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FOREWORD

On 5 August 1983, the international community of astronomers lost one
of its most beloved and influential members. Bart J. Bok died in his Tucson
home at the age of 77. He was a truly remarkable individual, a grand pundit of
Milky Way research, a complete and model scientist who made equally out-
standing contributions to astronomical research, administration, teaching, and
public education.

A member of the National Academy of Sciences, Bok was also a former
president of the American Astronomical Society, and former vice-president of
the International Astronomical Union. He served as Associate Director of
Harvard College Observatory, Director of Mt. Stromlo Observatory and Di-
rector of Steward Observatory. He was as well a recipient of the Henry Norris
Russell Prize, American astronomy’s highest honor.

Although primarily concerned with galactic structure, Bok had a lifelong
interest in star formation; he contributed a number of important works in this
area and had planned to be a contributor to this volume. It is particularly
fitting, therefore, that this book be dedicated to Bart J. Bok. Briefly, I wish to
focus on his contributions to star-formation research, a major emphasis of this
book.

Bart Bok was born on 28 April 1906 in a Dutch Army warehouse in the
city of Hoorn, Holland; he was the son of an army sergeant major. He became
interested in astronomy at the ripe old age of 12 while a boy scout in Holland.
In 1924 he entered the University of Leiden to begin a serious and dedicated
pursuit of astronomical studies. Incidentally, when Bok arrived at the Leiden
train station to begin his college career, the first person he met was fellow
incoming freshman astronomy student G. P. Kuiper, who became a pioneer in
planetary studies, and also advocated interdisciplinary scientific endeavors
like those exemplified by the first (Gehrels 1978) and the present Protostars
and Planets books.

xiii



Xiv FOREWORD

When Bok began his studies of astronomy, the concept of star formation
ocurring in the present epoch of galactic history was not yet established. How-
ever, his classic 1934 work on the stability of moving clusters laid the founda-
tion for one of the major proofs of the existence of recent star formation in our
Galaxy. He found that open clusters were not necessarily dynamically stable
over long periods of time. Galactic tidal forces and encounters with other
clusters would destabilize most clusters causing them to disintegrate in a time
considerably less than the age of the universe. This implied that moving clus-
ters were stellar systems which formed long after the Galaxy came into exis-
tence. In 1947, the Armenian astronomer Ambartsumian, using Bok’s criteria
for stability, showed that some systems, known as OB associations, were so
unstable that they could not have existed for more than ten million years, a
mere instant in the life of our Galaxy.

Ever since his earliest university days, Bok realized that if star formation
occurred in the Galaxy, it had to happen within interstellar clouds of gas and
dust. As a young student he became interested in the Great Carina emission
nebula and in the dark obscuring nebulae, observed by E. E. Barnard, the
well-known Barnard objects. However, his early interest in such matters was
not shared by all his colleagues. He enjoyed relating the story of how his
thesis advisor, the master of statistical star counting, P. J. van Rhijn, admon-
ished him not to waste valuable time on such objects because they interferred
with star counts and therefore got in the way of useful astronomy. Needless to
say, Bok did not take this warning very seriously. In the early 1950s he made
perhaps his most important contribution to astronomy and star formation re-
search. Between 1952 and 1956 he assembled a group of promising young
physics students to undertake the construction of one of the first radio-tele-
scope facilities in the United States dedicated to the study of interstellar atom-
ic hydrogen emission at 21-cm wavelength. In doing so, he was instrumental
in training students who became some of the most influential and prominent
radio astronomers in the United States. With their new instrument Bok and his
students made careful studies of hydrogen clouds in the Galaxy and made one
of the early determinations of the gas-to-dust ratios in interstellar clouds. In
1947 and 1948 he published papers calling attention to dark dust globules
(now called Bok Globules) as probable sites of star formation and early stellar
evolution. However, in the early 1950s when they turned their radio telescope
to measure the expected interstellar atomic hydrogen in these and other dark
nebulae, they were astonished to find very little interstellar atomic gas. As
early as 1953, they were the first to realize and suggest that such dark nebulae
primarily contained molecular hydrogen. They anticipated the importance of
molecular clouds nearly eight years before the first radio-molecular line was
actually discovered.

In 1978, Bart Bok and I sat together for the opening talks at the first
Protostars and Planets meeting. I remember having lively conversations with
him about sequential star formation and supernova-induced star formation,
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topics much discussed at that meeting. Bok also talked about globules and
their relation to star formation and presented a paper on that subject. Most
people at that meeting were skeptical about the role of globules as star-forma-
tion sites. However, this did not deter Bok; later that year, in February, he
went to Chile to photograph some globules where he expected star formation
to be occurring. It was to be his last observing run; on Valentine’s night in
1978 he took this photograph of a globule in the Gum Nebula (see above). It
turned out to be an interesting globule; it contains a young embedded star
indicating that star formation could take place in a Bok Globule. Moreover,
the globule’s location at the edge of the Gum Nebula suggested that it might
have been compressed by the expansion of that nebula; perhaps this was a case
of triggered star formation. Finally, and most interestingly, the young object
was shown to be associated with a string of Herbig-Haro objects which were
later found to be a highly collimated, high-velocity jet of interstellar gas
ejected by the star. This discovery of jets around young stars has stimulated a
tremendous amount of new research in star formation studies and their signifi-
cance has been a major topic of discussion at the 1984 meeting from which
this book evolves. Bok would have been very pleased.

Although impressive by any standards, Bok’s research accomplishments
were only part of his prodigious contribution to astronomy. Above all, he was
a great teacher and inspirational leader. He had a strong interest in the educa-
tion and promotion of young researchers. He directed over 60 Ph.D. disserta-
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tions. Many of his students have become prominent astronomers such as J. L.
Greenstein, I. R. King, M. K. V. Bappu, S. McCuskey, E. M. Lindsay, to
name a few. He had an unabashed love for astronomy and was never too busy
to discuss an astronomical result, no matter how minor, with an aspiring stu-
dent. He encouraged and promoted the careers of countless young astrono-
mers and his infectious enthusiasm was an inspiration for three generations of
scientists.

Bok’s interests did not stop with the work of professional astronomers;
he was also greatly concerned and involved with amateur astronomers and the
lay public. During the last eight years of his life he embarked on an exhaustive
schedule of public lectures and writing. He accompanied numerous non-
professional eclipse expeditions around the world (India, the Soviet Union,
and Indonesia, to name a few recent locations), in the capacity of lecturer and
scientific advisor. It is perhaps a measure of this man and his love for astrono-
my that he could contribute so profoundly to so many areas of endeavor. His
legacy to astronomy is great. He will be missed.

CHARLES J. LADA



PREFACE

In January of 1978 a meeting was convened under the leadership of T.
Gehrels with the intent of bringing together a diverse set of scientists working
on the problems of star formation and the formation of the solar system. That
“Protostars and Planets” meeting and the book of the same title resulting from
the meeting were by almost any measure an immense success. The book,
with 39 chapters and 51 contributing authors, has served as a valuable source
of information and ideas for researchers in a variety of fields. Recognition that
many significant experimental, observational, and theoretical advances had
been made in virtually all facets of the study of star formation and the origin
of the solar system led in 1983 to the notion that it was time to convene once
again the researchers working on these problems, both in an effort to make all
researchers concerned with these problems aware of recent advances, and to
create the opportunity for as much cross-fertilization of ideas as possible.
Gehrels anticipated the need for a second “Protostars and Planets” meeting
when he noted in his introduction to Protostars and Planets: *“We propose to
produce the next volume on cosmogony of stars and planets with a meeting
the first week of 1984 in Tucson.” *Protostars and Planets 11" was indeed held
in Tucson in the first week of 1984, and this book presents the written
thoughts of the principle speakers (and their colleagues) at that 1984 meeting.

A consensus has been held in the scientific community for several dec-
ades that the formation of the solar system is but one example of a phe-
nomenon that occurs frequently in nature, and that that phenomenon is inti-
mately related to, if not a natural consequence of, the formation of stars. This
consensus underlies the synergistic relationship that exists between planetary
science and stellar astronomy/astrophysics. To date, flow of information has
been mainly in the sense that studies of solar system objects have affected
models of important astrophysical phenomena (e.g., nucleosynthesis); howev-
er, there has also been information flow in the other direction (e.g., accretion
disk theory). It is interesting to look once again at Gehrels’ introduction in
Protostars and Planets where he attempts to codify this synergistic activity as
a “new discipline.” He offered such terms as “Originary Sciences,” “Astrog-
ony,” and “Cosmogony” to describe this new discipline.

While interactions of the type discussed above have been useful and pro-
ductive, there has not yet been a major advance in our collective understand-
ing of the processes involved in the formation of stars and planetary systems.

[ xvii ]
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Part of what makes this book and the meeting from which it derives special in
this regard is that now it appears that an intellectual and technical threshold
has been reached on several fronts, and as a consequence there will be a burst
of insight and knowledge into these fundamental problems. What is the nature
of this threshold and why can we expect a quantum leap in our understanding
of star and planetary system formation?

In the area of star formation we will see major advances following analy-
sis of data from the Infrared Astronomical Satellite, the Hubble Space Tele-
scope, the Space Infrared Telescope Facility, and a variety of groundbased
millimeter interferometric systems. The Hubble Space Telescope, along with
the Space Infrared Telescope Facility, will permit limited direct imaging of
substellar companions to nearby stars. All of these instruments will establish a
data base that should contain information to characterize the evolution of ma-
terial from interstellar cloud to main sequence star, including the time history
of circumstellar disks—the presumed birthplace of planetary companions to
other stars.

In a complementary manner we see what is now planetary science
stretching beyond the solar system to include the detection and study of other
planetary systems. This extension of planetary science into the observational
study of other stars and their environs is proper and natural; the only way we
will ever understand the origin of the solar system is to test our models against
nature. Will we find, for example, that planetary systems are much rarer than
most of us would expect? Will we find that the solar system is reproduced in
its gross structure around every single star or binary star? Is there something
fundamental or prototypical of planetary systems in the character of the solar
system, and if so, what? The answers to these questions go beyond discover-
ing another planetary system, a fundamental step that remains to be taken.
They require a comprehensive statistical survey of the nearest several hundred
stars to a level of accuracy that is beyond the capability of existing telescopes.
This level of performance is, however, not beyond our present technology,
and plans are under consideration for a space-based astrometric telescope of
sufficient accuracy to detect objects as small as Uranus around any star within
a few tens of parsecs distant from the Sun.

