accounted for by a large dusty 

envelope heated by a central source of radiation. The five Group II resolved sources have been 

studied in detail by Natta et al. 16) 17), who compared the 50 and 100 µm sizes and fluxes to the 

predictions of racli'1-tion transfer models. The results indicate that the envelopes have moderate 

optical depth (about 5- 10  mag in the visual ) ,  large inner holes ( in  the range 0.01 to 0. 1 pc) ,  

and density profiles which vary from flat (n ex r-0·5 )  to steep (n ex r-2 ) .  

The scan results rule out the possibility that most of the 100 p m  flux is emitted by a 

circumstellar disk. In this case, and regardless of the physical size of the disk, the 100 µm size 

would be very small ( typically, less than 2 arcsec) ,  and would appear unresolved with the KAO 
resolution. Note, however, that the data do not rule out the existence of disks, in addition 

to the envelopes, as long as the disk emission does not dominate over the envelope in the far 

infrared . Group I objects have been interpreted by Hillenbrand et al. 18) as pure star+disk 

systems. However, all the Group I stars listed in Table 1 show a far infrared excess, with 

respect to the disk predictions, which can naturally be accounted for by the emission of dust in 

an envelope, more optically thin than those found in Group II objects, but otherwise similar. 

Notably, the scan data. also rule out the possibility that the fir flux is dominated by the 

emission of a very cold companion. 

Model calculations show that sta.r+envelope models account well for the far infrared, sub

millimetric and millimetric observations, but they fail to explain the large values of the near 

and mid-infrared fluxes observed in Herbig Ae/Be stars. 
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3. THE ROLE OF VSG AND PAR 

Envelope models discussed so far include Only large grains, such a.s in the ISM, which 

are in thermal eqJilibrium with the radiation field. The possibility that the near a.nd mid

infra.red missing flux is emitted by very small grains (VSGs) and polyciclic aromatic hydrocar

bon particles (PAHs), mixed to larger grains in the envelope, has been mentioned by Natta et 

a.i. 16) 17) and Hartmann et ai.22l . VSGs a.nd PAHs do not achieve thermal equilibrium with 

the local radiation field, but a.re transiently heated by ultra.violet photons, so that they attain 

temperatures much higher tha.n the larger grains in thermal equilibrium. In fact , they emit 

most of the absorbed radiation a.t near and mid-infrared wavelengths. VSGs and PAHs account 

for the extended near infrared emission in various reflection nebulae 24) . Their presence in the 

environment of Herbig Ae/Be stars is suggested by the discrepancy of the 10 µm fluxes between 

large bea.m IRAS and small beam ground based observations in several young stars 25)26) , and 

by the detection of PAH features in some Herbig Ae/Be stars 27) . 

Nat ta, Prusti and Kriigel 28) ha.ve examined the role of the VSGs and PAHs in the circum

stella.r environment of Herbig Ae/Be stars, by computing the spectral energy distribution and 

the brightness distribution of models where VSGs and PAHs are added to large grains. The 

envelopes have either Av=5 mag, as appropriate to Group II stars, or Av=O. l ,  appropriate 

to Group I stars. In all cases, an envelope inner radius of 0.01 pc has been adopted, so that 

the large grains cc ntribution in the near a.nd the mid-infra.red is negligible. Some examples of 

the spectral energy distributions are shown in Fig. l .  The spectra are all quite fla.t in the range 

2-20 µm; the exact shape of the spectrum depends mostly on the a.mount a.nd size of the VSGs 

a.nd only little on the envelope para.meters. 

Two observational tests ha.Ye been discussed by Natta et al.28) . First of all, they compute 

the ratio Lmir/ Lbob where Lrnir is defined between 1 .2.5 a.nd 20 11m, as a function of the various 

model para.meters, a.nd compare it to the average observed values. They iind that VSGs a.nd 



267 

P.\ l !s can  prnvidt' a s ign ificant fra c t ion o f t he obsern'd lumi nosi ty i n this  range, but  not al l ,  

unless there is a n  <>xt.remcly large a mount. of \·ery s ma l l VSGs.  Secondly, they compute the 

near- infra.red colours i ndexes .J- l l  a nd l ! -K and show that the model predicted colours do not fit 

the obserrntions significantly bet lcr than those' of models where only la rge gra i ns ,  in equi l ibr ium 

wi th  the local rad iat ion field ,  arc considered. 

-7 -7 ,.-. 
' E (a) (b) 

tJ -8 -8 
; "' ; ,  :,;, bD -9 .:.:··._·:/ -9 ... 

____ J..., ·;.. .../ h � j .\. i .;/ 
- 10  - 10  ..... 

rz." 2- -1 1 Av= 5 -1 1 Av= O .  
"" 
0 ,_J -1 2 - 12  0 2 0 2 

Log 'A (µm) Log 'A (µm) 
Fig. L- Spectral energy distribution for models where VSGs and PAHs are added to large grair1s. 

parameters are varied. Panel a: Models with A y =5 mag. The solid curve is a model with only 
large grains, the dotted curve one where VSGs are included (relative abundance with respect 
to the large grains of 10%, minimum and maximum size of VSGs of 5 and 20 A, respectively. 
The dotted curve is a model where also PAHs are added. The values of the other parameters 
are: Rj = 0 . 0 1  p c ,  R0ut=0.5 pc,  n ex r- 0-5 , Trad =1 5000 K and luminosity of 250 L0. Panel 
b: same for A y = 0 . 1  mag. 

A crucial test of the significance of VS Gs and PASHs in the Herbig Ae/ Be stars environment 

may come from studies of the spatial extent of the emission in the range 3 to 10 pm. 

4 .  THE EFFECTS OF THE SURROUNDING MATTER O N  DISKS 

Good fits to t h e  observed spect ral energy distribut ions of both Group I 18) and Group 

II objects 16) 1 7) are easily obtained when the emission of the ci rcumstel lar disk is taken i nto 

account l I) . 

When the disk pa rameters are constra i ned to fit the obsen·at ions. i t is found that the disks 

must d issipate accretion energy. not j u:; t reprocess s k l l i lr l ight  l ? ) !Bl . This  result relies on two 
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d i if<�rcnt kind ,; or ( ' \ ' id,•nce. l l i l l t ' t lbr;rnd <'l a J .  l:': ) rnn1pare t he bolometric l l l m i nosity of the 

source. to the slell;1 r  luminos i t y. Thi s  last is. in tmn , obt a i ned from the observed spectra l type 

an d  v isual  magni t u d e  of the s tar . corrected for extinct  i o n ,  and suffers from severe uncertainties 

:>�) :'>lat.ta ct aJ. l l )  derin· the disk luminosi ty Ln from the observed value of L rnir · and estimate 

t he accretion luminosi t.y as Lac � ( 4 x L v - l 001 )t1 .  This procedure, w h i ch makes use of more 

reliable data, neglects t he effects of t he surrounding matter on the disk emission itself. In fact ,  

a. small amount o f  dust around t he disk may contribute sign i fi cant ly t o  t h e  heating o f  the outer 

parts of the d i s k ,  by scattering a n d  re-emitt i ng back onto t he disk part of t h e  stellar radi at ion 

29l .  The result  i s  that  the disk spectrum i s  significantly flatter than the vF v ex  ;.-413 , typical of 

both accretion and reprocessing d isks. and that the disk l u mi nosity may exceed s ig n ificantly the 

value l /4 l bol assumed in the derivation of Lac· Fig. 2 shows the spectral energy d i stribut ion 

of a typ ical Herbig Ae/ Be disk,  embedded i n  a thin em·elope of dust. The Lmi r / Lb01of such a 

model i s  0.38.  W hen we consider that VSG a n d  PA H can easily absorb and reradiate i n  the 

mid- i n frared about 20'7o of the stel lar lumi nosity. the predicted values of Lmir / Lbol come close 

to the observed average for G roup II objects ( �  0 . 6 ) .  

� 
I {/) 

N -8.0 
I 

R,= R.  -8.0 R,= 5 R. 
8 '-...... ,,- "'-() -1 0.0 '-...... -1 0.0 ''-.. bj) '-... '-.... '-tlJ �� "..., 

�, 
- 1 2.0 L -1 2.0 ""' 

;:, \ 
bj) 0 - 1 4.0 -1 4.0 ....1 0 2 3 0 2 3 

Log 'A (µm) Log 'A (µm) 
Fig. 2.-· Spect ral energy distribution for disk models. The dashed cun·e shows the spectral  energy 

distr ibution of a disk heated only by direct stellar radiation, t he solid curve that of a disk.  with 
the same para111etel's. which is heate d ,  in addit ion,  by radiation scattered by the surrounding 
cloud of dust. The dusty envelope has optical depth r=0.4, a density profile n ex r- 1 , inner 
radius of 8 R*, outer radius of 300 ..\lJ .  The central star h as luminosity L-.=250 L0 , efTective 
temperat u re of  1 5000 K. In Panel a the disk extends to the stellar surface, whi le in Panel b i t 
has an i n ner hole of 5 R*. 
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Pu rdy reprocess ing disl;s. suclt  as t host' just described. are not inconsistent with the pres-

ence of inner holes, as rcqu i n'd to fit the obs<'rved near infrared colours . Table 2 compares 

the properties of two disk models , embedded in an envelope of optical depth 0. .! ,  to those of 

" naked'' disks with the same parameters. In one case the disks extend down to the stellar 

surface ( R;=H*) ,  :n the other H;=5R*. As expected, the near infrared colours of the latter 

are much closer to the observed values than those of the former. l\lore important, the disk 

luminosity, when the surrounding matter is taken into account, is much larger than that of 

" naked" disks, and is still as large as 18% of the stellar luminosity in models with R;=5 H*. 

TABLE 2 

DISK MODELS 

R;/14 Tse LD/L* J-H H-K K-L 
I 0.0 0.25 0.57 0 .51  0.73 
5 0.0 0 .04 1 . 10  0.90 1 .08 

I 0.4 0.39 0.68 0.68 1 . 0 1  
5 0.4 0 . 18 1 .21 1 .03 1 .39 

5 .  CONCLUSIONS 

The results summarized in the previous sections provide further evidence of the fact that 

there is a large amount of circumstellar matter surrounding Herbig Ae/Be stars, and that its 

geometrical configuration is quite complex. 

\Ve suggest that at least three components must be present, the central star, a circumstellar 

disk and an extended dusty envelope. Although the .SQ and 1 00 pm scans indicate the existence 

of an i nner cavity, where the dust optical depth is very small, some dust must exist inside this 

cavity, in the vicinity of the disk. 

The resulting spectral energy distribution is deeply affected by the interaction between 

these \·arious components. Deta iled models of star+disk+envelope ( including the effect of 

scattered and re-emitted radiation on the disk heating are taken i nto account and the emission 
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of VSGs and PAHs in the envelope) need to be computed before conclusions, in particular on 

the frequency and rate of accretion in Herbig Ae/Be stars, can be reached. 
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FU Orionis variables - FUors - are pre-main sequence stars in which the central star accretes 
mass from a circumstellar disk at a high rate. FU ors also eject material in high velocity winds. 
The momentum in these winds is sufficient to power a typical molecular outflow providing a 
young star accretes most of its material through a circumstellar disk. Recent observations 
suggest FUors do mostly occur during early stages of the star formation process, when the 
central star-disk system lies deeply embedded within the collapsing circumstellar cloud. The 
FU er state also appears to last long enough for a young star to accrete a large fraction - perhaps 
all - of its mass from a circumstellar disk. 
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1 .  Introduction 

The FU Orionis variables - FUors - are eruptive pre-main sequence stars (Hartmann 
1991 ). Most FU ors have undergone 3-6 mag optical eruptions and resemble rapidly-rotating 
F-G supergiants on optical spectra. These objects also show distinctive optical and/or near
infrared reflection nebulae; large ultraviolet and infrared excesses of radiation; wavelength 
dependent spectral types; broad, blueshifted Ha and Na I absorption lines; and "double-peaked" 
absorption line profiles at optical - and sometimes infrared - wavelengths. 

We have interpreted observations of FU ors with viscous accretion disk models (Hartmann 
1991) .  A disk naturally accounts for the broadband spectral energy distribution (SED), the 
wavelength dependent spectral types, and the double-peaked absorption profiles. A disk wind 
explains the blueshifted absorption features; our models suggest this mass loss occurs close to 
the inner edge of the disk (Calvet et al. 1993) .  Finally, some type of circumstellar envelope 
- probably material still falling into the disk - produces the ubiquitous reflection nebulae and 
the large far-IR excess emission (Kenyon & Hartmann 1991 ) .  

The FUor state i s  an exciting time when a young star can accrete a large amount of mass 
and eject a fair amount of momentum and energy into the surrounding molecular cloud. For 
example, the central star in FU Ori itself has accreted � 0.01 M0 and has lost material with 
a momentum of ,._,, 0.3 M0 km s-1 since its eruption began in 1936. These values represent a 
modest fraction of typical stellar masses, M* ,._,, 0.5 M0, and outflow momenta, (Mv)0 � 1-100 
M0 km s-1 ,  but a FU or event lasting several millenia -- or a series of eruptions - could have a 
significant impact on the central star and the surrounding cloud. The goal of this paper is to 
estimate the importance of FUor events on stellar masses and molecular outflows. 

2 .  Molecular Outflows and Class I Sources 

Current arguments suggest a low mass star accretes most of its mass during an inf.all phase, 
when material from the cloud core collapses into a central star-disk system (Shu et al. 1987). 
The cloud is opaque at optical wavelengths and radiates most of the disk and stellar radiation 
at far-IR wavelengths. IRAS detected many of these class I sources in nearby molecular clouds, 
and they usually comprise ,._,, 10% of the pre-main sequence stellar population. These objects 
appear closely associated with extended optical and near-IR reflection nebulae, lie at the centers 
of dense cloud cores, and often power low velocity molecular outflows and higher velocity optical 
jets and Herbig-Haro (I-II-I )  objects. They are also among the youngest stellar sources in nearby 
molecular clouds, with estimated ages of ,._,, 1-3 x 105 yr (Lada 1991 ) .  

The origin of the energetic outflows remains uncertain, although this activity likely begins 
during - or perhaps even before - the class I phase (e.g. , Andre et al. 1 993). The available 
observations show reasonable correlations between the outflow's mechanical luminosity and the 
central source luminosity, L*. The initial energy flux in the wind seems comparable to the 
total system luminosity, which appears to rule out models involving radiation pressure, thermal 
expansion of a hot corona, or dissipation of Alfven waves (e.g., Cabrit 1989). Centrifugal winds 
or disk winds can account for the observed kinematics and luminosity correlations, and both 
mechanisms require accretion energy to drive the outflow. Indeed, observations of T Tauri 
stars and FUors suggest the mass loss rate in the wind is closely tied to the mass accretion rate 
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through the disk: Mw ,..., aM. ,  with a ,..., 0.1 (e.g., Natta & Giovanardi 1991;  Hartmann 1991 ) .  

Can disk winds provide enough momentum for a typical outflow? To answer this question, 
assume that the mass loss rate in the disk wind scales with the accretion rate, as in the 
previous paragraph. The total momentum in the wind - over a time scale T - is then 
(Mv)w ,..., Mw T Vw ,..., 0.1  Ma T Vw, where Vw is the wind velocity. If the disk processes 
most of a typical stellar mass, then M* ,..., M.T, so the outflow momentum is 

( 1 )  

for a typical wind velocity of  200 km s-1 •  The observed range of outflow momenta - ( M v )0 

= 1-100 M0 km s-1 (Fukui 1989) - requires typical stellar masses of M* ,..., 0. 1-5 M0 if the 
flows conserve momentum. Thus, a young stellar system must eject ,..., 10% of its final mass to 
produce a typical molecular outflow. A disk wind can power the outflow if a young star accretes 
most of its material through the disk. 

Current observations suggest some fraction of a typical stellar mass does flow through a 
circumstellar disk before landing on the central star. Several groups estimate accretion rates of 
,..., 10-7 M0 yr-1 for the pre-main sequence T Tauri stars (e.g., Hartigan et al. 1991 ) .  Source 
statistics suggests an age of ,..., 106 yr for these objects, so a typical young star accretes ,..., 
0.1 M0 during this optically visible phase of evolution. FUors represent the most active disk 
accretion phase of pre-main sequence evolution; both the accretion and mass loss rates are a 
factor of ,..., 1000 larger than for T Tauri stars. Thus, a young star might accrete all of its mass 
from a disk if FUors preferentially occur during the class I phase - when the infall occurs - and 
if the FU or lifetime is a significant fraction of the class I lifetime of 1-3 x 105 yr. 

3. Age and Lifetime of FU ors 

As a group, FUors have many observed features in common with class I sources. All FU ors 
possess very distinctive optical and near-IR reflection nebulae (e.g., Goodrich 1987). Nearly all 
FUors display large far-IR excesses and drive molecular outflows (Kenyon & Hartmann 1991; 
Evans et al. 1994).  Finally, at least 1/3 are associated with jets or HH objects (Reipurth 1991 ) . 
These properties suggest FU ors are much younger than most T Tauri stars - which usually have 
none of these features - and more similar to class I sources. Thus, FU Ori objects generally 
occur during the main accretion (class I) phase and have typical ages of T ,..., a. few x 105 yr. 

FUor statistics are very crude, because only 11 examples a.re known within ,..., 1 kpc. If 
we have discovered a.11 FU ors that have occured since the discovery of FU Ori (,..., 50 yr) ,  the 
FUor frequency is 0.2 yr-1 .  The local star formation rate within 1 kpc is roughly 0.01 yr-1 ,  so 
a. typical young star must undergo at lea.st 20 eruptions to reach the observed FU or frequency 
(e.g . ,  Hartmann 1991 ) .  If a typical eruption lasts ,..., 100 yr, a star accretes ,..., 0.2 M0 - almost 
half of a typical stellar mass - in FU or eruptions. 

The FUor frequency needed to accrete all of a typical stellar mass can be estimated by 
assuming that a young star spends its class I lifetime either in the high accretion - FUor -
state or in a state with M ,..., 0. The quiescent state lasts until the disk mass becomes high 
enough to trigger a.n outburst; the outburst continues until the disk empties of material. This 
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cycle repeats until infall from the cloud ceases. The cause of this cycle may not be clear, but 
it is simple to estimate the fraction of time in the FUor state from the ratio of the infall rate 
to the FUor accretion rate: f � M;/MFu· FU Ori disk models suggest MFu � 10-4 M0 yr-1 , 
so f � 0.05 for a typical infall rate of M; � 5 x 10-6 M0 yr-1 . Thus, a young star must spend 
� 53 of its class I lifetime as a FU or to accrete all of its mass in this high M state. 

The discussion in §2 established that a disk wind could power a typical molecular outflow 
if a young star accretes most of its mass from a circumstellar disk. Thus, FU or eruptions can 
power molecular outflows if 53 of class I sources are FU ors. This possibility can be tested by 
deriving the FUor frequency among class I sources in many molecular clouds. For example, 
the Taurus dark cloud contains � 20 class I sources and one object - L1551 IRS 5 - in the 
FUor state, which agrees with the simple prediction (perhaps fortuitously) .  Source statistics 
for class I sources in other clouds are not as good as in Taurus and the FU or population in these 
clouds is even less well-known. However, both of the- J numbers can be improved with sensitive 
photometric and spectroscopic surveys of nearby molecular clouds to identify class I sources 
and then determine which - if any - of these objects display the characteristic spectroscopic 
properties of FU ors. If the FUor frequency among class I sources turns out to be more than a 
few per cent, then FU ors may represent the main accretion phase of early stellar evolution. 
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The interpretation of millimeter-wave molecular line emission from circumstellar disks has been 
complicated by the high opacity of the lines, emission from the parent molecular clouds, and emission 
from molecular outflows. Observations of the disk around GM Auriga overcome the latter two of these 
problems and show that GM Auriga is another good example of a circumstellar gas disk in Keplerian 
rotation around a pre-main sequence star. 
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I. Introduction 

Circumstellar disks begin as flattened clouds of hydrogen gas with miniscule amounts of the 

heavier elements that might later collect into planets and other large bodies. The gas can as yet only be 

observed in millimeter-wave emission lines from trace constituents such as CO. These long wavelengths 

require aperture synthesis arrays for adequate resolution of the disks, and the best resolution provided 

by existing arrays is still more than 100 AU at the distances to the nearest young stars, several times 

the size of the present Solar System. Fortunately, several objects have disks that appear to extend 

over several thousand AU making it possible to study the gas directly. The interpretation of these 

observations is controversial, however, largely because the emission is not easily distinguishable against 

that from the surrounding molecular cloud (e.g., Beckwith and Sargent 1993a, and references therein) . 

The molecular line observations provide two important tools for the study of these disks: the 

direct images show the size and inclination angle, and they have sufficient velocity resolution to 

determine if the gas is, in fact , orbitting the stars. Furthermore, a direct image is persuasive support 

for the disk interpretation of infrared continuum observations (Adams, Lada, and Shu 1988, hereafter 

ALS; Strom et al. 1989; Beckwith et al. 1990, hereafter BSCG) that otherwise relies on indirect 

arguments to infer the distribution of the circumstellar material. (Although we note that in no case 

known to us does the emission imply a unique geometry which must be a disk.)  

Between 100 and several thousand AU beyond the star, there should be some memory of cloud 

collapse, but there is as yet no reliable theoretical framework to guide our observational expectations 

for the cloud-disk boundary. The disks could be sharply bounded, or they might blend smoothly into 

the cloud as the Keplerian velocities decrease to the same levels as the cloud turbulence. Temperatures 

in this region are low; emission from very cold particles and molecular lines will be at far-infrared and 

millimeter wavelengths. 

The first system detected in molecular lines was around the pre-main sequence star HL Tauri 

(Beckwith et al. 1986; Sargent and Beckwith, 1987, 1991) . HL Tau is a classical T Tauri star with a 

strong bipolar jet. It is the brightest T Tauri star in millimeter-wave continuum emission in the Taurus 

cloud implying one of the most massive disks. Maps of the 13CO line emission show an elongated, 

apparently flattened pancake, suggesting an almost edge-on disk. 

Observations of the gas along the disk plane demonstrate that the highest velocities are close to 

the star (;S200AU) with the red- and blue-shifted components on opposite sides; lower velocities are 

spread out to over several thousand AU. The "rotation" curve has the general appearance of Keplarian 

orbital motion and was thus interpreted by Sargent and Beckwith ( 1987). This interpretation is not 

unique, and it becomes more complicated at higher angular resolution (Sargent and Beckwith 1991; 

Guilloteau 1 993). In particular, the low velocity gas no longer exhibits a regular pattern; there 

is substantial contamination by ambient cloud emission and by emission from a molecular outflow 

emerging perpendicular to the disk in maps at the lower relative velocities. 

The few other observed systems have their own ambiguities. T Tauri is almost face-on making 
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the rotation curve signature difficult to distinguish; the data are, nevertheless ,  consistent with Kep

lerian orbits (Weintraub, Masson, and Zuckerman 1989). DG Tauri shows cor " ·  derable interference 

from its cloud and outflow (Sargent and Beckwith 1993). IRAS 16293-24 (Mundy et al. 1990) is a 

young, embedded binary in which disk structure has not clearly been resolved. Similarly, the structure 

around the obscured star 11551 IRS 5 is very difficult to interpret as disk-like (Sargent et al. 1988; 

Padin et al. 1989) ; there is much material from the surrounding cloud and molecular jet which adds 

to the molecular emission. 

The molecular lines used for these observations probably have high optical depths in the disks 

(;(;100) and appreciable opacity in the surrounding material, as well. Although interferometer mea

surements discriminate against relatively smooth, large-scale emission, it is difficult to distinguish the 

disk emission from clumpy cloud emission at scales of a few thousand AU, where the velocities are 

low (Sargent and Beckwith 1993). At the distance of the Taurus cloud, the best angular resolution 

to date, 11'.5, is still inadequate to resolve the material at radii less than lOOAU which produces the 

observed far infrared spectral energy distributions of the disks. 

As part of a longer term programme to study the outer parts of these disks, we have carried 

out two new studies. The first is to calculate molecular line emission expected from disks, using 

as input parameters the best available interpretations to the spectral energy distributions (Beckwith 

and Sargent 1993b ). The second is to search for disks in which some combination of fortuitous 

circumstances favors direct study of the disk itself without contamination by the background cloud 

(Koerner, Sargent, and Beckwith 1993). 

II. Opacity of Disk Emission Lines 

The appearance of a disk at specific velocities (channel maps) depends on the inclination to 

the line of sight, its size or outer radius, and the line emissivity within it. Here, we consider only 

disks with inclinations of order 45° and assume they are sharply bounded. The velocity profiles of 

emission lines integrated over the spatial extent of the disk will be characteristically double-peaked 

with maxima occurring at the orbital velocities at the edges (Horne and Marsh 1986).  In each channel 

map, the emission traces out those portions of the disk whose velocity projected onto the line of sight 

matches the observing velocity. In general, maps of the disks at different velocities will show a series 

of arcs, such as those shown in Figure 1. The arcs are small and closed at high velocities and large 

and open at the low velocities. Arcs at velocities on opposite sides of the systemic velocity are mirror 

images of each other. 

Disks viewed exactly edge on will also have this pattern of arcs, but they are not observed as 

such because of projection. Nearly face on disks should exhibit little discernible structure. 

The optical depths at line center for the J = 1 - 0 line of 13CO, are several hundred or more 

for disks such as that around HL Tau. Even for disks which are rather large (Rd ;(; lOOOAU), the 

optical depths remain much greater than unity, the lower average surface density being compensated 

by lower temperatures which preferably increase the number of molecules in the low rotational states. 
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Figure 1 :  The appearance of a Keplerian disk at inclination 45° to the line of sight in four channel 
maps near a star of l M0 in the J = 1 - 0 line of 1 3 C O  from Beckwith and S argent ( 1993b ). Only the 
redshifted emission is shown making only one half of the disk visible. The outline of the disk is the 
dashed line; the contours are brightness temperature in increments of 2 K starting at 2 K. The disk 
has a radial temperature gradient T( r ) � ,-1/2 . A slight flaring of the disk introduces the asymmetry 
in the vertical lobes. 

Thus, although 1 3 C O  maps can indicate the general morphology of T Tauri disks, the lower rotational 

transitions are probably too opaque to serve as useful probes of the physical conditions. 

The disk emission in the outer parts of the arcs always dominates the total emission if the 

temperatures decrease more slowly than inversely with the radius, the usual case for T Tauri star 

disks ( B S C G  ). Therefore. those arcs which have the largest apparent area on the sky are responsible 

for the most emission. This dominance of the outer parts of the disk in the line strengths means that 

the integrated line intensity is quite sensitive to the temperatures in the outer parts of the disk. Line 

strengths for the stars which have been mapped in 1 3 CO indicate that the outer disks are indeed quite 

warm ( Sargent and Beckwith 199:3 ) ,  warmer. in fact than they would be if heated only passively by 

the stars or through the normal release of accretion energy ( AL S ;  B S C G ) .  In fact ,  the line strengths 

support the evidence from the far-infrared spectral energy distributions that the temperature in the 

disks decreases only as T( r) � ,- 1 /2 .  

III. G M  Auriga 

GM Auriga is an older T Tauri star, approximately 2 x 106yr, with a relatively low luminosity, 

0.  710. The far infrared spectral energy distribution indicates an extensive disk with a relatively fiat 

spectrum (T(r) � r-0·55 ) ,  while the relative paucity of near infrared radiation suggests clearing of 

the central regions ( S trom, Edwards, and Skrutskie 1993; B S C G ) .  Although it is a classical T Tauri 

star with Ha emission, there is little evidence of a wind from this star (Cabrit et al. 1993).  The 

combination of no wind and a hole in the inner part suggests that the star is not actively accreting. 

GM Aur should, therefore, be relatively free from the confusing effects of outflow unlike the case of 

HL Tau as noted by Guilloteau ( 1993). It has had a longer time to establish orbital motion in the 

outer parts of disk. It is an ideal candidate to test against the calculations described in the previous 

section. 

The left hand side of figure 2 is a series of maps of GM Aur in the J = 2 - 1 line of 13CO at 

l .3mm made with the Owens Valley millimeter-wave array (Koerner, Sargent, and Beckwith 1993 ) .  

The resolution i s  3''.5 x .S''.8 ( 5 2 5  x 870AU).  There is a large-scale velocity gradient across t h e  face of 
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what we will interpret to be a disk. On the north-east side, the relative velocities are all positive (red 

shifts); on the south-west, they are negative (blue shifts). We interpret the emission to come from a 

disk whose axis has a position angle of about 50° on the sky and an inclination angle of 30° along the 

line of sight. 

The right hand side of figure 2 is a series of synthesized maps for an inclined disk in Keplerian 

rotation. We assumed the emissivity falls with radius as a sum of two different exponential functions: 

a core which has a half width of 150AU and an extended part which has a radius of about lOOOAU. 

The model calculations reproduce the gross features seen in the maps and several of the details, as 

well. The central velocity channels have distinct arc-shapes, the arcs exhibiting mirror symmetry 

about an axis at a position angle of 140° , perpendicular to the major axis of the disk ellipse. The 

model not only matches the overall shape of the emission but also the relative intensities. It is striking 

that in the central two channels around 14 km s-1 both observed and synthetic emission is weaker. 

This weakness is the result of relatively small areas in the disk for which the central velocities are in 

resonance, the decrease in area resulting in decreasing overall emission. The agreement between the 

models and the observations is not perfect - note for example the confusing blobs that are seen in the 

highest velocity maps. Again, these demonstrate the sensitivity of the interferometer to clumping in 

the ambient medium; they presumably have little or nothing to do with the disk. Nevertheless, the 

overall agreement between the calculations and the observations is quite good. 

GM Aur is another example in which both the morphology and the dynamics of the molecular 

emission suggest a molecular disk around the star. The disk extends over many hundreds of astronom

ical units. The line intensities require the outer parts of the disk to be warmer than they would be 

under heating by accretion or direct illumination by the central star. This result is consistent with the 

strength of the l .3mm continuum flux, 180mJy, and the relatively flat spectral energy distribution. 

A stronger test of the disk model requires better spatial resolution and, perhaps, observation 

of molecules less abundant than 1 3CO.  Already, it seems likely that HCO+ may be a good tracer 

of the dense parts of disks (Blake, van Dishoeck, and van Langevelde 1993). Although technically 

difficult, higher resolution (sub-second of arc) observations would match the observed scales with 

those responsible for the spectral energy distributions. There are rather strong expectations of disk 

structure based on the observations of the spectral energy distributions in the far infrared at scales of 

a few tens of AU. It is at that point that our observations will really begin to test current disk theory. 
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Figure 2 :  The two columns on the left show a series of channel maps of GM Auriga; the right hand 
columns are artificial maps calculated from a model of an inclined disk with the major axis at 140° 
(Koerner, Sargent, and Beckwith 1993 ) .  
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The gravitational, magnetic, and thermal stability of protostellar disks is reviewed. Large 
scale (global), one-armed gravitational instabilities can dominate the evolution of young, 
relatively high mass disks. If the instability is sufficiently violent, the disk may fragment 
into a binary companion to the central protostar. When the ratio of the disk mass to the 
stellar mass decreases via mass accretion below the critical value 0.314, global gravitational 
disturbances are stabilized, and the disk evolves due to small scale (local) instabilities. 
In cool, dusty, and nearly neutral protostellar disks, thermal convective instability is the 
dominant mechanism driving the evolution of disks. 
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I. Introduction 

Protostellar disks form during the star formation process because collapsing molec

ular clouds rotate. During the collapse, each fluid parcel preserves its angular momentum 

and is prevented from falling directly into the center by a centrifugal barrier. By symmetry 

a geometrically thin disk of matter is built up around the central protostar. Collapse 

calculations indicate that a substantial fraction of the molecular gas falls onto the disk rather 

than directly onto the protostar and that the star gains much of its final mass through disk 

accretion1 •2l . The collapse phase, during which the disk is created, typically lasts less than 

about 105 years3l . The size of the disk and the partitioning of mass between the star (of 

mass M.) and the disk (of mass Md) is determined by the mass and angular momentum 

distribution in the collapsing cloud. For a uniformly rotating molecular cloud core, Cassen 

and Summers4l estimate that Md/M. � 1 after 803 of the molecular core mass is accreted. 

The physical mechanism that drives the accretion of mass through the disk and onto 

the star is uncertain. We believe that different processes are responsible for disk accretion 

during different evolutionary epochs. Furthermore, different processes probably govern the 

accretion process in different parts of the disk at the same epoch. We will discuss some 

of these mechanisms in detail below. However, as Lynden-Bell and Pringle5l elegantly 

demonstrated in 1974, whatever physical process responsible for the accretion must transport 

angular momentum outwards in the disk. This can be seen as follows. Consider a centrifugally 

supported disk with rotation rate n(r ). Dynamical stability (to axisymmetric disturbances) 

requires the specific angular momentum h = nr2 to increase outwards: dh/dr > 06•7l . 

Although the total mass and angular momentum of the disk must be conserved, the total 

disk energy can be lowered because energy can be radiated. Any process then that allows 

mass to flow inwards, where it becomes more tightly bound in the gravitational potential 

well, will lower the energy of the disk. However, in order to flow inwards to smaller radii 

this mass must lose some of its orbital angular momentum (because dh/dr > 0). In order 

to conserve total angular momentum, the inward flow of mass (the accretion process) must 

be accompanied by an outward flow of angular momentum. The evolutionary timescale for 

the accretion is determined by the rate at which physical processes in the disk can transport 

angular momentum outwards. A signature of the accretion process is the radiation emitted 

by the disk, which has been observed and modeled in numerous young stellar objects8•9 •10l . 

The equations governing the evolution of an accretion disk can be derived from 

considerations of mass and angular momentum conservation1 •5•11l . The rotation rate is 

determined from 

(1) 

where <I>. is the stellar gravitational potential, <I>d is the disk self-gravitational potential, and 

17 is the disk enthalpy. The surface density � is governed by 

a� 1 a 
- + - - (r�vr) = 0, at T OT (2) 
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where vr is the (outward) radial velocity in the disk. All the torques acting on the disk 
matter produce radial flow according to 

vr = (dh) -1 [-___!_ � (ra Ev 
an) dr rE ar ar (3) 

In this equation, the first term on the right-hand-side is the velocity caused by local viscous 
stresses (characterized by a shear viscosity v), the second term is that caused by the local 
deposition of angular momentum carried by waves (:F is the outward wave flux of angular 
momentum), and the third term is that caused by an external torque per unit mass T (which 
might represent the effects of an imposed external magnetic field or the back torque on the 
disk due to an outflowing wind). Given an equation of state to relate the enthalpy to the 
surface density and a prescription for the viscosity, the wave flux, and the external torque 
as a function of the variables r, t, and E, equations (1)-(3) can be integrated to yield the 
evolutionary behavior of an accretion disk. The primary difficulty is to deduce physically 
valid forms for v, :F, and T in the appropriate regimes. 