The elements of Gehrels’ “new discipline” are now beginning to emerge
and their interrelationships are being defined. Pursuing his attempt to name
this new discipline, it is perhaps appropriate to designate this area of overlap
between planetary science and stellar astronomy/astrophysics planetary sys-
tems science, as the full scope of any union between these current disciplines
is realized in the planetary systems which are, if our current theoretical con-
struct is correct, the long-lived remnants of the birth of both stars and planets.
An appreciation of this new era in research is gained from many of the discus-
sions contained in this book, and we predict that, when “Protostars and
Planets IH1” is held in 1990, this new discipline will be well into adolescence.
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A few remarks are in order concerning the structure of the meeting and
this book. There were some 200 attendees at the January 1984 meeting, and
we received over 100 requests to present contributed talks. However, in light
of the highly interdisciplinary character of the meeting, a decision was made
to have no contributed (i.e., 5—10 minute) talks. Rather, we decided to have
fewer and therefore longer (30 minute) talks on topics which seemed to the
organizing committee to have undergone significant advances in recent years.
Speakers were asked to summarize the key developments in their areas with-
out providing a historical overview, indicate the major outstanding problems,
and suggest possible lines of research over the next five years. These topical
discussions were grouped into half-day sessions. Each session was initiated
by a 45 minute general overview of the subject of the session. The intent was
that the general overview would permit nonexperts in the audience to gain
some perspective on the material to be covered in the session. A great deal of
emphasis was placed on time for discussion during the meeting; each talk was
structured so that two-thirds of the allotted time was for formal presentation
and the remaining time was for discussion of that particular talk. A half-hour
slot was preserved at the end of each half-day session for discussion of the
entire session. A twenty minute break was taken during each session to permit
casual interaction over coffee. However, we recognized the intellectual value
of contributed papers; all contributed papers were given as evening “poster
talks” so that they would not conflict with the main discussions during the day.
Many people were concerned before the meeting that this format would not
work because no one would come to the poster session after dinner. However,
the success of this format exceeded our greatest expectations; the three hour
evening poster talks were heavily attended and the forum proved an effective
one to not only discuss the posters, but to discuss all topics related to the
meeting. We strongly recommend this format for future meetings of this type.

The book is organized along the lines of the formal presentations during
the meeting. There are some chapters which do not follow the general struc-
ture of the majority of the contributions. Summary talks from a planetary
perspective by E. H. Levy and from an astronomical perspective by S. E.
Strom, which brought the Tucson 1984 meeting to a close, are the lead chap-
ters in the book. The other chapters which are of a different flavor are those
representing the four principal schools of thought on models of solar system
formation. Neither C. Hayashi nor V. S. Safronov were able to attend the
meeting but each contributed a chapter for the book which described their
current thinking on the origin of the solar system. The chapters by these au-
thors, together with those of A. G. W. Cameron and of D. N. C. Lin and J.
Papaloizou, provide in one book the opportunity for students of the subject to
compare and contrast these current schools of thought.

Many people are necessary if endeavors such as “Protostars and Planets
II” are to happen. We cannot here mention by name everyone who played a
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role in the meeting and this publication; however, in the back of the book we
list the many individuals who contributed in one way or another to this effort.
We would especially like to thank the authors, the reviewers, and the members
of the scientific organizing committee for giving much of their time and effort
to Protostars and Planets II. Finally we wish to acknowledge the efforts of
M. A. Matthews during the meeting and of T. S. Mullin who kept both the
meeting and the early work for the book running smoothly, as well as those of
M. Magisos who has since stepped in to carry a substantial load in the prepa-
ration of this book. All these people deserve credit for any of the success
associated with both the meeting and this book.

Astronomy in general, and the subject of this book in particular, lost a
great and inspirational force when Bart J. Bok died a few months before the
Protostars and Planets II meeting. He recognized and enthusiastically embrac-
ed the dawning of this new era in the study of stars and planetary systems,
which is why we chose to dedicate this book to his pioneering spirit.

David C. Black
Mildred Shapley Matthews
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PROTOSTARS AND PLANETS: OVERVIEW FROM
A PLANETARY PERSPECTIVE

E. H. LEVY
University of Arizona

Today we understand the simultaneous formation of a star and planetary system
to be natural and coupled consequences of the collapse of an interstellar cloud
of molecular gas and dust. ldeas put forward to account for the existence of our
own solar system seem generally applicable to star formation throughout the
Universe. If this is indeed the case, then planetary systems should be present in
large numbers throughout our Universe. Even the gross structural features of
our planetary system seem largely to be the result of nearly deterministic pro-
cesses, rather than the result of chance alone; many planetary systems through-
out our Universe may resemble this one. This chapter summarizes and examines
some of the implications of ideas about the formation of stars and planetary
systems.

I. INTRODUCTION

In the past, conferences on topics such as this one often began with a
review of several diverse, competing theories for the origin of the solar sys-
tem. However, recent conferences, including the one that inspires this book,
are marked by the absence of any such listing of a large array of competing
cosmogonical theories. The absence of such an open-minded review in this
book and the dispatch with which these chapters get down to the business of
elucidating our present ideas and identifying specific observational and the-
oretical problems, reflects the fact that today, to a first approximation, there
exist no competing theories for the origin of our solar system. There is re-

[31



4 E. H. LEVY

markable agreement about the general character of the events and the physical
processes which produced this Sun and these planets. Moreover, the events
and processes themselves are thought to be unremarkable.

To be sure, numerous mysteries remain; unsolved problems and uncer-
tainties still exceed confident solutions and certainties although our ideas
about the origin of this solar system-—and of stars more generally—become
better understood as time passes. Studies since the mid 1960s trace a plausible
evolutionary track from interstellar gas to stars and planets. Increasingly so-
phisticated theoretical studies, together with laboratory measurements of as-
tonishing virtuosity on primitive meteorites, and astronomical studies of the
interstellar medium and protostars, are painting a picture with increasing de-
tail about physical conditions associated with the formation of stars, pro-
toplanets, and planets.

Today we understand the nearly simultaneous formation of a star and of a
planetary system to be natural, and possibly common, consequences of the
collapse of interstellar gas into a compact disk nebula. The disk-shaped
nebula forms by virtue of the angular momentum carried by the infalling gas,
which allows the gas to accumulate more easily along the axis of rotation than
toward it. In ways barely understood, this nebula organizes itself into a dis-
sipative structure that sheds angular momentum at the peripheries, allowing a
star to accumulate at the center. At the same time, the distribution of solid
matter is governed almost deterministically by evaporation and condensation
in the nebula’s radially varying thermodynamic and physical conditions. The
aggregation of this condensed material produces planets whose general com-
positions, and even relative masses, are in turn a nearly inevitable result of a
nebula’s structure. The inevitability of this line of reasoning is indeed intox-
icating; we might as well go on with it, if only to see where the most extreme
view will carry us.

The scenario recited above is thought to be representative of star forma-
tion in general. One cannot help but be impressed by the evidence reviewed in
this book (see chapters by Harvey and by Rydgren and Cohen), and by the
new results of the IRAS investigations, that disks, perhaps a hundred or a
thousand astronomical units across, are common, and maybe universal, fea-
tures of protostars. It is not ridiculous then to speculate that planetary systems,
similar to our own, are common in the universe. Of course, there are some
obvious things left out of such a precipitate speculation. It glosses over the
fact that most stars are in bound multiple systems, and the formation of multi-
ple stars we understand even less than the formation of single stars. This
speculation also leaves out the possible effects of varying initial conditions in
the collapsing gas. However, a protostellar disk is a dissipative structure,
evolving irreversibly and losing memory of its earlier states, but for a few
conserved integrals; it is clear that much work needs to be done to define the
effects of varying initial conditions on the course of star formation.

Despite these uncertainties, our present skeletal picture of star formation
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leads naturally to the idea that planetary systems much like our own may be
common, at least around single stars that resemble the Sun. Even hospitable,
terrestrial-type planets can emerge as commonplace. Although this seductive
idea may be true, it may be only a manifestation of our continuing ignorance.

If we continue to follow the extreme view to which our ideas can lead—a
view to which I admit at least an emotional attachment—it is interesting to
note how close we are to the ultimate realization of the Copernican program.
Benign planetary environments occur widely, in numbers which, while uncer-
tain, are sure to be large. We are left only one or two short steps away from
completely removing man from any privileged position in the Universe. Ac-
cording to modern textbook descriptions, the appearance of self-replicating
entities seems almost as inevitable as the allegedly ubiquitous existence of
thermodynamically and compositionally hospitable planets. Subsequent evo-
lution proceeds inevitably in response to selective pressures in a competitive
environment with limited resources. Again the result appears almost inevita-
ble: advanced states of sentient, mobile, and manipulative beings, charac-
terized by opposing thumbs and introspective temperaments, disposed to con-
template the events which led to their own existence. And thus, here we are
today—it seems almost inescapable.

There is reason beyond idle amusement to contemplate these lengths to
which our present ideas about the formation of stars and planetary systems
carry us if we merely nudge them along. It helps to point out the fact that, for
all the scope of our ideas on the subject, we are unsure whether planetary
systems are common or rare in the Universe. We do not know if the one star
and planetary system that we know best is representative of the many, or if our
very existence here, on planets, demands that this system be idiosyncratic and
different from most of the other stars in the Universe. This knowledge is
certainly fundamental to our understanding of planet formation; furthermore,
by virtue of our present picture of the linked contemporaneous formation of
the Sun and planets, it must also influence our understanding of star forma-
tion. We human beings are dependent for our existence on the particular
events which produced our particular planet. To understand how common are
such events, and how common are such planets, will cut to the core of our
perceptions about our very existence.

II. BEFORE THE BEGINNING OF THE SOLAR SYSTEM

While the framework of our ideas about star and planet formation seems
to be growing more secure, vast areas of essential ignorance still stand be-
tween us and understanding. Only a few can be alluded to below.

One of the things that we teach our graduate students is how to do back-
of-the-envelope, order-of-magnitude calculations; and we become irritated if
they fail to get the right answer. For example, stars form from the collapse of
presumably gravitationally bound, giant molecular clouds; and such clouds, if
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they were to collapse, have dynamical collapse times of about two million
years. The Galaxy has roughly two billion solar masses invested in such mo-
lecular clouds. It is easy to see at once (on the basis of arguments which are
dimensional, and therefore irrefutable) that the Galaxy should be putting some
thousand solar masses a year into new stars. It is irritating, therefore, that our
Galaxy fails to get the correct answer; the argument fails and overestimates
the stellar birth rate by three orders of magnitude (chapter by Solomon and
Sanders).

It is clear that essential elements of the equilibrium and dynamical behav-
ior of the interstellar medium are not understood. Consider a few of the basic
questions which remain unanswered:

—What is the general character of the virial equilibrium of interstellar clouds?
That is to say: How much internal energy do these clouds contain, how is it
distributed, what are its forms, how does it behave under compression dur-
ing gravitational collapse?

—What is the role of rotation in the equilibria and the dynamical behaviors of
these clouds? How strong are the magnetic fields, how do they evolve in
collapsing clouds, and what are their effects?

—What role does turbulence play in these clouds? How do the turbulence and
the magnetic fields interact?

—What is the ionization fraction in cloud material and how does the coupling
of the gas and magnetic field behave during collapse?

—At what point does free-fall collapse of cloud gas occur? To what extent is
the transition from diffuse interstellar gas to star mediated by a sequence of
quasi-static, near-equilibrium states?

—What are the effects of the onset of star formation on the subsequent states
and evolution of a molecular cloud? In what forms is energy liberated and
how does the released energy interact with the surrounding cloud material?

Knowing the distribution and evolution of internal energy and angular
momentum in protostellar clouds is fundamental to our understanding of the
entire star formation process. Clouds are not in free-fall collapse despite the
apparent absence of sufficient thermal pressure to withstand gravity (see the
chapter by Scalo). Other forms of internal energy which can inhibit collapse
include, for example, fluid turbulence, rotation, and magnetic fields; howev-
er, our detailed understanding of how these behave in real collapsing clouds is
insecure.

The degree to which a collapsing cloud retains mechanical connection
with the surrounding medium, through magnetic fields which allow it to shed
angular momentum and which may provide some additional, tensional sup-
port against gravity, is unknown (chapter by Mestel). We do not know when,
during stellar collapse, the bulk of initial angular momentum is lost. This
question looms large in our attempts to understand the conditions which give
rise to single, as opposed to multiple, stars (Mouschovias 1978).
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It is worth recalling that we do not know what determines the main se-
quence masses of stars. What, in the formation of even an idealized single
star, ultimately truncates the inflow of material? Is the distribution of final
masses determined primarily by fragmentation of the larger cloud complex, or
early in the collapse of the fragments, so that the final stellar masses result
from an actual depletion of infalling matter, or, does some later-stage behavior
of the protostar halt the inflow of what otherwise would be an essentially
unlimited accretion to much higher mass?

Consider, in this same context, the question of the existence of external
triggers of star formation. In the first Protostars and Planets book (Gehrels
1978), you could barely make a star without a supernova to trigger cloud
collapse. It was widely conjectured that the material from which our own solar
system formed had been inoculated with fresh supernova material within a
few million years of its formation. This conjecture was driven, to a large
extent, by the apparent presence of live 26Al, a short-lived, r-process radi-
onuclide, in meteorites assembled during the solar system’s birth (Lee et al.
1976¢). Recent work, however, calls this conjecture into question. The appar-
ent absence of the medium-lived radioisotope 247Cm in the early solar system
suggests (chapter by Wasserburg) that supernova nucleosynthesis, contempo-
raneous with the formation of the solar system, might not have been responsi-
ble for the 26Al. Surely these questions remain open; the immediate prehistory
and very early history of the solar system still hide many important events and
processes, evidence for which is probably hidden in primitive meteorites and
other primordial materials.

Astronomical evidence for the general role of external star formation
triggers (e.g., supernova blast waves or spiral density-wave shocks) is not
clear-cut (chapter by Strom). There is a variety of conceivable star formation
triggers (chapter by Cameron); however, such generational relationships in
star formation seem still unclear. Several open questions are tied up with the
general issue of star formation triggers. The most obvious is whether some
especially violent dynamical perturbation plays an important role in precipitat-
ing star formation, or whether stars just form spontaneously and quiescently
in undisturbed interstellar clouds, perhaps controlled by a gentle rain of neu-
tral gas settling out of magnetized clouds through ambipolar diffusion (chapter
by Cassen et al.).

A significant question, related to the role of star formation triggers, in-
volves the frequency with which stars form from material that is different in
composition from that of average cosmic background. Even if most star for-
mation does occur in the vicinity of massive stars (chapter by Elmegreen), it
remains to be established what causal relationships occur, and what role newly
synthesized radioactive stellar fallout plays as an energy source in the evolu-
tion of cool, protoplanetary matter. And, on a related point which continues to
confuse attempts to read solar system history from meteorites, we do not
know how much intact prenebular solid material was incorporated into solar
system objects (chapters by Kerridge and Chang and by Clayton et al.).



8 E.H. LEVY

The matter in molecular cloud cores apparently undergoes substantial
chemical processing. A considerable amount of isotopic fractionation can oc-
cur in these low-temperature chemical reactors (chapter by Irvine et al.), es-
pecially in relatively low-mass species like deuterium and carbon. How such
fractionations may survive in the nebula and be related to observed isotopic
heterogeneity of solar system material is not well understood (chapter by
Draine). Chemical reactions in cloud cores probably have important influ-
ences on the clouds’ continuing dynamical evolution (chapters by Glassgold
and by Herbst). The extent of ionization in cloud cores influences the degree
to which the matter remains coupled to the magnetic field; cooling rates,
which exert significant control on cloud collapse, depend on the chemical
state of the matter.

III. DURING THE BEGINNING OF THE SOLAR SYSTEM

During the transition from diffuse gas to a compact assemblage, large
amounts of energy and angular momentum were shed from a protostellar sys-
tem. When faced with such excesses of resources, nature continually surprises
us with its imaginative means of expenditure. To take an example close at
hand in the solar system, it would be easy to imagine our Sun simply emitting
photons and neutrinos from a gently glowing, quiescent surface. Yet, faced
with a little energy and angular momentum to spend, nature goes on a ram-
page and confounds us with a vast array of solar-active phenomena: an os-
cillatory magnetic field, explosive flares, energetic particles, radio outbursts,
a hot corona, and a supersonic solar wind which spreads this confusion
throughout the entire solar system.

A similarly rich menagerie of behaviors is likely to characterize pro-
tostellar and protoplanetary systems, which have much energy and angular
momentum to spend in such a short time. Perhaps nothing so clearly reveals
protostars as scenes of unforeseen dynamical activity and vigor as do the
discoveries of collimated, jet-like, bipolar outflows and Herbig-Haro objects,
which seem to be associated with protostellar systems. Prodigious amounts of
energy are radiated away from young stellar objects through this nonthermal,
mechanical mode. In one observed object (chapter by Schwartz), the mechan-
ical luminosity can exceed several tenths of a solar luminosity (L.). This
apparently corresponds to at least one percent of the central star’s total lumi-
nosity. By way of comparison, it is interesting to note that our own Sun’s solar
wind carries away only about 10~7 L. The very nature of Herbig-Haro
objects remains a mystery, and their relation to young star outflows is still
unclear: Are they stellar ejecta or are they obstacles caught in the flow?

It seems likely that such channeled outflows arise primarily because of
the rotation of the young protostar. Perhaps, as many have suggested (in this
context, as well as in some attempts to explain bipolar collimated outflows in
extragalactic radio sources), the highly collimated flows arise from otherwise
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spherical supersonic winds which are truncated laterally by material in a sur-
rounding disk. However, one probably should not completely discard the pos-
sibility that external control is exerted on some of these flows; in this regard
the existence—alluded to during the discussion—of fields of several such
flows all seeming to be aligned along a superposed magnetic field is intrigu-
ing. It is probably fair to say that we have no real understanding of the dynam-
ical origin and character of these collimated flows.

The accretion disk remains a vague and difficult object to perceive from
both observational and theoretical perspectives. The accretion disk, more than
any other single entity, ties together the two aspects of this book into a single
subject. On the one hand, the disk serves as a transitory dissipative object in
which protostellar matter seems able to shed large amounts of angular mo-
mentum during its transition from cloud gas to the main sequence; on the other
hand, the disk seems to be the realm of planet formation.

During the formation of a star, the intermediate accretion disk seems to
behave as a dissipative structure (see, e.g., Prigogine 1980) which transports
excess angular momentum away from the center of accretion, thereby permit-
ting the accretion to proceed at a rate far faster than could otherwise be the
case. The microscopic mechanical transport coefficients of protostellar matter
are too small to carry angular momentum rapidly through the fluid. The en-
hanced rate of transport and dissipation is produced by macroscopic, collec-
tive effects; among the several collective phenomena which may be important
in the evolution of protostars and protoplanetary disks are convection (tur-
bulence), larger-scale fluid circulations, magnetic fields, and spiral density
waves induced at orbital resonances.

Turbulent convection substitutes a large coefficient of friction, derived
from the mixing of momentum by macroscopic convective motions, for the
negligibly small momentum transport produced by molecular motions. Sever-
al different driving mechanisms have been invoked to account for the presence
of the turbulence, including agitation by the still infalling gas or unstable
meridional circulations (Cameron 1978¢) and thermal instability driven by the
energy liberated in the viscous evolution of a dusty, high-opacity disk (chapter
by Lin and Papaloizou).