II. Eccentric Gravitational Instabilities 

Disks are stable to short wavelength axisymmetric disturbances if the Toomre Q 

parameter exceeds unity everywhere71. In terms of the epicyclic frequency "' defined by 
,,,2 = r-3dh2 /dr and the sound speed c. defined by c� = Edri/dE, the Toomre parameter is 
Q = K-c,/7rGE. In young stellar objects the disk mass is typically much less than the stellar 
mass except during the early stages (during and just after the formation of the disk) when 
the two may be comparable. The self-gravitational potential therefore does not dominate 
the stellar potential in equation (1), and the rotation curve is roughly Keplerian, n <X r-3/2, 
and "' � n.t If the Toomre condition is violated anywhere (Q < 1) dynamically growing 
localized instabilities can lead to local heating that will raise the temperature (and c,) and 
return the disk to a marginally stable state (Q � 1)121. We therefore consider only disks that 
are axisymmetrically stable to Toomre's criterion. In such disks, however, nonaxisymmetric 
propagating disturbances can still be unstable. These spiral density waves are characterized 
by a pattern speed, nP, at which they rotate and an azimuthal wavenumber m, which gives 
the number of spiral arms. A characteristic radius for the wave is its corotation radius re 
where f!(rc) = fiv· From a consideration of the principal ranges of propagation of spiral 
density waves, it can be shown for m � 2 that a wave is localized around its corotation 
radius and cannot propagate globally throughout the disk13•141. A gravitational instability of 
m � 2 spiral modes will therefore be of a localized nature and can be treated like a viscosity 
(see below)12l . 

Adams, Ruden, and Shu141 (hereafter ARS) showed that one-armed (m = 1) 
instabilities do not suffer from this localization problem in nearly Keplerian disks such 

t The enthalpy term is negligible in geometrically thin (cool) disks: \ri \  � \<I>. + <I>d\ ·  
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Fig. 1. A one-armed m = 1 global spiral density wave can be constructed 
from appropriately nested elliptical gas streamlines in Keplerian potentials. 
The cross marks the position of the protostar. Additional disk self-gravity 
is needed to make a one-armed mode in realistic protostellar potentials. 

as those around protostars. The reason this mode is of primary importance is that an 
m = 1 disturbance perturbs initially circular gas streamlines into ellipses (i.e., it generates a 
small eccentricity). In exactly Keplerian potentials elliptical orbits do not precess in space, 
therefore, a true global mode of oscillation (with nP = 0) can be constructed from nested 
ellipses (see Figure 1). In the nearly Keplerian potentials of protostellar disks, a small 
amount of self-gravity is needed to give the slight precession rates a single uniform value 
in order to make a global modal oscillation. Furthermore, it is important to note that the 
m = 1 instability concentrates mass towards one side of the disk (at the expense of the other 
side); hence, the protostar must be displaced away from the geometric center of the system 
to keep the center-of-mass fixed. 

ARS found the m = 1 modes to be exponentially unstable with growth rates 
comparable to the orbital frequency at the outer edge of the disk as long as the Q value 
does not exceed about 3 in the outer disk regions. The growth time is less than a thousand 
years for typical protostellar disk systems making this a relatively violent instability. In 
an analytical study, Shu, Tremaine, Adams, and Ruden15l (hereafter STAR) elucidated the 
nature of the instability. In an m = 1 disturbance the protostar is periodically displaced from 
the geometric center and it acts like a gravitational oscillator that generates waves in the 
outer disk regions beyond corotation. If these waves propagate in a manner that preserves 
their phase coherence with the oscillator (the protostar), a self-excited, growing disturbance 
is created. STAR named this instability mechanism by the acronym SLING: "Stimulation by 
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the Long-range Interaction of Newtonian Gravity." For the instability mechanism to work, 

ST AR showed the following conditions must be met. 
1) The outer disk edge must be reasonably sharp in order to reflect waves back into 

a "resonant cavity'' between corotation and the edge. Disks in which the surface 

density falls very gradually to zero will absorb waves, and one-armed disturbances 

will not grow. Fortunately, Ruden and Lin161 have shown that viscous diffusion in 
protostellar disks, where the viscosity depends in a nonlinear fashion on the surface 

density, will naturally lead to sharp edges. 

2) The disk must be cool enough for the Toomre Q parameter to be less than about 5 
or pressure effects will stabilize m = 1 modes. 

3) A finite threshold exists for SLING amplified modes. For Q ;(; 1, the ratio of the disk 
mass to the stellar mass must be larger than the critical value 0.314 for the m = 1 

instability to occur. If the disk mass is less than this value and if Q exceeds unity 

everywhere, then the disk can at best only be weakly overstable to any m-armed 

instability. 

In protostellar disks above the critical mass ratio, we can envisage two distinct types 
of evolution. In the first scenario, the one-armed instability never goes violently nonlinear, 

and the m = 1 wave transports mass, energy, and angular momentum globally through the 

disk14,15l. The m = 1 wave angular momentum flux is :F � 7rr2E ovr ove with ovr and ove 
being the perturbed radial and tangential velocities, respectively. The linear theory used 

by ARS and ST AR cannot estimate the magnitude of this wave flux, but if its value and 

radial form were known, then equations (2) and (3) would determine the disk evolution. We 
can estimate from equation (3) that the wave flux :F will dominate the viscous diffusion of 

angular momentum when the wave amplitudes satisfy 

(4) 

Since the right-hand-side of this expression is typically much less than unity in protostellar 

disks16 ,191 (see below) we see that even moderately "sonic'' wave amplitudes will suffice for 

the one-armed modes to dominate the evolution of relatively massive disks. In the second 

scenario, the wave amplitude becomes so nonlinear that the one-armed instability causes 

the outer disk (the region between corotation and the edge) to fragment gravitationally into 

a companion body whose mass is roughly comparable to the disk mass. In this way, binary 
companions to stars can be formed. Their separations will be of order the disk sizes observed 

(� 10 - 100 AU), and their mass ratio will be of order 0.1 - 1 (recall the instability will not 

work for very low mass disks). 

III. Viscous Evolution 

As a young stellar object evolves, mass is transferred from the disk to the star. 

Eventually the ratio Md/M* will drop below the critical value 0.314, and rapidly growing 



290 

gravitational instabilities will shut off. The star I disk system enters the phase of purely 

viscous evolution driven by whatever local process can lead to efficient angular momentum 
transport. This phase of evolution has received extensive theoretical study5•11 •16•17•18•19•20•21l. 
The prime problem in accretion disk physics is to understand the origin and magnitude 
of the viscous torque in the disk, i.e., the value of v in equation (3). It is easily shown 
that ordinary atomic or molecular viscosities are too small by many orders of magnitude 
to lead to astrophysically interesting evolutionary timescales. Thus it is widely assumed 
that the fluid flow in the disk is turbulent and that angular momentum is transported when 

fluid elements carrying different amounts of specific angular momentum mix together in 
turbulent eddies. We must point out however that there is no proof that thin accretion disks 
are generically unstable to fluid turbulence. 

In a turbulent disk, we expect the largest eddies to be responsible for the angular 

momentum transport because they couple together regions of the disk with the largest 
differences in specific angular momentum. If the largest eddy size is Ht (in the radial 
direction) and its turnover speed is Vt, the turbulent viscosity is of order 

(5) 

Since the eddy size is  almost certainly less than the vertical scale height of the disk, which is 
easily shown to be H � c,/n from the requirement of vertical hydrostatic equilibrium, and 
since the eddy velocity is less than the sound speed for subsonic turbulence, we can rewrite 
equation (5) as 

c� 
v = °' Cs H = °' n '  (6) 

which is the famous "alpha" prescription of Shakura and Sunyaev21J that lumps all the 
uncertainties about the turbulence into the unknown parameter a �  (Ht/H)(vtfc,) $ 1. 

If a particular fluid dynamical mechanism or instability is proposed for the origin of the 
turbulent viscosity, the parameter a may be calibrated by comparing equations (5) and (6). 
In most treatments, a is simply treated as a constant parameter. We will consider next some 
of the physical mechanisms that may be responsible for viscosity in protostellar accretion 
disks. Although the qualitative nature of disk evolution is not particularly sensitive to 
the origin for the turbulence, the quantitative evolutionary timescales do depend on the 
magnitude of the viscosity. 

III A. Magnetic Instabilities 

Shakura and Sunyaev21J pointed out that the Maxwell stresses associated with a 
tangled magnetic field in a disk will lead to an effective viscosity where a � v�/ c�, where 

VA is the Alfven velocity. Since magnetic flux tubes are buoyant and can be lost from the 
disk22l, the magnetic pressure is most likely limited to be comparable in magnitude to the 
thermal pressure, which implies that a $ 1. 
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The most important recent idea on the origin for viscosity is the suggestion by Balbus 
and Hawley23•241 (hereafter BH) that a disk threaded by a weak vertical magnetic field is 
unstable to axisymmetric shear instabilities. Based on a local analysis of the disk, they argue 
the instability grows at nearly dynamical rates (� n), its maximum growth rate is insensitive 

to the strength of the magnetic field (for weak fields whose magnetic pressure is less than 
the thermal pressure), the instability is unaffected by small radial or toroidal fields, and the 
only requirement for instability is that the angular velocity decrease outwards (dO/ dr < 0). 

Keplerian disks clearly satisfy the latter condition and may be unstable provided a small 
poloidal seed field is present. The mechanism for the proposed instability is that as a fluid 
parcel, threaded by a small, frozen-in vertical magnetic field, is perturbed (outwards, say) 

the field lines stretch, and their tension tries to restore the parcel to its initial position (which 
is stabilizing). However, the field lines also resist azimuthal shearing and attempt to enforce 
rigid rotation of the parcel at its new, larger radius. This magnetic torque on the parcel 
gives it additional angular momentum, which drives the parcel still farther out (which is 
destabilizing). For sufficiently large wavelengths, the magnetic restoring forces are smaller 
than the (destabilizing) azimuthal stresses, and the instability proceeds with neighboring 
regions of high and low angular momentum interpenetrating and mixing. As the instability 

progresses and field lines are stretched, the magnetic field energy increases. BH suggest 
two mechanisms for saturation. In the first, the magnetic field increases until the critical 
unstable wavelength exceeds the disk height, at which time the shear instability should shut 
off; this corresponds to a � 1. In the second, magnetic reconnection limits the maxim\lm 
field strength, and a is probably significantly less than unity. In either case, the proposed 
magnetic instability provides an interesting origin for the angular momentum transport in 
Keplerian disks. t 

However, in cool disks around protostars, the ionization fraction is so low261 that the 

assumptions of field freezing break down, and the Lorentz forces, which act only on ions, 
are only weakly transferred to the dominant neutral component. Thus it is unlikely that 
this instability provides the dominant viscosity mechanism in the cool midplane regions of 
protostellar disks. The BH mechanism however may be the origin of viscosity in the disk 
regions within a few stellar radii of the protostar where the temperatures are high enough 
for there to be significant ionization and where there is a natural source for the poloidal 
magnetic field, namely, the protostar. Shu (personal communication, 1992) has suggested 
that farther from the star the topmost surface layers of the disk may be ionized sufficiently 
by cosmic rays for the ion-neutral coupling to be sufficient for this instability to provide 
some viscosity. In these regions one may have both a magnetic and convective (see §III B) 
origin for turbulence. 

t However, see Dubrulle and Knobloch25l for a dissenting view. 
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III B. Thermal Convective Instabilities 

In nebular regions where the temperature is less than ,..., 1500K, micron-sized dust 
grains will condense out of the gas. The dust will dominate the opacity, and its presence 
will be the key ingredient for determining the vertical thermal structure of the disk. In 1980 

Lin and Papaloizou27l demonstrated that the vertical temperature gradient in disks will be 
unstable to convection if the temperature dependence of the opacity is sufficiently large. In 
dusty, solar composition, molecular gas the opacity is found to be sufficiently temperature 
sensitive28l for thermal convection to occur throughout most of the interior of the disk. Lin 
and Papaloizou proposed thermal convection as the origin for turbulent viscosity. 

To estimate the magnitude of the convective viscosity Ruden and Lin16l constructed 
detailed vertical structure models of cool nebular disks and using a mixing-length prescrip

tion for convection, determined that the convective viscosity could be well represented by 
a Shakura and Sunyaev alpha-law with a � 10-2• Using a different model for convective 
turbulence Cabot, et al.201 found that a is in the range 10-3 - 10-2, while Ruden, Pa
paloizou, and Lin29l estimated a to be in this same range from a linear perturbation analysis 
of axisymmetric convective modes. 

Ryu and Goodman30l have analyzed the behavior of linear, nonaxisymmetric, con
vective wavelets in a sheared disk and found that although there are exponentially growing 
solutions they seem to carry angular momentum the wrong way- inwards - which called into 

question the role of thermal convection for angular momentum transport. Recently how
ever, Lin and Papaloizou31l and Ruden and Korycansky32l have used different techniques to 

analyze the angular momentum transport in linear, nonaxisymmetric convection. Both sets 

of authors find that there are indeed convective disturbances that carry angular momentum 
outwards. These disturbances grow at rates that depend on the degree of superadiabaticity 

of the vertical temperature gradient. Thus, as long as fully developed, nonlinear convection 

retains similar properties to the linear modes discussed here, the theoretical basis for a 

convective turbulence is back on firm footing (see Figure 2). 

Using the above calibration for alpha and with a detailed opacity table, self
consistent simulations of the viscous evolution of protostellar disks can be made16•19 •20l. 

These calculations find that (1) actively accreting disk lifetimes are in the range 105 - 106 
years, (2) mass accretion rates decrease from 10-5 to 10-s M0/yr as the disk is depleted, (3) 
much of the final protostellar mass is accreted through the disk, (4) evolutionary models are 

insensitive to the initial conditions except for the values of the total disk mass and angular 
momentum, (5) self-gravity is unimportant (Q � 1) for disks with Md/M. ;S 0.3 except at 
the cool, outer edge of the disk, and (6) disk radii can spread by a factor ;S 10 during the 
lifetime of the disk. These conclusions are in good accord with the observational lifetimes 

and luminosities of protostellar disks9•10l. 
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Fig. 2 .  Isothermal contours in the midplane of a convective disk for a modal 
disturbance centered at the corotation radius re. The view is in the frame 
rotating at the rate 11(rc) Hot, rising thermal plumes are shown with solid 
lines; cool, descending plumes with dotted lines. This figure illustrates 
a typical sheared convective mode that transports angular momentum 
outwards. From Ruden and Korycansky321. 

IV. Conclusions 

293 

The evolution of protostellar disks, from their formation to their dispersal, is 
governed by a variety of angular momentum transport mechanisms. The early stages, when 
the ratio of the disk mass to the stellar mass exceeds 0.314, are driven by global one-armed 
gravitational instabilities. Fragmentation into a binary stellar companion can occur during 
this epoch. As the disk becomes less massive relative to the star, large scale gravitational 
disturbances are stabilized, and the disk evolves due to localized turbulent viscosity. The 
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most likely origin for the turbulence in cool, dusty disks is thermal convection, but a 

magnetic origin cannot be ruled out for the inner, ionized regions of the disk. 
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Present theories of the formation and of the subsequent evolution 
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of Giant P lanets are briefly reviewed , and compared to observational 
data . 
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Giant planets are characterized by the presence of 

a high density core surrounded by a fluid enveloppe 

mainly composed of hydrogen and helium . The mass 

and size of the cores of Jupiter and Saturn are small 

compared to those of the planets while in Uranus in 

Neptune the H2-He enveloppes have a small mass 

compared to that of the planet . These structures are 

inferred from moments of the external gravitational 

field accurately measured from the trajectography 

of the two spacecrafts of the Voyager mission . 

( Hubbard , 1989 ) . The observable regions of all outer 

atmospheres are enriched in heavy elements relatively 

to the solar abundance ,  but those of Uranus and Neptune 

are much more enhanced in carbon at least , than Jupiter 

and Saturn ( Gautier and Owen , 1989 ) . The observed 

helium abundance seems to be protosolar in Uranus 

and Neptune , but not in Jupiter and Saturn . ( Conrath 

et al . ,  1991 , 1993 ) . The outer atmospheres of Uranus 

and Neptune but not those of Jupiter and Saturn are 

also enhanced in deuterium relatively to the protosolar 

abundance ( Gautier and Owen , 1989 J .  Finall y ,  Jupiter , 

Saturn and Neptune exhibit substantial sources of 

internal energy but not Uranus . 

These observational data strongly constrain theories 



of planetary formation and 

evolution . The most favored 

of their 

scenario 
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subsequent 

invokes a 

formation of the cores of giant planets from accretion 

of grains embedded in the nebula and composed of 

"rocks "  of silicates and minerals and of ices of CNO 

compounds ( HZO , CH4 or CO, NH3 of NZ ) .  Heating due 

to accretion presumably vaporizes a part of the ices 

which form a primary atmosphere of CNO compounds . 

The core grows and , w hen it reaches a critic al size , 

the material of the surrounding nebula is gravitationally 

attracted and mix with the primary atmosphere , leading 

to a gaseous enveloppe mainly made of H Z  and He 

in solar proportions but which is enriched in heavy 

elements relative to the solar abundance ,  in agreement 

with observations ( Mizuno , 1980 ) . 

After the giant planets have completed the accretion , 

they contract to their present sizes over the age of 

the solar system . Initially , their contraction is fast 

and . thus their size decreases rapidl y .  During a second 

contraction period , an increasing fraction of the fluid 

enveloppe attains high densities at which the fluid 

is much more incompressible . Accordingly , their rate 

of contraction sloes down while their luminosity 



decreases rapidly . At least Saturn and probably Jupiter 

should have completely cooled and should not exhibit 

any internal heat , contrary to observations ( Pollack 

and Bodenheimer , 1989 ) . The explanation is that 

molecular hydrogen becomes metallic at pressures higher 

than 1 .  5 to 3 Mbar . When the planet is sufficiently 

cooled , helium does not mix anymore with metallic 

hydrogen and migrates towards the center of the 

planets , liberating gravitational 

source of the observed internal 

abundance is then enriched in 

energy w hich 

energy . The 

the deep 

is the 

helium 

interior 

relatively to the protosolar value and depleted in 

the outer atmosphere , in agreement with observations 

( Stevenson , 1982 ) .  

Since the HZ-He enveloppe is relatively thin in Uranus 

and Neptune , the pressure never reaches the level 

where molecular hydrogen could undergo a transition 

to metallic phase . Therefore , no demixing of helium 

from hydrogen is expected . On the other hand , since 

Uranus and Neptune exhibit fairly similar masses and 

sizes , their evolution shoud have been similar . The 

absence of internal energy in Uranus , contrary to 

Neptune , is still an enigm a .  The interpretation of the 

enhancement of deuterium observed in Uranus and 
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Neptune ( and Titan ) , relative to the protosolar value 

is controversial . The ices in grains could have been 

enriched in deuterium through ions-molecules reactions 

in the Interstellar Medium , prior to the formation 

of the Solar System , as currently advocated ( Owen 

et al . , 1986)  . In such a case , grains should have 

survived to the collapse of the protosolar cloud , and 

not to have been reprocessed during t he subsequent 

mixing of elements in the nebul a .  Note that the question 

of the extent of the chemical homogeneity in the nebula 

is controversial ( see for the two opposite scenarios 

: Prinn , ( 1990 ) who prefers a well mixed solar nebula 

and Stevenson ( 1990 ) who advocates an i mperfect 

mixing ) .  Recent calculations based on laboratory data 

suggest that the enrichment in deuterium with respect 

to the protosolar value could have occurred in the 

nebula through the condensation of water ice ( Lecluse 

and Robert , 1994 ) . 
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According to popular belief, the early, hot Universe consisted of almost pure hydrogen 
with some 8% (by number) of helium thrown in and peppered with an almost negligible 
(but cosmologically very important) selection of light elements. At that time all matter was 
"Intergalactic" as no material had yet condensed into self-gravitating (proto-)galaxies, nor 
had any nuclear synthesis in stars enriched the primordial material. At look back times 
corresponding to redshifts between, say z=l and z=4, most matter is found as part of larger 
systems. Part, though, is thought to be in the form of "Intergalactic Clouds" ,  the Lya forest. 

In the local, cold Universe, no trace of Intergalactic HI (or Intergalactic Clouds for that 
matter) is seen, despite the many searches which have been conducted. All claimed detections 
of Intergalactic HI could, on subsequent inspection, be linked to optical counterparts, often 
low surface brightness dwarf galaxies. The only exception is the giant ring of HI in Leo within 
the M 96 group of galaxies. 

I will summarise the latest searches for Intergalactic HI clouds. Also, I will spend some 
time on everything which has been called Intergalactic HI but which is either enriched (i.e. 
not primordial) material or gravitationally part of a larger system or both. An example of 
the former is HI gas seen in absorption in cooling flows in clusters; an example of the latter 
is material flung to large distances from a galaxy due to tidal interactions. 

An exciting new result is the finding of HI companion clouds to actively star forming 
dwarf galaxies (also known as HII galaxies). Several of these objects have no obvious optical 
counterpart and might be of primordial composition. They just might be the remainders of 
the clouds which at larger redshifts cause the Lya forest. They, with the HI ring in Leo, are 
the objects which come closest to the definition of "Intergalactic HI" . 

1 The National Radio Astronomy Observatory is operated by Associated Universities, Inc., 
under contract with the National Science Foundation. 
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1. INTRODUCTION 

Many searches have been performed over the past two decades for Intergalactic HI. 
Despite a lot of effort, there still is no clear answer to the question if there is any such 
material in the local Universe. Excellent reviews, summarising the often-times frustrating 
quests have been written by Roberts ( 1988) and Briggs (1990) .  To the question, do we 
want Intergalactic HI to be present, the answer is a resounding yes! Firstly, it seems highly 
improbable for the process of galaxy formation to have been 1003 efficient. It is hard to 
believe that all material which at very early times was hot, gaseous, and virtually uniformly 
distributed has now been fully incorporated into galaxies. Secondly, there are many occasions 
where Intergalactic HI clouds are invoked to explain observations. For example, the proposed 
infall of gas clouds needed to explain some of the larger HI holes in nearby galaxies (Tenorio
Tagle & Bodenheimer 1988; van der Hulst & Sancisi 1988; Kamphuis & Briggs 1992) or the 
need to provide HI gas which circles galaxies in polar orbits (Briggs 1991) or which is found 
as counter-rotating material in elliptical galaxies (Bertola et al. 1990) or even spiral galaxies 
(Braun, Walterbos & Kennicutt 1992). 

As the term "Intergalactic HI" has been used by many authors, each interpreting it 
differently, I think a clear definition is called for. A description which I particularly like was 
given by Mort Roberts in his 1988 review: 

The concept, the possibility of intergalactic matter is not a new idea in astronomy. 

And, as we shall see, there is indeed matter between the galaxies, in special places and 

under special circumstances. What would be new and exciting would be the finding 
of an isolated cloud of such matter. One well separated from galaxies, having no 

stellar component, a cloud of gas alone. Such clouds appear to be frequent at high 
redshifts. They have yet to be found locally. 

Before one rushes to the nearest telescope to search for such clouds, it is wise to ask 
oneself what the typical masses and column densities are likely to be. This will largely be 
dealt with in the next section. After that I will review the various search strategies which have 
been employed, updating the reviews by Roberts (1988) and Briggs ( 1990). I will start with 
searches for Intergalactic HI at high redshift and gradually move to the local environment . 
In the last section I will present a new method which consists of searching for HI clouds 
near star forming dwarf galaxies. This might be a very efficient way of finding candidates for 
Intergalactic HI clouds. 

2. EXPECTED CHARACTERISTICS OF INTERGALACTIC HI CLOUDS 

What range of masses, temperatures or HI surface brightnesses can we actually expect? 
I assume that the reader is familiar with the basics of HI radiation transfer. A good summary 
is given by Kulkarni & Heiles (1988) whose notation I will follow. Their equation (3.2) shows 
that, using the Rayleigh-Jeans approximation for the Planck law, the equation of radiation 
transfer at radio wavelengths can be written as: 



dTs 
dr(v) 

= T, - Ts(v) 
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( 1 )  

with T, the spin temperature of the H I  cloud, Ts the brightness temperature as seen by the 
receiver as a function of frequency and T the optical depth. This equation can be solved in 
the case of a homogeneous isolated HI cloud embedded in a background radiation field with a 
brightness temperature of n9• Employing e r  as an integrating factor, one finds the following 
relation: 

(2) 

When making a typical observation, one always measures the emission with respect to the 
background level. So, in general one measures a f:,,Ts as follows: 

(3) 

This has some interesting consequences for intergalactic atomic hydrogen gas. Suppose that 
the spin temperature of the HI cloud is of the same level as that of the background. In this 
case no emission can be detected; the only way to spot it would be through a measurement 
of HI in absorption against a suitably located and more distant background source. At the 
current epoch the temperature of the Cosmic Microwave Background according to the latest 
COBE results is n9 = 2.736 K. Do we expect Intergalactic HI clouds to be as cold as this, 
i .e. , is there any sub-thermal HI? By the way, this would be about as cold as one can get in 
The Cold Universe! The answer is, probably not. In the relatively dense interstellar medium, 
such as in the Cold Neutral Medium in the Galaxy, collisional excitation will ensure that the 
spin temperature reflects the kinetic temperature of the gas. In more rarefied environments, 
Deguchi & Watson ( 1985, and references therein) have shown that most HI will achieve a spin 
temperature which is close to the kinetic temperature of the cloud due to Ly a-excitation (see 
also Kulkarni & Heiles 1988). Even the very diffuse HI cloud discovered by Schneider et al. 

( 1983; see below for a more detailed discussion) is probably dense enough at a column density 
which is generally larger than 1018 atoms cm-2 for its HI to avoid becoming sub-thermal. 

As a matter of fact, when HI clouds reach these low surface densities another effect will 
become important. This is ionisation by the extragalactic UV radiation field (Maloney 1993). 
Using his equation (2) and an ionising flux of 104 photons cm-2 s-1 one can calculate that HI 
clouds should have a column density larger than about 1019 atoms cm-2 in order to remain 
neutral. There is another interesting limit which is that, in order to avoid star formation, the 
column density of an HI cloud should remain below the empirical threshold for star formation 
which lies at around 1021 atoms cm-2 (Skillman 1987; Kennicutt 1989). 

These considerations imply that one can only hope to find Intergalactic HI clouds with 
surface densities in the above range, i.e., between 1019 and 1021 atoms cm-2 . For clouds 
with dimensions of typically 1-10 kpc this translates to HI masses of between 106 and 109 
M0 . Anyway, clouds smaller in mass than 106 M0 are too fragile to have survived the much 
harsher environments at large redshift (Ostriker 1988). 



3. SEARCHES FOR INTERGALACTIC HI 

3.1 Searches for Intergalactic HI at High Redshift 

Several groups are attempting to probe HI in the early Universe by searching for HI in 
absorption against the highest redshift objects such as QSOs and, at somewhat lower redshifts 
of z � 3, against radio galaxies. Briggs ( 1988) presents a summary of the many attempts and 
few successes to detect HI in absorption. All absorption to date can be traced to originating 

in metal rich, thus not primordial, systems. Womble (1992) confirms this picture. Her study 

of QSO-galaxy "pairs" shows that when HI absorption is seen, the intervening galaxy is often 
disturbed or undergoing an interaction. This increases the area on the sky over which matter 

is distributed, thus increasing the probability for a line of sight towards a more distant object 

to cut through this enriched material. 

These results are really only the beginning. Many searches are at present restricted 

by the limited frequency range covered by today's receivers. For example, at the NRAO

Very Large Array the P-band receivers which operate from 300 to 340 MHz span a redshift 

range of z = 3.2 to 3.7. The new, frequency-agile front-ends of the 100-m Green Bank 
Telescope and the front-ends of the Giant Metre-wave Radio Telescope in India which are 

under construction, will open up this field. As an example of what can be achieved ,  a new 

result is the detection of HI in absorption at the redshift of the radio galaxy 0902+343 by 
Uson, Bagri & Cornwell ( 1991). The absorption is seen at the redshift of the radio galaxy 

and therefore is likely to originate within the galaxy, i.e., it is not intergalactic. 

Searches for HI · in emission at high redshift at present are inconclusive. Wieringa, de 
Bruyn & Katgert ( 1992), using the Westerbork Synthesis Radio Telescope, set interestingly 

low limits to the HI density at high redshift . The claimed detection by Uson et al. (1991) 

eagerly awaits confirmation. 

3.2 Links with the Lya Forest 

One component in spectra to QSOs which is thought to be due to Intergalactic Clouds 

is the ubiquitous Lya Forest. For recent reviews the reader is referred to Carswell (1988) and 

Weymann ( 1993). These clouds have very low neutral fractions of 10-4 to 10-5 and neutral 

column densities in the range of 1013 to 1016 atoms cm-2 , far too low to be detectable with 

current radio techniques and, as they are ionised clouds rather than atomic, outside the scope 

of my review. Still, I would like to spend a few words on them as it is interesting to note that if 

a Lya forest cloud were to approach a neutral fraction of about one, its column density would 
fall in the range expected by Intergalactic HI clouds. The fact that quite nearby examples of 

Lya clouds have been found ( Morris et al. 1991, Bahcall et al. 1991) is especially exciting. 

Note, however, that some Lya lines are linked to metal lines, i.e., enriched material, and that 
part of the absorption might occur in the ionised extension of the disks of spiral and irregular 

galaxies (Maloney 1992). 
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3. 3 Cooling flows 

More for completeness than anything else I will mention cooling flows briefly (see e.g. 
Fabian 1992). Large clusters of galaxies have been found to contain X-ray emitting gas. If 
the density near the centre of the cluster reaches high enough levels, cooling becomes efficient 
and the cooling time becomes short compared to a Hubble time. With the cooling, the 
pressure at the centre drops and gas starts moving inwards: a cooling flow is set up. Once 
gas cools, it is not clear at which temperature it will settle. Ha filaments, HI in absorption 
and in emission (see the review by Jaffe 1992) are all detected but, except for a CO detection 
towards NGC 1275, no molecular gas is seen (McNamara & Jaffe 1993). Obviously, we are 
dealing with gas which is bound to the dominating cluster member and which is enriched. 
So, although one might claim that a cooling flow moves between the galaxies of a cluster, one 
wouldn't consider this Intergalactic HI. 

3.4 Searches for Intergalactic HI in clusters 

Clusters have proved to be a rich hunting ground for Intergalactic HI candidates, espe
cially the Virgo cluster. Sancisi , Thonnard & Ekers (1987) discovered an HI cloud which is 
located half-way between the elliptical NGC 4472 and the dwarf irregular galaxy UGC 7636. 
More recent observations by Patterson & Thuan (1992) and Henning, Sancisi & McNamara 
(1993) confirm the picture originally proposed by Sancisi et al. that the HI cloud consists of 
gas which had belonged to the dwarf galaxy but which has been stripped due to ram-pressure 
exerted by the X-ray halo surrounding NGC 44 72. So, it is not a true Intergalactic HI cloud. 

Another cloud in Virgo is the object discovered by Hoffman et al. ( 1992b ). They show 
a large cloud of HI gas enveloping the galaxies NGC 4532 and DDO 137. The extended cloud 
moves at velocities which are lower by about 200 km s-1 compared to the systemic velocites 
of both galaxies. Hoffman et al. suggest that this material is gravitationally bound to the 
system and is therefore not classifiable as Intergalactic HI. 

Again in Virgo, Giovanelli and Haynes (1989) described an object which they initially 
called an Intergalactic HI cloud. On closer inspection this cloud proved to be made up of 
two components, as shown in Figure 1 which is taken from their follow-up article (Giovanelli, 
Williams & Haynes 1991). The northern component coincides with what seems to be a dwarf 
galaxy whose characteristics have been summarised by Salzer et al. (1991) .  Interestingly, 
the southern component doesn't have an optical counterpart. Therefore, although the initial 
claim by Giovanelli and Haynes that they had discovered an Intergalactic HI cloud was mildly 
optimistic, subsequent study has shown that as far as the southern component is concerned, 
they might indeed have found such an object! I will come back to this in section 4. 

There have been plenty of other searches for Intergalactic HI clouds. An important piece 
of work is that by Hoffman et al. ( 1989) in which they survey about 3% of the volume of the 
Virgo cluster. They set a limit to the number of Intergalactic Clouds with HI masses 2': 3 x 107 
M0 of ::; 100 for the entire volume. Hoffman, Lu & Salpeter ( 1992a) looked at the nearest 
void, i.e. , perpendicular to the plane of the Local Supercluster. Again, no intergalactic gas 
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Fig. L Column density map of HI 1225 + 01 at a resolution of 3.3 arcmin (Giovanelli et al. 1991). 
Contour levels correspond to 2, 5 ,  10, 20, 30, 40, 50, 75, and 100 X 1018 atoms cm -z . 

is found by them and they put an upper limit of about 5% of the closure density in the form 
of clouds with MHJ :'.'.'. 5 x 106 M0· 

Weinberg et al. ( 1991 )  performed a "blind" HI survey of the Perseus-Pisces supercluster 
and the foreground void. Again, no HI clouds with masses :'.'.'. 108 M0were found in the void 
field, leaving no room for a substantial population of HI dwarfs or Intergalactic Clouds. They 
did find plenty of dwarf companion galaxies to the bright galaxies (see also the review by van 
Gorkom 1993). Simpson & Gottesman ( 1993) report on a search for HI in a void and in a 
cluster, finding three previously uncatalogued objects. Spitzak & Schneider ( 1992) claim to 
have completed the most definitive systematic survey to date, finding some 39 new objects. 
Further study will prove if any of the objects found by these groups is without an optical 
counterpart. 

It should be stressed that all of these studies had more than sufficient sensitivity to find 
HI clouds in the expected mass range, i.e. from 106 to 109 M0. Briggs ( 1990), compiling data 
from earlier searches, makes the point that current evidence doesn't support the increase in 
space density of such objects which was proposed by, e.g., Tyson & Scalo ( 1988). Intergalactic 
HI clouds seem either not to exist, or not to be where we expect them to be, or in a physical 
state which makes them hard to detect. 
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3. 5 Intergalactic HI and tidal interactions 

Fig. 2. Contour map of the HI column 
density distribution in M 81 .  The con
tour interval is 5 x 1020 atoms cm -2 • CO 
was detected at  the eastern edge of Con
centration I. This is marked with a cross 
(Brouillet et al. 1992). 

Recently, several authors have claimed that tidal interactions can "spawn" dwarf galaxies. 
This has been discussed at this meeting by Mirabel (see also Mirabel, Lutz & Maza 1991; 
Mirabel, Dottori & Lutz 1992; Barnes & Hernquist 1992; Elmegreen, Kaufman & Thomasson 
1993; Hibbard et al. 1993). Brouillet, Henkel & Baudry (1992) detected a CO(!)  signal from 
what they consider to be an intergalactic molecular complex (see Figure 2) .  Fascinating as 
this detection may be, it doesn't fit the description of an Intergalactic HI cloud as, firstly, it 
contains enriched material, and secondly, it clearly is a result of the complex tidal interaction 
which is going on in the M 81-M 82-NGC 3077 group of galaxies. A nice presentation of 
the complexity of the interaction is given by Yun e t  al. (1993). Current models predict 
that the self-gravitating bodies produced by an interaction are composed of stars and gas. 
This would make it easy to discriminate them from Intergalactic HI clouds. However, if 
interactions can produce dwarf-like clumps from the outermost, gaseous, and presumably 
metal-poor regions of galaxies, then these clumps, once self-gravitating, would be hard to 
distinguish from primordial objects. 
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9. 6 The HI Cloud in Leo 

Fig. 3. Distribution of the Intergalac
tic HI in the M 96 group at a resolu
tion of 3.3 arcmin. Contour levels cor
respond to 2, 4, 8, 16, 32, and 64 X 
1018 atoms cm-2 . The optical dimen
sions of nearby galaxies are outlined 
with dots. Image taken from Schnei
der ( 1991). 

There is one object which seems to be truly an Intergalactic HI cloud: the giant HI 
ring encircling NGC 3384 and M 105 in the M 96 group of galaxies in Leo. The discovery was 
reported by Schneider et al. (1983) and an updated description was given by Schneider ( 1991) .  
The HI forms an inclined ring with a diameter of some 200 kpc, an estimated dynamical mass 
of 5.6 x 101 1 M8, and a rotation period of 4.1 x 109 years. Figure 3 shows an HI column density 
map of the ring. HI clumps in the ring have peak column densities of 4 x 1020 atoms cm-2, 
i.e., below the threshold for star formation. As reported by Schneider et al. (1989), the 
cloud has been detected only in HI and possibly in Ha. This strongly suggests a primordial 
composition and an intergalactic nature, especially in the light of the long timescale involved 
for rotation. Still, it can't be ruled out that the gas is due to tidal forces within the Leo 
group of galaxies. 

4. DWARF GALAXIES AND INTERGALACTIC HI CLOUDS 

As was mentioned above, one of the components of the object which was found by 
Giovanelli & Haynes seems devoid of any stars and might be primordial (Salzer et al. 1991 ) . 

Another, somewhat similar object is II Zwicky 33, where a companion HI cloud is found 
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Fig. 4. Integrated HI column density 
map of Haro 26 showing its two compan
ion cloudlets, one at its north-eastern tip 
and the other one 4 arcmin to the south. 
The resolution is about 19 arcsec. Con
tour levels correspond to 1.5, 3, 6, 20, 30, 
45, and 60 x 1020 atoms cm-2 (Taylor et 
al. , in preparation) .  

which has almost the same size and mass as the star-forming dwarf, but without any clear 
presence of a stellar population and with only marginal star-forming activity (Brinks 1990). 

A third example might be II Zwicky 40, again a dwarf galaxy which is undergoing a burst of 
star formation and which is one of the prototypical "extragalactic HII regions" (also referred 
to as Blue Compact Dwarfs or HII galaxies) .  This object seems to consist of two HI clouds 
which are merging. Star formation is restricted to the northern cloud; no stellar component 
is seen in the southern part (Brinks & Klein 1988). 

This suggests that it might pay off to search for companion HI clouds to star forming 
dwarf galaxies. The idea being that the star burst, which turns the dwarf galaxy into a beacon, 
is induced by the interaction, either with another dwarf or perhaps with an Intergalactic HI 
cloud. A pilot survey has been carried out by Taylor, Brinks & Skillman (1993) with an 
encouraging sucess rate. A statistically more complete follow-up survey of some twenty 
galaxies has resulted in a 75% detection rate thus far. Higher resolution observations, which 
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might uncover some further companion clouds, remain to be done. Figure 4 shows, as an 
example, Haro 26 as observed with the VLA, combining C- and D-array observations. One 
companion is seen near the north-eastern tip of Haro 26, a second companion is seen 4 
arcmin to the south. At present there are more questions than answers. A first priority 
will be to make optical follow-up observations of our HI detections. Preliminary work shows 
that some HI clouds have optical counterparts; others might be without stars, and perhaps 
primordial. Also, it is not known if the dwarf companions are merely ships passing in the night 
or if they are gravitationally bound to the HII galaxies. The general properties of these HI 
companion clouds match remarkably well those of the Lya forest in terms of their size, velocity 
dispersion and HI column density (taking into account the high ionisation fraction, of course) 
and they might be, as speculated by Taylor et al., the local counterparts. Our finding of 
dwarf companion clouds has gained significance by the detection of a population of faint blue 
galaxies at redshifts of z=0.2-0.6 (see Colless et al. 1993 and references therein) which might 
indicate merger-dominated galaxy evolution or bursts of star formation in dwarf galaxies. 
This would make these HI clouds even more interesting as they might be the remnants of the 
units from which galaxies were formed in the first place. 

5. CONCLUSIONS 

The current state of affairs regarding Intergalactic HI is embarrassing. Searches for HI in 
emission or in absorption at high (z > 3) redshift are still in their infancy. At lower redshifts, 
there seems to be plenty of intergalactic gas, the Lya forest, but it is highly ionised. Some of 
it might be primordial. At low redshifts dedicated searches for Intergalactic HI have turned 
up plenty of dwarf galaxies and dwarf companions to larger galaxies, but no primordial HI 
clouds. The only Intergalactic HI cloud is the M96 cloud detected serendipitously by Schneider 
( 1983). However, there is hope, as is shown by the Giovanelli & Haynes cloud in Virgo and 
the subsequent detection of HI companion clouds to HII galaxies (Taylor et al. 1993). But, 
there are still plenty of mysteries. The HI companions near HII galaxies show that there are 
objects which come tantalisingly close to Mort Roberts' description of an Intergalactic HI 
cloud. But then, why do we seem to find them only there? Plenty of searches for objects of 
similar mass have been fruitless, as aptly demonstrated by Briggs ( 1990). Are they perhaps 
so diffuse that they are ionised by the extragalactic UV radiation field (Maloney 1993) or are 
they sub-thermal? Do they need to be gravitationally disturbed by an interaction in order to 
enhance their density to make them detectable? Despite the low emission measures which are 
expected, it might be profitable to look for Intergalactic Ha clouds. Similarly, what about 
Schneider's cloud in the Leo group of galaxies? It would be disturbing if that would be a one 
of a kind, as, to date, it is the best example of Intergalactic HI of which we know. No doubt, 
the quest for Intergalactic HI will continue. 
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ABSTRACT 

Maser emission has been detected in numerous external galaxies in both OH and 
water transitions. Isotropic luminosities can be quite high and in some cases 

exceed those of typical Galactic sources by a factor of million, hence the name 
megamasers. Water masers appear to be directly associated with star forming 

regions and are generally similar to those observed in our own galaxy. OH 
megamasers, currently detected up to red-shift of z = 0.265, form a unique class 
of objects that marks a certain active phase in galaxy evolution. In spite of their 
spectacular luminosities, OH megamasers have modest brightness temperatures. 

They appear to be strongly correlated with the infrared signature of the host 
galaxy and are associated with either a Seyfert or a star burst phase. This review 
covers the properties of the maser emission, compares extragalactic to Galactic 
maser sources and attempts to deduce their meaning in terms of galactic 

evolution. 

1 .  INTRODUCTION 
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A fascinating and most important development in astronomy is the detection of molecules in 
external galaxies. Thus far, extragalactic maser emission has been detected in three molecular 
species: OH, H20 and H2CO. The last one is unique in that currently, more extragalactic (five) 
than Galactic H2CO maser sources have been detected. Most work on extragalactic masers has 
concentrated on studies of OH and H20, and these are the species that will be covered here. 

Additional material can be found in valuable reviews recently presented by Baan (1991 ,  1993). 

2. EXTRAGALACTIC H20 

2. 1 Galactic-Like H 20 Masers 

Extragalactic H20 maser sources divide into two classes. The first one includes 14 masers that 
closely resemble masers in Galactic star-forming regions, located outside nuclei of nearby systems 
(distances less than - 3 Mpc). Detailed summaries and tabulations are provided by Moran, 
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Greenhill and Reid ( 1991)  and Greenhill et al. (1990). These masers reside in either irregular 

galaxies (LMC, SMC, IClO) or the spiral anns of spiral galaxies (M33, IC342). At a detection 

level of 0. 1 Jy, M33 contains five H20 masers, the strongest among them is the Hn region IC 133 

with an isotropic luminosity Liso - 0.2 L0" By comparison, W49, the most powerful Galactic H20 

maser, reaches isotropic luminosity of - 1 L0 in its strongest phase while typical Galactic masers 

only have Liso - 10-4 
L0• High-resolution observations by Greenhill et al. ( 1990) affirm the 

similarity of IC 1 33 to W49. A synthesized map of the W49 maser source shifted from its 

Galactic distance of 10 kpc to the distance of M33, 720 kpc, shows close resemblance to the 

actual map of IC 1 33. 

In all likelihood, these masers are simply the counterparts of the Galactic H20 masers 

abundant in star forming regions, which are generated in shocks driven by powerful winds around 

newly formed stars (Elitzur, Hollenbach and McKee 1989). The detection in other galaxies 

enables statistical studies of the properties of these masers. Combining the statistics of detected 

sources with lack of detections in 22 nearby galaxies (including M3 l and M8 l),  Greenhill et al. 

( 1990) conclude that the number of masers N that have features more luminous than L is given 

by the relation 

log N = -0.6(1 + log L), 

where L is luminosity in units of L0 and -4 < log L < 0. Hence, if all the galaxies in the sample 

were similar to the Galaxy, each would host about four sources with features as luminous as -

0.01 L0 and one source with features as luminous as 0. 1 L0 (similar to W49). 

An exciting recent development is the first epoch measurements of maser proper motions 

in M33 (Greenhill et al. l 993a). This promises to provide kinematic-geometric extragalactic 

distances, removing some of the uncertainties from the detennination of the Hubble constant. 

2.2 H20 Megamasers 

The other class of H20 masers was discovered by Dos Santos and Lepine (1979) with the 

detection of strong 22 GHz emission from NGC 4945, a bright edge-on spiral galaxy. At an 

assumed distance of 4 Mpc, the isotropic luminosity is - 85 L0, almost two orders of magnitude 

more than W49 at its strongest phase. Subsequent discoveries brought the number of such 

extragalactic H20 masers to nine, with isotropic luminosities ranging from - 0.2 - 520 L0. 

Unlike the fonner class of extragalactic masers, these H20 masers occur at the nuclei of distant 

galaxies (distances ranging to - 1 6.5 Mpc). The linewidths of single features, ;:: 5 km s-1 , and the 

velocity extent of the emission, up to - 600 km s-1, are larger than typical values for Galactic H20 

masers. VLA mapping by Claussen and Lo (1986) of the masers in NGC 4258 and NGC 1068 

constrain their locations to regions with spatial extent less than 1.3 and 3.5 pc, respectively, at the 

center of each galaxy. Claussen and Lo conclude that the luminous maser emission originates in 

very dense molecular gas clumps in the immediate vicinity of a central source with mass outflow. 

The underlying assumption of this proposal is that in analogy with Galactic star-forming regions, 

the H20 masers are generated by the interaction of a powerful outflow with the surrounding 

medium, only in this case the wind originates from the nucleus of a galaxy rather than a young 
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star. Luminous H20 masers are then associated with activity at the nuclei of galaxies. 
A different interpretation was proposed by Ho et al. (1987), following observations toward 

NGC 253 and M5 1 .  Both sources are spiral galaxies with active nuclei, and Ho et al. detected 
also H20 maser emission with moderate luminosities - 0.2 L0 in NGC 253 and 0.8 L0 in M51. 
These luminosities are comparable to those o f  active Galactic star-forming regions, leading Ho 
et al. to suggest that the high luminosities observed in other galaxies are simply the extreme end 
of a continuous distribution that includes the Galactic masers. The key then is the large sample 
rather than special gas properties in the nuclear environment; according to Ho et al., nuclei of 
galaxies are good places to find the most luminous masers simply because of the higher concentra
tion of young stars. 

Yet another interpretation was proposed by Haschick and Baan ( 1985) and Baan (1985). 

They suggest that, similar to OH megamasers (see sec. 3), luminous H20 nuclear emission corre
sponds to low-gain maser amplification of the background continuum radio source. Since 
background amplification appears to play a significant role in extragalactic masers, a brief 
discussion is in order. 

2.3 Beaming, Isotropic Luminosity, etc. 

Because maser radiation is amplified, it is always highly beamed in all sources with an appreciable 
gain, no matter what the geometry; the larger the gain, the more pronounced the beaming (Elitzur 
1990). Still, depending on the geometry, a maser can emit isotropically in all directions. An 
example is a spherical maser. Every point on the surface emits a sharply focused beam centered 
on the outward radial direction, and the maser appears the same in all directions. But in other 
geometries, only a fraction f of the sky is illuminated by the maser beam so the actual maser 
luminosity, Lm, is only a fraction ! of the inferred isotropic luminosity: 

In a sphere, f =  1 and the isotropic luminosity coincides with the actual luminosity. However, in 
a disk maser with thickness d and radius Q the radiation is effectively confined to the solid angle 

subtended by the rim of the disk and f - d/Q. And a cylindrical maser with diameter d and half

length Q emits mostly through its caps, so f - (d!Qf In both cases, the inferred isotropic 
luminosity greatly exceeds the actual luminosity if the ratio d/Q is small. 

The same reasoning applies to the radiation amplified by a maser with area Am located 
at a distance D m from a background source, which can be either a thermal source or itself a maser. 
Observers whose line of sight to the background source is intercepted by the maser cloud will 
detect enhanced intensity with inferred isotropic luminosity 

Depending on the covering factor of the maser clouds, the inferred isotropic luminosity can greatly 
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exceed the actual source luminosity, and if generated this way, extreme extragalactic maser 
luminosity need not necessarily imply unusual emission. 

Detailed observations by Greenhill et al. ( 1993b) show that the H20 masers in NGC 3079 

cannot be explained with amplification of the nuclear radio continuum emission because the 
spatial coincidence is not perfect. Grennhill et al. find that a likely explanation for this source is 
amplification of a background maser by a foreground maser slab intercepting the line of sight 
face-on, a reasonably likely occurrence in active regions crossed by shock waves (Elitzur, McKee 

and Hollenbach 1991). An alternative explanation may be provided by the substantial magnetic 
field, - 3 G, that Grennhill et al. deduce for the nuclear region; Elitzur, Hollenbach and McKee 
(1989) point out that maser spot sizes and luminosities increase with magnetic field strength, 
although the brightness temperature stays the same. 

3. EXTRAGALACTIC OH 

The OH main lines at 1665 and 1 667 MHz provided the first detection of interstellar molecular 

lines outside the Galaxy (Weliachew 1971). Narrow emission features superimposed on broad 
absorption lines were correctly identified as maser emission in NGC 253 by Whiteoak and 
Gardner ( 1973) and in M82 by Rieu et al. (1976). In both sources the 1667 MHz line is stronger 

than the 1 665 MHz, similar to the situation in late-type stars and the opposite of that in HIT/OH 
regions. Overall isotropic luminosities of these masers are between 10 - 100 times higher than 
those of the most luminous OH masers in the Galaxy. Maser background amplification has been 
suggested in both cases. 

3 . 1  OH Megamasers 

A new class of extragalactic OH sources was discovered with the detection of broad OH main-line 

maser emission from IC 4553 (Arp 220) with an unprecedented isotropic luminosity, - 103 L0 
(Baan, Wood and Haschick 1982). By comparison, the isotropic luminosity of W3(0H), the 

prototype Galactic Hrr/OH region, is only - 10-5 
L0, that of the most luminous Galactic HIT/OH 

region - 10-3 
L0. Thus IC 4553 is almost a million times more luminous than any OH maser 

source observed in the Galaxy, hence the name megamaser. By now, more then fifty megamasers 
have been detected, ranging in luminosity and redshift all the way up to L = 0.9xl04 L0, z = 
0.129 for IRAS 20100-4 156 (Staveley-Smith et al. 1989) and L = l .4xl04 L0, z = 0.265 for IRAS 
14070+0525 (Baan et al. 1 992). The existence of high red-shift sources with OH luminosities of 
order 104 L0 was suggested by Burdyuzha and Kromberg ( 1990), who dubbed them gigamasers. 

The prototype of this class is IC 4553, the site of the original detection. Optical 

photographs show that this source has a double nucleus, which may indicate a recent merger. A 
dark band divides the image in half and is interpreted as a dust lane whose appearance suggests 

a disk structure. Even though its visual appearance is relatively faint, IC 4553 is a remarkable 

infrared source whose far-IR luminosity, - 2xl012 L0, is comparable to that of the brightest 
Seyfert galaxies and many quasars. The ratio of IR to blue luminosity is - 80, an extremely high 

value. The IR spectrum is well fitted with thennal dust emission at a temperature of - 60 K. OH 
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main lines stand out in single dish spectra as two prominent, broad emission features with full 
width at half maximum of 108 km s-1 . The line shape of the 1667 MHz line is reasonably well 
fitted with two components, corresponding to a solidly rotating disk superimposed on a Gaussian. 
Together with Hr observations of 2 1  cm absorption, these data suggest that the main emission 
originates in a rotating disk, seen edge-on. The 1667 MHz line is stronger than the 1 665 MHz, 
similar to the situation in late-type stars and the opposite of that in HII/OH regions. High
resolution mapping shows that the overall spatial distribution of OH emission closely follows the 
radio-continuum distribution. Even though the physical conditions in the central continuum 
component, the dominant core, probably differ substantially from those in the outer, weaker 
components, the maser emission is uniformly distributed across the entire continuum source. In 
spite of a spectacular 380 L

� 
isotropic luminosity, the OH brightness temperature of IC 4553 is 

rather moderate, only - IO - 1 07 K, comparable to that of the radio continuum at the same 
wavelengths. 

All of these properties were incorporated into a simple model by Baan and Haschick 
( 1984) and B aan (1985) that provides the currently accepted standard model for the entire class: 
OH megamaser emission is low-gain ('t - 1) unsaturated amplification of the galactic-nucleus radio 
continuum by intervening molecular material. The amplifying material resides in molecular 
clouds, - 50 - 300 pc from the nucleus. The clouds are similar to those found in our own galaxy 
and populate a nearly edge-on rotating disk around the nucleus. The required number of 
amplifying clouds is - 30 - 1000 with a continuum source covering factor of - 0.01 - 0. 1 and 
a volume filling factor of - 10-4 - rn-3 pc-3 (Henkel and Wilson 1990; Baan 1993). Pumping is 
by far-IR, the only pumping agent that can plausibly permeate the large volume of space necessary 
for generation of the observed OH luminosities; indeed, all megamaser galaxies are copious 
infrared emitters with L(IR) > 101 1  L0! A quadratic relation between OH and IR luminosities of 
megamaser galaxies was first noted by Martin et al. (1988) and Baan ( 1989), and supported by 
subsequent observations (Baan et al. 1992). The IR luminosity distribution of all OH galaxies 
shows that those displaying absorption are clustered toward the lower luminosity end while 
megamasers occur at the higher end (Baan 1989, 1991). The distributions of the two groups are 
almost mutually exclusive, reflecting in all likelihood a separation between low and high effective 

dust temperatures. While detailed modeling of pumping in megamaser galaxies is not yet 
available, this trend is in agreement with modeling of OH main-line emission from late-type stars, 
whose line ratios appear similar to those of megamasers. Such modeling shows that the 
prerequisites for main-line inversion with F(l 667) > F(l 665) are high dust temperature (;:; 60 K) 
and steep IR spectrum (Elitzur 1978). 

All of these results indicate that the distribution of molecular clouds around the nucleus 
could be similar in all OH galaxies and that their different OH signatures arise from differences 
in dust properties. When the dust is not sufficiently warm to invert the main lines, absorption of 
the nuclear radio continuum produces OH absorption features. Warmer dust and a steep IR 
spectrum lead to inversion and background amplification, and the galaxy appears as a weak-gain, 
high-luminosity megamaser. Similar though much weaker emission may exist in our own Galaxy 
(Mirabel, Rodriguez and Ruiz, 1989), and this important possibility requires more study. Quite 
possibly, the key to the entire megamaser phenomenon could be the galactic IR, rather than OH 
properties. 
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What is the phase of galactic activity associated with OH megamaser emission? On the 

average, OH megamasers are more likely to contain Seyfert nuclei rather than star-burst nuclei as 

compared with the IRAS galaxy sample as a whole. Seyfert 2's are also far more numerous than 

Seyfert l 's among the megamasers. For megamaser activity to be triggered, the host galaxy must 

posses the following ingredients: ( 1 )  OH molecules, to enable amplification; (2) IR radiation with 

sufficiently high intensity and color temperature to provide the pump excitations; (3) a radio 

nucleus to provide the background radiation for amplification; and (4) if the amplifying clouds 

indeed reside in a disk around the nucleus as has been advocated in a number of studies, the disk 

orientation with respect to the Earth must allow interception of the nuclear emission. The last 

requirement is consistent with classification schemes where Syfert 2 ' s  have more edge-on inner 

disks then Syfert 1 's. 

There are a number of indications that mergers could play a significant role in triggering 

OH megamaser activity. Norris ( 1990) has recenlly proposed that Arp 220, the prototype OH 

megamaser galaxy, may contain two merging quasar cores and that the entire class of ultra

luminous far-infrared galaxies, which appears to be the parent population of megamaser galaxies, 

may be characterized by enhanced merger activity. Combined optical, IR and radio study of the 

megamaser galaxy III Zw 35 shows that it is a pair of galaxies, one of which is an early-type 

LINER or Seyfert with an active nuclear region - the megamaser location (Chapman et al. 

1990). 

An ambitious attempt to incorporate megamaser activity into a generalized scheme of 

galaxy formation has been made by Burdyuzha and Kornberg (1990). In their scheme, small mass 

(5 1010 MJ, gas-rich protogalaxies form at z � 4 from primeval fluctuations. As the 

protogalaxies themselves are in groups and clusters, they will experience tidal interactions which 

in due course can produce dissipative merging of several objects into single massive objects. With 

these tidal interactions, about ten small objects merge into a single one during - 109 years. This 

is followed by a brief (< 108 years) star formation and evolution phase which produces heavy 

elements (hence OH) and dust. According to this scenario, conditions are right for gigamasers 

at z - 2. Although this scheme is rather speculative, the discovery of gigamasers at moderate z's 

indicates that this phenomenon could be correlated with some early stage of galaxy evolution. 

If the steep relation between the OH and far-IR luminosities holds over another decade, OH 

megamaser amplification may be a better diagnostic tool for cosmological studies than the thermal 

line emission of CO. 

Partial support by NSF grant AST-90168 10  is gratefully acknowledged. 
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The study of the dense gas component of the interstellar medium in galaxies 
has been made possible thanks to large instruments operating at millimeter 
and submillimeter waves. Highly excited transitions of CO up to the rotational 
quantum number J = 6 are excellent tracers of the warm and dense gas. 
Molecular species much less abundant than CO such as CS, HCN and the ion 

im+ whose excitation requirements are more stringent than those of CO have 
also been used through multi-transition analyses to probe the dense regions of 
star formation in the vicinity of galactic nuclei. 
Aperture synthesis images of the molecular emission from the nuclear regions 
of nearby starburst galaxies reveal the presence of molecular cores of the size 
of giant molecular clouds observed in the centre of our Galaxy. Radio 
continuum and radio recombination lines are useful tools in  studying the 
properties of the ionized gas near the nucleus. 
Atomic fine-structure and molecular lines in the far infrared can be observed 
towards a large number of galaxies, using the spectrometers on board the ISO 
satellite. These observations spanning a wide infrared spectrum from 2 to 1 80 
µm will provide v aluable information on the physico-chemistry and the 
excitation of atomic and molecular lines. 
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1 .  INTRODUCTION 

Over the last decade, the molecular component of the interstellar medium in 

galaxies has been investigated by means of the J = 1-0 and J = 2-1 CO lines at 

millimeter wavelengths. These low excitation lines, which are detected in 

interstellar clouds of gas densities and temperatures as low as - 10 cm - 3 a n d  

- 5 K ,  respectively, have been used to study the large scale properties of 

galaxies. They trace not only the grand design spiral structure but also the 

more diffuse interarm regions. 

Dense and highly excited molecular gas (nH2 � 1 04 c m- 3 and Tk � 15 K) is rather 

confined in the nuclear region where intense star formation activity takes 

place. This dense and warm molecular component can be better probed by 

molecular transitions of large excitation energies or high dipole moments, as 

we shall see later. 

The detection of the dense and warm clumps of the size of Giant Molecular 

Clouds (GM Cs) observed in the centre of our Galaxy 1 l requires high spatial 

resolution and sensitivity. A GMC of 50 pc which has an angular size of 2" at a 

distance of 5 Mpc is small compared to the - 10"  resolution of large millimeter 

and submillimeter single dish telescopes currently in operation. In order to 

minimize the dilution in the telescope beam, the study of the distribution of the 

dense gas component has been restricted to nearby bright galaxies. Arcsecond 

interferometry is the most suitable for the observation of the clumpy 

environment of galactic nuclei. 

High resolution observations of the radio continuum and radio recombination 

lines, give additional information on the ionized component in the nuclear 

region. The far infrared fine structure lines of atoms are also good tracers of 

star formation. In particular, the CII line at 158  µm observed with the Kuiper 

Airborne Observatory (KAO) has been found to be widespread and easily 

detected in galaxies 2 l. The high sensitivity spectrometers of the ISO satellite 

will offer us a possibility of detecting other atomic and molecular lines over a 

wide spectral band from - 2 to - 1 80 µm in a large number of objects. 
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2. DENSE MOLECULAR GAS 

2.1 High excitation CO lines 

The importance to observe high rotational level transitions is twofold: 
i) the critical density that is the minimum density for collisional excitation to 

operate increases with the rotational quantum number J as (J4)/(J+ 1 ) .  
Therefore, high J transitions are more appropriate to probe dense gas. 
ii) the observations of as many transitions as possible of the same molecular 

species provide useful constraints to models of line excitation, thereby leading 
to a better determination of the physical conditions inside the galaxy. 

Furthermore, molecular line emission has an important role in the thermal 
balance of dense clouds. CO is the dominant coolant of the moderately dense 

( nH2 - Hfl c m· 3) and warm (T K - 10-40 K) interstellar clouds 3 )_ In dense clouds, 
the most efficient cooling is produced by high J transitions, which are difficult 
to observe owing to the modest performance of the receivers and of the poor 
atmospheric transmission at submillimeter wavelengths. So far, submillimeter 
transitions of CO up to rotational quantum numbers as high as J = 6 (level 
energy = 1 17 K above the ground state) have been successfully detected at A. -

0.4 mm (v= 69 1 .5 GHz) in some nearby starburst galaxies 4 )_ The infrared 

luminosity of these objects, - 1 01 0_ 1  o1 1 L0, which measures the rate of star 
formation, is an order of magnitude higher than that of the Galactic Centre. 
The fact that high J transitions have been detected in the inner - 150 pc region 

of nearby galaxies indicates that the gas is significantly denser (- 1 a4 - 1 06 

c m· 3) and warmer (- 30 - 50 K) in galactic nuclei than in the disks. 

2.2 Other extragalactic molecules 

Although submillimeter CO lines have proven to be useful in investigating the 
dense gas component, they are not the only lines to trace the gas in regions 
where shocks and star formation activity take place. Other molecular species of 
dipole moments larger than that of CO are also suitable for this purpose. 
Because of their high critical density, which is proportional to the square of 

the dipole moment, they probe the molecular cloud core (nH2 <". 1 o5 c m· 3). Since 
the discovery of extragalactic OH and CO, more than twenty molecules have 

been detected, mostly around A.=3 mm (for details see 5 l). 
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The abundance of most of these molecules is at least four orders of magnitude 
smaller than that of CO. Therefore, they have mostly been detected in nearby 

galaxies. At cloud densities higher than - 104 c m- 3, they can compete with CO 

in the cooling process 3 >. Of particular interest are molecules like CS , HCN, and 

fKD+, which have dipole moments, - 20-30 times that of CO 6) ,  7l These 
molecular lines are among the strongest millimeter lines after co. The radial 

distributions of CO, HCN, HCO+ and cs have been determined for the nearby 
starburst galaxies, M 82 and NOC 253 observed with the Nobeyama 45 m 

telescope 6 )  . There are differences in the line ratios along the major axis of the 

galaxy. In particular, the CO/Hco+ and CO/HCN line ratios increase outwards, 

suggesting that Hco+ and HCN are more intimately associated with the nuclear 

star forming region. 

Figure 1 shows the (J= l -0) and (J=4-3) spectra of HCO+ and HCN in the direction 

of the centre of NGC 253 and M 82 8 l. The CO (J=3-2) line is also plotted for 
comparison. All these lines have been observed with a similar angular 

resolution of - 25".  The millimeter (J=l -0) lines at 89 GHz and the submillimeter 

lines at 345-355 GHz were observed with the Nobeyama 45 m telescope 6) a n d  

with the Caltech Submillimeter telescope 8 >, respectively. The excitation o f  the 
(J=4-3) lines requires special physical conditions since their upper energy 

level and their critical density are - 43 K and - 107 c m· 3, respectively. It is 

interesting to note that the excited (J=4-3) lines of HCN and Hco+ are much 
weaker in M82 than in NOC 253 (see Fig. 1), indicating that the molecular gas is 
denser and warmer in the latter galaxy, despite practically similar far 
infrared, ground state and excited CO luminosities. 
The results of model calculations in the case of NOC 253 with non-L TE excitation 
and radiative trapping using both the HCN (J=4-3) and (J=l-0) data are shown in 

Figure 2 8 >. In this diagram, the solid curves represent the loci of densities and 
temperatures consistent with the observed HCN (1=4-3) brightness temperature, 
while the dashed curves correspond to the loci of the same parameters which 
fit the observed (J=4-3)/(J= l -0) line ratio. In both cases, the central curve 
represents the observed value, and the curves above and below represent error 
bars of 30%. Solutions which fit the observed data are at the intersections of 
the two sets of curves. The line excitation model shows that the solution is not 
unique and suggests that kinetic temperatures and densities larger than 20 K 
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and 1 06 c m- 3, respectively, are needed to explain the HCN line intensities 
observed in the nuclear region of NGC 253 . The model indicates that the gas 
density is at least ten times lower in M 82 than in NGC 253. The difference in the 
gas density between the two galaxies may be explained in terms of an 
evolutionary model in which NGC 253 is in an early phase of starburst activity, 

while M 82 may have already dispersed part of its nuclear molecular gas 8 l. In 
both galaxies the densest and warmest molecular gas is confined in a very 
inner region whose size is ::;: 500 pc. 

3. INTERFEROMETRIC OBSERVATIONS 

The determination of the physical parameters through a model of line 
excitation requires the knowledge of the detailed distribution of the emission 
inside the source. Current single dish observations suffer from the fact that the 
extragalactic interstellar medium is clumpy, leading to uncertain beam filling 
factors. Interferometric measurements are helpful in clarifying this situation. 
Arcsecond interferometry currently performed with the IRAM instrument is 
capable of resolving the inner 1 Kpc nuclear region of nearby galaxies into 
individual molecular clouds of the size of the GMCs observed in the Galactic 
Centre. 

Figure 3 displays the map of HCO+ (J=l -0) (89 GHz) emission (contours) overlaid 
on the CO (J=l-0) ( 1 1 5  GHz) image (grey scale) of the inner 60 arcsec (- 550 pc at 
a distance of 1 . 8  Mpc) nuclear region of IC 342. This galaxy is a nearby spiral 
seen nearly face on. The CO image is constructed from the data observed with 

the Nobeyama interferometer at a resolution of 2.4 arcsec 9 l. The HCO+ map was 

obtained with the IRAM interferometer at a similar resolution 1 D l. The CO 
emission is extended and distributed along a S shaped tiny central bar. The 

inner bar is bent into a ring surrounding the nucleus. The HCO+ emission is less 

widespread and more clumpy than the CO image. The three well defined Hco+ 

clouds correspond to the densest CO complexes. These results are consistent with 

the fact that Hco+ requires a high gas density, - 105 c m- 3, to be collisionally 

excited. However, the northern dense CO region has no Hco+ counterpart. Hco+ 

should arise from the cores of the molecular cloud complexes, and is not 
necessarily closely associated with CO. The HCN distribution is similar to that of 
Ill)+ 1 1 ) 
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The detection of thermal radio continuum at 3 mm IO), I I) arising from ionized 

gas suggests that IC 342 is a starburst galaxy undergoing massive star 

formation activities. Two of the three HCO+ clouds are associated with the 
continuum peaks and are located in the CO ring. Such a ring may actually 
delineate the inner resonance region where gas accumulates before falling 
onto the nucleus. 

4. THE IONIZED COMPONENT 

VLA observations of radio recombination lines (RCLs) have been used to 
determine the distribution of the ionized nuclear component and its kinematics 
as well as its physical parameters namely the electron temperature and density. 
The observations of the RCL of hydrogen such as the H92a (8309 MHz) and the 
H 1 66a (1424 MHz) lines from NGC 253 have shown that these lines arise in 
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regions of different · electron densities 1 2 ). The high frequency H92a l i n e ,  
which i s  mainly due t o  spontaneous emission and traces the high electron 

density regime (ne - 104 c m· 3) is centred on the non-thermal continuum 

nuclear core. The highly excited CO, HCN and Hco+ line emissions may originate 
from this region. The low frequency H 1 66a line, which is dominated by 

stimulated emission and probes a region of lower density (ne - 102 c m· 3) is 

shifted by - 30" south-east from the continuum peak 1 2 ). These observations 

have also revealed the existence of peculiar motion of ionized gas along the 
minor axis near the nucleus. 
VLA observations of the H92a line towards the starburst nucleus of NGC 3628 
suggest that hundreds of HII regions of a few parsecs in size and thousands of 

05 stars may be present in the nuclear region l 3 l. The detection of the H53 a  ( 43  
GHz) and H40a (99 GHz) spontaneous emissions from M 82 at  millimeter 
wavelengths provides a reliable estimate of the photoionization rate and 

electron temperature 1 4  l. 
The nonthermal radio continuum at 20 cm, has proven to be also a good tracer 

of star formation l 5 )_ It is expected that the synchrotron emission of the 
compact nuclear radio source (of size 520"), which is separated from the disk 

component by interferometric measurements, may be correlated with the Hco+ 

emission. There is a correlation between the intrinsic luminosity of Hco+ (J  y 

km s·1 Mpc2)  and that of the 20 cm radio continuum (Jy Mpc2), especially for 

starburst and Seyfert galaxies 7 ) .  The reason that the star forming regions of 

galaxies with active nuclei are rich in HCO+ may be found in the fact that 

ionization by cosmic rays produced by supernova explosions is substantial near 
the nucleus. 