In this field of study, as in others, our understanding remains clouded by
the absence of a deductive theory of turbulence and turbulent transport; we are
confined by estimates based on relatively simple mixing-length theory. While
this approach probably carries our calculations toward reality, significant un-
certainty remains. For example, at least in the inner parts of a protoplanetary
accretion disk, the angular period of orbital motion is likely to be smaller than
the turnover time of a convective eddy. Under this condition the Coriolis force
becomes significant in the behavior of the fluid; the effect of the Coriolis force
on such convection is to enforce a kind of two-dimensionality on the flow and
to diminish transport in the radial direction. One early attempt to deal with
this problem (Canuto et al. 1984), based on a linearized calculation, leads to
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results which seem not fundamentally changed from the estimates based on
isotropic turbulence (chapter by Cameron); surely more will be heard on this
subject as time goes by.

Meteorites show unambiguous evidence that they were assembled in the
presence of a surprisingly strong magnetic field, perhaps as intense as one
Gauss or more (Levy and Sonett 1978). Such a strong, nebular-scale magnetic
field would have had profound effects on the nebula’s evolution and could
have been generated by the nebula itself (Levy 1978). It is possible, for exam-
ple, that such a field could have provided a dominating contribution to mo-
mentum transport in the very inner nebula, where the Coriolis force might
have inhibited convective radial transport. It is interesting to note that such a
strong magnetic field could be expected to generate local flaring activity (es-
pecially above the disk in a nebular corona) in a manner similar to solar flares
or geomagnetic tail storms. Nebular flares would produce local transient ener-
gy release, and could be responsible for such unexplained phenomena as
chondrule formation in meteorites and oxygen isotope separations.

One of the inevitable by-products of turbulent transport of angular mo-
mentum is that the turbulence equally well transports small bits of solid matter
around the solar system. The confrontation of this fact with the observed
character of meteorites raises interesting questions. On the one hand, the large
implied radial mixing seems capable of accounting for the complicated histo-
ries of some meteorite particles (chapter by Morfill et al.). On the other hand,
extreme isotopic heterogeneity of solar system material (chapter by Clayton et
al.) and the absence of calcium-aluminum-rich inclusions (CAI) in ordinary
chondrites (chapter by Boynton) argues against such extreme homogenization
of nebular material.

Primitive meteorites remain perhaps our most sensitive tracers of condi-
tions in the protoplanetary nebula. The challenges posed by recent analyses of
meteorites loom very large. The extreme isotopic heterogeneity of meteoritic
material suggests the existence of several distinct and unhomogenized reser-
voirs of protoplanetary matter, with different isotopic compositions (chapter
by Clayton et al.). The genesis of these reservoirs of matter, and the course of
events which allowed them to remain unhomogenized, are not well under-
stood in a manner that is demonstrably consistent with other facts about the
solar system. The temperature history of meteorite components eludes de-
tailed understanding. Evidence seems to suggest that some material at several
AU from the Sun was exposed to at least transiently high temperatures, on the
order of 1200 to 1400 K (chapter by Boynton).

It seems to me that the most critical issues in understanding the evolution
of accretion disks are the nature and influences of the collective phenomena
which dominate the transport processes, and thereby drive the disk’s evolu-
tion, and which may play an important role in the accumulation of planets. It
is not clear, in looking at the whole disk and over the whole of its evolution,
that a single phenomenon dominates. It may be that, at different times and in
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different parts of the disk, different effects (such as turbulence, magnetic
fields, density waves, etc.) predominated.

The ring systems of the outer planets have revealed important new infor-
mation about the behavior of dissipative Keplerian disk systems (chapter by
Lissauer and Cuzzi). The newly detailed pictures of Saturn’s rings, made
available by the Voyager spacecraft, are stimulating major advances in our
understanding of the evolution of disks, and show them to have a rich reper-
tory of dynamical behaviors. Spiral density waves are observed to occur, in-
duced by the presence of moderately massive bodies, which may play a sig-
nificant role in transporting angular momentum (and therefore mass) in the
rings. Similar collective effects may have been important in some regions of
the protoplanetary nebula. Planetary rings are thought to be confined to nar-
row bands by so-called shepherding satellites. Such satellites open and main-
tain gaps in the distribution of ring material. A similar clearing of gaps around
large protoplanets may have had important effects on planetary accretion pro-
cesses. More speculatively, other nonlinear effects in the disk may have
worked on the formation of planets, with the formation of one object reso-
nantly influencing the formation of others, possibly accounting for what some
believe to be the unexpectedly regular spacings of the planetary orbits.

The ultimate fate of the disk gas still eludes us. The processes and the
timing of its eventual dissipation are not known. This is particularly important
for our understanding of the accretion of solid matter, because the orbital
dynamics of small solid particles will depend on whether ponderable amounts
of gas are present. One outstanding question is what relationship is there, if
any, between the dissipation of disks and the observed energetic outflows.

IV. PLANETS AND PLANETESIMALS

Surprisingly little has been written in this book on the subject of planet
formation. Two basic processes dominate our thinking about the aggregation
of planets: solid-matter accretion and hydrodynamic-collapse instabilities in
the nebular gas. Considering that the planets had to start off as dispersed
matter and end up as dense accumulations, these two processes seem to have
the most reasonable possibilities fairly well surrounded. Indeed, during recent
years, virtually every combination of these processes has been invoked to
account for the planets.

Planetary compositions of condensible species seem to track a condensa-
tion sequence, as a function of distance from the Sun. This fact argues strong-
ly in favor of a dominant role in planet formation for the accretion of solid
matter which had been processed through regimes of evaporation and conden-
sation in a radially varying nebular temperature. Even Jupiter and Saturn,
which most closely resemble the Sun in composition, have excessive amounts
of condensible matter (chapters by Podolak and Reynolds, and by Gautier and
Owen). The similarity in total masses of the condensible fraction of the four
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giant planets is commonly held to be evidence for the accretion of solid matter
in the formation of these planets, prior to the induced hydrodynamical col-
lapse of a nebular gas envelope.

According to this prevalent accretionary line of thought, the inner planets
formed almost entirely from the accretion of solid particles of rock and metal
to successively larger bodies, ultimately aggregating to the few terrestrial
planets; the giant, gas-rich planets resulted from subsequent gravitationally-
induced hydrodynamic collapse of nebular gas onto large ice and rock cores
which formed through accretion. Presumably, during the gas collapse phase, a
small viscous accretion disk formed, from which the regular satellite systems
were born.

Although this crude picture seems able to account for the gross composi-
tional and structural features of the planetary system, important unsolved
problems remain. Perhaps most significant is the problem associated with the
time scales of planet formation (chapter by Pollack). The problem arises be-
cause, in the outer parts of the nebula, the space density of planetesimals was
probably not very much greater (and perhaps smaller) than in the inner
nebula. Moreover, the dynamical times, which scale with the orbital periods,
are much longer. Consequently, the rate of giant planet accretion through two-
body encounters is expected to be lower than for the terrestrial bodies. This
difficulty may be sharpest for Uranus and Neptune, because it is not yet clear
that such an accretion model can account for formation of these objects in the
entire age of the solar system. Even for Jupiter, the requirement, albeit hypo-
thetical and arguable, that that planet form early enough to truncate the accre-
tion of Mars and to abort planetary accretion in the asteroid belt does not seem
satisfied.

Altogether, the compositions of the planets argue for the accretion of
condensible matter in planet formation; the apparent rapidity of planet forma-
tion argues a role for collective phenomena, of which hydrodynamic collapse
to giant gaseous protoplanets (Cameron 1978c) is perhaps the most extreme,
and most rapid, example. More complete knowledge of the interior structures
of the giant planets and a sharper understanding of their evolutions could
advance our ideas about their formation (chapter by Pollack). For example, if
the excess condensible matter should largely be confined to a core, and if such
segregation is unlikely after formation, then this would argue for giant planet
formation by late gas collapse onto a preexisting core. But these issues are not
finally resolved. Critical information pertaining to the origin of the giant
planets, including elemental and isotopic abundances, remains to be gathered
by future investigations, especially by probes penetrating into the planets and
analyzing the composition of the matter.

The terrestrial planets suffered even more neglect than did their Jovian
cousins. However, it is worth pointing out that significant questions plague
our understanding of the terrestrial planets as well. For example, the genesis
of the volatile inventory of the terrestrial planets remains unknown. Some
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volatiles may have been trapped in condensed rock; some of the volatiles may
have been caught later by accretion of ice-rich planetesimals (comets) formed
farther out in the nebula. The early dynamical mixing of planetesimals be-
tween the inner and outer solar system is not fully understood.

The origin of the Earth’s Moon is a major source of annoyance. On the
one hand, its composition is sufficiently different from that of the Earth itself
that there are few satisfactory ways of accounting for its existence through
simple accretion near the Earth. On the other hand, making it elsewhere and
later bringing it here, to be captured as an intact body, is dynamically difficult.
Neither of these simple scenarios seems adequate to account for the Moon.
Earth and Moon may once have been a highly interacting composite system,
perhaps the result of a large collision (W. K. Hartmann and D. R. Davis 1975;
Ward and Cameron 1978) in which matter was chemically and physically
partitioned between the two to produce the present peculiar compositional
differences. Probably there is a lot to be learned about planet formation
through a satisfactory explanation of the Moon’s existence. However, the
Moon problem is sufficiently perplexing that at least one worker has found
solace in its small size; he noted that the Moon is of sufficiently small mass
that “to a first approximation, it does not exist,” and, therefore, we can ignore
it for a while (Wetherill, personal communication).

Regular satellite systems of the giant planets, of which Jupiter’s four
Galilean satellites are the best behaved example, probably formed in a circum-
planetary disk-shaped nebula, in a manner analogous to the solar system’s
formation (see chapter by Lissauer and Cuzzi). The increase in volatile frac-
tion, with distance from Jupiter, among the Galilean satellites is reminiscent
of the regular compositional variation of the planets with distance from the
Sun. This hints at a similar nebular origin for the Galilean satellites, although
compositional alteration by subsequent evolutionary effects cannot yet be ex-
cluded for these satellites. Indeed, Io has undergone an extreme measure of
sustained evolution as a result of tidal heating. Altogether, the solar system’s
formation seems to have involved at least a two-level hierarchy of disk sys-
tems, the primary disk giving rise to the solar system itself, while perhaps
several smaller disks were involved in the formation of the giant planets and at
least some of their satellites.

In this respect, the early evolutionary history of the giant planets is
important to our understanding of their satellite systems. The luminosity of
the nascent giant planets (chapter by Bodenheimer), and the energy liberated
in their accretion disks, may have dominated physical conditions in their
vicinities.

The irregular satellites, orbiting near the peripheries of the giant planet
systems, were most likely solar nebula planetesimals captured by gas drag as
they passed through the circumplanetary gas. The survival of these relatively
small orbiting bodies against drag-induced evolution into the central planet
apparently argues for rapid dissipation of the giant planet nebulae. Thus, the
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present-day orbits of these small, irregular moons may communicate impor-
tant clues about the evolution of the giant planet nebulae.

Comets and asteroids are expected to store unique clues about conditions
associated with the formation of the solar system. This is a result of the fact
that, because of their small size, many did not achieve the high temperatures
and pressures which sustained the extensive evolutionary alteration that oc-
curred on planets. Thus, comets and asteroids are primitive in comparison
with other solar system bodies.

Comets are thought to be the most primitive and fully representative of
condensible protoplanetary nebula material. The presence of abundant and very
volatile ice in contemporary comets testifies to the low-temperature regimes of
their formation and to the compositional integrity that was maintained by their
long-term cold storage in the distant Oort cloud. Future detailed study of comets
which will be made possible by spacecraft investigations is expected to produce
important advances in our knowledge of protosolar nebular condensates.

A few plausible suggestions have been put forward for the origin of com-
ets (see the chapter by Weissman, which includes in addition discussions of
several implausible suggestions). Plausible suggestions include formation
near Uranus and Neptune, with subsequent ejection by gravitational interac-
tions with the outer planets, formation in the far outer solar system with sub-
sequent orbit expansion induced by mass loss from the Sun and surrounding
nebula, and formation in distant subnebulae, well outside the realm of the
planets. However, there is, at present, little to distinguish definitively among
the several possibilities. Because comets formed so far from the Sun, at very
low temperatures, it is likely that a large part of their material consists of
unprocessed dust and molecules from the solar system’s parent interstellar
cloud. Detailed study of cometary material can be expected to forge an impor-
tant link in our understanding of the transition from a molecular cloud core to
a star- and planet-producing nebula.

Astronomical investigations of asteroids suggest that they are not un-
altered nebular condensates, but rather that many asteroids have undergone
substantial alteration processes. Indeed many main belt asteroids seem to be
remnants of larger bodies which had undergone major differentiation pro-
cesses before being disrupted. Presumably, gravitational perturbations from
Jupiter scrambled asteroidal orbits to the extent that they were prevented from
continuing accretion; since the early birth of Jupiter, the evolution of the as-
teroid population is thought to have been dominated collisional fragmentation.

It is generally believed, although not finally proven, that asteroids were
never incorporated into objects large enough to have been melted by the low-
level radioactive heat sources that drive evolution on the larger planets. Thus,
additional sources of energy seem to have been at work, and the asteroids may
be remnants of early heating processes which are no longer at work in the
solar system. Among the possible sources of energy are electrical induction in
a vigorous, early solar wind (Sonett et al. 1968) or heating by now extinct
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radionuclides. In this respect, asteroids are the products of evolutionary pro-
cesses no longer at work in the solar system, and they must hide significant
clues about conditions during the solar system’s formation.

The main belt asteroid population, taken as a whole, exhibits important
regularities when examined spectroscopically. The asteroids can be fitted into
spectral classes, which seem to correspond, at least partially and crudely, to
the compositional classes of meteorites. Moreover, different groups predomi-
nate at different heliocentric radii, with presumably more volatile-rich species
predominating at greater distances from the Sun. This suggests that the as-
teroid belt is a compositionally structured assemblage of bodies, whose dis-
tribution may retain memory of physical conditions in the nebula from which
they were born. Fortuitously, but apparently not accidentally, this preserved
information spans the region of transition between the inner part of the solar
system dominated by relatively refractory condensates and the outer part dom-
inated by relatively volatile condensates. Altogether, detailed study of the
asteroids promises to reveal important information about the protoplanetary
nebula and protoplanetary collision and accretion processes.

V. CONCLUSION

Substantial advances in our understanding of the origin and evolution of
the solar system and mechanisms of star formation, since the mid 1960s,
resulted from a happy interaction of detailed experimental research on primi-
tive solar system material, astronomical research, a much deeper understand-
ing of the planets brought about largely by deep space missions, and im-
pressive theoretical advances. It is worth asking: What is the goal of such
cosmogonical research? Surely we can have no expectation of uncovering all
of the detailed history of events which propelled some 10°7 atoms along the
evolutionary path from a diffuse interstellar cloud to the present peculiar as-
semblage of Sun, planets, and people. But we can hope to put together obser-
vations, experiments, and calculations to draw a picture of the general phys-
ical nature of events that make stars and planets, and to ascertain their
prevalence and general characteristics in our Universe.

One of the compelling new lines of further research in this area would be
the discovery and subsequent detailed analysis of other planetary systems.
The scientific technology for this search seems now to be within our reach (D.
C. Black 1980; Gatewood et al. 1980; R. S. McMillan et al. 1984). A remark-
able manifestation of our present ideas about the formation of stars and planets
is that most of us would be astounded if planetary systems at least crudely
similar to our own should turn out to be uncommon. But, common or uncom-
mon, whatever the answer should turn out to be, the impact on our under-
standing of the Universe in which we live will be most remarkable.

In conclusion, consider what should be the potentially observable sig-
natures of distant planetary systems (as opposed to, say, double or triple stars)
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if our basic ideas about the formation of our own system are correct and more
generally applicable. The structure intermediate between a collapsing cloud
and the final star-planet system is the dissipative disk, and the basic mor-
phological features of the solar system derive from the disk’s behavior. The
evidence of our own solar system suggests that a high degree of dissipation
persisted to rather late stages in the system’s formation. The planetary orbits
are all relaxed to a relatively thin disk, orbiting in the same direction and near
the Sun’s equatorial plane; the orbits are largely circular. The compositions of
the planets follow a condensation sequence. The small rock and metal objects
reside near the center, where temperatures were too high for the more abun-
dant volatile ices to condense or to remain solid; the much more massive ice-
and gas-rich planets dwell farther out, where the much more abundant ices
could condense and remain in solid form. The division between these two
regimes seems likely to coincide with the boundary between those nebular
temperatures at which water ice condenses and those temperatures at which
water remains vapor.

Thus, as a tentative working definition, the signature of a planetary sys-
tem should contain two components: evidence that the orbit morphology was
produced by a highly dissipative dynamical evolution (concentric, circular,
coplanar orbits) and evidence of a condensation sequence preserved in the
radial distribution of planetary masses and compositions. The discovery of
systems with this signature would lend strong support to our current ideas; the
subsequent detailed study of the discovered systems would vastly expand our
understanding planet-system and star formation. To establish the contrary, that
such systems are absent or very uncommon, would challenge fundamental
aspects of our present thinking.
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Current problems in understanding the formation and early evolution of stars
are reviewed. First discussed are observational studies of external galaxies
which may provide insight into the factors controlling star-forming efficiency
and the initial mass function. Advances in the classification of molecular cloud
properties in the Milky Way are summarized. Considerable emphasis is given to
a discussion of recent observations of mass outflows from young stellar objects
and the possibility that such outflows may provide a guide to the role played by
magnetic fields during the prestellar collapse phases. Such flows also appear to
serve as signposts for the discovery of circumstellar disks. Recent observations
of possible disk structures surrounding young stellar objects are presented along
with a picture of one such disk, that surrounding the T Tauri star, HL Tau. The
Sformation of disks may be a fairly frequent outcome of the star-forming process.
However, a direct connection between these disks and the formation of plane-
tary systems has vet to be established.

For much of the past four decades, astronomers have chosen to study the
star-formation process by observing and analyzing regions of recent stellar
birth within the Milky Way. That this “microscopic” approach continues to be
fruitful is shown by the wealth of new insights gained from infrared and milli-

meter-line investigations of such regions. Many contributions to this book

reflect the vigor of such research.
However, in my view, studies of star formation would benefit from a

greater investment in attempts to understand this process on a “macroscopic”
level. Actively star-forming galaxies provide laboratories in which we can
witness the orchestration of star formation on a galactic scale and can evaluate

[ 17 ]
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the influence of gas density, metal abundance, and other parameters on the
efficiency of star formation and on the stellar initial mass function. The
efficacy of proposed triggering mechanisms in inducing star formation can be
tested as well.

Several chapters suggest the growing interest in synthesizing insights
gained from both the microscopic and macroscopic approaches (see, e.g.,
chapters by Elmegreen, by Solomon and Sanders, by Goldsmith and Arquilla,
by Evans, by Scalo, by Wilking and Lada, and by Harvey). As preparation for
future protostars and planets research, I offer here some further thoughts on
the macroscopic approach.

I. STAR-FORMATION EFFICIENCY IN DISK GALAXIES

Star formation efficiency in disk galaxies can be evaluated in two ways:
(1) directly, by observing the current rate of star formation over the galactic
disk, and (2) indirectly, by using relative gas content as a gauge of the past
conversion rate of gas into stars.

Kennicutt and coworkers (Kennicutt 1983; Kennicutt and Kent 1983)
have used the observed equivalent width of H a combined with galaxy colors
to compute the ratio of newly formed, massive stars to the number of stars
formed in the past. The integrated emission of a galaxy correlates with mor-
phological (Hubble) type (Searle et al. 1973; J. G. Cohen 1976) although the
dispersion among galaxies of a given type is large. For late-type, disk-domi-
nated systems for which Kennicutt’s estimates should be fairly accurate, the
rate of star formation is nearly constant with time. The current epoch OB star
formation rate appears to be linked only weakly to the H I content and the
galaxy luminosity. On the other hand, Bothun (1984) finds a strong relation
between neutral hydrogen content and galaxy luminosity; low-luminosity sys-
tems have significantly higher H I mass to 1.6 pm luminosity than do their
more luminous counterparts. Hence, the rate of star formation, averaged over
a Hubble time (the presumed age of the universe), appears to be higher in
higher-luminosity systems. As sample sizes increase, we may expect further
elucidation of the global dependence of star formation efficiency on galaxy
type and luminosity.