5. INFRARED LINES 

5 . 1  Atomic fi ne-structure l ines 

The observations with the Kuiper Airborne Observatory (KAO) have shown that 

the en (2P3 1 2 - 2P
1 1 2) line at 158 µm is one of the brightest atomic fine 

structure lines in galaxies 2 l. A good correlation is found between the CII and CO 
(J= l -0) intensities for galaxies with high dust temperatures larger than 40 K 
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(starburst galaxies). The data points corresponding to star forming regions in 
our Galaxy fall also along the same correlation line, while those corresponding 

to normal galaxies with low dust temperature are scattered below this line 2l 
This suggests that the physical properties of starburst nuclei are similar to 
those of galactic star forming regions. The CII and CO lines should probe the 
photodissociated gas at the periphery of warm and dense neutral molecular 
clouds exposed to a UV field. It is worth noticing that the CO (J=l-0) emission 
produced in star forming regions and in starburst nuclei arises from warm gas, 
as indicated by high brightness temperatures and by the detection of high-J 

rotational transitions. Like the ion c+, neutral oxygen 
0 

0 is  also a 

photodissociation product of CO. The KAO observations of the bright 01 (3P1 -
3p2) line at 63 µm are somewhat hindered by the high thermal background and 
the presence of an adjacent telluric water vapour feature. Therefore, the 01 
emission is more difficult to detect in galaxies than the en emission, which 
seems to be widespread. Neutral carbon is also expected to arise from moderately 

dense photodissociation regions (critical density - 1 03 c m- \ The detection of 

the neutral carbon CI (3P 1 _3p0) line at 0.6 mm in IC 342 has recently been 

reported l 6). These CI observations have been made using the ground-based 
telescope at the Caltech Submillimeter Observatory. Atomic lines corresponding 
to species with high ionization potentials like the OIII (52 and 88 µm), Siii ( 19  
and 33 µm ) ,  and NII (122 µm )  lines can be  used to trace the bright HII regions 
near the nucleus. Some of these lines are not observable with the KAO because 
of the presence of telluric features. 
The short and long wavelength spectrometers (SWS and LWS) on board the 
Infrared Space Observatory (ISO) satellite will offer us an opportunity to 
observe atomic fine structure lines with a sensitivity higher than that of the 
KAO and totally free from the terrestrial atmosphere. 

5.2 Far i nfrared molecular lines 

So far no extragalactic molecular transitions have been detected in the far 
infrared. This is due to the fact that the infrared transitions, which connect 
with high rotational levels necessitate higher densities and temperatures than 
the submillimeter transitions to be excited. For example, the upper level of the 
CO (J=15-14) line at 174 µm, which is observable with the LWS lies at 665 K above 

the ground. With a critical density - 105 - 1 06 c m- 3, this line is appropriate to 

investigate the very inner hot and dense nuclear region of galaxies. High J 
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transitions of CO should be searched for in nearby starburst galaxies using the 
ISO instruments. 

H10 which is relatively abundant (fractional abundance - 1 0- 5) is also a good 
candidate. Since water is photodissociated into OH, the observations of both 
species are helpful in determining the physico-chemistry in the nuclear 
photodissociation region, which is a reservoir of UV photons and cosmic rays. 
Since water and OH exhibit strong maser emission in the microwave range, the 
observations of thermal infrared transitions of these molecules, which play a 
key role in the population transfer to lower energy levels will provide valuable 
constraints on the pumping mechanisms of extragalactic masers, whose case is 
still open. 
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We present K and 3.3 µm images of the nearby, almost perfectly edge-on, spiral galaxy 
N891 ,  taken at CFHT with the IR camera Circus. The line, whose emission was convincingly 
attributed to C-H bond in PAHs molecules of the diffuse ISM, is probably detected throughout 
the whole plane of the central region of this galaxy. The distribution, at a scale of 3 arc-sec 
( = 150 pc) , exhibits features that are very reminiscent, in terms of thickness, smoothness 
and contrast of the line, of the distribution of the same component in the ISM of the Milky 
Way, as detected a few years ago by the baloon experiment AROME. The idea of a diffuse 
PAH component ubiquitously found in quiet spiral galaxies is thus strongly supported. 



334 

1- PAHs in t he diffuse component of the ISM 
A few years ago, Giard et al. ,  using the baloon-borne experience AROME detected unambiguously the 
3.3 µm emission band throughout the whole Galactic plane 6) ,7) . This result showed that the carrier of 
this emission, presumably very small particles, was associated to the diffuse Insterstellar Medium on a 
large scale and was abundant. Since the 3.3 µm band corresponds to a vibrationnal mode of the C-H 
bond, it was proposed that large Polycyclic Aromatic Molecules (PAHs) B),l ) were the actual carriers. 
Those particles emits IR radiation by fluorescence when transiently heated by a UV photon, so their 
emission should peak in UV-rich regions such the large complexes of star formation. On the other 
hand, it has been shown that the strong correlation between IRAS colour, specially the 12 µm band, 
and the presence of the IR features is a clue that PAHs are closely associated to, or even identified 
with, the very small grains responsible for the peculiar IRAS colours of all the ISM components (H+, 
HI, H2), which imply a component of high temperature grains 4) , Despite their good stability, PAHs 
may be dissociated when the density of the UV field becomes larger than "' 5 - 10 eV cm-3: this 
would explain why the abundance of PAHs varies largely and why they are lacking in center of H+ 
regions 3) , in AGN5) ,  or even in the heart of star burst nuclei10l . 
Indeed the 3.3 µm feature was observed in several galaxies9l ,  but generally star burst galaxies where 
young stars are responsible of a large UV density, heating efficiently PAHs. Detailed mapping at 
3.3 µm of normal spiral galaxies, preferably edge-on to increase the column density, should then 
provide important pieces of information such as spatial distribution and dumpiness, heating, destruc
tion/formation equilibrium, on this component of the ISM whose mass is comparable to that of the 
CO molecule 1! ) . 

2- The edge-on galaxy N891 
N891 is one of the most perfectly edge-on nearby spiral galaxy (inclination = 89°) exhibiting in the 
visible a very well defined dust lane. This galaxy is specially interesting since it is an extrelemy close 
analogue of our Galaxy: for instance, it is one of the rare galaxies to show, as in the Milky Way, a CO 
molecular ring with a distinct gap between the intense nuclear peak and the ring 15) ,l3) . If the maps 
made by IRAS 14) have too poor an angular resolution compared to the disk thickness to measure a 
disk brightness, on the other hand, the the ratio vlv( l2µm)/(vlv(60µm) + vlv(lOOµm)) ,  a sensitive 
indicator of the abundance of small grains 3) has a value (0.13) extremely close to the galactic one 
(0.14) .  For all those reasons, it was tempting to try to repeat on this galaxy the successful observations 
of the large scale emission of the 3.3 µm PAH feature made, in our Galaxy, by Giard et aJ.6) 

3- Observation, data reduction 
A search for the 3.3 µm feature in an edge-on quiet galaxy (NGC 4565) was already made by Adamson 
and Whittet 2l who reported a probable detection; however their measurement was done using a 
spectro-photometer with 12 arc-sec diaphragm that did not give any spatial information. The results 
we present correponds likely to the first attempt done in a high angular resolution imaging mode. 

The main ·difficulty of this observation comes from the extremely low brightness to be detected which is 
of the order of 60 µJy(" )-2 in the line, while the instrumental and atmospheric background amounts 
to "'=' 1 Jy(" )-2: we thus restricted the long integration on the nuclear region, where Solomon12) 
showed that molecular hydrogen is largely dominating. 

The observations were performed using the IR camera Circus, developped by the DESPA (Obs. de 
Paris-Mendon) to be essentially used at the f/36 IR focus of the Canada-France-Hawaii 3m60 telescope 
on the Manna-Kea observatory (Hawaii) .  This instrument features a 128 x 128 - InSb detector from 
AMBER, standard filters in 1 - 5.2 µm plus two dedicated 3.3 µm filters (line and continuum) ;  the 
plate scales used here is 0.50" /pixel (field 64" x64"); the pixel full well storage capacity of "' 40 106 e
gurantees a sky noise limited regime. 
The central region around the assumed position of the nucleus, hidden in the visible, was mapped at 
3.3 µm (line and continuum) and in the K band. Sky and object frames were alternatively recorded, 
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Figure 1: The edge-on galaxy N891 seen in three IR filters: 2.2 µm, narrow 3.3 µm (line) and broad 
3.3 µm (continuum). The three maps have been scaled to the same dynamic range, with a low cut at 
5 % of the maximum. The linear scale is given assuming a distance of 9. 7 Mpc 

by offseting the telescope rather than moving the secondary mirror, with elementary integration times 
of 6 and 9 seconds on the continuum and the line respectively. The integration was repeated two 
successive nights and gave a total of 3.5 hours on the line and 1 hour on the continuum after selection 
of periods not affected by cirrus. 
A micro-scanning plus median filtering method was used to reduce the effects of bad pixels. Finally a 
3 arc-sec FWHM gaussian was convolved to the image in order to increase the signal to noise at the 
price of a reduced angular resolution. 

4- Probable detection of t he large scale component of PAHs 
At an assumed distance of 9.5 Mpc, the field of CIRCUS (64 x 64 arc - sec2) corresponds only the to 
the inner 3 kpc diameter region. The three maps are presented in Fig. 1. 
The continuum map (Fig. 1-a) reveals a distribution of the emission along the major axis which 
is much closer from the CO distribution than from the 2.2 µm image, assumed to trace the stellar 
component: the 2.2 µm map (Fig. 1-c) shows a narrow peak at the nucleus with a smooth falloff with 
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increasing distance, while the 3.3 µm continuum exhibits a well defined nuclear disk of typically 1 kpc 
FWHM (the same size as mesured on the CO data from Scoville et al.13)) and a local smaller peak 
at 1.8 kpc distance from the nucleus, probably indicating a giant H+ / H2 complexe of star formation 
that could be the counterpart of a small enhancement in the CO emissivity. This secondary peak is 
also present on the K and the line image. 
Despite its lower signal to noise ratio, the map in the 3.3 µm line (Fig. 1-b) is of sufficient quality to 
give the following pieces of informations: 

• The line is probably detected with a significant contrast: the histogram of the ratio of line 
to continuum peaks at 1 .20, which is precisely the value measured by AROME in the inner 
(8.5° < l < 35°, lb l  < 1°) Milky Way 7) . Note that this rather small contrast results from 
two effects: an instrumental one, the line filter bandwidth which is not so narrow, and an 
astronomical one, the dilution of the line by the stellar light. 

• The intensity distribution has grossly the same characteristics as the continuum map, with 
however a smaller contrast between the central peak and the outer parts: such a behaviour, 
observed in our Galaxy, is expected since the stellar emission at the nucleus is comparatively 
more important in the continuum, diluting the PAH emission, while in the line, the PAH emission 
from the diffuse medium is more uniformly distributed. 

• The distribution of the line emission in the direction perpendicular to the plane of the galaxy 
is significantly narrower than in the continuum, a fact in agreement with the molecular disk 
thickness (FWHM = 160 to 280 pc = 3.6 - 6 arc-sec) found by Scoville et al. 13): the 3.3 µm line 
map would reflect essentially the thin molecular content, while the more extended continuum is 
largely contaminated by the stellar light from the bulge. 

Those observations deserve a more thoroughful analysis, but we can already put forward that they 
probably confirm and extend to other spiral galaxies the result obtained in our Galaxy by the baloon
borne experiment AROME, namely the ubiquity of the component of PAH molecules in the diffuse 
interstellar medium of normal (quiet) spiral galaxies and the similarity of the properties of this com
ponent in terms of spatial distribution along and perpendicular to the disk and in terms of line 
contrast. 
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We present the first results from a programme of millimetre and submil
limetre observations of a sample of galaxies selected from the IRAS catalogue. 

We find that a single dust component with a v2 Bv emissivity law fits the data 
well. Dust temperatures range from 28 - 35 K. We also present new results on 

the distribution of mm/submm emission in the galaxy NGC 3597. In contrast 
with earlier results, which supported the assumption that the dust distribution is 
more compact than the stellar emission, NGC 3597 seems to have its mm/submm 
flux distributed on a larger scale. Extended dust distributions allow for a much 
greater range in dust properties, including the possibilities of extra cold compo
nents (T < 20 K) .  Future instruments, such as bolometer arrays, will be necessary 
to address these problems. 



338 

Introduction 

The IRAS satellite survey has shown that many galaxies, particularly spirals, radi
ate significant fractions of their luminosity in the Far Infrared (FIR). This radiation is 
predominantly thermal in origin, and is thought to be produced by cool dust in giant 
molecular clouds, star formation regions and in the general interstellar medium. Deter
mination of the overall properties of this dust is difficult, however, since the emission 
spectrum is still rising in most objects at wavelengths as long as 100 µm. We can thus 
set an upper limit to the dust temperature, of around 50 K, but a proper determi
nation of the dust temperature, emissivity law, etc. requires observations at longer, 
millimetre and submillimetre (mm/submm) wavelengths (Mathis et al 1983) .  Once 
dust properties for a range of galaxies have been determined, it will be possible to look 
for systematic differences between different classes of objects, and to compare nearby 
galaxies with objects at large redshift such as 10214+4724 (Clements et al 1992) .  We 
here summarise results from mm/submm observations of a number of galaxies con
ducted at the JCMT, SEST and IRAM 30m telescopes. 

Dust Temperature and Emissivity Law 

There has been much debate as to whether the mm/submm emission from galaxies 
is dominated by one or two components (e.g. Chini 1986) ,  and what the temperature 
and emissivity law of this dust might be. The emissivity laws favoured range from v1 B,, 
to v2B,, (e.g. Draine & Lee 1984) , where B,, is a normal Black Body emission law, 
and include the possibility of breaks in the additional power law at various frequencies. 
Observational data, where available, has so far tended to favour the v2 B,, emission law 
(e.g. Eales et al 1989). The results of our observations are summarised in Table 1 .  

Object Distance 60 µm (Jy) 100 µm (Jy) 450 µm (mJy) 800µm (mJy) 1.1/1 .25• mm (mJy) 
1454+24 136 Mpc 7.04 ± 0.8 16.7 ± 2 412±80 63 ±12 40 ±13 
1312+24 52 Mpc 19.0 ± 2.3 19.1 ± 3 370±100 64 ±11 40±8.4. 
1046+26 103 Mpc 2.32 ± 0.3 2.48 ± 0.3 247±70 < 41 3.5±1.4• 
1234+24 92 Mpc 4 .1 ± 0.2 5.7 ± 0.2 < 120 < 39 7.9 ±2.4. 
0953+27 16 Mpc 3.8 ± 0.15 8.0 ± 0.3 < 760 < 73 9.3 ± 0.9 mJy• 

Table 1 :  Results of Observations 
Results of JCMT observations, together with distance data (assumes Ho=75) and IRAS 

data (Smith et al 1987). Fluxes marked * are 1.25 mm data from IRAM 30m observations 

(Andreani et al 1990). Error values are 10' and include calibration uncertainties. All measured 

fluxes are > 3 O' detections with most > 4 O' whilst upper limits are at the 2 O' level. 

The results of our fits show that: 
( 1 )  There is no indication of two dust components, one cold (� 15K), one hot (� 

50K) ,  as suggested by Chini et al 1986. 
(2) We find that the v2 B,, model is a better fit to all the galaxies than a v1 B,, law. 

We do not have sufficient signal to noise or frequency coverage, to attempt to discuss 
any of the models with a break in the emissivity law. 

(3) Several of the galaxies show excess 1 .3  mm emission above that predicted by 
the v2 B,, model. This may be due to weak non-thermal emission. 
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An example of the observations and fits to the data using both 111 Bv and 112 Bv 
emission are shown in Figure 1 .  

2 

,, 
c " 
t' .. !:: 0 :0 .. � 
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-2 

I I  1 1.2 1 1.4 1 1 .6 

1454+24 
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Figure 1 :  Comparison of observations with spectral fits for 1454+24 
The solid line represents the 112 emissivity law, and the dotted line the 111 law. Data are from 

IRAS (60 and 100 µm points) and JCMT. Data and fits are normalised to 100 at 100 µm. 

Measured fluxes are shown as triangles with 1 u error bars. 

Dust Distribution 

Unfortunately, we cannot be wholly confident that the IRAS and mm/submm ob
servations are measuring emission from the same material. This is because there is a 
serious mismatch in the beamsizes of the mm/submm instruments (typical beamsize ,..., 
20 arcseconds) and those of the IRAS 60 and 100 µm channels (,..., 1 .5 arcminutes ) . We 
would thus be underestimating the mm/submm emission relative to the IRAS fluxes 
if the dust in our target galaxies was distributed on arcminute scales. To cope with 
this problem the galaxies discussed above were all selected to have small optical sizes, 
< 90 arcseconds, and we assume that the mm/submm emission is more compactly 
distributed than the optical emission. Initial mapping observations of NCG 992 sug
gested that this assumption was justified (Andreani & Franceschini 1992). However, 
more recent observations of an additional object imply that this assumption may not 
be as reliable as first thought, and that the details of the mm/submm emission, when 
compared to the optical emission, may vary significantly from object to object. Figure 
2 shows these results, on the galaxy NGC 3597. The mm/submm emission is clearly 
extended on greater scales than the optical emission. 

If the galaxies discussed above have mm/submm flux distributions similar to NGC 
992, with an exponential scale length less than one third of the optical scale length, then 
our conclusions on the dust properties are unchanged. If their dust is distributed more 
like NGC 3597, then the total mm/submm fluxes are much greater than those measured 
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Figure 2: Comparison of optical and mm/submm flux distributions 

in the � 20" JCMT beam, and the far-IR to mm/submm spectrum is consequently 
much flatter. An additional component of cold dust or a flatter intrinsic dust spectrum 
may thus be permitted, and there will certainly be a greater total dust mass. 

A more detailed study of the mm/submm flux distributions in a range of objects is 
thus needed to clarify this matter. Bolometer arrays and submillimetre interferometers 
are probably the optimum instruments for such studies. In the interim, we must take 
great care in the application of reasonable beam correction schemes and in the selection 
of objects. 
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Galaxy-galaxy collisions induce nuclear and extranuclear starbursts. 
The sudden reduction of angular momentum of the interstellar medium 
due to the gravitational impact of the encounter leads to the subsequent 
infall to the central regions of a large fraction of the overall interstellar gas. 
Starburst galaxies with bolometric luminosities 2 1011 L0 have converted 
most of the HI into H2 reaching extreme nuclear densities of molecular gas. 
We also discuss extranuclear starbursts in relation to the formation of dwarf 
galaxies in mergers. As a consequence of tidal interactions a fraction of the 
less gravitationally bound atomic hydrogen that populates the outskirsts 
of the pre-encounter disk galaxies may escape into intergalactic space. We 
find that the ejected gas may assemble again and collapse, leading to the 
formation of intergalactic starbursts, namely, tidal dwarf galaxies. 
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1 "STARBURST GALAXIES" 

"Starburst" denotes star formation at higher rates than in normally, self-regulated 
processes. They are non-equilibrium episodes that last only a small fraction of the total 
life-time of the host stellar systems. "Starburst galaxies" are stellar systems where the 
overall energy output is dominated by recently formed stars. In the context of this defini
tion we must distinguish the "extragalactic HII regions" (Searle and Sargent, 1972) from 
the "nuclear starburst galaxies" (Weedman et al. 1981) .  The first are small, irregular, 
and dust-poor galaxies where the starburst is encompassing most of the visible galaxy; 
the second are massive luminous galaxies where the most violent starburst takes place 
embedded in dust in the central regions. The extragalactic HII regions are identified op
tically either by the unusual ultraviolet continuum radiated by hot stars, or by the strong 
narrow emission lines that arise in the interstellar nebulae ionized by massive stars. A 
large sample of nuclear starburst galaxies were first identified by Balzano (1983) in the 
Markarian (1967) survey of extragalactic objects with strong ultraviolet continua. 

The recent developments in infrared astronomy have permitted a new, less biased way 
to identify luminous starburst galaxies. Since the most violent nuclear star formation takes 
place within high optically thick clouds of dust and molecular gas that convert most of the 
visible and UV light into far-infrared radiation, the far-infrared luminosity has become 
the best indicator of the starburst bolometric luminosity. The optical absorption along 
the line of sight to the nuclear starbursts is often so high that a large fraction of the most 
extreme starburst galaxies had passed unnoticed in the optical surveys. 

1 . 1  Luminous infrared galaxies 

The Infrared Astronomical Satellite (IRAS) discovered a new class of luminous extra
galactic sources of infrared radiation. These are galaxies that radiate a large fraction of 
their total energy in the far-infrared (FIR). The most extreme galaxies of this type, which 
radiate more than 1011 solar luminosities in the IRAS broad wavelength bands (12, 25, 60, 
lOOµm) are named "luminous infrared galaxies" .  It is striking that the FIR luminosity of 
these galaxies can be equivalent to the bolometric luminosity of quasars, namely, about 
10 times the optical luminosity of the first-ranked cD galaxies in rich clusters. 

The study of luminous infrared galaxies has now become a key area in extragalac
tic research for two reasons: ( 1 )  We now realize that among objects with luminosities 
above 1011 10 the IRAS luminous galaxies are the dominant population of objects in the 
Universe; and (2) there is the increasing evidence that luminous infrared galaxies may 
represent an early phase in the evolution of galaxies. Their study may provide clues for 
our understanding of the genesis of some elliptical galaxies (e.g. Wright et al. 1990), 
quasars (Sanders et al. 1988), and radio galaxies (Mirabel, 1989). 

Most of the FIR emission from galaxies is due to the absorption and re-emission of 
light by dust. In addition, from the IRAS colors we know that a large fraction of the 
FIR emission in luminous infrared galaxies is produced by warm dust. At present it is 
debated if the ultimate source of light that heats the dust consists solely of large amounts 
of recently formed stars, or if, in addition, the formation of massive compact objects with 
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X-ray emitting accretion disks is also required to explain the colossal amounts of thermal 
energy radiated in the FIR. 

1 .2 Historic background 

Before the IRAS mission some of the ultraluminous Infrared galaxies had already 
attracted the attention of observational astronomers because of their peculiar properties in 
the optical, near infrared, and/or radio wavelengths. In fact, some of the prototypes of this 
class of objects (e.g. Arp 220) had enough unusual optical morphologies to warrant their 
inclusion in Arp's Atlas of Peculiar Galaxies (1966), and had been selected as prototypes 
of merger galaxies in the work by Joseph and Wright (1985). In addition, near infrared 
observations by Riecke and Low (1972) had shown that some of the objects that had been 
classified as quasars and/or active galaxies (e.g. Mrk 231 , I Zwl) showed abnormally high 
near infrared luminosities. 

Radio astronomers had also identified at centimeter wavelengths some of the ultralu
minous infrared galaxies as members of a class of "bright radio-spiral galaxies" (Condon, 
1980). These appeared as sources with radio-to-optical luminosity ratios more than an 
order of magnitude above the typical ratio for gas-rich galaxies. The radio spectral prop
erties of these galaxies were somewhat perplexing. At >.21 cm they showed very broad 
atomic hydrogen absorption lines, indicating large amounts of unusually turbulent neutral 
gas (Mirabel, 1982).  Another unexpected idiosycracy of these galaxies was the exception
ally bright hydroxyl maser emission comming from the nuclei (e.g. Baan, Wood, and 
Haschick, 1982). 

1.3 Optical morphology: mergers of spiral galaxies 

In the last two decades there has been an almost explosive growth of publications 
reporting evidences that interactions trigger starbursts in galaxies. After the seminal 
papers by Toomre and Toomre (1972) it was realized that interacting galaxies are more 
active in the UV (Larson and Tinsley, 1978), near infrared (Joseph and Wr.ight, 1985) ,  
optical emission line strength (Kennicut and Keel, 1984), and radio emission (Stocke, 
1978; Hummel, 1981 ) .  

However, the optical morphology of ultraluminous infrared galaxies has been a subject 
of recent controversy. From low resolution images of 10 ultraluminous infrared galaxies of 
the Bright IRAS galaxy sample obtained with the 1 .5m Palomar telescope Sanders et al. 
( 1988) concluded that nearly all ultraluminous infrared galaxies are strongly interacting 
merger systems. On the other hand, from images of a sample of luminous IRAS galaxies 
in the North Polar Cap obtained at La Palma, Lawrence et al. ( 1989) concluded that 
although galaxy interactions may be a common causal factor in luminous IR activity, it 
may not be an ubiquitous factor as had been suggested by Sanders et al. ( 1988). 

In this context, Melnick and Mirabel (1990) obtained New Technology Telescope 
(NTT) images of the 16 nearest southern ultraluminous galaxies up to z = 0.13. The 
excellent quality of the NTT optics and the good seeing conditions on La Silla were fully 
exploited to reveal possible faint morphological features (e.g. Figure 1 ) .  Melnick and 
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Mirabel (1990) found that all the objects of this nearby sample of southern ultraluminous 
galaxies show the features that Toomre and Toomre (1972) had identified as resulting from 
gravity in disk-disk mergers. Tails, wisps and double nuclei are apparent in all galaxies at 
cz � 25,000 km s-1 •  However, the faint extended features that are characteristic of tidal 
interactions become less ostensible at cz � 25,000 km s-1 ,  and only the brighter, distorted 
main bodies of the galaxies remain easily visible. From this imaging survey Melnick and 
Mirabel (1990) concluded that the faint extended features provoked by gravity during 
galaxy-galaxy collisions may become blurred at higher redshifts. 

Rowan-Robinson (1990) and Sanders (1992) have in addition reviewed the results of 
optical imaging of larger samples of luminous galaxies. Sanders (1992) realized that the 
increase of luminosity is correlated with the degree of interaction as measured by the 
projected separation of galaxy nuclei. Rowan-Robinson (1990) noted that the percentage 
of interacting or merging galaxies increases steadily with increasing luminosity, concluding 
that the disagreements on the optical morphology between the different groups are now 
within the statistical uncertainties. 

Melnick and Mirabel (1990) find a critical separation of 10 kpc between the nuclei of 
the colliding galaxies of their sample of ultraluminous galaxies. In other words, advanced 
merging seems to be a necessary condition for the greatly enhanced infrared luminosity. 
We point out that although merging is a necessary condition, it is not sufficient, since 
there are strongly interacting, and even merging systems that are not ultraluminous in 
the infrared. This is an indication that in order to bust the luminosity of the mergers, in 
addition to restricted sets of orbital parameters, the pre-encounter galaxies must be rich 
in interstellar gas. 

2 NUCLEAR STARBURTS 

The diverse forms of nuclear activity are likely to be fed by fresh gas. In particular, 
the most violent starbursts in the nuclei of luminous infrared galaxies appear to be the 
consequence of high concentrations of molecular gas in the central regions. It is found 
that the most efficient starbursts measured by the large L1fr/M(H2) ratios always have, 
as expected, the highest space densities of H2. 

The high concentrations of molecular gas in luminous IR galaxies must be a con
sequence of inward motions of the disk gas during collisions. To concentrate � 503 of 
the overall interstellar gas in the nuclear region, gas from distances � 10 kpc must be 
driven into the center in � 109 years. This implies mean infalling velocities of � 10 km 
s-1•  When the systemic velocity of the galaxies are accurately known, observations of HI 
absorption at >.21 cm can be used to probe the kinematics of the cold gas along the line of 
sight to the nuclear radio continuum source. Since in colliding galaxies the HI absorption 
has typical half-widths � 100 km s-1 ,  and the optical redshifts may have large errors, the 
analysis must be of statistical nature. Following this idea, Dickey (1986) and Mirabel and 
Sanders (1988) concluded, with some caveats, that in nuclear starburst galaxies there is 
infall of HI at a rate of > 1 M0/yr. 

Large scale starbursts are expected to take place in stellar systems that readily form 
molecular gas out of atomic gas. Such high efficiencies of molecular cloud formation are 
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Fig. 1-CCD image of the "Superantennae" , a prototype of ultraluminous in
frared galaxy, obtained with the 2.2m telescope of ESQ. This remarkable example of 
ultraluminous infrared galaxy at a distance of 250 Mpc is the product of the collision 
109 years ago of two giant galaxies. From tip to tip, the tails extend across 350 kpc. 
The detailed study of this galaxy by Mirabel, Lutz and Maza (1991) showed that the 
tails emanate from a merger of giant gas-rich galaxies that harbor two nuclei (one 
Seyfert, one starburst) separated by 10 kpc. More than 80% of the energy radiated 
by this powerful infrared system comes from the deeply obscured Seyfert nucleus. On 
the left, a mosaic image of the whole system is shown, on the right the two nuclei 
embedded in the central part. The left scale bar corresponds to l ' , the right one to 
10" ( = 10 kpc) in the central region. 
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likely to take place in merging spiral galaxies. When the mean densities become 2 102 
cm -3 most of the HI gas turns into molecular form. To study the overall faction of the 
interstellar gas that has been converted into molecular form, Mirabel and Sanders (1989) 
used the results from their HI and CO surveys of galaxies with FIR luminosities in the 
range of 2 1010 10 to 2 1012 10 • In Figure 2 are shown the diagrams that resulted from this 
study. Figure 2a) shows that the CO(l->O) to HI global luminosity ratios of galaxies are 
proportional to the overall FIR excess. Of particular interest is the existence of extremely 
obscured galaxies like Arp 220 (IC 4553) and IRAS 10173-0828 where :::; 15% of the 
total mass of interstellar gas is in atomic form. Although there may be several factors 
implicated in the production of high M(H2)/M(HI) ratios, the relative depletion of HI is 
likely to be due to an enhancement of molecular cloud formation. Figure 2b shows that 
the galaxies with enhanced star formation are those that have more efficiently converted 
HI into H,. 
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Fig. 2- a) CO(l-0)/HI flux ratio in Jy km s-1 measured at .X2.6 mm and .X21 cm, 
as a function of the FIR-to-blue flux ratios f1;. /fb . b) Ratio of the FIR luminosity to the 
sum of the CO and HI spectral fluxes as a function of FIR excesses. These diagrams 
from Mirabel and Sanders (1989) show that in ultraluminous infrared mergers most of 
the atomic hydrogen is converted into molecular form. 
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3 EXTRANUCLEAR STARBURSTS: TIDAL DWARF GALAXIES 

The idea that collisions between giant galaxies, in addition of driving matter inward, 
may eject stars and gas to intergalactic space, out of which star forming dwarf galaxies 
and star clusters may be formed, was first proposed by Zwicky ( 1956) and later followed 
up by Schweizer ( 1978). These recently formed dwarf galaxies and star clusters may be 
seen as patches of optically emitting material that usually appear along the tidal tails 
that emanate from merging disk galaxies. In the particular case of the system shown in 
Figure 1, the knots along the tails become bluer towards the far-ends. The condensations 
at the tip have colors (B-V) "' 0.4 and are likely to become detached systems, namely, 
star forming isolated dwarf galaxies or star clusters. 

Kennicut and Chu (1988) have reviewed the question of the formation of young glob
ular clusters and their possible association with giant HII complexes in nearby galaxies. 
They noted that young populous clusters with massive stars are invariably found in galax
ies with widespread star formation bursts such as M82 and NGC 5253. Ashman and Zepf 
(1992) found the results by Kennicut and Chu (1988) consistent with the hypothesis that 
young globular clusters form preferentially in interacting galaxies. This hypothesis can 
provide clues to understand: (a) the high frequency of globular clusters around ellipticals; 
(b) the large number of globulars associated to the most massive galaxies at the centers of 
clusters of galaxies; ( c) the evidence for higher mean metallicity in clusters around giant 
galaxies. 

3.1 The Antennae 

To further explore this hypothesis Mirabel, Dottori and Lutz ( 1992) made a spec
trophotometric study of the condensation at the tip of the southern tail of the prototype 
merger NGC 4038/39 (The Antennae) that is shown in Figure 3. They found that this 
condensation is a dwarf galaxy formed out of the tidal remnants that were ejected to 
intergalactic space. The tidal dwarf consists of a chain of HII regions ionized by recently 
formed massive stars, which are embedded in an envelope of HI gas and low surface bright
ness optical emission. The metallicity of the HII regions is "' 1/3 solar, namely, similar 
to that of HII regions in the outskirsts of galactic disks. The spectrum shown in Figure 
3 corresponds to an HII region with a luminosity equivalent to 300 Orion nebulae. Since 
the material at the tip of the tail was ejected "' 7 108 years ago, and the ionizing stars 
are younger than 2 106 years, these massive stars must have been horned well after the 

ejection. The time elapsed since the detachment of the material from the galactic disks is 
at least a factor of ten the internal crossing time, so this object will remain bound unless 
disrupted by stellar winds and supernovae from the massive stars being formed. 

3.2 Arp 105: a multiple collision in a cluster 

Arp 105 is one of the most remarkable instances of multiple collisions of galaxies. At a 

distance of "' 120 Mpc (Figure 4) it consists of several galaxies undergoing encounters near 
one of the centers of the X-ray cluster Al 185. The elliptical is tearing apart a starburst 
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Fig. 3- Optical photograph of the interacting galaxies NCC 4038/39 {the An
tennae) . At the tip of the southern tail there is a chain of HII regions embedded 
in a diffuse low surface brightness envelope. The spectrum is from one of the HII 
regions at "' 100 kpc from the merging disks. The HII regions are being ionized by 
stars formed � 2 106 years ago. Mirabel, Dottori and Lutz (1992) proposed that the 
southern tip of the Antennae is a dwarf irregular galaxy of tidal origin. 
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Fig. 4-a) V band image of Arp 105, a multiple collision in the cluster of galaxies Abell 
1 185. In this remarkable system it is observed the formation of a Magellanic irregular and 
a blue compact galaxy out of the debris of the collision. b) Spectra of the condensations 
detected in the forming galaxies. They are typical of star forming regions. From Due and 
Mirabel (1993) 
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spiral galaxy that radiates 1011 L0 in the far-infrared. From the spiral emanates a gigantic 
tail that at a distance of 100 kpc ends in an irregular system that is reminiscent of the 
Magellanic Clouds. Towards the South of the elliptical emanates a "jet-like" structure 
that ends in a blue compact object with strong optical emission lines. In addition, the 
victimed spiral appears to have been penetrated by an object flying by at a speed of 2,600 
km s-1 •  

The most striking result from our radio observations is that the spiral contains 1010 
M0 of molecular gas and :S: 5 108 M0 of HI, namely, more than 95% of the cold interstellar 
gas in the spiral is in molecular form. On the contrary, the irregulars of Magellanic type 
at the end of the 90 kpc long tail contain as much as 6 108 M0 of HI, but less than 10% 
of the gas is in molecular form. Therefore, Arp 105 is a striking case for the study of the 
segregation of interstellar gas during the collision of a spiral with an elliptical near the 
center of a cluster of galaxies. A more detailed description of our research on this system 
will be published by Due and Mirabel (1993). 
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The present project intends to explore the causal physical connections between (a) the pres
ence of high molecular gas surface densities in the nuclear and circumnuclear regions of galax
ies, (b) the existence of a high star formation efficiency, i.e. presence of associated HII  regions, 
and (c) the formation of an AGN, i.e. a central massive black hole, as the final product of 
this evolutionary path. 