A major advance in the study of bulk properties of galaxies has come
from observations of their molecular gas content (see Young 1983 for recent
summary). In the inner regions of some galaxies, the molecular hydrogen
mass, m(H,), appears to exceed the neutral hydrogen mass, m(H I), by a
considerable factor. At present, however, evaluation of the molecular hydro-
gen abundance depends on the adopted conversion between the observed
strength of CO emission and H, column density. Not only do observers dis-
agree on the conversion factor for the solar neighborhood, but the effects of
metal abundance variations and differential heating of molecular clouds have
yet to be included in current discussions. Subject to these uncertainties, it
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appears as if the molecular gas content to luminosity ratio is approximately
constant over a factor of 100 variation in galaxy luminosity (Young and
Scoville 1982). If so, the ratio m(H,)/m(H I) decreases with decreasing galaxy
luminosity. Perhaps the relative decrease in molecular hydrogen content is
related in some way to the lower yield of new stars (averaged over a Hubble
time) in low-luminosity systems. Future work aimed at providing H,/H 1
ratios for a wider range of galactic types and luminosities will be critical to
discussions of differential star formation rates in disk galaxies.

In addition to attempts to chart the integrated gas content and star-form-
ing activity for disk galaxies, several investigators have attempted detailed
studies of individual galaxies. In relatively nearby (d<<10 Mpc) systems, it is
possible to study the H I and H, content and current epoch star-forming ac-
tivity as a function of position in the disk. For example, Jensen et al. (1981)
mapped the star-forming activity in M83. Their study yields both the current
epoch star formation rate for OB stars, from observation of H a, and the rate
averaged over 10® yr from careful study of ultraviolet (0.35 pm), blue (0.42
pwm), and red (0.65 wm) surface photometry. They compare these rates with
the local gas surface density and conclude that the yield of new stars per H,
nucleon is approximately constant. DeGioia-Eastwood et al. (1984) and
Young and Scoville (1982b) also argue that the yield of new stars depends
primarily on the mass of H, available locally (however, see Kennicutt [1983]
who concludes that no relation between H I content and current epoch star-
forming activity can be found). The estimated gas-consumption time is rela-
tively short (=2 Gyr) if the average star formation rate is equal to its current
epoch value.

Jensen et al. (1981) and Kaufman and coworkers (see, e.g., Rumstay
and Kaufman 1983) have used observations of H II regions to evaluate pro-
posed triggering mechanisms for initiating star-forming events. They con-
clude that star formation in the giant H II regions defining the spiral arms is
initiated by passage of gas through the density wave pattern present in old disk
stars (W. W. Roberts et al. 1975). However, a significant fraction (=50%) of
star-forming activity takes place outside the arms and appears not to require a
trigger.

The detailed study of star-forming activity in nearby galaxies should be
further pursued. From such study, we may learn whether the formation of
molecular clouds is both necessary and sufficient to account for all newly
formed stars, or whether triggers, related to the dynamical properties of the
galaxy, come into play as well (e.g., the rotation properties, arm amplitudes,
density wave pattern speed, etc.). We may learn as well, from detailed map-
ping of the behavior of CO to H I emission around various annuli within a
galaxy, what factors may control the rate of conversion of H I to H,, and
whether these factors depend on global (galaxy dynamics) or local (e.g., met-
al abundance, number of massive stars, and consequent supernova rate) prop-
erties. Also, the disagreement concerning the yield of new stars per gas nu-
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cleon and the relatively short gas-depletion times computed from estimates of
the current epoch star formation rate must be understood.

II. THE INITIAL MASS FUNCTION

In the early 1970s, Searle et al. (1973) used the observed integrated
colors of galaxies to deduce the shape of the initial mass function (IMF) (see
the chapter by Scalo) as well as the rate of star formation as a function of time.
More recently, Kennicutt (1983) has made use of the integrated H « emission,
along with galaxy colors, to estimate the shape of the IMF averaged over the
lifetime of a galaxy. For a sample of nearly 200 galaxies, the best fit to the
observations is found for models of galaxy evolution characterized by an IMF
slope (n = 2.35) close to Salpeter’s original value and in accord with the
original conclusions of Searle et al. These conclusions are most trustworthy in
the case of spiral galaxies of late Hubble type, in which the contribution of the
galactic bulge to the total light output is negligible. Kennicutt’s (1983) conclu-
sion that gas-depletion times are typically =3 Gyr leads one to suspect:

1. IMF in late-type galaxies includes relatively few low-mass stars;

2. High-mass and low-mass stars are formed in different regions and at rates
that are little correlated;

3. Gas replenishment from external sources, such as infall from halos or cap-
ture of nearby dwarf galaxies, is an important effect during the lifetime of a
galaxy;

4. Star formation in disk galaxies is sporadic or cyclical or;

5. We are living at a time of relatively rapid galaxy evolution.

Shields and Tinsley (1976) used the observed equivalent width of H
(W(H B)) to study variations in the IMF as a function of position within the Sc
galaxy M101. W(H B) measures the ratio of ultraviolet quanta arising from
very high-mass stars in the association responsible for producing the H II
region to the number of visible quanta arising from association members of all
masses; hence a rough estimate of the slope of the IMF can be made. Shields
and Tinsley concluded that few stars of mass in excess of 30 M, can be found
in regions of high metal abundance; such objects are seen preferentially in
parts of the galaxy characterized by low metallicity. Their study, while a land-
mark attempt to evaluate a possible underlying cause for variations in the
IMF, suffers from an important observational selection effect; only bright,
rather than representative H 1I regions were included in their analysis. A far
more detailed study of a more representative sample of H II regions in M101
and other galaxies will be necessary before the link between metallicity and
upper mass limit can be considered firm. Proper application of the Shields and
Tinsley method to other galaxies offers the hope of charting the dependence of
the IMF on metallicity and other factors.
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Another hold on the IMF and its variation with time is provided by obser-
vation of the metal content of galaxies. For closed systems, Searle and Sargent
(1973) showed that the current epoch metal-to-hydrogen ratio Z depends upon
the relative gas content M, ./M

stars’

Z = (yield) X log ('_%_) )
M.
where the “yield” is the number of heavy elements returned to the interstellar
medium per generation of stars. The yield depends critically on the IMF as
metals come primarily from high-mass stars while low-mass stars consume
gas, returning no heavy elements. Hence, by observing both Z, which derives
from analysis of H II region spectra, and the H I and H, mass, the yield and
hence the time averaged IMF can be deduced. Application of this technique
has been attempted primarily in dwarf disk systems, where the assumption of
“closed” evolution seems most plausible. Preliminary conclusions (Lequeux
et al. 1979) suggest that the yield is uniform. Many more systems must be
analyzed before this conclusion can be accepted.

Creative application of metallicity and gas content observations in com-
bination with the Shields and Tinsley (1976) technique offers the possibility of
significant advance in our understanding of the IMF and its dependence on
varying physical conditions. Groundbased and Space Telescope studies of the
luminous stellar population in nearby galaxies (Humphreys and McElroy
1984) offer an independent check on the conclusions drawn from these less
direct methods.

III. MILKY WAY STUDIES

Charting the gas distribution and star-forming activity in the Milky Way
has proven to be a major challenge. By all accounts, our galaxy is not a
picture book spiral system. Embedded as we are in its disk, it is difficult to
discern spiral features either in the distribution of H I or molecular gas. At this
time, it is probably wisest to focus efforts to understand spiral structure, and
its relation to star formation and the cycling of atomic and molecular gas, in
other galaxies where the patterns are more plainly defined. The following
issues are of specific interest here:

1. What defines a star-forming molecular cloud complex?

2. What are the statistical properties of such complexes and how are they
distributed within the galaxy?

3. Do we observe hierarchical structures in clouds (e.g., complexes, indi-
vidual clouds, cloud fragments or cores)?

4. If so, what are the physical properties of these structures?

Attempts to map the temperature, density and velocity fields in large
numbers of cloud complexes, while valuable, would benefit enormously from



22 S. E. STROM

improvements in spatial resolution and in sensitivity to emission from species
which probe the domain of densities >10* cm ™~ 3. Extension of current work
seems likely to provide a detailed empirical picture of the fragmentation of
cloud complexes.

While it is fashionable to talk about the role of magnetic fields, very few
observational studies have been aimed at assessing its importance in the pro-
cess of cloud fragmentation and prestellar collapse. At minimum, the field
bears faithful witness to events which lead to cloud formation and fragmenta-
tion (Vrba 1977) and almost certainly plays a significant, if not the dominant,
role in transferring angular momentum from prestellar cores to the surround-
ing cloud medium (Young et al. 1982). Advances in descriptions of cloud
structure demand a comparable effort to relate this new information to the
geometry and strength of the magnetic field. Near-infrared and infrared polar-
imetric studies (Monetti et al. 1984) offer the opportunity to map the field
geometry from the periphery of cloud complexes to the periphery of con-
densed cores. In combination with density maps and descriptions of the cloud
velocity field, observation of magnetic field geometry should provide a probe
of the fragmentation and core formation processes.

IV. THE STAR-FORMING HISTORY OF INDIVIDUAL
CLOUD COMPLEXES

Once molecular clouds form, does the star-forming process proceed:

[

At once throughout a cloud on a time scale comparable to a free-fall time?

2. Continuously over time scales long compared to a free-fall time?

3. At random at all stellar masses simultaneously, or sequentially, from low
to high or high to low masses?

4. Spontancously or with external triggers?

5. At special places or uniformly within the cloud?

Infrared maps of embedded stellar populations and optical studies of
young cluster HR diagrams provide our soundest answers to these questions.
Our present best guess is that the time scale for star formation in a typical
cloud is at least several times 107 yr and perhaps as long as 10 yr (chapter by
Harvey; M. T. Adams et al. 1983; Stauffer 1984); these times are much longer
than the nominal free-fall times computed for cloud complexes of typical total
mass 10* M, and extent of several pc. Infrared pictures of the Taurus, Cha-

meleon and Ophiuchus cloud complexes suggest that low-mass (M < 1.5
M) stars form continuously and uniformly throughout a cloud.