With regard to points (a) and (b ), our results (Table 1) show that the amount of molecular 
gas in these galaxies is a factor of 10 smaller than in luminous IRAS galaxies. However, the 
global molecular gas surface brightness, L:(H2) ,  and the star formation efficiency (SFE), as 
measured by the usual Lprn/MH, ratio, follows the correlation found for luminous IRAS 
galaxies extrapolated to lower surface brightness (Table 1 ) .  

If w e  calculate the same parameters locally, we find regions with a high (low) molecular gas 
surface brightness but a low (high) star formation efficiency. Examples of these situations are 
regions R2 and R4 (Fig. l a) in NGC3351 ,  and the 1 480 km s-1 CO component in NGC3504 
(Fig. 3b ) . It is not clear yet whether this result is a consequence of regions being in a different 
evolutionary phase. 

In relation to points (b) and (c) , we detect a galaxy, NGC3504, that could be an example 
of a galaxy in a star burst-AG N transient phase. This galaxy has a similar CO total mass 
and surface density as that observed in other Seyfert 1 galaxies for which high resolution CO 
maps have been obtained. It also shows a bright central radio, IR and [OIII] emission peak 
together with a more extended and diffuse structure. These characteristics are also similar to 
those of other Seyfert 1 galaxies like NGC3227 and NGC7469. 
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1 .  NCC 3351 

The circumnuclear molecular gas distribution in this galaxy shows two almost equally 

bright emission peaks separated by about 1 0" (i .e. 500 parsecs) in the NNE-SSW direction, 
as illustrated in our C0(2-> 1) map (see Fig. 1 b ). These two CO peaks are also well separated 
in velocity by 140 km s-1 .  The NNE peak has a velocity of VLsrr= 710 km s-1 while the SSW 

peak has a centroid velocity of VLsrr= 850 km s-1 . 
The total amount of molecular gas has been calculated assuming a mean C0(2-> l )  to 

CO(l ->O) ratio of 0.8 and the standard CO(l->O) to MH, conversion according to the ex

pression NH, [cm-2]= 2 .8 x 1020 Ico [K km s-1 ] .  The total mass of molecular gas within a 

region of 24" by 24" in size, corresponds to MH, = 3.8 x 108 M0. The two CO peaks with 
comparable masses lay close to large complexes of HII regions. 

The Ha map (Fig. la) shows a ring-like gas distribution where two of the brightest HII 
regions (Rl and R3 in Fig. l a) seem to be spatially associated with the CO emission peaks. 

This hypothesis is also supported by the fact that the C0(2-> l )  over CO(l->O) ratio shows 
a positive gradient towards region R3 where a maximum value of 1 .2 is measured. According 
to detailed radiative transfer models, this value indicates a fraction of the gas being optically 

thin, and, possibly, a high excitation temperature. These characteristics are found in M82 
and may be common in starburst regions . 

2. NCC 2903 

This galaxy shows an elongated molecular gas distribution along the North-South direction 

(Fig. 2b ). This elongation matches the morphology of the bright circumnuclear HII regions, 
as indicated by the Ha gas distribution (Fig. 2a) . The total H2 mass in a region of 24" x 24" 

is l .9 x l 08 M0.  

The overall CO distribution is resolved in a 1 3" beam, but our observations do not show 
individual peaks, either spatially or kinematically resolved, in spite of the several HII regions 
detected in an 8" x 6" area (Fig. 2a). 

3. NCC 3504 

This galaxy shows a molecular gas distribution more compact than in the previous two 

galaxies (see Fig. 3b) .  This is in good agreement with the structure detected in our Ha image 
(Fig. 3a) where the HII  regions are distributed in a circumnuclear ring-like structure 4" (i.e. 
400 parsecs) in diameter. 

The total molecular gas content over a size of 24" by 24" corresponds to MH, � 2.3 x 1 09 

M0 where it appears equally distributed in two emission peaks. The H2 surface density quoted 
in Table 1 refers to the gas being uniformly distributed in a 24" x 24" area. If the deconvolved 
size of the two peaks is considered, the surface density increases by a factor of 3-4. The same 

applies to the molecular gas distribution in NGC 335 1 .  
The two peaks are spatially separated by about 4" almost along the E W  direction, and 

also kinematically separated by about 120 km s-1 . This velocity difference is consistent with 

the two [OIII]5007 velocity components detected within the first 4" around the nucleus. This 
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suggests that the motion of the cold molecular gas is also shared by the warm ionized gas. 
Consequently, it  indicates a direct physical connection between the molecular clouds and the 
circumnuclear star forming regions . 

Table 1 :  Properties of Circumnuclear Starburst Galaxies 
Galaxy a(1950) 8( 1 950) VL�R P.A. i D (sJ 1Frn M\6J 

H2 
NGC# hh:mm:ss o I II km s-1 0 0 Mpc 1 0910 10sM0 

2903 09:29:20.3 21 :43 :21 543 l 7(l ) 60(2) 7.2 
3351 10 :41 : 19 .6 1 1 :58:00 780 11 (3) 45(3) 10 .4 
3504 1 1 :00:28.5 28 : 14 :32 1 543 249(3) 22(3) 20.6 

REFERENCES 
( 1 )  de Vaucouleurs et al. 1991 , Third Reference Catalog. 
(2) Jackson, J .M. et al. 1 989, Astrophys. J. 337, 680. 
(3) Grosbol, P., 1 985, Astron. Astrophys. Suppl. 60, 261 . 
( 4) centroid of the CO emission. 

3.6 
3 .0 
14.0 

(5) derived from the measured VLsR, and assuming H0=75 km s-1 . 
(6) in a 24" x 24" region. 

1 .9 
3 .8 
23. 

(7) H2 mass assumed to be uniformly distributed in a 24" x 24" area. 

L:;\7) H2 
M0 pc-2 

1 40 
1 80 
380 

SFE 
10 M;;;1 

19  
8 
6 



ABSTRACT 

ON THE GENERATION, STRUCTIJRE AND EVOLUTION 
OF Tilli MODONS IN THE ROTATING GASEOUS 

GRAVITATING SYSTEMS 

M.G.ABRAMIAN 
Yerevan State University. Yerevan. Armenia 

AM.FRID MA� 
Institute of Astronomy AS of Russia. Moscow. Russia 

E. Ye.KHACfIIKIA1' 
Byurakan Astrophysical Observatory. Armenia 

357 

The structure of a new type of objects - solitary dipole vortices (modons) - in solid-body 
rotating gaseous gravitating systems are investigated. The velocity field of modon has a 
dipolar structure. lhe isodenses coincide with stream lines in modons, the size a of which 
i� much smaller than the Jeans critical size A.1 (a<<AJ ) and do not coincide with ones in the 
opposite case a>>A. J. The generation mechanisms of modon, two differenet ways of their 
evolution and astrophysical applications are discussed. 

INTRODUCTION 

The structure of the solitary dipolar vortices (modons) were firstly descnbed by 1) 
as dipolar Rossby vortices, propagating in a liquid layer on the Earth's surface (so-called {J
plane 2) ). The interior region of the modon is bounded by some separatrix and consists of 
the two vortices: cyclone and anticyclone. The anticyclone corresponds to a rize and the 
cyclone corresponds to a depression ( the average level of the liquid in the dipolar Rossby 
vortex, which is the soliton, remains unchanged). In the interior region of the separatrix the 
stream lines are closed (this is the region where particles are trapped by the dipolar vortex), 
in the outer region the stream lines are open (Fig. 1 ). The Larichev-Reznik's dipolar vortex 
differs fundamentally from the one that is described by 3) and 4) by its solitary nature: 
outside the separatrix from the center of the vortex the rotational velocity of modon 
decreases exponentially as a function of the distance, unlike the "classical" dipolar vortices, 
where the velocity profile corresponds to the r·2 law. 

Analogic solitary dipolar vortices might be expected in a two-dimensional gaseous 
medium, for which the dynamical equations for an adiabatic index 'Y = 2 coincide 
identically with the dynamical equations of shallow water 5) . However, prior to their 
involvem1mt in gaseous media, solitary dipolar vortices were theoretically predicted also for 
a nonuniform magnetized plasma 6). 

Both in rotating shallow water 1) and in a nonuniform magnetized plasma 6) 
modons are described by the same type of nonlinear equation. In the hydrodynamics this 
equation is known as Charney-Obukhov's equation 7), 8) and in plasma physics - as 
Hasegawa-:Mima equation 9) . This equation contains both vector and scalar nonlinearities. 
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MODONS IN ROTATING GRAVITATING :MEDIA 

For the first time the existence of modons in a rotating gravitating gas was 
hypothesized by 10) and a nonlinear equation was derived by 1 1), 12) to describe modons in 
thi3 environment. The complication of this equation does not allow a solution in general 
case. But both in the case of short-wave perturbations (wavelenght )I. much smaller than 
the Jeans wavelenght AJ, i.e. )\«i'.1) and in the opposite limiting case oflong-wave 
perturbations (>.»>.1) the Dolotin-Fridman's equation reduces to the Chamey-Obukhov's 
(or Hasegawa-Nlima) equation. 

The Dolotin-Fridman's equation has been received by assuming thr following 
assumptions: 1) uniform rotation of system with constant angular velocity 00; 2) isentropic 
perturbations with arbitrary P( p ), where P and p are pressure and density of gas; 3) 

epicyclic approximation (geostrophyc's approach):�� « l, and in two limiting cases of 
00 dt 

long-wave and short-wave perturbations has the form 1 1), 12): 

where {w { Jn · a  
I =  <1> '  /3= 1n·1 a-2l 

for A. i  >> A. 
for A. i << A. 

(1) 

(2) 

W =G 2 _ P is the enthalpy of gas, G 2 is the sound velocity, p is density perturbations, <I> 
Po 

is the gravitational potential, (r, fl') are rectangular coordinates, a= 21G Po IQ� , by prime 

is denoted derivation with respect to r. 
Transforming to a local Cartesian coordinate system 

8 8 1 8 8 

iT B! at" -;: 8tp .. o/ <3) 

and introducing new varable 71 = y - ut, the equation (1) can be rewritten in the form 

where 

U = 2u C)0 ; J\'"• ��p (5) u 
Equation (4) in a new polar coordinate system r ,fl' (x=r cosf(', 11= r sin'I') has the following 
stationary solutions 1 1), 12): 
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(6) 

where J 1 and K 1 are Bessel and McDonald functions correspondmgly; and z and s2 = a2 A 
satisfy the following transcendental equation: 

J1(z )K3(S )+J3(Z )K1(s ) = 0  
Solution (6) describes so-called modons with the following streamlines (Fig. I): 

r Sa  

MAP OF ISODENSES 

In the case of short-wave perturbations (>-.<<>-.1) the main role in perturbations plays 
pressure, so f = W, and the isodenses 

(7) 

(8) 

us p =/3. _ _i__ =const f3. = au O.Jl. 
(9) Po •w au 00 ' "' 

G 2 

coincide with the streamlines. 
In the case oflong-wave perturbations (h>>>-.1) the main role in perturbations plays 

gravitation, so f = <I>, and the perturbed density is found by using the Poisson equation 

where 

r Sa 
(10) 

r :?: a  

/Ji.., = �(ltj a-21 )' . (1 1) a 
Let us illustrate the perturbed density distribution (9) and (10) in the follo ving 

solutions of the transcendental equation (7): 

z = 4.o, s = i.s2 -
z = 4.2, s = 2.9 
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z = 4.5, s = 6.0 
z = 4.7, s = IO.O 
In the Fig.2 the cutVes represent dependencies of the perturbed density on the 

dimensionless distance from the modon center, r I a , in the short-wave approximation 
(growing in the cental regions curves) and in the long-wave one (decreasing in the central 
part curves). 

It should be noted that the distribution of the perturbed density in the modon is 
antisymmetrical to the axis, where cosrp = 0. Ifin some region of the right (-ic/2 < rp < n/2) 
half-plane a mass condensation takes place, in the symmetrical region a mass discharge 
takes place. The density distribution in long-wave perturbations (10) differs principally 
from the density distribution in short-wave case. If in the last case the matter is condensed 
in the tight half-plane and rarefied in the left one (Fig.3), then in the long-wave case a 
rarefying takes place in the right half-plane at a distance r1 < a from the modon center and 
condensation beyond; the same process holds true in the left half-plane (Fig.4). Hence, for 
long-wave perturbations, the modon is characterized by two mass condensations and two 
mass rarefications, unlike the case of a modon subject to short-wavelenght perturbations, 
which will result in one condensation and one rarefication of the density. 

Let us estimate the perturbed mass in long-wave modon: 

3"'2 rtfa 2 
� 2ilhPo n J ....,/ J 

411ll hp0 n 1IX 1 m1 = ----.,.,,.., cos .,,,...91 J1(z L.)rdr = ---n.., --J0(zx 1)H1(zx 1) , J1(z ) "'2 0 • J1(z ) 2z 
(12) 

where x 111 r I a .  h is  a gas disk thickness, H1 (zx) is first order Struve function, x1 is the 
Bessel function's first root: J1(zx1) = O; 

2niJ 
2 ./7. 1 2 2h "'2 m m2 = ____lY!_fltw J cos qxl q:if J1(zx )xd x +_!!!!_�/Ji.w j cos rµi91f K1(sx )xcb- (13) 

11(Z ) -"'2 x ,  K1(Z ) -"'2 1 
The numerical estimation of the perturbed mass of both parts of the long-wave modon 
shows that they are same order quantities: m 1 Im 2 :; 2 . 

DISCUSSION 
Hypothesis on double nuclei origin in galaxies 
Here we would like to discuss the new scenario of the double nuclei origin in galaxies. 
According to the traditional point of view 13), 14), 15), 16), 17>the double galactic nuclei are 
created as a result of gravitational attraction with further merging of two nearest galaxies 
with single nuclei. 

Note that some of the observational data are difficult to reconcile with the hypothesis of 
gravitational merging•) such as: 

a) the discove1y of the Seyfert type double nuclei galaxies 18) because of their most rarity 
between galaxies; 

"> After the talk of one of coauthors (E. Ye. Kh.) on the conference "New Ideas in Astronomy" (Cambridge 
Univ. Press, 1988, pp.1 15- 1 18) M. Burbidge noted, that "there are too many of these double nuclei to 
account them as a result of merging of previously separate galaxies" 
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b) the discovery of the twin-objects with quite identical spectra and with morphology 
similar to two isolated superassociations (SA) being considered as one galaxy with double 
nuclei each of which is SA 19), 20); 

c) the discovery of numerous double nuclei galaxies (more than 100 ) among the UV 
excer;s galaxies only. 

Perhaps there are two kinds of scenarios of double nuclei formation: either by means 
of double protonuclei creation or by means of merging. The probability of the latter can be 
easy estimated if one knows the density of singular objects, their average masses and 
peculiar velocities. We believe that the future estimation will confirm the Fridman's 
hypothesis 10) of the formation of double nuclei from solitary dipole vortices (modons) in 
the central part of the protogalaxy which rotates as solid body. Let us advance some 
arguments in favor of this statement. 

Two methods of modon generation. 
The first way to generate a modon connects with the accderation of the central 

part rotation of a galaxy. The process of short-scale modon generation (a < <A.1) can be 
modelled by rotating shallow water (Fig. 5 ). 

An analog between two-dimensional hydrodynamical processes and ones on rotating 
shallow water is well known 5) , as was noted in the Introduction. Here we must distinguish 
two cases considered above: 1) a <<A.1 , 2) a >>A.1 . In a quickly rotating gravitating 
system where the centrifugal force plays an essential role in the equilibrium, the value A.1 
and the epicyclic radius are of comparable sizes 21). The latter coincides with the Rossby 
radius R in the rotating shallow water. Hence the first case a <<A.1 corresponds to the 
following approximation for the rotating shallow water: 

a « R  (14) 
Experiments with rotating shallow water show 22) that only double modons were generated 
under the condition (14). As follows from Fig. 3, two short-wave modons have two 
protonuclei. The role of the pumping disk in shallow water experiment for a protogalaxy 
may play its compressing central part, which increases its rotating velocity due of 
compression. The subsequent compression of two modon condensations can be caused by 
the thermal instability. The process of large-scale modon generation ( a  >>A.1 ) cannot be 
modelled by the rotating shallow water experiment, as this case does not satisfy to the 
necessary condition (14) of the modon creation on the shallow water. However, according 
to Fig.4, the generation of one large-scale modon ( a  >>A.1 ) in a central part of a 
protogalaxy is enough to form the double nuclei as a result of grm.itational compression of 
two density condensations. 

The second method of modon generation involves a jet from the central nucleus of 
a galaxy. The model of this process is shown in Fig.6. It is the generation of mushroom
like dipole vortices in a rotating basin of shallow water 23) . It was proved 24), that these 
structures are Larichev-Reznik modons. 
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1Iolecular gas is the raw material for star formation and hence a crucial factor in galactic evo
lution. Ultraluminous infrared galaxies emit the bulk of their power in the far infrared, show 
disturbed morphologies indicative of recent mergers, and rival QSOs in their bolometric lumi
nosities, but are more numerous in the local universe. Although they are as rich in molecular 
gas as the most gas rich normal spiral galaxies, they have elevated ratios of infrared luminosity 
to molecular mass that suggest they are undergoing bursts of very rapid and efficient star for
mation. A survey of HCN(l -+ 0) emission from ten ultraluminous and normal galaxies shows 
far infrared emission correlates better with the amount of dense, n(H2) > 104 cm-3, molecular 
gas than with the total amount of molecular gas. The star formation efficiency appears to 
depend on the fraction of the molecular gas reservoir at high density. 
The galaxy IRAS 10214+4724 at z = 2.286 is perhaps the most luminous object in the universe. 
Observations of its C0(6 -+ 5), C0(4 -+ 3), and C0(3 -+ 2) lines indicate this galaxy has as much 
molecular gas as the total mass of the Milky Way. The molecular gas in 10214+4724 is both 
warmer and denser than that in the Galaxy and the normal gas to dust ratio suggests the 
abundances are nearly Solar. In the Milky Way, C0(6 -+ 5) is only observed in regions of 
high-mass star formation, so its presence in 10214+4724 implies the occurance of active star 
formation there. A map of the C0(3 -+ 2) emission with 2.3" resolution shows a small source 
slightly extended EW with a deconvolved size of (10 x 4) ± 4h-1 kpc. The mass of molecular 
gas is comparable to the dynamical mass. This extraordinary primeval galaxy appears to have 
most of its mass in molecular gas and to be undergoing an extreme starburst that is generating 
metals with close to Solar abundances. 
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1 D ense Molecular Gas in U ltraluminous Galaxies 

Rivalling QSOs in emitted power, ultraluminous infrared galaxies (LFIR > 5 x 1011h-2 L0 ; 
Ho = lOOh km s-1  Mpc-1 ,  q0 = 0.5) are three times more common in the local universe (z < 
0.3) .16) Almost all show disturbed optical morpholgy: double nuclei, tidal bridges and tails, 
or other signs of mergers or interactions.12) Rich in molecular gas, they typically contain 15) 
> 5 x 109 h-2 M0 of H2• Although some normal spiral galaxies are equally gas rich, e. g. 
NGC 3147,23) ultraluminous galaxies have LFIR/ Leo ratios 30 times higher than do normal 
galaxies of the same mass.15• 23) What powers ultraluminous galaxies, obscured black holes in 
active nuclei or rapid bursts of star formation? 

Molecular gas is the raw material for star formation and hence a crucial factor in galactic 
evolution. The CO(l -+ 0) line traces gas at n(H2) < 103 cm-3 and indicates the total H2 
mass in a galaxy. In ultraluminous galaxies, far IR radiation, emitted by dust warmed by UV 
radiation from 0 and B stars, indicates the formation rate of massive stars. The LFrn/M(H2) 
ratio measures, then, the star formation rate per mass of gas, or the star formation efficiency. 
Why is this efficiency so much higher in ultraluminous galaxies than in normal gas rich spiral 
galaxies? Does another parameter besides the amount of fuel control star formation in galaxies? 
In the Milky Way most of the H2 is in low density giant molecular cloud envelopes. Massive 
stars form, however, not in those envelopes, but in dense cloud cores, objects like M 17, W 51 ,  
etc. Although CO traces most of the H2 mass, it does not necessarily trace the regions of 
active star formation where the gas density is more than ten times higher than average. Dense 
molecular gas is better indicated by the HCN( l -+ 0) line, which traces gas at n(H2) � 104 cm-3. 

In a sample of ten galaxies surveyed with the !RAM 30 m telescope,19) ultraluminous galaxies 
have much stronger HCN(l -+ 0) lines than normal galaxies (Figure 1) .  In absolute terms, 
Mrk 231 ,  the most luminous galaxy in the local universe, has an HCN(l -+ 0) line luminosity 
larger than the CO(l -+ 0) luminosity of the Milky Way, while in relative terms, Mrk 231 has 
Leo/ LHeN � 4 whereas Leo/ LHeN � 100 in the Galaxy. For the whole sample, FIR luminosity 
correlates better with HCN(l -+ 0) luminosity than with CO(l -+ 0) luminosity. Over a range 
of 50 in LFrn/Leo , the range in LFrn/LHeN is only three. When normalized by the CO(l -+ O) 
luminosity, there is a very tight correlation between LHeN/Leo and LFrn/Leo (Figure 2). The 
LHeN /Leo ratio indicates the fraction of the total H2 mass that has a density � 104 cm-3 , 
i . e. that has conditions necessary for formating massive stars. In any galaxy, ultraluminous or 
not, the star formation efficiency, measured by LFrn/Leo , depends on how much of the total 
molecular gas is in a dense phase. 

In the most luminous galaxies in the sample, Mrk 231 and Arp 220, the mass of high density 
gas exceeds 5 x 109h-2 M0 and accounts for roughly half the total gas reservoir. In the Milky 
Way and other normal galaxies, on the other hand, only a small fraction of the gas is sufficiently 
dense to form high mass stars. The bulk of the molecular gas in the ultraluminous galaxies is, 
therefore, more similar to that in active star-forming cloud cores than that in the envelopes of 
GM Cs . In our Galaxy, 0 stars form in massive cloud cores with high density gas and they will 
form under similar circumstances in ultraluminous galaxies as well. The large masses of high 
density gas implied by the strength of their HCN(l -+ 0) lines indicate ultraluminous galaxies 
are extraordinary star forming environments and suggest star formation is their principal power 
source. These galaxies are evolving rapidly under conditions reminiscent of those when galaxies 
formed. 
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Figure 2: The tight correlation between 
LFTR/ Leo and LHeN /Leo suggests the star 
formation efficiency of galaxies depends on the 
fraction of available molecular gas in a dense 
phase.19) While LHeN /Leo is dimensionless, 
LFTR/ Leo is measured in 10 (K km s-1 pc2)-1 .  

2 Warm Molecular Gas i n  a High Redshift Galaxy 

With a total luminosity near 1014h-2 10, the faint IRAS galaxy 10214+4724 at z = 2.286 is as 
luminous as the strongest QSOs and 20 times more powerful than other known ultraluminous 
infrared galaxies.14> It may be a primeval galaxy in an early evolutionary stage. Is this galaxy 
powered by star formation or by an active nucleus? 

Submillimeter continuum emission from 10214+4724 was observed at 450 and 800 µm with 
the JCMT5) and at 1 .2 mm with the IRAM 30 m telescope.7l The spectrum (Figure 3) shows 
the dust is optically thin longward of 175 µm (rest frame) .  For a v2 dust emissivity law, the 
dust temperature is 80 ± 10 K and the dust mass7> is 2 x l08h-2 M0• 

The extraordinary detection1l of C0(3 -+ 2) line emission from 10214+4 724 indicates this 
galaxy has as much molecular gas as the total mass of a large spiral galaxy.21) There has been, 
however, some uncertainty about the true line flux. While the original measurement1l with the 
NRAO 12 m telescope was 26 ± 6 Jy km s-1 ,  all subsequent measurements with other instru
ments indicate a much weaker line (Figure 4) .  A flux of 4.1 ± 0.9 Jy km s-1 was observed with 
the IRAM 30 m telescope,3• 20l 4.4 ± 0.7 Jy km s-1 with the Nobeyama 45 m telescope,24) and 
3.5 ± 0.5 Jy km s-1 in a map made with the IRAM interferometer (that covers 85% of the total 
line width).13) A higher flux, 7 .5 ± 2 Jy km s-1 ,  was measured with the Nobeyama interferome
ter,1o, 17) but within the errors it is consistent with the others (the revised flux quoted for the 
amplitude calibrator is, moreover, 1.3 times that measured independently with the IRAM 30 m 
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spectrum and a 300 K black body (solid curve) fits the measurements while an 80 K black body 
( dashed curve) would produce too much long wavelength radiation.7) 
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Figure 4: Spectra of C0(3 --> 2) emission at z = 2.286 from IRAS 10214+4724 observed with 
the NRAO 12 m telescope at 16 MHz resolution, I) the IRAM 30 m telescope at 16 MHz resolu
tion ( upper;3l lowrr20l) ,  the Nobeyama 45 m telescope at 10.5 MHz resolution,24) the Nobeyama 
Millimeter Array at 32.5 MHz resolution (note the spectrum is displayed with twice this reso
lution, but adjacent channels are not independent) , 10• 17l and the IRAM interferometer (Bure) 
i1t 50 MHz resolution .13) The ±lo- error bars represent the per channel uncertainty in each 
spectrum. 
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telescope and interferometer) . The weighted average of these measurements, 4 ± 1 Jy km s-1 , 
is six times less than originally reported. Proposed explanations for this discrepancy3• 10• 17• 24) 
have invoked additional sources, not coincident with the optical and radio (cm) source, that 
are outside the primary beams of the 30 m and 45 m telescopes but within the primary beam 
of the 12 m telescope and hence within the fields of view of the interferometers and that emit 
five times more radiation than the central source yet are too extended to be detected by the 
interferometers. The only evidence for these extra sources, however, is the large flux seen in 
the original measurement, which also has the largest uncertainty. 

Both C0(4 -> 3)3l and C0(6 -> 5)20l have been detected in 10214+4724 (Figure 5). In the 
Milky Way. the warm dense gas required for significant excitation of CO( J = 6) is found only 
in molecular cloud cores near sites of massive star formation.9) The measured line ratios in 
10214+4724, C0(6 -> 5)/C0(3 -> 2) = 0.6 ± 0.2  and C0(4 -> 3)/C0(3 -> 2) = 0.8 ± 0.2, are con
siderably higher than overall values for the Milky Way. An LVG radiative transfer calculation 
shows these ratios are both consistent with n(H2) � 5000 cm-3 and Tkin � 50 K.20) This calcula
tion predicts C0(3 -> 2)/CO(l -> O) = 0.9 (this ratio is 0.24 in the Galaxy) and M(H2)/Lco = 
4 M0 (K km s-1 pc2)-1 .  Because the temperature of the Cosmic Background Radiation (CBR) 
should increase as (1 + z) , gas at z � 2 will always have C0(3 --> 2)/CO(l -->  O) > 0.5, even if 
the density is quite low. The C0(3 --> 2) line flux observed with the IRAM 30 m telescope then 
implies M(H2) = 1 x 1011 M0 in 10214+4724. The gas to dust mass ratio, 500, is quite normal 
and suggests the metal abundance is already approximately Solar.7l 

The distribution of CO in 10214+4724 has been mapped with the Noybeyama,10• 17) Owens 
Valley,4l and IRAM13l interferometers. The IRAM map (Figure 6), with 2.3" resolution, shows 
a small source coincident with the Ha6• 18) and extended 8.4 GHz continuum emission.11l The 
ratio of the intrinsic C0(3 --> 2) brightness temperature derived from the observed line ratios 
and a radiative transfer calculation, 40 K, and the peak rest frame brightness temperatures 
measured in the channel maps, 0. 7 K, indicates about l .  73 of the synthesized beam area is 
occupied by radiating gas. A completely filled source of equivalent luminosity would be 0.3" in 
diameter. Despite tnis low filling factor and the large apparent size of the C0(3 --> 2) emission 
region, the average surface density, 2500 M0 pc-2, is ten times higher than for Galactic giant 
molecular clouds. 22) In two channels 143 km s-1 apart, there is a predominantly E-W shift of 
1 .4" between the positions of maximum emission. After deconvolving the beam, the source size 
in the integrated map is (2.5" x 1") ± 1" [(10 x 4) ± 4h-1 kpc]. This size scale is characteristic of 
an entire galaxy, rather than just its nucleus. The velocity gradient implied by the E-W shift 
suggests the molecular gas is distributed in a rotating structure and the apparent dimensions 
and aspect ratio further suggest this structure is mostly edge on. For an edge on system with 
a velocity width of 240 kms-1 and a characteristic dimension of 6-lOh-1 kpc, the dynamical 
mass is 8-13 x 1010h-1 M0, which is consistent with the H2 mass determined from the line flux. 

The outstanding property of 10214+4724 is its LnR/ Leo ratio, 3000 10 (K km s-1 pc2)-1 ,  
which is ten times greater than that of other ultraluminous galaxies. If star formation powers 
this galaxy, then a short starburst of primarily high mass stars in required. The energy avail
able from nuclear burning in 1011 M0 of stars indicates star formation can only maintain the 
luminosity of 10214+4724 for � 107 yr. For a burst of formation of 10 to 100 M0 stars, the 
necessary formation rate is � 3000 h-2 M0 yr-1 ,  about 5000 times the rate in the Milky Way. 
A starburst of this magnitude will rapidly enrich the interstellar medium in heavy elements. 
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Figure 7: Predicted intensity of CO( l --+ 0) through C0(6 --+ 5) line emission from sources of 
the same luminosity but different redshifts if observed with the IRAM 30 m telescope in the 
3 mm atmospheric window (85-115 GHz) . The square symbol indicates the observed C0(3 --+ 2) 
intensity of IRAS 10214+4724. Here qo = 0.5 ;  if q0 = 0 .05 the results are, similiar, although 
somewhat less favorable for high redshifts. This assumes the intrinsic brightness temperatures 
are the same for all lines. If the high J lines are not thermalized, they will be, of course, weaker. 
For this telescope and wavelength, there are 4.5 Jy K-i . 

3 Further Prospects 

Because of the large redshift of IRAS 10214+47624, it's possible to observe several submillime
tcr spectral lines from the ground that are normally impossible or at least very difficult. A 
tentative detection of the (21 ,i --+  20,2) line of para water has been made with the IRAM 30 m 
telescope.8) Somewhat surprisingly, the ground state ( li ,o --+ 10,i )  transition of ortho water, 
which is presumably more abundant , was undetectable with similar sensitivity. 

The 3 P2 --+ 3 Pi and 3 Pi --+ 3 P0 fine structure Jines of neutral atomic carbon have been observed 
with the NRAO 12 m and IRAM 30 m telescopes.2) In the published 3 P2 --+ 3 Pi spectrum 
from the 12 m telescope, there is an apparent emission feature. The center of this feature 
is ,  however, displaced by -350 km s-i from the CO lines. Furthermore, the emission feature 
coincides with the overlap between data taken with two receiver tunings that were combined 
without subtracting any baseline. Both transitions were observed with the 30 m telescope, but 
in neither spectrum are there features as strong as would be expected from the 12 m data if the 
source were small with respect to the telescope beams. Indeed at the velocities of the strongest 
feature in the 12 m spectrum, the 3 P2 --+ 3 P1 spectrum from the 30 m telescope has a minimum. 
These measurements remain unconfirmed and controversial. 

Because of the difference between angular size distance and luminosity distance, 25) spectral 
lines from high redshift objects are somewhat easier to observe than was first expected.21• 20) 
Furthermore, for observations in a particular atmospheric window, the CO rotational ladder is 
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convenient since the redshift where a line leaves the lower edge of the band is roughly the same 
redshift where the next higher transition enters the upper edge of the band. Both because 
of the increase in the temperature of the CBR with redshift and because we have detected 
C0(6 ---t 5) emission from 10214+4724, we expect CO lines up to J = 6 should have roughly the 
same intrinsic brightness temperatures. For objects with the same luminosity as 10214+4724 
but at different redshifts, the predicted CO line intensities are almost constant for any z > 1 
(Figure 7) .  Current millimeter wave telescopes can detect molecular gas in objects as distant 
as any known in the Universe. 

Acknowledgements. The 30 m observations were done with Phil Solomon and Dennis 
Downes and the interferometery with Bob Brown and Paul Vanden Bout. 
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ABSTRACT 

Spectroscopic observations of quasars in the visible and UV range is a 
ROwerfull means to reveal the presence of diffuse intervening material in 
the Universe. We summarize bere some recent results in fhis field, in 
particular those which are the most relevant to high redshift galaxies. 
The strongest of the metal line systems,  the so-called "damped Lyman a 
systems",  are thought to originate from galactic disks. We shall review 
which information can be extracted from detailed observations of these 
systems (number density, abundances, presence of dust and molecules, 
magnetic field) and how it can be used to infer the evolution that occured 
from z > 2 to z "" 0 galaxies. Most of the other metal line systems seem to 
be caused by large envelopes of ionized gas surrounding galaxies. The 
characteristics of these halos will be briefly presented. Finally, the Lyman 
a forest lines will be considered. 
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1 .  INTRODUCTION 

Let us first recall a few characteristics of quasar absorption line 
observations which are of interest here . Unlike most other studies, QSO 
absorption line data do not suffer from any bias favoring the objects closest 
to the observer. This is simply because the parameters which limits the 
detection of absorption lines are 1 )  the brightness of the background quasar 
and 2) the equivalent width (i.e. some combination of the column density of 
the ion considered and its velocity dispersion). One paradox in this field is 
that it is in fact often easier to study intermediate or high redshift systems 
than their low redshift analogs since the latter require space observations. 
This is especially true for the Lya absorption lines which can be detected 
from the ground only at redshifts larger than about 2 (the same holds for 
high ionisation gas which is most efficiently probed by the CIV doublet at /.... 
"" 1 550 A). Therefore , while we may suspect that searches for high z 
galaxies just allow to pick up the most luminous "monsters" ,  quasar 
absorption lines are of great interest if one wishes to investigate the 
properties of normal high z galaxies. The drawback is that the 
information extracted from absorption line studies involves some part or 
phase of the underlying galaxy that remains badly defined; as discussed 
further, it is relatively clear now that low z (z "" 0.4) MgII absorption are 
due to extended ionized galaxy halos. The latter may be present as well 
around nearby and well-studied galaxies but presently we know very little 
about them (at z "" 0, the only strong lines expected in the optical range -
the Call and NaI doublets - are not well suited to probe ionized gas). 

Considering ground-based work only, it is solely in the redshift range z 
"" 0.3 - 0.7 that one can at the same time obtain good images or spectra of 
the galaxy and see the absorption caused by its halo in the spectrum of the 
background quasar (the HST may bring in the future very usefull 
complementary data on absorption due to nearby z "" 0  galaxies). It is worth 
noting in addition that there is nearly no overlap in space between the halo 
revealed by Mgll absorption and the central parts of the galaxies seen in 
images or spectra. Therefore , the connection between the accessible 
characteristics of the halos (metal abundances or velocity distribution for 
instance) and the emission properties of the associated galaxy (morphology, 
star formation rate etc) may be loose and since it remains to be established, 
it is unfortunately not possible to infer much on the galaxy from quasar 
absorption data only. This is no longer true for the damped Lya systems 
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because several of their properties indicate that they are directly related to 
galaxy disks. For this reason, they are of special interest in our context and 
we shall consider them first. 

2. THE DAMPED LYMAN a SYSTEMS 

For N(HI) exceeding 2. 1020 cm-2, the opacity far from the center of 
Lya lines becomes noticeable and a new regime appears, the rest equivalent 
width increasing as Wrest a (N(HI)0.5 (as in the optically thin case, a W 
measurement then provides a direct measure of N, whatever the velocity 
dispersion). Since the lines are relatively broad, they can be selected 
efficiently by using low resolution spectroscopy; confirmation of the 
candidate "damped lines" is then required to reject those features which 
turns out to be just random pairs or groups of Lya forest lines 1 ) ,  

Another method involves radio observations at the frequency expected for 
the redshifted 21  cm HI line. While searches for damped Lya is restricted 
to Zabs larger than about 2 for ground-based observations, this latter 
method allows the selection of low redshift disks (four cases are known at 
Zabs < 1 of which two were found prior to optical observations 2) ) .  
Although the presence of  a damped Lya at  the redshift of  the 21cm feature 
has not yet been verified for the low redshift cases, it is natural to consider 
both Lya and 21 cm absorption as signatures of galaxy disks since the 
lowest detectable column densities are comparable and well in the range 
expected for such interveners. 

1.1 The heavy element abundances 

This is a key point since inside galaxy disks, the gas is supposed to be 
significantly enriched (on the other hand, if truly intergalactic and 
primordial clouds were present, very low abundances should be observed). 
If data can be obtained over a large redshift range, one may then be able to 
follow the cosmic evolution of the metal abundances. 

The damped Lya systems are well suited for abundances determinations 
because the amount of hydrogen at least, is well known (the equivalent 
width already provides a good estimate of N(HI) and above 1020 cm-2, the 
fraction of ionized hydrogen should be small). The situation is  less 
favorable for the most abundant metals ,  C, 0, N because in general their 
lines are heavily saturated. Further, they are spread over different 
ionization stages, not all of them being observable. Therefore, observers 
have focused toward less abundant elements and in particular Zn and 
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Cr3),4) .  The AA 2025, 2062 ZnII doublet can be identified easily and is 
expected to be optically thin. In addition, this element which should be 
mainly in the form of ZnII at large N(HI) is known to show little depletion 
onto interstellar grains (in our Galaxy) while the opposite is true for CrII 
(lines at 2055, 2061 and 2065A near those of Znll). The results obtained 
indicate typical relative abundances in the range 1 0-I - 10-2 solar 4). Values 
as low as 1 0-3 solar have been observed in a N(HI) = 4 1020 cm-2 system 
5) . The scatter at a given redshift (up to two orders of magnitude and 
possibly more) is much too large to leave any noticeable trend with 
redshift. This suggests that the intervening objects observed are in very 
different states of chemical evolution. This may mean, if galaxies formed at 
some relatively well defined epoch, that evolution has proceeded at very 
different rates depending possibly on the mass or some other initial 
condition. Equivalently, a large abundance spread is expected if galaxy 
formation occured over a significant fraction of the age of the universe. 
Radial abundance gradients, if systematically present in remote galaxy disks 
as in nearby galaxies 6) may contribute the observed scatter (which would 
in part reflect the spread in impact parameters of the lines of sight). Radial 
gradients will also tend to lower the observed abundances since most of the 
cross section is provided by the external parts where metals are rarer. 

Concerning Cr, the Zn/Cr ratio observed implies little evidence for 
relative depletion which, by comparison with the local interstellar medium, 
is consistent with a dust to gas ratio below I/10th of the Galactic one. 

1.2 Number density of lines 

Unbiased spectroscopic surveys 7) yields a number density of lines per 
unit redshift interval, dN/dz "' 0.2 at <z> "' 2.5. This is about five times the 
expected value assuming an unevolving population of spirals. The 
discrepancy implies a higher value of the product ngal cr gal i.e. a larger 
comoving number density of spirals (ngaJ) in the past (as expected if 
merging has affected the evolution of a significant fraction of galaxies) 
and/or a larger cross section for N(HI) > 2 1020 cm-2 (crgaJ) . A possible 
rapid increase in dN/dz above z = 3.5 has been announced 8) but this result 
is based on few lines and requires confirmation from a larger sample. 

1.3 The apparent lack of associated dust 

Dust is a ubiquitous component of nearby gas-rich galaxies so we expect 
to find it in remote disks too. Several signatures can be searched for: 
reddening and bending of the spectra or presence of the 2175A feature. 
Despite many searches, no clear evidence of dust has been found in any 
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particular absorption system 9), 1 0) .  Quasars which show a damped Lya 
system in their spectrum are slightly redder than others, the inferred dust 
to gas ratio being about 1/10th of the galactic one 1 1 ) . This result is of a 
statistical nature since reddening cannot be considered as an unambiguous 
signature for a given object (there exists no unique intrinsic QSO 
spectrum). The third signature - the 2175A feature - has been searched in 
0215+0 1 5  at the redshift of a strong (but probably not damped) system9). 
Despite the remarkable smoothness of this BL Lac spectrum, no hint of a 
depression could be found in it. This signature is not easy to detect because, 
once redshifted at z '°" 1 or 2, it is very broad (up to 1 000 to 1 500A). One 
objection often raised concerning its use is that it may not be universal. 
Indeed, this feature is much less pronounced in the LMC and is absent in 
the SMC - the only external galaxies for which detailed UV extinction 
curves have been obtained. However, Magellanic clouds are dwarf galaxies 
and we see no reason by which the extinction curve of our Galaxy should 
not be representative of those in other normal galaxies. Possibly, the 
feature may vary in strength from galaxy to galaxy (which includes the 
possibility that it may occasionnally be stronger ! )  as it does from one 
region to another inside the Galaxy; but it seems quite unlikely that it is  
systematically absent. Recently, an extinction curve has been obtained for 
M31 from HST spectroscopy of two OB stars 1 2) and although narrower, 
the 2175A is present. 

1.4 Searches for molecular absorption in damped systems 

Two different techniques have been used. The first one involves 
absorption in the CO rotationnal lines (either J=0-->1 ,  J=l -->2, etc). Only 
upper limits have been obtained 1 3) .  Observations were also performed at 
the IRAM 30m telescope by our group with negative results (unpublished). 
Second, UV lines can be considered, either from H2 (presumably the most 
abundant molecules) or CO. The latter is more easy to search for because 
some lines can occur outside the Lya forest (depending on Zem and Zabs) . 
Several stringent upper limits have been obtained with an implied fraction 
of gas in molecular form orders of magnitude lower than in the diffuse 
Galactic interstellar medium 10), 1 4). The only detection (for H2) has been 
obtained towards 0528-250 at Zabs = 2.8 1 1  1 5), a quite peculiar system since 
Zabs is slightly larger than Zem· The absorbing material should then be 
located in the immediate vicinity of the active nucleus and falling onto it: 
this is not a very favorable environment for molecules and however, it is 
the only object in which H2 has been detected ! 
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The difficulty of the millimeter wave observations is that, because of a 
too low continuum flux level, detection could be expected only for a very 
small fraction of the potentially interesting sources; indeed, the upper limits 
obtained are less constraining than those obtained from the UV CO lines. 
However, radio observations remain of interest for low redshift systems 
because the CO and H2 electronic transitions cannot be searched for from 
the ground. Further, if a detection were obtained in this range, several lines 
could be detected allowing to estimate the population of the various 
rotationnal levels (at high z, the cosmic background radiation should 
contribute to populate the J = 2, 3 . . . levels since T cbr(z) a (1 +z)). 

1.5 Are the estimates of dust, molecules and metals biased ? 
We now wonder to which extent the available sight lines can be used to 

get the true composition of the interstellar medium (ISM) in distant 
galaxies . For this purpose, let us estimate what quasars with damped 
systems would look like if the ISM were similar to that of our Galaxy and 
consider the case of PKS 0458-02 with N(HI) = 6 1021  cm-2 at Zabs = 

2.041 6) . Using average Galactic dust to gas ratio and extinction curves, we 
get an attenuation induced by the intervener of 10 magnitudes at Aobs = 

4400A (A(B); corresponding "-rest : 1450A). Clearly, such an object would 
never have been recognized as a quasar. Further, even if N(HI) amounts to 
only 1 021  cm-2, the quasar will probably be considered too faint for a 
spectroscopic study at intermediate resolution. The brightest distant quasars 
have mB "" 16- 1 7  and below m "" 1 8, medium resolution spectroscopy 
becomes difficult; the range of detectable extinction is therefore very 
narrow. We conclude that the apparent lack of dust may be largely due to 
an observationnal selection effect. As dust must be present for molecules to 
form or survive, results concerning the latter may be biased in the same 
manner. One way to check this and to get firm evidence for associated dust 
and molecules in individual objects would be to search for damped Lya 
lines in fainter quasars; objects which have already been noticed for their 
red colors are specially interesting in this regard. Very large telescopes will 
offer soon the opportunity to perform such observations. 

Nevertheless, the available data at least proves that large HI column 
densities can exist with very little associated dust. This is not necessarily a 
distinctive feature of high z disks since the same may be true in the outer 
regions of nearby spirals. QSO absorption studies naturally lead to select 
lines of sight that cross the external parts of the interveners which dominate 
the cross section. If abundance gradients are already present in z "" 2 disks, 
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then the measured heavy element abundances may also not be representative 
of the overall metallicity. We then conclude that the dust to gas ratio as well 
as the molecular fraction and metal abundance estimates are probably all 
lower bounds to the true values. 

1.6 Magnetic field 

It has been established that the presence of absorption systems in quasar 
spectra is statistically associated with an enhanced Faraday rotation 17) . The 
original study included a large variety of absorption systems and a stronger 
effect appear if only damped Lya systems are considered 1 8 ) .  VLA 
observations of PKS 1 229-021 performed recently 1 9) illustrates well how 
detailed information can be obtained in the radio range when the 
background source is extended. The high resolution polarisation maps show 
a complex pattern which is consistent with an intervening spiral (zabs = 
0.395) located at a few arcsec only of the QSO line of sight. The implied 
magnetic field is about 1 - 4 µG. 

1.7 Emission from objects causing damped Lya systems 

One first technique consists in obtaining a high signal to noise spectrum 
of the damped Lya profile since Lya emission from the intervener is 
expected precisely where the QSO flux falls to zero. Controversial results 
have been obtained for the z = 2.466 Lya system toward 0836+ 1 13 20), 21). 
Another method involves imaging in a narrow band where the QSO is 
completely absorbed, a technique which allows to reveal objects blended 
with the QSO image as well as neighbors. Broad band imaging with 
follow-up spectroscopy has also been used. Generally, the objects observed 
are not the damped absorber but neighbors 22), 20), 23) . These results led to 
conclude that clustering of galaxies around z "' 2.6 damped aborbers is 
strong 24) . Further, the objects are found to be of galactic size and show a 
star formation rate in the range l -20M0/yr. 

Very recently, attempts have been made to detect the CO rotationnal 
lines in the millimeter range 25). Considering that these observations have 
probably been stimulated by the detection of CO and CI emission from the 
1021 4+4724 IRAS galaxy at z= 2.28 (see discussions in this volume), we 
wish to make two remarks. First, we stress that we have no reason to 
suspect that damped absorbers are characterized by a particularly large 
intrinsic luminosity or amount of interstellar material (the strength of the 
induced Lya absorption being more likely just the result of a close 
alignment with the QSO). On the other hand, the galaxy 1021 4+4724 could 
be detected only because it is exceptionnal in its far infrared luminosity 



(indeed, normal galaxies become hard to detect in CO beyond z "' 0.03). 
Second, high frequency radio observations are characterized by a very 
narrow bandwidth which results in a small velocity coverage. The latter 
often do not exceed "' 1 OOOkm/s and it is not easy to judge the reality of a 
feature several hundreds of km/s wide. Repeating these observations at 
different telescopes and searching for several CO (or Cl) lines from the 
same object is therefore crucial to establish the reality of any claimed 
detection. 

All the data summarized above are consistent with a picture in which 
galactic disks are responsible for both the low z 2 l cm absorptions as well as 
the z > 2 damped Lya systems (kinematical studies which have not been 
discussed here are also in good agreement with this view). 

3 .  METAL LINE SYSTEMS AND GALACTIC HALOS 

The absorption systems we consider now differ from the previous ones 
by their smaller N(HI) column density (N(HI) "' 101 7  - 1020 cm-2). Early 
after their discovery, the existence of large halos around galaxies was 
proposed as a likely explanation. About twenty years later, it became 
possible to test this assumption by direct observations and systematic 
searches reveal in nearly all cases a galaxy close to the quasar image with a 
redshift equal to that of the absorption system 26), 27). The consequence is 
that most bright galaxies (L 2:: 0.3 L * ) at z "' 0.5 should be surrounded by 
gaseous halos with radii as large as 80 hso- l kpc. The observations also 
indicate that the contribution of dwarf galaxies to the total cross-section is 
probably small 28) .  Our Galaxy does not possess such a halo (but just a 
"thick disk"); if it is considered to be representative of z"'O galaxies (the 
HST will answer this question through observation of QSO/galaxy pairs), 
one must admit that strong evolution has occurred between z=0.5 and z=O. 
Unfortunately, halos are still very poorly understood and at present there is 
no model that could be used reliably to connect the absorption line data 
with the underlying galaxy properties. 

4. THE LYMAN a FOREST LINES 

We shall just summarize here a few properties of the so called "Lya 
clouds" ,  the hypothetical objects which give rise to the forest of lines 
blueward of the QSO Lya emission line (for details, see recent reviews29)). 
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The large number density of lines together with the lack of clustering 
strongly suggest that a new and unknown population of objects is required 
to account for these absorptions.  The metal abundance is quite low, less 
than 10-3.5 solar 30) . At high z, there is a strong cosmological evolution in 
the number density of lines s ince dN/dz a (1 +z) 2 .3 (therefore the 
comoving number density and/or the cross-section should decrease with 
cosmic time).  Spectroscopic observations of the gravitationally lensed 
quasar UM 673 has allowed to establish that the clouds are of galactic size 
3 1 ) .  Regarding the temperature of the gas - a key parameter in physical 
models of the clouds - conflicting results have been obtained. A recent 
reanalysis of the data seem to indicate that the presence of very narrow 
lines (b = l Okm/s which would imply a low temperature T < 104 K) as well 
as the existence of a velocity dispersion - column density correlation are 
artefacts due to a finite signal/noise ratio32) .  As shown by the HST 33), Lya 
clouds still exist at z = 0 and are in fact more numerous than predicted 
from extrapolating the high z evolution law. The presence of nearby 
specimens allows detailed complementary optical or radio observations to 
be conducted 34) which will certainly help very much to establish the nature 
(possibly not unique) of these objects : primordial clouds, dwarf unevolved 
galaxies, gaseous clouds lying in the most external parts of galaxies and 
pulled out by past tidal interactions ? 
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ABSTRACT 

We report the results of l .25mm continuum observations with the IRAM 30m 
telescope of five optically selected QSOs, and :five radio selected, flat spectrum 
QSOs with high redshifts. One of the optically selected QSOs, BR1202-0725 
with z=4.69, was detected. The observed flux of 10 .5±1 .5mJy is similar to 
that of the, z=2.29, high luminosity IRAS source Fl0214+4714 and under the 
assumption that the detected emission is due to thermal emission from dust 
with a single temperature, TD =80K, the inferred dust mass � 4 X 108 M':J 
(!10 = 1 ,  Hu = 50 ) . Three of the five radio selected QSOs with S6cm>250mJy 
were detected with sl .25mm in the range �20-50mJy. 
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IRAS has shown the importance of middle and far infrared (MFIR) emission of dust 
in starburst galaxies, radiogalaxies and QSO's, where it represents an important fraction 
of the total luminosity in all cases known. The MFIR emission of QSO's and other ac
tive galaxies at low z, is now relatively well documented from IRAS measurements ( e .g . 
Sanders et al. 1 989, Heckman et al. 1992) ,  and complemented by mm and submm obser
vations, especially with the 30m ( e.g. Chini et al. 1989a,b ). However, until recently no 
radio quiet QSO or AGN had been detected in the mm range beyond a z=0.107  ( Chini et 
al. 1987). The situation has changed dramatically in the last 18 months with the detec
tion of a few objects with z>2 in the mm range i .e. the ultraluminous IRAS galaxy, IRAS 
F10214+4724, at z=2.3, (Clements et al. 1992, Downes et al. 1992), and the gravitationally 
lensed QSO Hl413+1 17  at z=2.5 (Barvainis et al. 1992). The submm-mm-IRAS spectrum 
of IRAS F10214+4724 appears to indicate a relatively high dust temperature (SOK) and 
a surprisingly normal gas-to-dust ratio. 

The MFIR emission of QSO's is a major issue. It is believed to be thermal in the 
majority of cases (Sanders et al. 1989, Heckman et al. 1992) and thus reflect the properties 
and the distribution of dust a large distance from the central source, up to several kpc. 
The knowledge of the total mass and temperature of dust gives information on its spatial 
distribution and on the star formation activity in the past (through the abundance of the 
heavy elements) and at the time of emission of the radiation (starburst). 

Because of the steepness of the submillimetre and far IR emission of dust, the de
tection sensitivity of continuum radiation at mm and submm wavelengths is practically 
independent of the redshift z for large values of z and can even increase with z for q0=0 .5 
(see e.g. Blain and Longair 1992, McMahon et al. 1993). This is in contrast to the IRAS 
bands where the fluxes are falling since they are on the other side of the blackbody peak. 
This is examplified by the quoted detections at z>2 of the galaxy IRAS F10214+4724 and 
the QSO H1413+117. While IRAS F10214+4724 is still unique, there is now a large sam
ple of QSOs at larger z, and in particular more than 40 at z>4. Although the properties 
of these objects are still poorly known, there was a certain probability that they contain 
relatively important amounts of dust and that there are very powerful IR emitters. The 
presence of dust at large redshift is a fundamental question, both because it can be an 
important reservoir of heavy elements and because it can absorb visible and UV radia
tion, reprocessing the energy into the far infrared, thus making high redshift starforming 
galaxies very difficult to identify or study at optical or near IR wavelengths. Accordingly, 
we proposed to search for 1 .25 mm emission among the bright QSOs with z>4 of the 
APM colour selected sample (Irwin, McMahon & Hazard,1991) .  We here report our ini
tial observations and discuss the implications of our results for the amount of dust in one 
detected radio quiet QSO with z = 4.69 (a more complete discussion is given in McMahon 
et al. 1993 (MOBKH)). 

The observations were performed in February 1993 with the IRAM 30m telescope. The 
detector used was the MPifR 7-channel bolometer array with 3 He cooling (Kreysa 1993) 
which allows a good control of the sky noise. The observational procedure is described 
in MOBKH. Due to poor weather conditions, 803 of the allocated time was lost , so that 
only a very limited number of sources could be observed with a good sensitivity. 

The results are reported in Table la. Three of the five radio selected QSOs with 
S6cm >250mJy were detected with Si .25mm in the range �20-50mJy. For these radio 
loud QSOs the l .25mm observations indicate a steepening of the radio continuum from 
a median spectral index of +0.3 between 20cm and 6cm to �-0.7 over the range 6cm to 
l .25mm (see MOBKH for references of visible and cm fluxes) .  



Table 1 .  Observational results. 

Table la - Present results at l .25mm. 

Source z mag S6cm a20cm 
6cm Si .25mm 

(mJy) (mJy) 

BR 1202-0725 4.69 18.7(R) 0.3 ± 0.2 10.5 ± 1 .5 
BRI1328-0433 4.20 19.0(R) 2.7 ± 1 .6 
BR 2235-0301 4.25 18.2(R) 0.1 ± 0.2 0.6 ± 2.5 
HS 1700+6416 2.72 1 6.l(V) 1 .5 ± 2.0 
BRI1050-0000 4.29 18 .6(R) 10.6 ± 0.2 +O.o2 1 .5 ± 3.0 
MC 1331+1704 2.08 16.7(V) 713 ± 97 +0.74 3.0 ± 1 . 5  
MG 150o+0431 3.67 18.0(R) 1 69 ± 17  -0.19 5.0 ± 2 .4 
GB 1508+5714 4.30 1 8.9(R) 282 ± 29 +0.53 41.0 ± 4.0 
MG 1557 +0313 3.90 19 .8(R) 690 ± 19  +0.30 23.0 ± 4.5 
GB 1745+6227 3.89 18 .3(R) 580 ± 55 -0.23 50.0 ± 7.0 

> +0.70 

< -0.09 
< - 1 .2 1  
< -0.73 

-0.50 
-0.87 
-0.63 

Table lb. Results of Andreani, La Franca & Cristiani ( 1993) 

PC2132+o126 
PC0344+0222 
PC0345+o130 
PC0307 +0222 

3 .19 
3.38 
3.64 
4.38 

19.8(R) 
20.4(R) 
19 .9(R) 
20.4(R) 

<0.2 
<0.3 
<0.2 
<0.3 

1 1 .5±1 .7  
5.7±2.0 
6 . 1±2.0 
6.6±1 .7  

Only one radio quiet QSO was detected, BR1202-0725 with z=4.69 and 
S1 .25mm=l0.5± l .5mJy. It was detected at a 4-5u level on 3 different nights .  3u up
per limits of �7 mJy, were obtained for the other three APM QSOs with z>4.0 and the 
luminous lower redshift QSO, HSI 700+6461 .  At z=4.69, BR1202-0725 is the highest red
shift QSO of the APM sample. Its 6cm flux was found smaller than 1 mJy by Irwin et 
al. (in preparation). 

There is mounting evidence that the FIR emission in radio quiet QSOs ( e.g. Sanders et 
al. 1989) is due to thermal emission from dust as originally proposed by Rees et al. ( 1 969). 
Models of the 10-lOOµm emission ( e.g. Barvainis 1990) show that no nonthermal source is 
necessary in radio quiet QSOs to explain the FIR emission. More importantly mm and sub
mm observations of low redshift radio quiet QSOs that have IRAS detections at lOOµm 
(Chini, Kreysa & Biermann 1989, Hughes et al. 1 993) have shown that a non-thermal 
synchrotron self-absorption origin for the turn-down in the FIR spectrum in radio quiet 
QSOs is highly unlikely. As discussed by Chini et al. ( 1989a) , Andreani et al. ( 1993) and 
Hughes et al. ( 1993), whilst emission from the QSO nuclear region cannot completely be 
ruled out, it would require rather extreme cases of self-absorbed synchrotron emission (de 
Kool & Begelman 1989, Schlikeiser et al. 1991) .  Therefore we shall continue our discussion 
under the quite plausible assumption that the l .25mm emision we have detected is due to 
thermal emission from dust. 

If one assumes a mass of dust(Md) ,  which is optical thin at Arest�200 µm, with a 
single dust temperature (Td) ,  the relationship between the measured flux density S(v0,, )  
at an observed frequency Vobs for a source with redshift (z) is given by: 

( 1 )  

where Vr is the rest-frame frequency, DL i s  the luminosity distance: 

(2) 
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and B(v,. , Td) is the Planck black body function. The dust absorption coefficient K,d is quite 
uncertain for even local galactic dust. For quantitative estimates, we take, as Downes et 
al. (1992), K,d = 0.4(vr/250GHz)2 cm2gm-1 of dust (Krugel, Steppe & Chini 1990), noting 
that it is uncertain by at least a factor 3. 

1 250µm flux for Dust Spectrum 1 08 h -z M 0  

-- Q= 1 .0 
IO ------ Q=0.1 

IO 

BOK 

- -- ------ - -------- - - -BOK 
-------- -- --�----- ---- ----0 '---'-�-'----'����������� 

0 2 4 6 8 1 0  
Redshift 

Figure 1 - The predicted l.25mm flux as a function of redshift for a thermal dust spectrum 
(Hildebrand 1983). Two temperatures are shown, 40K and 80K. 

Figure 1 illustrates quantitatively the behaviour of relation ( 1 ) ,  and in particular 
the important increase of S(v0b8J /Md for q0=0.5 and T d=80 K. In all cases, the dust 
mass inferred from the observed flux density of BR1202-0725 at 1 .25mm is large, with 
Md � 108 h-2 M0 for q0=0.5. (lower Td and q0 mean higher dust masses) .  This value is 
comparable to that of IRAS Fl0214+4 724 (Downes et al. 1992). The corresponding mass 
of gas assuming a typical gas to dust ratio of 500 (Downes et al. 1992) implies a gas mass 
�1011 M0 i .e. a galactic scale mass. However, one must stress that, whilst mm/submm 
observations provide evidence for the presence of dust and the best estimate of the total 
mass, the uncertainty in the temperature means that the total FIR luminosity is quite 
uncertain since this varies as �T4-6 .  

Recently Andreani e t  al. ( 1993) have reported a similar result (Si .25mlll = 1 1 .5 ± 
1 .5mJy) for a radio quiet QSO at z=3.19 (Table lb) .  In addition they report observations 
of 3 other QSOs in the redshift range 3.4 to 4.4 with fluxes of �6±2 mJy ( �30-) out of 
16 radio quiet QSOs observed. Barvainis et al. (1992) report a comparable detection at 
0.80mm of the gravitationally lensed QSO H1413+117 at z=2.5. 

It is striking that in all these cases, including IRAS F10214+4724, the inferred masses 
of dust are comparable, in the range of 108 h-2 M0 . Altogether with the results of 
Andreani et al. ( 1993), our results show that such a large amount of dust is relatively 
common at z �4, although the present number of observations with a good sensitivity is 
still too small to allow statistical conclusions. 

It has been suggested that the extraordinary values of Md and Lprn in IRAS 
F10214+4724 could be explained by a large primeval galaxy undergoing at the scale of 
the whole galaxy an enormous starburst which could be an essential stage of elliptical 
galaxies (Elbaz et al. 1992). One could consider the same explanation for BR1202-0725, 
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although there is no other proof of a starburst there, and the dust could as well be heated 
by the central radiation of the QSO (Sanders et al. 1989). 

At such large redshifts the probability of strong gravitational lensing by intervening 
systems is relatively large (see e.g. Blandford and Narayan, 1992) so that the detected 
emission could be amplified considerably. All the above APM QSOs have been imaged in 
�1" seeing and there is no evidence for faint stellar companions within 2-3 magnitudes 
or within a radius 0.5-10".  Thus whilst we cannot exclude completely the possibility of 
lensing we consider it highly unlikely. 

In conclusion the positive detection at l .25mm of a radio quiet QSO at z=4.69, as 
well as those of Andreani et al. (1993), opens the possibility of systematic studies of the 
far infra-red emission in powerful QSOs at large redshift, together with further studies at 
shorter wavelengths ( e.g. with JCMT and ISO). The results of these observations will be 
a new tool in attempts to understand the physics and the evolution of high z QSOs and 
their host galaxies and hopefully provide information about the star formation rate, heavy 
element production timescales and dust masses. 

REFERENCES 

Andreani P. , La Franca F., Cristiani S., 1993, MNRAS 261, L35. 
Barvainis R., Antonucci R., Coleman P. , 1992, Astrophys. J 353, 416. 
Barvainis R., 1990, Astrophys. J 353, 419. 
Blain A.W. and Longair M.S., 1993, MNRAS 264, 509. 
Blandford, R.D. and Narayan, R., 1992, Ann. Rev. Astron. Astrophys. 30, 311 . 
Chini, R., Kreysa, E. ,  Salter, C.J . ,  1987, Astron. Astrophys. 219,  87. 
Chini, R., Kreysa, E. and Bierman, P.L. ,  1989a, Astron. Astrophys. 219, 87. 
Chini, R., Bierman, P.L. ,  Kreysa, E. and Gemund, H.P., 1989b, Astron. Astrophys. 221 ,  

L3. 
Clements ,  D.L. ,  Rowan-Robinson, M., Lawrence, A., Broadhurst, T. McMahon, R. , 1 992, 

MNRAS 256, 35p. 
de Kool, M. and Begelman, M.C. ,  1989, Astrophys. J.  308, 59. 
Downes, D., Radford, S.J.E., Greve, A. ,  Thum, C., Solomon, P.M. and Wink, J .E. ,  1992, 

Astrophys. J.  398, L25. 
Elbaz, D., Arnaud, M., Casse, M. ,  Mirabel, I .F. ,  Prantzos, N. and Vangioni-Flam, E . ,  

1992, Astron. Astrophys. 265, L29. 
Heckman, T.M., Chambers, K.C. and Postman, M. ,  1992 Astrophys. J. 393, 68. 
Hildebrand, R.H., 1983, QJRAS, 24, 267. 
Hughes, D.H, Robson, E.I., Dunlop, J .S . ,  Gear, W.K. ,  1993, MNRAS 262, 607. 
Irwin, M.J. ,  Md.-lahon, R.G. and Hazard, C., 1991 In: The Space Distribution of Quasars, 

ASP Conference Series, Vol. 21 ,  p .117 Ed. D. Crampton. 
Kreysa, E., 1993, In: Proc.Int.Symp.on Photon Detectors for Space Instrumentation, edit

ed by T.D.Guyenne, ESA/ESTEC Noordwijk ,  1993. 
Kriigel, E. ,  Steppe H. and Chini R., 1990, Astron. Astrophys. 229, 17.  
McMahon, R.G . ,  Omont, A . ,  Bergeron, J . ,  Kreysa, E. ,  Haslam, C.G.T. ,  1993,  MNRAS in 

press (MOBKH). 
Rees, M.J., Silk, J.I. , Werner, M.W., Wickramasinghe, N.C. ,  1969, Nature 223, 788. 
Sanders, D., Phinney, E.S., Neugebauer, G., Soifer, B.T. and Matthews, K. , 1989, Astro

phys. J. 347, 29. 
Schlikeiser, R., Biermann, P.L. and Crusius-Watzel, A., 1991 ,  Astron. Astrophys. 247, 

283. 



394 



395 

ABUNDANCE OF NUCLEAR PROCESSED MATERIAL AS  A CONSTRAINT 
ON GALAXY PHOTOMETRIC EVOLUTION AND BACKGROUND RADIATION 

B.E.J .  Pagel, NORDITA, Blegdamsvej 17 ,  Dk-2100 Copenhagen 0, Denmark 

ABSTRACT 

Smoothed-out cosmic abundance of nuclear processed material is used as an additional 
constraint on past photometric evolution of galaxies, to supplement and refine constraints 
from extragalactic background light and make some predictions about the latter. In 
the solar neighbourhood, any exponential decline since the past in star formation rates 
needs an e-folding time of at least 5 Gyr, whereas in E-galaxies (early stages of which 
may be represented by luminous IRAS galaxies) much faster decline rates (or luminosity 
evolution with red-shift) are permitted in view of the likely high proportion of white 
dwarfs. Predicted diffuse backgrounds based on extrapolated galaxy counts agree well 
with those from plausible evolutionary synthesis models. The low red-shifts of faint blue 
galaxies, combined with current uv background limits, suggest that these are not major 
sources of cosmic metal production. 
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1 .  INTRODUCTION 

In a classic paper, Partridge & Peebles 1 ]  considered extragalactic background light 

intensity and cosmic abundance of nuclear processed material (mostly helium) resulting 

from photometric evolution of galaxies . PP model 1, with constant rate of star formation 

and nearly constant luminosity, was rejected by them because it made too little helium 

for ideas current at that time, but its background spectrum is quite near modern predic

tions in optical and near infra-red, e.g. Yoshii & Takahara 2] and Franceschini et al.3] ; 
the latter authors also point out that their model (see Fig. 1 )  actually leads to very rea

sonable fuel consumption. This fuel consumption constraint (satisfied in realistic models 

of photometric evolution ) has otherwise been somewhat neglected in discussions of ex

tragalactic background light, but Songaila, Cowie & Lilly (SCL ) 4] have introduced an 

analogous though distinct constraint based on the relation between "metal" production 

from massive stars and the intensity of the nearly flat Fv spectrum between 1000 and 

2000 A in the rest frame. 

I try here to systematise the nuclear fuel consumption constraint in broad terms and 

draw some comments on galaxy evolution and extragalactic light that may be tested by 

future satellite missions. 

2.  LUMINOSITY EVOLUTION AND NUCLEAR FUEL CONSUMPTION 

Galaxy evolution models should not lead to an excessive amount of nuclear processed 

material; this is partly in white dwarfs and partly in helium and "metals" ejected by 

dead stars. In the solar neighbourhood, about 10% of luminous matter may be in white 

dwarfs 5 J and a similar amount of processed material in ISM and ordinary stars if dY / dZ c::: 
4 6] . For luminosity decaying exponentially with time over 12 Gyr and M / L twice solar, 

one derives an e-folding time > .5 Gyr in agreement with other arguments 7] . For elliptical 

galaxies the white dwarf content could be much higher 8-"J allowing  much higher past star 

formation rates 3]  and luminosity evolution with red-shift of fa.int IRAS galaxies 1 0] if 

these are ellipticals in formation 9•1 1] . 