These low-mass stars are the first to form; formation of higher-mass stars
is favored later in the star-forming history of a complex (M. T. Adams et al.
1983; Iben and Talbot 1966; Herbig 1962). If this sequence of star formation
proves commonplace, it suggests a uniformity in the fragmentation process
which merits. close scrutiny by theorists (Silk 1985; C. A. Norman and J. Silk
1980).
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However, time scales for pre-main sequence evolution, and hence our
conclusions regarding the sequence of star formation, are determined by com-
puted evolutionary tracks. As yet, no challenging test of these tracks has been
made. Computed tracks certainly blanket the domain of the HR diagram oc-
cupied by pre-main sequence stars. However, we have not been able to check
whether a track for a star of a specified mass indeed passes through the locus
of points occupied by stars, differing in age, but having the same mass. By
adding a surface gravity measurement to our estimate of luminosity and effec-
tive temperature, we can, in principle, make that check. Mould and Wallis
(1977) established a methodology for surface gravity determinations of young
stellar objects; their lead should be followed.

The question of where massive stars form within cloud complexes has
been addressed recently by Waller (1984). By combining the galactic plane
survey of the University of Massachusetts and SUNY Stony Brook consor-
tium with the Altenhoff et al. (1978) radio continuum and Downes et al.
(1980) recombination line surveys, Waller is able to locate sites of massive
star formation within 35 molecular clouds. He finds that massive stars are
more likely to form near cloud centers, rather than at their peripheries. If this
proves correct, Waller’s work suggests that the role of external triggers may
not be essential to high-mass star formation except insofar as proposed trig-
gers act to gather molecular material. A similarly motivated approach making
use of Infrared Astronomical Satellite (IRAS) pictures of isolated clouds may
also prove fruitful.

V. THE ROLE OF EMBEDDED STELLAR POPULATIONS

We now know that it is difficult, if not impossible, to make sense of the
observed temperature, density, and velocity-field data for molecular clouds
without knowledge of the character and number of embedded young stellar
objects. Such objects have the following characteristics:

1. Winds that alter local velocity fields and contribute to overall cloud sup-
port by increasing the internal energy of the cloud;

2. Moderate-to-high photospheric and envelope luminosities that can heat the
cloud and dissociate nearby molecular material;

3. Possibly trigger star formation in post-shock regions associated with wind-
cloud interaction (C. A. Norman and J. Silk 1980) or ionization front
propagation (B. G. Elmegreen and C. J. Lada 1977);

4. Possibly chemically contaminate clouds, particularly if the time scale for
star formation is long compared with the stellar evolution time scale for
stars massive enough to become supernovae.

Detailed study of the stellar content of molecular clouds began in the
early 1970s with the advent of infrared detectors of sensitivity sufficient to
carry out extensive mapping at 2.2 um (K. M. Strom et al. 1976). Later work
refined methods of sorting between embedded and background stellar popula-
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tions (Elias 1978; Hyland et al. 1982) as well as probing to fainter limiting
magnitudes (Hyland et al. 1982). Recent studies (see, e.g., the chapter by
Wilking and Lada) have begun to yield insight regarding the efficiency of star
formation and the mechanisms leading to the formation of bound clusters and
unbound associations.

In some regions (e.g., the dense core in the Ophiuchus complex studied
by Wilking and Lada [see their chapter]), the density of newly-formed stars is
sufficiently high to provide support of the cloud against further collapse (C. A.
Norman and J. Silk 1980) if the winds from these embedded young stellar
objects are similar to those observed in other environments.

It should be noted that current detector sensitivity permits mapping to
limits 10 to 20 times fainter than those achieved to date. Deep maps should be
of particular value in discussing (1) cloud support from low-mass star winds,
and (2) luminosity functions, particularly toward the low luminosity end. For
the latter issue, it is especially important to realize that a census of embedded
populations, however complete, may provide only a snapshot of a still ac-
tively star-forming cloud.

Several contributors (see, e.g., the chapter by Harvey) emphasize the
importance of seeking pictures, as opposed to source detections, in under-
standing embedded stellar populations. It is now generally accepted that some
fraction of early point source detections are actually (1) patches of infrared
reflection nebulae, or (2) shock-excited or photoionized gas. Multi-wave-
length pictures can provide guidance regarding the true nature of a source both
from its morphology and from its spectral energy distribution. Polarization
measurements are also useful in this regard. Infrared pictures should prove
valuable in locating dense structures in the vicinity of young stellar objects, a
feature of particular value in seeking an understanding of collimating mecha-
nisms for mass flows emanating from these objects.

The high-resolution infrared spectroscopic studies discussed in the chap-
ter by Scoville provide a high spatial resolution probe of molecular cloud
densities and temperatures along a ray to an embedded young stellar object.
The range of physical conditions that can be examined is truly impressive.
From early work both outflows emanating from massive young stellar objects,
and infalling molecular material from an as yet undispersed protostellar cloud
have been discovered. These studies, which require significant allocation of
time on the largest groundbased telescopes, may make unique and fundamen-
tal contributions to the study of embedded stars and their environs. It is partic-
ularly important to search more thoroughly for evidence of infall (see chapter
by Scoville; Moran 1983).

VI. OUTFLOWS FROM YOUNG STELLAR OBJECTS

Mass outflows appear to be a common characteristic of young stars of all
masses. These outflows have been known for some time (1) from analysis of
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optical spectra, and (2) from their effect on nearby molecular cloud material;
both broad-line CO sources and optical Herbig-Haro objects (see the chapter
by Schwartz) result from wind-cloud interactions. Recent studies have shown
that many outflows are well-collimated (opening angles typically far smaller
than 45°) and bipolar (Snell et al. 1980; Bally and Lada 1983; Snell and
Edwards 1983,1984). These molecular flows extend over distances of several
parsecs. From their linear extent and an estimate of the characteristic velocity
of the flow (=200 km s~ 1), a typical flow time scale of several times 10% yr
can be deduced.

Studies of mass outflows from young stellar objects have benefited re-
cently from narrowband imaging surveys carried out at optical wavelengths
(Mundt and Fried 1983; K. M. Strom et al. 1983; S. E. Strom 1983; Morgan
et al. 1984). Very sensitive maps of wind-cloud interactions can be made by
photographing regions surrounding Herbig-Haro and other young stellar ob-
jects through filters admitting spectral features sensitive to shock-excited gas
emission. These maps reveal highly collimated jets as well as sinuous (pre-
cessing?) outflows; the length of these optical features ranges from 103 to 10°
AU. Study of the excitation conditions and velocity fields characterizing these
features is just beginning.

One unexpected outcome from the narrowband imaging survey is a re-
markable tendency (K. M. Strom et al. 1983; Morgan et al. 1984) for out-
flows from individual young stellar objects embedded within a cloud complex
to be aligned (a) one with another; (b) along or perpendicular to the direction
of the long axis of the cloud; and (c) along the direction of the magnetic field
as judged by the observed orientation of the electric-vector for stars viewed
through the periphery of the cloud complexes. The best illustrations of align-
ment are found in the southwest region of the Orion complex (flows associated
with Herbig-Haro 1-3, Haro 4-249, Haro 4-255, Haro 13a, Haro 14a and
Herbig-Haro 33 and 40 appear to be parallel to within *6° over a projected
distance in excess of 20 pc) and in the Taurus clouds (where the flows from
DG Tau, Haro 6-5¢, Haro 6-10, and Haro 6-13 are aligned with the direction
of the magnetic field (see Monetti et al. 1984). The mechanism(s) responsible
for collimation of the flows are apparently related to one or more large-scale
characteristics (rotation, magnetic fields?) of the cloud. Do more mature
young stars preserve a record of these mechanisms, for example, in the orien-
tation of their rotation axes?

In several cases (the Cohen-Schwartz star [Cohen and Schwartz 1979],
HH 12/107 [K. M. Strom et al. 1983}, HH 101 [Morgan et al. 1984], and the
HL/XZ Tau region [Mundt and Fried 1983; Morgan et al. 1984a]), the object
apparently responsible for a collimated mass outflow and knots of HH
nebulosity is not heavily obscured. Hence, it may be possible to catalog the
optical properties of these objects and to compare them with other young
stellar objects as well as to relate the present-day mass loss activity with the
mass loss averaged over several hundred to several times 10 yr (if optical
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spectra of sufficient signal-to-noise and spectral resolution can be obtained for
these faint stars).

Study of the molecular outflows provides an estimate of the wind lumi-
nosity. Often, this mechanical luminosity represents a significant fraction of
the star’s photon luminosity (between 1 and 10%). What accounts for this high
mechanical luminosity? How is the wind fed and collimated? Are winds
steady or sporadic? What is the duration of the strong wind phase? Answers to
these questions are not only important in themselves but to understanding the
role played by mass outflows from young stellar objects in controlling the
evolution of the host molecular cloud.

VII. RECENT STUDIES OF INDIVIDUAL YOUNG
STELLAR OBJECTS

Rydgren (see his chapter) has given an excellent review of progress in
charting the physical properties of young stellar objects and their envelopes.
Among the highlights of current research are:

1. Recognition that large spots and active regions are characteristic of inter-
mediate and low-mass young stellar objects (T Tauri stars). These regions
appear to be responsible for modulating the light output from these stars
and suggest the possibility of strong sub-photospheric magnetic fields;

2. Charting of the chromospheric and coronal emission from T Tauri stars.
The chromospheric temperature rise in these stars may be responsible for
the majority of emission-line activity and spectral veiling observed in these
objects;

3. Modeling of the dust envelopes surrounding T Tauri and Herbig Ae and Be
stars. Rydgren and collaborators (see Rydgren et al. 1982) have succeeded
in matching the infrared spectral energy distributions of these objects to
composite photosphere, spherical dust envelope models;

4. Observation of extended gas envelopes surrounding T Tauri stars. Jan-
kovics et al. (1983) have begun to make use of the forbidden-line spectra
of T Tauri stars to study the outermost parts of their mass outflows. Map-
ping the geometry of T Tauri mass outflows may be possible from these
spectroscopic studies in combination with high spatial resolution imaging
in the forbidden lines.