3. ABUNDANCE OF PROCESSED MATERIAL IN TIIE UNIVERSE 

The smoothed-out cosmic density < p(Z + L'-.Y) > of processed material is related to 

diffuse background light emitted at a red-shift z by 

0 .007 < p(Z + L'-.Y) > c0 
1ri(l  + z) 

, _ 1 2 4 < p( Z + L\.Y) > 2 - 1 3 7 x 10 < ---- > ---------- wt cm- ster · 
1 + z 10-32 gm cm-3 

( l )  

(2) 

and I assume < 4/(1 + z) > c::: l. From visible matter densities estimated by Persic & 
Salucci 1 2] and assuming < Z + L\. Y > is 0 .5  in ellipticals, 1032 < p(Z -1- L\.Y) > is 0 .6 to 2 

gm cm-3 for Hubble constants of 50 to JOO km s-1 Mpc1 r<?spectively corresponding to 
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total extra.galactic background light levels between 2 and 7 x 10-12 wt cm-2 ster-1 .  This 

can be compared with the total light from some representative models . PP 1 l model 1 

predicts 3 in these units, and the ORS 10l models give 1 . 0  and 2.6 respectively (acceptable) , 

whereas PP model 5 gives 1 1  (unacceptable) . This bears on tentative background light 

detections 13•14l which apparently agree with PP5 better than with the others (see Fig. 

1 ) .  Extrapolated galaxy counts, on the other hand, like the estimate based on processed 

material, lead to backgrounds that agree within errors with the model predictions of Yoshii 

& Ta.ka.ha.ra. 2] , Franceschini et al.31 or PP model 1. (I assume ba.ryonic dark matter to 

be unprocessed beyond primordial abundances. )  

300 30 3 0.3 µ m  

' 
.._ - 1 0  (l) Lyman limit 
Ui z =3 

N ' E  - 1 1  :: 0 
J--3 

z = I  z = O  
� 

- 1 2  ;::. 
;:::, 
Ol - 1 3 l··" .5!. 

I.RAS 
- 14 12 13 14  15 

log v ------

Fig. I-Estimates of diffuse background light or limits thereto. 

Horizontal dashes: obs. upper limits from Cowie 1 5 ] ,  ORS 10] , SCL 4l and references 
therein. Uv limits a.re joined by a downward sloping line fitted by eye. 
Triangles: tenta.tive detections at K 13] , allowing for narrow bandwidth; at 3500 A14] ; 
and at 1600 A16l .  
Open circles : my estimates of background expected from faint galaxy counts: IRAS 
(lower limit only) from ORS 10] , K from Cowie et al.171 quoted by Colin & Schramm 18] ,  
and I and B from Lilly e t  al.191 .  
Filled circles and squares: sky backgrounds contributed b y  galaxies with l! L5<I<24.5 
and by faint "fiat-spectrum" population after SCL 4 ] .  

Thin continuous curves: Cosmic microwave background and PP 1 l  Model 1 .  
Thick continuous curves: Time-exponential "Q" model for IRAS galaxy evolution by 
ORS 1 0 ] ; and model for near infra-red by Franceschini et al.31 . 
Broken curve: IRAS galaxy evolution model by ORS 10] with L ex: ( 1  + z)q ,  q=3 . 1 5 ,  
z s; 5 .  
Dotted curve: PP 1 ] Model .5 . 

Upward sloping parallel lines: SCL 1] metallicity limits for sta.rbursts. 



4. METAL PRODUCTION, FLAT Fv SPECTRUM AND FAINT BLUE GALAXIES 

SCL 4) point out that massive stars responsible for "metal" production radiate a fairly 
flat Fv spectrum between 1000 and 2000 A in the rest frame with E,, = Lv/(MZ) 
(1 ± 0.5)  X 5000 ergs Hz-1 gm-1 leading with reasonable smoothed-out estimates 
1032 < Plum+X-r gas > '.:::'. l .7h�065 '.:::'. 1 . 7  gm cm-3 12] ,  < Z > = 0.01 to 0.02, to 

vlv (c/47r) V Ev < pZ >  
3000 2 -1 = -

.A
- (l .2 to 7) x l0-13 wt cm- ster 

(3) 

(4) 

(the same as found by SCL 4) )  which is shown as the region between the pair of sloping 
straight lines in Fig 1; this should be occupied over a range of a factor of 2 or more 
in wavelength according to the spread in red-shifts. If this theory applies, and there 
is no significant reddening by dust, the red-shift at which the bulk of the metals was 
produced has to be > 1 in order for the drop at the Lyman limit to occur at a long 
enough wavelength to avoid violating uv extragalactic sky background limits. This raises 
difficulties for the suggestion 20) that the faint blue galaxy population revealed in recent 
surveys is responsible for a significant part of cosmic metal production, because down to 
B = 24, at any rate, most red-shifts are substantially below 1. Probably the small blue 

galaxies are not dominated by massive starbursts and they are more nearly of Magellanic 
type. 
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DENIS is the first attempt to carry out an all southern sky digital survey in the near
infrared range. It will be undertaken with a d1!dicated three channel camera in the I, J and 
K' photometric bands installed at the ESO I meter telescope in Chile. Expected limiting 
magnitudes are 1 8, 16 and 14 in the UK' bands, respectively and the spatial resolution will 
be 3" in JK' and l "  in I. Several areas of astrophysics will take advantage of this survey: the 
exploration of hidden stellar populations of our Galaxy, the improvement of the Initial 
Mass Function towards low mass stars, counts and statistics of evolved Galaxies leading to 
a better knowledge of the local structure of the Universe. The survey is planned to start 
early in '94 and to last for approximately 4 years. Data will be released in stages and will 
be made available to the community as soon as appropriate processings and calibrations 
will be achieved. 
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1 .  Objective of DENIS 

Large scale K band surveys are of extreme importance to probe the stellar 

populations content of our Galaxy and evolved galaxies, in general. The 25-year-old Two 

Micron Sky Survey (TMSS) very limited in sensitivity (mK = 3) and uncomplete in the 

southern sky is still the only available document in this range. A situation which is no 

longer satisfactory, whereas a gain of more than 4 orders of magnitudes in sensitivity can 

be achieved with modern array detectors, and while future very expensive space and 

ground based instruments partly aimed at near infrared wavelengths observations will badly 

need deep and complete catalogs and atlasses that would provide accurate source fluxes 

and positions. 

DENIS, is the first accepted and funded project that will attempt to perform a 

digitized survey of the all southern sky in the near infrared. It will produce images in 3 

photometric bands (I = 0.8, J = 1 .25, K' = 2. 1 5  J.011) with a spatial resolution of 3" in the 

JK' band and 1" in the I band at the millijansky level (i.e., [I] = 18, [J] = 16, [K'] = 14). 

The upper limit of the spectral domain is basically dictated by the very constraining effect 

of the thermal background emission of an uncooled telescope on the detector 

performances. Inclusion of a visible red band (I) was eventually chosen to provide a closer 

link with optical large scale surveys (Schmidt plates), and to allow a better spatial 

resolution than in the JK' bands. Hence, identification in real time of detected sources with 

objects in optical catalogs (e.g. the Guide Star Catalog, Tycho Catalog etc .. ) and 

separation of stars and galaxies should be greatly facilitated. The ultimate aim of DENIS 

is to build catalogs and databases of point-like sources and small extended sources and to 

open the access to the results through computer networks in the shortest delay compatible 

with the release of highly reliable data. 

2. Scientific justifications 

Several domains of astrophysics such as stellar and galactic populations statistics will 

clearly draw out a great benefit of a better knowledge of the sky at near-IR wavelengths. 
The two micron band is of extreme importance to probe the stellar content of evolved 

galaxies and, primarily, of our Galaxy, just because most of the stars in spiral and elliptical 

galaxies are K and M dwarf stars that radiate the bulk of their energy in the 1-2 micron 

range. Another well known advantage is the good transparency of the interstellar dust in 

the K band that will permit probing young stellar objects embedded inside their parental 

molecular clouds, and stars in highly reddened regions, such as the bulge of our Galaxy. In 

addition, stars surrounded by thick circumstellar dust shells will be also detected. It is 

estimated that all the supergiant stars and most of the stars of the Asymptotic Giant Branch 

in our Galaxy will be recorded in the survey. The combination of IRAS and near infrared 

colours will improve the classification of AGE stars and, in particular will permit a reliable 
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break-up of carbon versus oxygen rich stars. Near infrared surveys such as DENIS will lead 

to significant improvements of the Initial Mass Function, and to better determinations of 

the scale heights of several poorly known species of stars such as OH-IR objects, extreme 

carbon stars, young planetary nebulae, etc . . . .  

DENIS will also produce the first complete digitized catalog of evolved spiral and 

elliptical galaxies up to a redshift limit of z = 0.2. Some 250 000 galaxies should be 
detected and recognized and notably in the obscured lane of our Galaxy. The near infrared 

emission is also a reliable tracer of the stellar mass contained in a galaxy and relatively 

independent of the evolution. This digitized catalog of galaxies will bring out new insights 

in the investigation of the local structure of the Universe. 

3. The Instrument 

The survey will be achieved with a specially designed and dedicated camera 

equipped with 3 array detectors working simultaneously in the 3 bands and attached at the 

cassegrain focus of the 1 meter telescope of the European Southern Observatory at La 

Silla (Chile). The telescope is granted to the survey during two consecutive months each 

trimester in the framework of an ESO keyprogram. 

The infrared camera consists of a set of 3 dewars each equipped with one array. The 

J and K' channels houses one NICMOS 3 array (256 x 256) made by Rockwell Int'! and 

the I band one Tektronix CCD array (1024 x 1024). Both types of detectors are cooled to 

liquid nitrogen temperature. The f/15 beam that comes out of the telescope is split off into 3 

separate beams thanks to 2 dichroic mirrors. The field of view of the camera is 12'. A 

microscanning device acting on the J and K' beams allows an improved sampling of the 

infrared images. The full coverage of one hemisphere requires about 1 million elementary 

images per colour taking into account some overlapping. The sky will be scanned in a 

step and stare mode at constant right ascension, near the meridian, along declination arcs of 

30° amplitude, by steps of 10'. It is eiq>ected that, taking into account average 

meteorological conditions at La Silla, the coverage of the sky should be completed in less 

than 4 years of observation. Data are handled and processed in real time with three 

independent controllers based on 68040 Motorola processors. The data flow will be 
approximately 130 kbytes/sec/channel that will yield an average of 8 Gbytes per night and a 

final amount of data of some 4 Tbytes, after completion. Raw data will be stored on digital 

audio tapes (DAT) after compression with no loss of informations. Sources brighter than 

approximately K = 8 will saturate the NICMOS arrays. To allow measurements of these 

sources, an additional filter, attenuated by 5 magnitudes, has been added on each channel. 

The main tasks that will be achieved in real time are flat fielding, sky subtraction, 

astrometric and photometric calibrations and identifications with entries of the Guide Star 

Catalog. A preliminary small source catalog will be produced in real time in order to 
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allow the immediate follow up of newly discovered interesting sources, but the final data 

processing will be performed in two dedicated computing centers located at Leiden 

Observatory and Paris Institut d'Astrophysique. 

4. Data processing and Analysis 

It is out of the scope of the real time computers and of the operations team on the 

mountain to process properly such a stream of data. Moreover, special attention will be 

drawn to obtain an homogeneous set of measurements and data reduction methods will 

undoubtedly improve with the experience and time. The two analysis centers will achieve 

improved standard reductions, each one being in charge of a compiementary task in the 

data reduction stream. The center in Paris will receive the raw image data on DAT, 

re-process them in an homogeneous way and to make them scientifically usable. 

Elementary images in three colours will be archived and made accessible in a databank A 

copy will be forwarded to Leiden where the extraction of point like objects will be 

achieved in order to create a small source database that will eventually become the small 

source catalog. The Paris center will, in turn, identify and archive the extended sources 

and will create an extragalactic databank with the participation of Lyon Observatory. 

Other more specific databases will be implemented under the responsibility of the partners 

or users, but the normal access to the DENIS data, before final release will be through the 2 

dedicated centers. Data will be delivered in stages in order to open an access of the 

community before the completion of the survey. However, the co-investigators of the 

project will have a priviledged access to the new data during one year. 

5. Organisation, and planning 

DENIS became an European project, after the initial plan of collaboration with the 

American 2MASS project had failed. DENIS results of a collaboration between several 

Institutes pertaining to 7 European countries (Austria, France, Germany, Hungary, Italy, 

Netherla.'lds a.'ld Spain) a.'ld a significant contribution of Brazil. The project involves about 
60 scientists and engineers. The Space Department (DESPA) of Paris Observatory is 

leading the project and is responsible for the construction of the 3 channel camera with 

important technical and funding contributions of the partners. An operations team of 2 

senior and 2 postdoctoral astronomers and one dedicated engineer, all resident in Chile 

will carry on the survey and take care of the continuity of the observations. Commissioning 

of the camera at the telescope is planned by the end of '93 and the survey should start 

early in '94. The total cost of the project, excluding salaries, but including 3 years of 

operations is approximately 12MFF (2.4 M$). The project is funded with the 

contributions of several National Institutions of the partners countries, and of the 

SCIENCE plan of the Commission of the European Community . 
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After a review of the astrophysical programs that should take advantage of the advent of 
Adaptive Optics, two existing AO systems using different solutions are presented with their 
characteristics. The present performances, 0.1  arc-sec FWHM images currently obtained 
are illustrated by astrophysical results recently obtained. The limit in sky coverage of this 
technique, due to the scarcity of bright enough reference stars is shown, and prospects on 
present and future evolutions are mentioned. 
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1- Astronomy with Adaptive Optics 
Among the various high angular resolution techniques, the adaptive optics approach, first proposed 
by Babcock l ) , is gaining more and more support in the community since it represents one of the most 
desired improvement in astronomy lO) and appears now to be fully proven after the success of the 
first experiment ComeOn 14),7),l2) . It will certainly become a standard facility 

.
on most of the large 

telescopes in the world 8),2) . 
Roughly speaking, Adaptive Optics opens the field of 0 .1 a.re-sec astronomy in the near-infrared and 
0.2 arc-sec in the visible. Almost any area in Astrophysics should benefit from this instrumental 
breakthrough: here follows a few examples, from solar system to distant galaxies, of programs that 
should be adressed soon: 

• Detection of the rings in Uranus and Great Brown Spot in Neptune, study of Titan 
• Asteroids: rotation (through thermal effects), shape, binarity 
• Interstellar Medium: very small scale structure of molecular clouds (H2 , PAH etc.) 
• Young Stellar Objects: disks around T Tauri, Ae/Be stars, binarity, dense very young clusters 
• Proto Planetary Nebulae: disks and binarity in bipolar nebulae, grain condensation radius 
• Missing mass: brown dwarfs in binary systems 
• Globular clusters : mass in central region 
• Nearby galaxies: galactic center, nuclear region, core of elliptic 
• AGN and starburst nuclei: structure of the active region, Seyfert nucleus, BRL and NRL 
• Gravitational lensing: multi-images mirages, arcs 
• Primordial galaxies: small pixels increase the contrast against sky background 

Fig.2-a gives an example of a recent result obtained with the ComeOn experiment on the post-AGB 
bipolar nebula Frosty Leo. 

2 - Principles, advantages, existing systems 
An adaptive optics (AO) system aims to correct in real-time the images distorded by atmosphere 
by sensing the wavefront from a nearby reference source - or in a few cases the source itself - and 
actionning, through a servo-loop, a deformable optics, generally a mirror (Fig. -a). An AO system 
working with a large number of corrected modes provides images that can be diffraction-limited (Fig. 
2-b) .  In fact the number of cells to correct on the wavefront surface is typically the surface of the 
telescope divided by the surface of one coherent cell, i.e. (D /r0)2 where D is the telescope diameter 
and r0 the Fried parameter. Because r0 increases with wavelength (as >.615) ,  the number of sub-pupils 
to correct decreases and the characteristic time constant increases with wavelength, both conditions 
that make the situation much easier in the infrared than in the visible. Adaptive optics provides five 
definite advantages over other high angular resolution techniques: i} it restores a good approximation 
of the initial, unperturbed, transfer function of the optical system, whereas the transfer function for 
speckle interferometry is strongly attenuated in the middle to high spatial frequency range; ii) It allows 
long integration times in the imaging channel and hence extends the sensitivity of imaging towards 
the faint to very faint fluxes regime; iii) it provides a strongly enhanced contrast, so that the signal 
to noise ratio per pixel is largely increased, while background is proportionally reduced; iv) it allows 
real-time assessment of the data quality; v) it generates a small quantity of data as compared to short 
exposure methods. 
Today, only two astronomy-dedicated instruments have reached a degree of maturity and perfor
mances that has lead to successful observations on large telescope: the ComeOn experiment from 
Meudon/ESO/ONERA and the IFA-Hawaii AO system: 
• Come-On was the first successful astronomical adaptive optics experiment and, up to now, the one 
that produced published results of astrophysical interest 12),9) ,lS) . This experiment was developed as 
a collaborative program of ESQ and several french institutes (Observatoire de Paris, ONERA) and 
companies (Laserdot, LEP); it was recently upgraded to become Come-On+. The Come-On system 
14) is installed at the f/8 focus of the ESQ 3.60m telescope in La Silla (Chili). The deformable mirror 
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Figure 1: a) Principle of Adaptive Optics; b) FWHM of images obtained with ComeOn. 

is a continuous facesheet mirror with 52 stacked piezoelectric actuators. A separate two-axis tip-tilt 
mirror compensates for the wavefront tilt. Both mirrors are driven by a digital control loop using 
fast computers. A Shack-Hartmann wavefront sensor (WFS) uses 52 subapertures on a 8 x 8 square 
grid to measure the slopes of the wavefront. The WFS, working in the visible, benefits from the high 
sensitivity of the detector, an Electron Bombarded CCD working essentially in a photon-noise limited 
regime. The corrected image is recorded on one of the two available IR cameras, one developed in 
Meudon (2.5-5µm) and one in MPE-Garching ( 1-2.5 µm) with a 0 .05 arcsec pixel size on the sky. The 
present performances are such that the critical threshold of 0 . 1  arc sec is now currently crossed in 
normal seeing conditions (Fig.-b ). 
• The AO system developed at !FA-Hawaii by Roddier and co-workers, is based on the "curvature" 
appproach where the wavefront sensing is done by measuring its curvatures rather than the slopes and 
the correction achieved thanks to a bimorph mirror where curvatures are localy created through piezo 
effect 13) .  The main advantage of this approach is the excellent sensitivity of the wavefront sensor 
which uses fast, high quantum efficiency, photon-counting monodetectors (avalanche photo-diodes), 
the drawback is the degree of correction limited to � 20 modes. 

3 - Limits and prospects 
The deformable mirror can no longer be considered as a hard technological point and systems with 
several hundred actuators have been successfully produced. Moreover, the number of actuators is not 
really the problem in astronomy where full correction represents a rare case because of the scarcity of 
bright reference stars that it supposes 13). 
Sensing the wavefront is the real problem, due to the requirement that a sufficiently bright and 
nearby reference star must lie in the vicinity of the studied object: i) sufficiently nearby because of 
the anisoplanetism (wavefront perturbations are less correlated at increasing angular distances, the 
turbulent layer being at a finite altitude), ii) sufficiently bright because the best correction implies 
a large number of sub-pupils and a large temporal bandpass (30- 100 Hz) requiring a fast rate of 
wavefront sensing (typically 5 to 10 times the aimed bandpass). 

With the present systems, one roughly evaluates as 10 %, the probability to find a star (mR < 
17.5) at b = 30° when � 15 modes are corrected. Hopefully, this drawback will be no longer actual 
once artificial laser sources are practically usable 4).5), however severe difficulties, among which the 
impossibility to directly measure the wavefront tip-tilt n) and the light pollution by laser shot, make 
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Figure 2: a) The Frosty Leo Nebulae at 2.2 µm is an envelope of gas and dust recently ejected by a 
post-A GB star; the off-center star location indicates that binarity is at the origin of the bipolarity; b) 
Stellar image in J, H and K showing distinctly the Airy pattern. All images from ComeOn. 

this approach still far from routine. 
In given circumstances, the AO system may not provide full correction, either because the reference 
source is too faint or too far or because one operates at too short a wavelength. It can be shown that 
the highest modes (or spatial frequencies) in the correction are the most affected by this situation and 
that even a degradation of the image can arise because of the noise introduced by those modes. The 
system may then be fine-tuned to provide the optimum, though limited, resolution: the highest spatial 
frequencies are attenuated by filtering the highest Zernike modes of the mirror. This method, known 
as the "modal control" , has been shown to be very powerful6). The complexity of this optimization 
procedure will require some artificial intelligence to be integrated in future AO systems 3) , 
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For many current astrophysical puzzles, infrared imaging at higher angular resolution is re
quired: stellar astrophysics provides obvious cases of such situations (Young Stellar Objects, 
Circumstellar envelopes, detection of Brown Dwarfs in binary systems, . . .  ) but indeed exam
ples can be found from Solar System bodies to Active Galactic Nuclei. 

Recent progress, both in infrared instrumentation and in the application of long baseline 
interferometry in the optical range (visible and infrared) , open the way to imaging and spec
troscopy of infrared sources at an angular resolution of 10 milli-arcsecond or less. 

This paper briefly reviews the main prospects offered by several projects of large ground-based 
interferometers. In particular the main characteristics of the VLT Interferometer (angular res
olution, image restauration, sensitivity) are presented, as well as a list of prime astrophysical 
targets. 
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1 .  INTRODUCTION 
The development of modern astronomical interferometry at optical wavelengths (visible and 
infrared) has started 20 years ago. In particular several interferometers have obtained results 
in the near infrared (2.2 µm) and in the thermal infrared ( 10 llm) . These wavelengths cor
respond to maximum of emission of black bodies in the range :300 to 1 300 K, so it might he 
more appropriate to speak of high angular resolution observatioll8 of the cool universe. 

The reason why these techniques will play an increasingly important role for the next genera
tion of earth-based facilities is that experience shows that many of the interesting astrophysical 
sources observed at these wavelengths with 4 m-class telescopes are barely resolved. This is 
in particular true for stellar objects (surface imaging of supergiants, circumstellar shells of 
evolved stars, . . .  ) for which only a few sources of each class , usually the brightests, are imaged 
with an adequate resolution by.techniques like speckle interferometry or adaptive optics. In
frared astronomers have here to pay the price of the wavelength dependency of the diffraction 
limit >../ D. This calls for larger baselines, in the tens to hundreds of meters range. 

2 .  INTERFEROMETERS AND PROJECTS 

1 02 
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Figure 1 :  Number of baselines vs. the total collecting area (in square meters) for the interfer
ometers in operation (filled squares) and in project (open squares) 

It is of interest to place the various observing interferometers and projects on a graph (Fig. l )  
giving the total collecting area of the array (i .e. , a parameter related to its sensitivity) vs. 
the number of simultaneous baselines (related to the 'snapshot imaging' capability of the 
interferometer). A first fact is that all the observing interferometers are two-element arrays, 
while most of the projects offer at least six simultaneous baselines and up to 351 .  The 
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Figure 2: Limiting sensitivities of the VLTI Main Array for: I. on-source pupil phasing and 
co-phasing. II: off-source phasing and on-source co-phasing. III: off-source co-phasing and 
10 minutes integration time (after 3)) 

emphasis is then clearly put on the imaging capabilities of the future earth-based systems. 
Among them, three stand out: OVLA, the Keck Interferometric Array, and the VLTI. The 
two latter show collecting areas of � 200 m2 which will translate into impressive limiting 
magnitudes, at least in their phased mode of observation. 

3 .  PERFORMANCES 

As an example, we can consider the case of the interferometric mode of the VLT (VLTI) . 
The imaging capabilties of the array of the four 8 m telescopes has been studied by Von der 
Llihe et al. 1) . Image reconstruction simulations have also been made in the case of seeing 
limited observations2l . The configuration of the array provides a good Point Spread Function 
up to declinations of - 20 deg approximately. Of course, a much better (u,v) plane coverage 
is obtained if the three movable auxiliary telescopes (VISA) are included in the array. 

The sensitivy of the VLTI is illustrated on Fig. 2 (from Ref. 3l ) .  In the near infrared the sensi
tivity in the interferometric mode is boosted by the use of Adaptive Optics, which restores the 
transverse coherence of the wavefronts on each aperture of the array: the limiting magnitude 
is hence no more limited by the atmospheric turbulence, but by the total collecting area of 
the telescopes in the array. In the thermal IR this situation persists but the performances 
become rapidly limited by the photon noise of the thermal background. 

4. ASTROPHYSIC AL PROGRAMS 

Several papers present reviews of the astrophysical results obtained recently with earth-based 
interferometry. Such a work is beyond the scope of this paper and we refer the reader to the 
series of papers by Ridgway 4),5) and the article by Shao and Colavita 6 ) .  See also Gezari et 
al.7l for a bibliography . 
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Figure 3: Prime targets for the VLTI in a diagram ,\ vs. spectral resolution. Bold boxes 
denote programs requiring an extented coherent field of view: l" for light boxes and 8" for 
shaded boxes (after 8)) 

Concerning the astrophysical targets of the future large interferometric instruments, they 
include topics like study of the surface structure of asteroids and satellites of giant planets, 
imaging of nearby super-giants and circumstellar shells of Long Period Variables and evolved 
objects, binaries at the very lower end of the main sequence, structures associated with Young 
Stellar Objects, detailled imaging of the Galactic Center and of the nuclei of the brightest 
AGNs8l. The Keck Interferometric Array project emphasizes, as a prime target, detection 
of nearby exo-planets by narrow-angle astrometry9l. Some of these topics are included in 
Fig. 3, which illustrates the requirements for the instrumentation in terms of wavelength 
range, spectral resolution and coherent field of view needed to adress these problems8l . 
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In this paper, I would like to draw the attention of the readers on a new type of 

instruments which wil l  be soon widely available: infrared cameras for sub

arcsec imaging observations through the 1 O and 20µm atmospheric windows. 

The possible impact of such instruments on the studies of young stellar objects, 

such as the finding of cold embedded companions or of spatial extensions, wi ll 

be briefly discussed and i llustrated by some results obtained with the Saclay 

1 Oµm CAMI RAS camera. 
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1 .  MID- INFRARED ARRAY IMAGING: A FIELD IN RAPID EXPANSION 

Everybody has heard about the CCD's, which have revolutionized the optical 

observations. At least every infrared astronomer knows about such a revolution i n  

t h e  near-infrared domai n  (2-5µm). I a m  not sure that many people are aware that 

the mid-i nfrared ( 1 0-20µm) is now also concerned. 

I ndeed, after the pioneeri ng 1 Oµm cameras in the 80's by Arens, Gezari and 

co l laborators1 -3 ,  a dozen of cameras4-1 4 have been mounted on various 

telescopes these last three years. Most of these cameras are team instruments, but 

the situation is rapidly evolving , and, for example, TIMMI, the ESO 1 0µm instrument 

bui lt by SAp-Saclay1 2, 15
, is now available as a common user instrument. 

Such a growth is main ly due to the avai lability of two-dimension detector arrays , 

whose development has been powered by the space projects: ISO in Europe1 6 

and S IRTF in us1 7. There are several orders of magnitude between the photon 

background on ground (atmosphere and telescope) and in space (zodiacal l ight), 

so that space detectors are likely to be saturated when used on ground. To avoid 

this problem, various solutions have been worked out, but the best one consists in  

slightly modifying the space detectors by i ncreasing thei r storage capacities. The 

first development of this kind was started in  1 986 at the Laboratoire lnfraRouge 

(L IR) at the Centre d'Etudes Nucleaires de Grenoble1 8 ,  as a by-product of the 

detector array developments undertaken in the framework of the ISOCAM 

project1 6. Thanks to these detectors, the first large format array images through a 

filter encompassing the entire atmospheric window were obtained i n  may 1 9901 9. 

2.  SPECIFIC I NTEREST OF GROUND-BASED 1 Oµm CAMERAS 

By observing through the 1 Oµm atmospheric window (8- 1 3µm) with an array 

camera mounted on a 3-m class infrared telescope,  a typical point source 

sensitivity of 0.3 Jy at the 1 Ocr level can be achieved with in  an on-source 

i ntegration time of 1 00 s. Such a sensitivity is comparable to the IRAS band1 point 

source sensitivity, but is two orders of magnitude worse than expected for ISOCAM. 

Then why not to wait for ISO ,  instead of building ground-based cameras? 

The main reason is the h igh angu lar resolution  achievable with the large 

ground-based telescopes (< 1 "  for a 3-m class telescope), much higher than the 

resolution  of I RAS (several tens of arcsec), or the resolution achievable with the 

relatively small i nfrared telescopes to be embarked on satellites (60 cm for ISO). To 

take ful ly advantage of the angular resolut ion, array i magi ng observations are 

required. I ndeed, although it is possible to obtain high angu lar resolution  with 

monodetectors by the scann ing technique20, these observations are difficult and 

very time consuming,  so that few images have been obtained by this technique. 
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A general aim for the ground-based thermal infrared cameras is therefore a 

high angu lar resolution follow up of the I RAS point sources. T::e gain i n  angular 

resolution wil l  help in  the identification of the I RAS sources ,  but wil l also certainly 

lead to new exciting findings, such as extensions at the arcsec scale or cluster of 

sources in the IRAS beam. Various classes of astronomical objects are concerned 

ranging from objects in our vicinity, such as p lanets or comets, up to objects 

located at the confine of the universe, such as quasars. 

3. EXAMPLES OF IMPACT ON YSO's STUDIES 

Young ste l lar objects are also good targets for 1 Oµm cameras. Fi rst the 

extinction at 1 Oµm is much lower than at 2µm,  so that we can see deeper than at 2 

µm. A good example is the observation of G35.2N ,  where the position observed at 

1 Oµm with the CAM I  RAS camera? is 2" closer to the outflow source position  

inferred from polarization  measurements than the 2µm position .  Another example 

is the finding of cold embedded companions such as near LkHa23421 (see Fig. 

below) or LkHa1 9322 . Such a finding is i mportant because the contribution of the 
companions at high wavelengths is probably impo rtant, so that models trying to 
deduce information on  the environment of the YSO's by fitting the Spectral Energy 

Distribution could lead to erroneous conclusions. 

Fig. 1:  A typical example of a findingof an embedded companion: the LkH a234 region, 

observed in the N-band with the Sac/ay CAM/RAS camera mounted on the CFHT in 1991 .  
North is bottom and east is left. The pixel field of views 0".4. Two new sources were found 

in the field of the instrument (25"•25''), an especially one at 3" to the west of Lkha23421. 

Observing program conducted with S. Cabrit from the observatoire de Grenoble. 
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Another i mportant issue is the search for spatial extensions. At fi rst g lance, it 

seems unl ikely to resolve, at 1 Oµm, the thermal emission expected fro m  normal 

dust disks associated with young stellar objects, because the temperature of the 

dusts heated by the central source decreases rapidly below the temperature range 

accessible at 1 Oµm (BOK). However, it could be possible to find extensions in  the 

arcsec range, if very small grains stochastically heated by the UV and visible 

photons of the central source were present or if extra-sources of heating such as 

shocks were providing additional energy to dusts far from the central source. And, 

i ndeed an extension of 5" which cannot be explained by normal heating of 

standard circumstellar dusts, has been found around G35.2N21 .  
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Abstract. At the focal plane of the ISO 60 cm telescope, ISOCAM will take images of the sky in the 
wavelength range 2.5 to 17 µm. It will make maps at various spatial and spectral resolutions, and at high 
sensitivity (at > 4 µm, < l mJy/10 a in 200 sec). It features two 32x32 infrared array detectors: an InSb 
CID for the 2.5-5.5 µm range, and a Si:Ga DVR for the 4- 17 µm range. Four different pixel fields of view 
are available on each channel: 1 ,5, 3, 6 and 12". The spectral range can be selected in each channel by a set 
of about 1 0  fixed band-pass filters (resolution from 2 to 1 00) and continuous variable filters (resolution 
"'45); polarisation measurements are possible as well. 
A very wide range of astrophysical problems can be tackled with ISOCAM. We present a brief description 
of the programme planned by the ISOCAM team in its guaranteed time. 
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1. INTRODUCTION 

In 1983, just as the first results of IRAS were presented to the European astronomical community, the 
decision was taken at the European Space Agency to fly a second generation infrared cryogenic satellite, 
ISO (the Infrared Space Observatory). While IRAS was scanning the whole sky in four colours, ISO was 
destined to perform detailed studies of selected regions, with better angular resolution, wider wavelength 
coverage, enhanced imaging and spectroscopic capabilities, and a higher sensitivity. 

Four instruments will be placed in the focal plane of the ISO telescope: a camera (ISOCAM), a 
photometer (ISOPHOT), and two spectrometers (SWS and L WS), which, together, cover the range 2.5 to 
200 µm. This paper is devoted to a description of ISOCAM, which will be the first astronomical space 
infrared camera using array detectors. 

ISOCAM is a two-way camera, featuring two (32x32) array detectors, one for short wavelengths 
(SW, 2.5 to 5.5 µm), the other for long wavelengths (4 to 17 µm). On each channel, there are two wheels, 
one carrying four lenses, allowing four different pixels fields of view (1 .5", 3", 6", 12"), and the other 
carrying 1 0  to 1 2  fixed filters and one or two CVF, allowing to reach a spectral resolution - 45. A wheel at 
the entrance has four positions: 3 polarizers and a hole. A selection wheel carries Fabry mirrors which can 
direct the light beam of the ISO telescope towards one or the other of the detectors, or illuminate them 
uniformly with an internal calibration source, for flat field purposes. The layout of ISOCAM is shown on 
Figure 1 .  

With exposures of a few minutes, the long wavelength detector will easily detect sources at the sub
mJy level, and the short wavelength channel sources at the mJy range. With longer exposures, the 
sensitivity of the long wavelength channel will be limited, in most filters, by the flat field accuracy 
achievable, given the presence of the zodiacal background; then it will be necessary, as in ground 
observations, to use beam switching or microscanning techniques. 

The development of ISOCAM has lasted seven years, involving over one hundred and fifty 
scientists, engineers and technicians. Table I and II list the hardware responsibility share among the 
laboratories, the co-investigators and scientific associates, and some of the key people. About the co
investigators, it is worth mentioning also that D. Rouan is responsible for the short wavelength channel, 
and D. Cesarsky for the software ; M. Perault, after S. Cazes, is in charge of the calibration and L. Nordh 
of the filters. 

Today, the flight model of the camera, duly tested and calibrated, has been delivered to the 
European Space Agency and integrated in the Payload Module of the satellite (Figs. 2 and 3); the first tests 
at helium temperature have given excellent results. The expected launch date of the ISO satellite is 
September 1995. I summarize here the main characteristics of ISOCAM, and sketch the scientific 
programme that the ISOCAM consortium intends to cover in its guaranteed observing time (6.25% of the 
total observing time of the satellite). 

2. ISOCAM CHARACTERISTICS. 

I give here a brief description of the instrument. A more detailed presentation of ISOCAM, and of the 
results of the Flight Model Calibration can be found in Cesarsky et al. (1994) and in Perault et al. ( 1994). 

ISOCAM is composed of 4 units : 
- a 9 kg opto-mechanical unit, to be implemented at 3 K in the focal plane of the cryogenic telescope, 
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Figure 1. Schematic lay-out of the IR camera, ISOCAM. The optical beam enters in the camera through the 
entrance wheel and can be directed to a short or a long wavelength channel by field mirrors fixed on the 
selection wheel. Each channel includes a filter wheel and a lens wheel. 

Figure 2. The Infrared Space Observatory telescope. 
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including 2 detectors and 6 wheels on which are mounted the optical components and the internal 
calibration device. 
- a 2 kg pre-amplifier unit, fitted to the external wall of the cryostat as close as possible from the 
detectors, and working at 140K 
- two 6 kg electrocnis units, implemented on the satellite service module, for instrument control and 
transmission to the ground of up to one 32x32 image every 2 seconds. 

Much development work was necessary for the focal plane unit (Fig. 4), which has to satisfy 
stringent constraints: reliable operations at a temperature below 2.4 K, position accuracies of typically 100 
microns, angular accuracy in the milliradian range, a mean thermal dissipation lower than IO mW with 
peak dissipation below 50 mW. I briefly describe some of the solutions adopted. 

a) Cryomechanisms 
The ISOCAM mechanisms must whithstand difficult constraints, cryogenic temperature, high reliability, 
low dissipation, and good positioning accuracy. Of course, they must be designed to survive the high level 
of vibrations during launch. To save development time, we based the design of these mechanisms around a 
superconductor stepper motor developped by SAGEM which was already space qualified. The drawback 
of this solution was the small number of steps per turn, 24, and the high current required to drive the 
motor. A demultiplication gear train is required between the wheel and the motor to ensure the positioning 
of optical components. This is provided by a pinion on the motor axle driving the wheel through a gear on 
the edge of the wheel. 

b) Optics 
A very simple optical design has been adopted, where the beam intersects a Fabry mirror. The radius of the 
Fabry mirror (5.5 cm) is such that the pupil, 2.6 cm from the Fabry mirror, has a size of 1 .7 mm. The 
filters or CVF are in the plane of the pupil, and the sky is then reimaged on the detector through one of the 
four relay lenses. 

The filters have been manufactured by SPECTROGON, under the supervision of the Stockholm 
Observatory, which has verified that they adequately block the light out of their required range. Their 
transmissions have been .1easured in the ISOCAM test facility at ROE, after having been mounted in their 
holders by AEROSPATIALE. The filters are tilted by 5°, to avoid ghosts due to reflections between the 
filters and the detectors. The mounting of the CVF, which have very fragile substrates, was a particularly 
difficult task, and it was not possible to tilt them. 

The overall optical performance of the optical bench of ISOCAM was tested at AEROSPA TIALE, 
in a specific facility, using individual Si:Ga detectors arranged in the shape of a cross (Astruc et al. 1991). 
These tests also allowed to determine the position at which the array detectors had to be integrated. The 
fully integrated camera was only tested at Orsay, in the ISOCAL facility designed for this purpose. 

Overall, the image quality results of the flight model (Vigroux et al. 1993, Perault et al. 1994) 
showed good agreement with expectations, showing that AEROSPATIALE had succeeded in satisfying the 
tight wheel positioning specifications and that the opto-mechanical design of ISOCAM is robust. 

c) The long wavelength detector 
In 1984, at the time of the ESA Call for Proposals for the ISO satellite, there was no detector available in 
Europe for the long wavelength channel. A specific development was undertaken at the Laboratoire 
Infrarouge du CEA-LET! in Grenoble (Agnese et al. 1989). It is a photoconductor array in Si:Ga 
hybridized by Indium bumps to a direct voltage readout circuit. It has 32x32 pixels, a 100 µm pitch with a 
thickness of 500 µrn. The dopant concentration is 5 I016cm3, giving a resistivity of 1 0l3n cm-2. To 



421 

Figure 3. The four instruments mounted in the focal plane of the ISO telescope . 

Figure 4. Focal plane unit of the ISOCAM flight model. 



422 

obtain a 100% filling factor, the front surface is doped to ensure a good electrical conductivity and the 
photoconductor voltage is applied to an Aluminium frame on the side of the optical sensitive area. An 
external guard, 3 pixel wide, has been added around the 32x32 arrays to prevent field line distortion at the 
edges. Despite the absence of a front grid, this detector has a very low optical crosstalk. For the fastest lens 
of the camera, the 1 2" lens which has a numerical aperture of f/0.6, the optical crosstalk remains below 
1 .5 % .  

The readout circuit has a n  integration capacitance o f  0. 12  pF and a MOS follower with a gain of 
0.8. Typical individual integration times in flight will be between 0.2 and 20 seconds. The noise 
characteristics of this system present several components, a high frequency term which is well 
approximated by a constant readout noise of - 180 e-px-1 and photon shot noise , and a low frequency 
noise which becomes important after - 50 readouts. At high level, >106e- px-1 , an amplifier noise 
becomes preponderant and limits the Signal to Noise ratio to < 500 in a single image. The corresponding 
sensitivity, for twenty 10 sec exposures, is shown in fig. 5. 

The flat fielding accuracy can be as good as 5 10-3 when the detector is stabilized. The flat field of 
the detector was found to be very stable all along the calibration ; this allows the use of a flat field library, 
instead of loosing observing time by making flat field calibration with the internal calibration device at each 
new observation. However, a limitation comes from the differential stabilization times between pixels in 
the array, which can be quite long. A good way to remove these small effects, as well as the low frequency 
noise mentioned earlier (which in fact may be related to these effects), is to use a beam switching 
procedure, switching the pointing from the source to an adjacent background, as is done on ground based 
telescopes. Alternatively, a microscanning procedure can be used, displacing the detector by a few arc 
seconds on the sky every few images ; this can be realized using the raster pointing mode of ISO. 

d) The short wavelength detector 
For the short wavelength channel, the basic device is a 32x32 pixels CID InSb array manufactured by the 
Societe Anonyme de Telecommunications. At the time of ISOCAM selection, this detector was already 
qualified and presented the advantages of a low operating temperature and a large radiation tolerance, 
compatible with the ISO mission. Upgrades of the existing devices have been made along several tracks : 
increase of the pixel pitch up to 100 µm, increment of the surface filling factor to 89%, and a new design of 
the supporting ceramic to reduce electrical cross talk. A control and readout hybrid electronic was designed 
to work at 4 K close to the chip (Tiphene et al. 1989). 

Measurements of the pixel charge can be done by sensing the voltages of the 32 output lines and 
sequentially injecting the pixel charges in the substrate through column voltage clocks. The analog chain 
uses an adaptive filter followeds by high gain preamplifiers. The sensitivity of this channel for point 
sources is displayed in Fig. 6. 

e) The internal calibration device 
The internal calibration device was designed to provide an internal flat field source, and a rough calibration 
reference. Calibration of the SW channel required sources near 350K which are difficult to fit in the low 
thermal dissipation allocation of ISO. The solution is a small resistor, 0.6 mm2, mounted on a thin kapton 
film. These devices have been used all along the int' egration and calibration phases of the flight model, on 
a 1 year and a half time scale. During this period, a routine monitoring of the instrument has shown that the 
reproducibility of the calibration system is better than 10%, in all the configurations of ISOCAM, channels, 
filters and lenses. 



423 

f) Electrical design 
The electrical architecture is standard for a space experiment. It is organized around a 1 6  bit 80C86 
microprocessor, powered by hybrid DC/DC converters using the satellite 28 volt power line. Redundancy 
is obtained by mounting two independent microprocessor units and DC/DC units which can be selected by 
external switches. 

3. OBSERVING WITH ISOCAM 

A very wide range of astrophysical problems can be tackled with ISOCAM. As the ISO satellite will be 
offered to the general astronomical community 2/3 of the time, I am sure that the readers of these 
proceedings already have their own ideas as to the problems they will wish to address; the ISO Call for 
Proposals will be issued in April 1994. As examples, I can give the outline of the programme that the 
ISOCAM team plans to perform in its guaranteed time. The rationale followed to establish this programme 
was to identify projects of a general or fundamental character, which take advantage of the specific 
capabilities of ISOCAM. 

The ISOCAM Central Programme is divided into five sections. 

The first section deals with solar system studies. There, we plan to investigate the structure of the 

zodiacal bands and of cometary trails, and to make spectral maps of comets. The goal is to study 
temperature distribution, sizes and albedos of grains, and the composition of the comet material. 

The second section covers interstellar matter and star formation. We intend to obtain spectro
photometric data or CVF spectra of various components of the interstellar medium in various radiation 
environments. The aim is to ascertain that the 1 2 µm emission from the interstellar medium detected by 

IRAS is indeed due to "unidentified bands" emitted by small particles, and to understand the excitation 
conditions leading to this emission in various environments. We also want to map supernova remnants, old 
ones such as IC 443 and young ones such as Cas A, to study grain formation and destruction, and the 
interaction between supernovae and the interstellar medium. Finally, we plan to map large areas of nearby 
molecular clouds, to study the emission from dust and large molecules, and to search for protostellar 
objects and pre main sequence stars. 

The third section, devoted to stars and circumstellar material, starts with specific observations of 
known young stellar objects as L1551,  which are emitting strong winds. The goal is to combine ISOCAM 
and ISOPHOT observations to reduce the uncertainties in wind energetics, and better explain the 
collimation of the molecular outflow and its interaction with the interstellar medium. We also want to 
understand the nature of the extended 1 2 µm emission observed by IRAS around young stellar objects in 
the p Ophiuchi cloud. Our next proposal deals with observations of nearby stars, such as Vega, which 
have an excess infrared emission indicative of the presence of a dust disk around the star. We also plan to 
do spectral mapping of planetary and proto-planetary nebulae, in particular to study the faint, outer regions 
which cannot be detected by other instruments, and which are witnesses to the earlier phases of mass loss. 

All these studies will be complemented by polaro-imaging of different components of the interstellar and 
circumstellar dust, including the galactic centre region. 

The fourth section deals with galaxies. A first part is devoted to nearby galaxies, where we will 
study star forming regions and compare the results with those obtained for galactic regions, with different 
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Figure 5. Point source flux giving a signal to noise ratio of 1 0, for all Long Wavelength filters, for 20 
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only limitation is the readout noise; the triangles represent the noise for standard dark frames (lower dark 
noises can be obtained, but at the expense of extra observing time), and the pointed lines the flat field noise 
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Figure 6. Point source flux giving a signal to noise ratio of 10, for all Short Wavelength filters, for 3 
individual integrations of 60 minutes, and a 6" pixel field of view. At these wavelenghs, the flat field noise 
due to the zodiacal background is negligible. The triangles represent the standard dark noise. 
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chemical composition and stellar content. The second proposal, well co-ordinated with ISOPHOT, is 
devoted to a study of nearby normal galaxies: a variety of "typical" spirals and irregulars, spanning a large 
range of metallicities and physical conditions, will be mapped. The intention is to also observe a sample of 
galaxies in the Virgo cluster. The following proposals deal with barred galaxies which may be particularly 
prone to starbursts, and with early type galaxies, to study dust emission in cooling flows, and star 
formation in some elliptical galaxies. Several active and starburst galaxies will also be mapped; and an 
attempt will be made to detect an infrared halo, due to brown dwarfs, above or at the side of the disk of an 
edge on spiral galaxy. 

The fifth section is devoted to cosmology. ISOCAM will carry out deep surveys in chosen regions 
of the sky, devoid of cirrus; the aim is to establish the luminosity function of galaxies and active nuclei in 
spectral intervals where it is unknown at present. The waveband of the ISOCAM long wavelength channel 
is particularly well suited for the study offaint active galactic nuclei; this mid-infrared range may be in fact 
the only one where it is possible to pick out the nuclear component, without being hampered by the stellar 
and dust emission from the galaxy. The deep surveys in empty fields will be complemented by deep 
surveys of clusters of galaxies at various distances, up to z - 1 .  The results will be useful for studies of 
galaxy evolution, and in particular for an assessment of the frequency of galaxy encounters and starbursts 
at various epochs in various environments. All these surveys will be supplemented with measurements in 
the far infrared with ISOPHOT. 

Finally, ISOCAM may detect brown dwarfs in the solar neighbourhood and in star-forming 
regions, or, at least, set meaningful upper limits on their number. 

4. CONCLUSION 

ISOCAM is the first of a new generation of complex infrared instruments, featuring infrared arrays, to be 
used on a cryogenic spacecraft. The original scientific specifications were challenging in several domains, 
detector performance, cryomechanics, and optical design with regards to the severe constraints imposed by 
ISO. Most of the difficulties has been overcome during definition studies and during the testing of the 
qualification model. Minor modifications to improve stray light have been implemented after the first optical 
tests of the flight model. After the calibration of the flight model, we know that ISOCAM performances are 
within the expected range to carry out the scientific programs for which it has been designed, and hope that 
it will provide interesting results, not only to the ISOCAM team, but to the whole international astronomical 
community. 
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Table 1 

ISOCAM Hardware Responsibilities 

SAp-Saclay 

Management 

Long wavelength detector 

Read out electronics 

Instrument command electronics 

Meudon Observatory 

Short wavelength detector 

Read out electronics 

On board calibration source 

IA.S. Orsay 

Integration and calibration facility 

R.O.E. Edinburgh 

Optical concept 

Optical components 

Stockholm Observatory 

Filters 

Principal Investi�ator: 

Project Mana�er: 

System Engineer: 

Italian laboratories (TESRE, Padova Observatory) 

Equipment for ground support equipment and for observatory 

ground segment 

The optical bench was subcontracted to AEROSP A TIALE. 

C. Cesarsky 

D. Imbault 

L. Vigroux 

The SW detector was manufactured by the Societe Anonyme de Telecommunications. 

The L W detector was manufactured b the LIR/LETI. 
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Table 2 

ISOCAM Scientific Team 

Principal Investigator: 
C. Cesarsky (SAp, Saclay) 

Co-Investigators Scientific Associates 

S. Cazes+ IAS Orsay A. Abergel IAS Orsay 

D. Cesarsky IAS Orsay C. Bonoli Padova Observatory 

A. Chedin L.M.D. 0. Boulade SAp, Saclay 

M. Combes Meudon Observatory F. Boulanger IAS Orsay 

M.S. Longair ROE M. Casali ROE 

A. Franceschini Padova Observatory L. Danese Padova Observatory 

M. Gorisse SAo, Saclav J.K. Davies ROE 

T. Hawarden ROE X. Desert IAS Orsay 

P. Lena Meudon Observatory F. Lacombe Meudon Observatory 

R. Mandolesi TESRE Bologna P.O. Lagage SAp, Saclay 

L. Nordh Stockholm Observ. J. Lequeux ENS Paris 

M. Perault ENS Paris G. Olofsson Stockholm Observ. 

P. Persi IAS Frascati 

D. Rouan Meudon Observatory 

A. Sargent Caltech, USA 

F. Sibille (proj. sci.) Lyon Observatory 

L. Vigroux SAp, Saclay 

R. Wade ROE 
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The present status of the ESA cornerstone m1ss10n FIRST is presented. The history 
of FIRST, including its place in the ESA science programme "Horizon 2000" , is briefly 
reviewed as an introduction and background to the ongoing industrial study. Currently 
an industrial consortium is studying a FIRST concept with a 3 m telescope, employing 
mechanical cryo-coolers for payload thermal control. The model payload consists of a the 
Multi-Frequency Heterodyne receiver (MFH), a nine-channel heterodyne instrument covering 
selected bands in the range 500-1200 GHz (250-600 µm) for very high resolution spectroscopy, 
and the Far InfraRed instrument (FIR), a dual channel direct detection instrument emplyoing 
a photoconductor and a bolometer array, dual Fabry-Perots and filters for spectroscopy 
and photometry in the range 100-400 µm (0.75-3 THz) and an internal 3He/4He dilution 
sub-Kelvin refrigerator. With this payload FIRST will able to successfully address the 
great majority of the of the scientific objectives defined for the submillimetre cornerstone 
observatory from its 24-hour highly eccentric operational orbit, where observations can be 
conducted up to 17 hours per day. If selected for implementation as cornerstone number 3 
later this year, FIRST could be launched in the year 2002/2003 timeframe. 
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1 .  INTRODUCTION 

The Far InfraRed and Submillimetre Space Telescope (FIRST) is one of the cornerstone 
missions in the "Horizon 2000" long term ESA science programme plan. FIRST is intended 
to open up the submillimetre (submm) and far infrared (FIR) part of the electromagnetic 
spectrum, taken to be roughly 1-0 . l  mm (or, equivalently, 300-3000 GHz), which is still 
mainly inaccessible for observational astronomers. 

FIRST was originally proposed in 1982 and an assessment study1l was carried out in 1983. 
It was then reproposed in the context of a call for ideas for missions to be undertaken 
in the "Horizon 2000" long term science plan. Subsequently a submillimetre mission was 
incorporated in the plan as one of the four cornerstones, and was then identified with the 
FIRST concept. 

The scientific objectives and mission requirements of the this cornerstone were discussed in 
1986 in a workshop in Segovia2l, and in 1987 a Science Advisory Group (SAG) was established, 
its terms of reference being to trade off scientific objectives, as defined in the Segovia meeting, 
against technical complexity and cost constraints. 

In 1990-91 a System Definition Study (SDS) was carried out, which resulted in a spacecraft 
concept3l with a passively cooled non-deployable 4.5 m Cassegrain submillimetre telescope 
and a helium cryostat cooling the focal plane instrument assembly consisting of heterodyne 
receivers and direct detection imaging instruments for spectroscopy and photometry. 

Since the total cost to completion of a mission with this spacecraft was found to be too 
high for ESA, a rescoped spacecraft employing mechanical coolers for payload cooling, a 3 m 
antenna, revised payload complement and less stringent pointing requirements is currently 
being studied, with a view to offer a less costly solution. 

2. SCIENTIFIC OBJECTIVES OF FIRST 

FIRST will open up the perhaps last major part of of the electromagnetic spectrum yet 
unobserved. In the "Horizon 2000" document•) the Space Astronomy Survey Panel lists 10 
outstanding problems, 5 of which are described as directly depending on observations with a 
space mission for the submm/FIR. They are: 

(i) formation and evolution of stars and planets, (ii) structure and dynamics of the interstellar 
medium, (iii) nature of the galactic centre, (iv) formation and evolution of galaxies, and (v) 
large scale structure and evolution of the universe. 

These topics are still the essential goals , and FIRST will be the first submm/FIR observatory 
available to the whole scientific community to address them appropriately. Opening up a new 
part of the spectrum can be expected, as always, also to lead to serendipitous discoveries. 

3. FIRST MODEL PAYLOAD 

FIRST needs a complement of instruments for high and medium resolution spectroscopy, 
imaging and photometry covering as much a possible of the submm/FIR range. As presently 
defined the model payload is being used to define requirements, interfaces, operation and 
performance of the spacecraft for study purposes. The actual payload to be flown will be 
proposed by individual institutes or consortia as a response to an invitation issued by ESA; 
it could well differ from the model payload used in the course of this study. 
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The cryo-cooler design constrains the science payload to a maximum of two independent 
instruments. It is comprised of the MultiFrequency Heterodyne (MFR) receiver and the Far 
InfraRed (FIR) instrument. 

The MFR receiver is a nine-channel instrument covering selected bands in the 500-1200 
GHz regime. The design is fairly unsensitive to the exact allocation of bands for the 
individual mixers, and can be tailored in a number of ways. The mixers should ideally 
all be superconducting-insulator-superconductor (SIS) quasi-particle mixers, however, at the 
moment the demonstrated high frequency limit for SIS mixers is well below 1200 GHz. In the 
model payload design provision has been made (quite arbitrarily) to have one Schottky-mixer 
channel and eight SIS-mixer channels. The operating temperatures of the SIS and Schottky 
mixers are 4 K and about 25 K, respectively. 

The local oscillator (LO) sources are phase-locked solid state oscillators followed by 
multipliers. A combination of digital autocorrelators and acousto-optic spectrometers will 
be used. LOs and spectrometers are operated at "room" temperature. 

The FIR instrument employs a stressed Ge:Ga photoconductor array, as well as a bolometer 
array, to cover the range 100-400 µm. Two Fabry-Perot interferometer system wheels, and 
a filter wheel, are used for selecting the mode of the instrument, which can be high or 
medium/low resolution spectroscopy, or photometry. 

The photoconductors must be operated at approximately 1 .6  K and the bolometers at 0.15 K,  
necessitating further cooling from the 4 K provided by the spacecraft. A 3He/4He dilution 
cooler, internal to the instrument except for its helium tanks, will be used for this purpose. 

4. FIRST SPACECRAFT AND MISSION 

The cryo-cooler FIRST spacecraft concept (cf. Fig. 1) is split into a payload module (PLM) 
and a service module (SVM). The PLM is made up of the submillimetre telescope, the focal 
plane assembly with its associated cryo-cooler thermal control, attitude measurement sensors 
and thermal shield. The change from a cryostat to cryo-coolers has necessitated a total 
redesign of the PLM. The SVM provides the general infrastructure, e.g. power, attitude 
control, and telemetry. 

The most challenging items on the spacecraft are probably the telescope and the cryo-coolers. 
The telescope is of Cassegrain design, protected from direct Sun- and Earth-shine by a 
fixed thermal shield, and has a non-deployable 3 m diameter main reflector. The baseline 
main reflector design concept is an all-CFRP sandwich monolithic "panel-only" construction, 
without a separate backing structure. A "shaped" subreflector may be used to further 
minimize the wave-front error. 

The focal plane instruments will be provided with a 4 K environment by the spacecraft 
mechanical cryo-coolers. Three different but related types of coolers will be employed; single
stage and dual-stage Stirling cycle coolers ( "65 K" and "20 K" coolers) and the dual-stage 
cooler with a Joule-Thomson (JT) stage added ( "4 K" cooler) .  The "65 K" cooler has never 
failed in space and the other two are in various stages of space qualification. 

The pointing accuracy is specified as 6" (with a goal of 411) absolute, with a stability of 3" (goal 
2") .  After a shared launch by Ariane 5 to geo-stationary transfer orbit, FIRST will propel 
itself into its operational orbit, which is a highly eccentric ( 1000 x 70600 km) 24-hour (ISO
type) orbit with low (10 degrees) inclination, potentially offering 17 hours of observations per 
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orbit. There will be no observations while in eclipse, and the operative mode will be near 
real-time with direct transmission of data to either of two ground stations. 

Fig. 1. Line drawing of the FIRST spacecraft , as of April 1993. It is 
approximately 7 m long and 14 m across, with a mass of roughly 2500 kg. 

5.  CURRENT AND FUTURE ACTIVITIES 

The present study will be completed in the early summer of 1993. The future schedule 
depends on the outcome of the selection of the order of implementation of the two remaining 
cornerstones (FIRST and ROSETTA, an asteroid/cometary mission), due to be made by 
ESA in the second half of 1993. 

The current approximate schedule for the third (the fourth four years later) cornerstone is: 
announcement of opportunity (AO) for experiments in 1994/95 , invitation to tender (ITT) 
in 1996, start of phase B in 1997, followed by phase C/D leading to a launch in 2002/2003. 
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A project to install 7-mm receivers in nine antennas of the Very Large Array is described. 
This project is a collaboration between the National Radio Astronomy Observatory 
(USA) and the Instituto de Astronomia, UNAM (with support from CONACyT, 
Mexico). At present, the main scientific goal of this upgrade is to map at sub-arc second 
resolution the dust emission from protoplanetary disks around young stars. In objects 
like HL Tauri, this should be the dominant emission mechanism at 7-mm, present at 
typical levels of 10 mJ y. Other interesting areas of research that will become feasible 
with this upgrade include SiO masers and photospheres from evolved stars, ultra.compact 
H II regions, and the thermal continuum component from star-burst galaxies. 
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1 .  INTRODUCTION 

The Very Large Array (VLA) is a radio interferometer formed by 27 antennas with 
a diameter of 25-meter each that is located in the plains of San Agustin, in New Mexico, 

USA. This instrument belongs to the National Radio Astronomy Observatory (NRAO) 

of the USA. In its most extended configuration, the so-called A configuration, the VLA 
has an angular resolution of 0'.'05 ,\(cm). At present, the VLA is fully operational at 

six wavelengths: 90, 21, 6,  3.6, 2, and 1.3 centimeters. As a collaboration between 

NRAO and the Instituto de Astronomia of the National University of Mexico (UNAM), 
a project to build and install 7-mm receivers in nine of the 27 antennas is now under 
way. The main responsibles of this project are Richard A. Sramek (NRAO) and Luis 
F. Rodriguez ( UNAM). 

Even when the VLA was originally planned to operate only up to 1 .3-cm, the 
possibility of extending its range of operation to 7-mm was already considered in a 
1984 memorandum authored by Ron Ekers and Miller Goss. In this paper I summarize 
some of the scientific possibilities and the present status of the project . 

2. SCIENTIFIC POSSIBILITIES 

The receivers being built for 7-mm operation are cooled HFETs that are expected 

to operate in the 4 1  to 49 GHz range. Several important projects are expected to be 

undertaken with these receivers. The main project of the UNAM group is to attempt to 
map at subarcsec resolution the dust emission from protoplanetary disks around young 
stars. This project is described in some detail in section 3. 

At 43 GHz, the VLA will cover the important J=l-0, v=O,l ,  and 2 transitions of 

SiO. In particular, the J=l-0, v=l transition emits as maser at the base of the winds 

of evolved, red giant and supergiant stars. The photospheric radius can be measured 
by observing the thermal (continuum) emission from the photosphere of red giant and 
supergiant stars using the SiO masers for self-calibration. This technique has been 

successfully applied to a few stars1l using simultaneous VLA observations of H20 maser 

emission and continuum emission. At 43 GHz, this technique may be applied in the 

long run (with a fully equipped VLA at 7-mm) to a larger number of stars since the 
angular resolution will be two times higher and the thermal emission from the stellar 

photospheres is expected to be about four times stronger than at 1 .3-cm. 
Ultracompact H II regions surrounding young, massive stars provide information of 

the physical conditions of the gas from where the stars formed. Since these extremely 
dense and compact H II regions are always heavily obscured, most of our knowledge 

comes from radio observations of their radio recombination line and continuum emission. 
The continuum emission from some of the youngest objects2l has appreciable optical 
depth even at 1 .3 cm and its adequate study requires going to higher frequencies. In Q 
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band it will be possible to work with the H and He 53a lines and obtain information on 
the kinematics of the ionized gas with unprecedented angular resolution. 

In general, the possibility of counting with a sensitive interferometer to measure 
the continuum at 43-GHz is very attractive, since this is not possible at present. In 
star-burst galaxies a good map at this frequency may be of value to disentangle the 
contributions of synchrotron, free-free, and dust emission in this type of objects. 

Finally, with the 7-mm receivers the VLA will be able to participate in the Very 

Long Baseline Array (VLBA) as a most important station at that wavelength. 

3. DUST EMISSION FROM DISKS 

It is believed that when the Sun formed, 4.5 billion years ago, it was surrounded by 

a disk of gas and dust from where planets condensed. It is expected that young stars 

observable at present would be surrounded by similar, protoplanetary disks. In the 

last few years, the excess infrared and millimeter emission from young stars has been 

convincingly interpreted to arise from dust in protoplanetary disks3•4) Other phenomena, 
such as the bipolar outflows and optical jets, can also find natural explanation with the 

presence of a disk. 
These important observations lack, however, the angular resolution required to 

actually produce an image of the disks. The protoplanetary disks are expected to have 

dimensions of about 100 AU, about one arc second at the distance of Taurus. Then, 
an angular resolution of about 0 . 1  arc sec is needed to properly resolve the structures. 

Much larger ( � 1 000 AU) disklike structures have been imaged in various molecular 

lines around some young stellar objects5•6) but the relation of these structures to the 

much smaller protoplanetary disks is still unclear. Extrapolation of the available l
and 3-mm data suggests that the optically thin dust emission from the disks of several 
young stars will be detectable at 7 mm (43 GHz) at levels of about 1 0  mJy (Figure 
1 ) .  The flux density of this emission process goes approximately as frequency cubed, 

so the flux densities at 1 - and 3-mm are much larger than at 7-mm. However, the mm 

arrays now at operation cannot reach the desired subarcsec angular resolution. On the 

other hand, the VLA at 1 .3 cm has the angular resolution required but the total flux 

density expected is very small and at these wavelengths the contribution from another 
mechanism, namely free-free emission arising in the ionized outflow, becomes dominant. 

4. PRESENT STATUS 

At present (April 1 993) construction aucl testing of the prototype receiver 1s 
underway. The first two receivers will be installed by August 1 993 and then array 

testing will start. It is expected to have all nine receivers installed by April 1 994. As 

all instrumentation from NRAO, the 7-mm receivers will be available to qualified world 
astronomers and proposals are being considered starting in the June 1 ,  1 993 deadline. 
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Figure 1 .  Continuum spectrum of the young star H L  Tauri in the cm and mm 
wavelengths. The filled circles are measurements from various authors. The clashed lines 
are power law fits to the free-free emission from the ionized outflow (low frequency) and 
to the dust emission from the disk (high frequency). The arrow marks the wavelength 
of 7-mm, where the emission is expected to he dominated by dust emission from the 
protoplanetary disk. 
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THE COLD UNIVERSE: LIST OF PARTICIPANTS 

ABERGEL Alain Orsay France 

AGEORGES Nancy Grenoble (Obs.) France 

ANDRE Philippe Saclay France 

ARMAND Christiane Marseille (LAS) France 

ASPIN Colin Hawaii (JAC) USA 

BABEL Jacques Saclay France 

BALLY John Boulder USA 

BECKWITH Steve Heidelberg Germany 

BENNETT Charles Goddard USA 

BLITZ Leo College Park USA 

De BOISANGER Constance Bruyeres-le-Chil.tel France 

BOISSE Patrick Paris (ENS) France 

BONTEMPS Sylvain Saclay France 

BOUVIER Jerome Grenoble (Obs.) France 

BRINKS Elias Socorro USA 

CABRIT Sylvie Grenoble (Obs.) France 

CASALI Mark Edinburgh GB 
CASANOVA Sophie Saclay France 

CESARSKY Catherine Saclay France 
CHIEZE Jean-Pierre Bruyeres-le-Chil.tel France 

CLEMENTS D.L. Oxford GB 

CORREIA Jose Lisbon Portugal 

DENT Bill Hawaii (JAC) USA 
DOUGADOS Catherine Amherst USA 

DUBRULLE Berengere Toulouse (Obs.) France 

DUTREY Anne Grenoble (IRAM) France 

DUVERT Gilles Grenoble (Obs.) France 

ELBAZ David Saclay France 

ELITZUR Moshe Lexington USA 
EPCHTEIN Nicolas Meudon France 

FALGARONE Edith Paris (ENS) France 
FAZIO Giovanni Cambridge USA 

FERRARI-TONIOLO Marco Frascati (IAS) Italy 
FOGLIZZO Thierry Saclay France 
FORREST Bill Rochester USA 
FUENTE Asuncion Yebes Spain 

FUKUI Yasuo Nagoya Japan 
GALLAIS Pascal Saclay France 
GALLI Daniele Florence Italy 
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GAUTIER Daniel Meudon France 

GOMEZ Yolanda Mexico City Mexico 
GOMEZ DE CASTRO Ana Madrid Spain 

GRENIER Isabelle Paris (University) France 
GUELIN Michel Grenoble (IRAM) France 

GUILLOTEAU Stephane Grenoble (IRAM) France 

GUSTEN Rolf Bonn Germany 

HARTIGAN Patrick Amherst USA 

d'HENDECOURT Louis Orsay France 

HENRIKSEN Richard Kingston Canada 
HUGHES Victor Kingston Canada 

JONCAS Gilles Quebec Canada 
JONES Anthony Ames USA 

JOUBERT Martine Marseille (LAS) France 

KENYON Scott Cambridge USA 

KHACHIKIAN Edward Erevan Armenia 

KYLAFIS Nikolaos Heraklion Greece 

LADA Charles Cambridge USA 
LADD Ned Hawaii (IF A) USA 

LAGAGE Pierre-Olivier Saclay France 
LEGER Alain Orsay France 

LEITHERER Claus Baltimore USA 
LEPINE Jacques Grenoble (Obs.) France 

LIOURE Alain Bruyeres-le-Chatel France 

MARIOTTI Jean-Marie Meudon France 

MENARD Francois Grenoble (Obs.) France 
MERLUZZI Paola Naples Italy 

MILLAR Tom Manchester (UMIST) GB 
MINCHIN Nigel London (QMW) GB 

MIRABEL Felix Saclay France 
MITSKEVITCH Alexander Florence Italy 

MOLINARI Sergio Frascati (IAS) Italy 
MONTMERLE Thierry Saclay France 
NAKANO Takenori Nobeyama Japan 
NATTA Antonella Florence Italy 
NENNER Irene Saclay France 
OMONT A!ain Paris (IAP) France 
OSTERBERG J iirgen Bonn Germany 
PAGEL Bernard Copenhagen Denmark 
PERRIER Christian Grenoble (Obs.) France 
PERSI Paolo Frasca ti (IAS) Italy 
PIHLKUHN Hartmut Karlsruhe Germany 
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PILBRATT Goran Noordwijk Netherlands 

PLANESAS Pere Yebes Spain 

PUGET Jean-Loup Orsay France 

RADFORD Simon Grenoble (IRAM) France 

RAGA Alex Manchester (Astro) GB 

RAY Tom Dublin Ireland 

REMY Gilles Meudon France 

RIEU Nguyen Quang Meudon France 

RODRIGUEZ Luis Mexico City Mexico 

ROELFSEMA Peter Groningen Netherlands 

ROUAN Daniel Meudon France 

RUDEN Steve Los Angeles USA 

RUSSELL Stephen Dublin Ireland 

SANDERS Dave Hawaii (IFA) USA 

SARACENO Paolo Frasca ti Italy 

SAUVAGE Marc Hawaii (CFH) USA 

SERRA Guy Toulouse France 

STAHLER Steven Berkeley USA 

STECKLUM Bringfried Jena Germany 

TACCONI Linda Garching Germany 

TAGGER Michel Saclay France 

TAPIA Mauricio Mexico City Mexico 

TAUBER Jan Noordwijk Netherlands 

TEREBEY Susan Pasadena USA 

TERLEVITCH Roberto Cambridge GB 

TURNER Jake Cardiff GB 

VERSTRAETE Laurent Bruyeres France 

WALMSLEY Malcolm Bonn Germany 

WARD-THOMPSON Derek Cambridge GB 

WHITE Simon Cambridge GB 

YUN Joao Lin Lisbon Portugal 

ZAGURY Frederic Orsay France 
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