Among the outstanding uncertainties regarding the interpretation of visi-
ble young stellar objects, I would list:

1. The large amplitude (>2.5 mag) light variations;

2. The large envelope luminosity. The combined optical and near-ultraviolet
excess line and continuum radiation is in some cases comparable to the
photospheric luminosity;

. The large mechanical luminosity of the winds;

4. The extraordinary collimation of mass outflows, at distances =100 AU

from the stellar surface.

[98]



OVERVIEW FROM AN ASTRONOMICAL PERSPECTIVE 27

It is possible that all these characteristics are in some way related to a
combination of stellar rotation and mass accretion from a circumstellar disk.
An accretion disk (Lynden-Bell and Pringle 1974) can provide significant
luminosity if mass inflow rates are sufficiently high. Large amplitude varia-
tions can result from irregular inflow. Either inflow of material from a disk
onto a rotating star (F. Shu 1983, personal communication) or evaporation of
disk material (Choe 1984) appears capable of driving and collimating a stellar
wind. Unfortunately, very few investigators (however, see Thompson et al.
1977) have chosen to carry out investigations aimed at establishing the pres-
ence or absence of such hot accretion disks. Surely, this is a topic meriting
closer attention.

VIII. CIRCUMSTELLAR DISKS

Several chapters (see, e.g., chapters by Harvey and by Cassen et al.)
provide strong support for the view that circumstellar disks form naturally and
quite commonly during the early phases of stellar evolution. Three classes of
observed disk structures can be outlined as follows:

1. Elongated structures (of dimension 1000 to 10° AU and average density
10* cm ~3) located in star-forming molecular cloud complexes. In the case
of the region surrounding L 1551-IRS 5, recent high spatial resolution
(beam size of 33") CS observations (Kaifu et al. 1984) suggest the pres-
ence of a dense, rotating disk with its rotation axis directed parallel to the
molecular outflow (Snell et al. 1980);

2. Far-infrared emission disks (in which the radiation from cool [T=50 K]
dust renders the disk visible) of dimension 300 to 3000 AU. M. Cohen
(1983) presents evidence that a disk of this size may surround the young T
Tauri star HL Tau, while the IRAS science team has suggested that disks
(dimension 30 to 300 AU and total mass in dust on the order of 1 Mg) of
large particles surround stars of intermediate age;

3. Near-infrared scattering disks (in which dust grains near a young stellar
object scatter light from these objects in the observer’s direction) of dimen-
sion =300 AU. Beckwith et al. (1984) and Grasdalen et al. (1984) have
detected such disks at wavelengths of 1 to 3 pwm from application of speck-
le interferometric and maximum entropy reconstruction techniques, re-
spectively. In some cases, scattering disks may define the inner regions of
more extended disks manifesting themselves at far-infrared wavelengths.

As an example of a scattering disk, we show in Fig. 1 a 1.6 pm image of
HL Tau derived from application of a maximum entropy algorithm to heavily
oversampled data obtained at the Infrared Telescope Facility (IRTF) during
January, 1984 (Grasdalen et al. 1984). A single channel InSb photometer was
used to carry out observations of HL Tau and nearby, unresolved standard
stars through a 2" circular aperture. In Fig. 2, we show images of this star



Fig. 1. A reconstruction of a 1.6 wm image of HL Tau. This is the most successful reconstruction
of a set of 8 (as judged by the x2 test). Several others of the set show the same general features.
The reconstructed tmage of the unresolved star is shown to the same scale in the lower right
inset. The contour levels have a constant (logarithmic) spacing of 0.5 dex. North is at the top
and east at the left. The images are 12”8 on a side.

Fig. 2. Reconstructions of 2.2 wm images of HL Tau taken with a linear polarization analyzer in
the beam. The images are 6'4 on a side. The contour levels have a constant (logarithmetic)
spacing of 0.5 dex. North is at the top and east at the left. Note that the image of HL Tau is
extended east-west for the analyzer position angle of 0° it is unresolved with the analyzer in
position angle 90°. If the extended structure is produced by starlight scattered by dust in a
circumstellar disk, we would expect this pattern.
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taken at 2.2 wm through a polarizer oriented at position angles 0° (left-hand
panel) and 90° (right-hand). If the nearly east-west extension seen in Fig. 1
arises from scattering from dust grains in a disk, then the light from the ex-
tended structure should be strongly polarized with an electric-vector position
angle of 0°; the extended structure should disappear at an analyzer position
angle of 90°, in accord with Fig. 2. The approximate diameter of the disk is
270 AU, while the mass in scattering grains is estimated to be 5 X 1077 M.
Similar conclusions regarding the HL Tau disk were reached contempo-
raneously by Beckwith et al. (1984).

A critical next step will be to determine whether these disks represent
tracers of remnant molecular cloud material or of more advanced, relatively
gas-free aggregates containing larger solid bodies.

Young stellar objects located in nearby molecular cloud complexes at
distances of =150 pc are amenable to study with both maximum entropy and
speckle techniques. Speckle techniques should be able to discern disks to
distances up to 1 Kpc. High spatial resolution observation at longer wave-
lengths (20 m) should place constraints on the outer extent of these disks.

Lunar occultation observations and optical speckle observations of
young stellar objects in forbidden lines might also prove to be effective tools
for detecting disk-like structures and mapping gas outflows close to stellar
surfaces.

IX. FUTURE GOALS

Gains in understanding the process of star and planet formation since
1978 have been significant. New results from IRAS and from sensitive
groundbased optical, infrared, and millimeter telescopes have wrought im-
pressive changes in our thinking. The next major steps in understanding star-
forming process must come from very high spatial and spectral resolution
observations at infrared, sub-millimeter and millimeter wavelengths and from
detailed study of emission from very cool objects. New tools will be needed
such as:

1. Space Infrared Telescope Facility, a cryogenically cooled infrared tele-
scope: to find and study the youngest stars and protostars and to locate star-
forming regions in external galaxies;

2. A 15-meter Class Optical and Infrared Telescope: to provide the collecting
area and spatial resolution for high-resolution infrared spectroscopy and
for speckle interferometric studies of young stars and their environs;

3. The Large Deployable Reflector and a groundbased millimeter wave inter-
ferometer: to study the chemistry and physics of fragmenting clouds and to
chart the route from prestellar clump to protostellar object.

The investment in these new tools will be formidable. The problems they are
designed to address, however, go to the heart of the quest to understand our
origins and place in the universe.
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MOLECULAR CLOUDS AND STAR FORMATION: AN OVERVIEW

BRUCE G. ELMEGREEN
Columbia University

Theoretical work on star formation has progressed rapidly in the last decade
because molecular-line observations have provided detailed information about
star-forming clouds. This overview will summarize the most general aspects of
these clouds, such as why they are molecular, what observations of the mole-
cules have revealed about star formation, what observations of cloud masses
and the distribution of clouds in the Galaxy suggest about star formation on a
large scale and about the evolution and lifetime of molecular clouds, and why
Sfuture observations of extremely high densities and clumping in cloud cores are
essential to our understanding of the star formation mechanism.

I. HISTORICAL INTRODUCTION

Molecules have been observed in diffuse clouds since the late 1930s,
when interstellar absorption lines from CH, CH* and CN were discovered in
the visible spectra of several stars (Dunham 1937,1939,1941; Dunham and
Adams 1937; W. S. Adams 1941,1943; Swings and Rosenfeld 1937,
McKellar 1940; Douglas and Herzberg 1941). Molecular hydrogen was de-
tected much later, using ultraviolet spectrometers above the atmosphere (Car-
ruthers 1970). In the 1970s, the relative abundance and temperature of H, was
determined for over 50 nearby diffuse clouds from absorption-line observa-
tions by the Copernicus satellite (Spitzer et al. 1973,1974).

Molecular hydrogen is not so easily observed in dense star-forming
clouds. The clouds are usually too opaque for ultraviolet absorption line anal-
ysis, and H, does not radiate well from its lower rotational level because it has
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no permanent electronic dipole moment. Cold molecular hydrogen in star-
forming clouds has been recognized only by its collisional excitation of other
molecules, and by the relative decrease in 21-cm emission or absorption line
strength from the depletion of atomic hydrogen. For example, thirty years
ago, Bok (1955) noted that the ratio of the H I column density to the dust
extinction is much lower in local dark clouds than it is in diffuse clouds, and
he conjectured that the missing hydrogen is in the form of undetected mole-
cules. Similar studies by Mezaros (1968), Heiles (1969), Quiroga and Var-
savsky (1970), Sancisi and Wesselius (1970), Knapp (1972) and others also
found a depletion of H I in dust clouds.

Direct observations of trace molecules in star-forming regions began
with the detection of OH (Heiles 1968), NH; (A. C. Cheung et al. 1968) and
H,CO (Palmer et al. 1969) in dust clouds at centimeter wavelengths, and of
CO near H Il regions (R. W. Wilson et al. 1970) and dust clouds (Penzias et al.
1972) at millimeter wavelengths. H, was immediately identified as the domi-
nant component of these clouds, even though it was not detected directly,
because a total gas density of 103 cm~3 or more is required for collisional
excitation of CO, and densities exceeding 10* cm ~3 are required for excita-
tion of CS (Penzias et al. 1971). Only H, could be so dense and escape detec-
tion at 21 cm.

The inferred H, densities in star-forming clouds are much higher than the
H I densities measured from 21-cm observations. 21-cm observations of Ori-
on OB 1 (Menon 1958) led Bok (1955) to conclude that the associated cloud
mass is 60,000 M, and the average hydrogen density is 5 atoms cm ™~ 3. Bok
(1955) also estimated from star counts on the Palomar Observatory Sky Sur-
vey that the extinction in the center of the p Oph cloud “runs as high as 8
magnitudes.” Recent molecular-line observations indicate that the average
density in the Orion cloud is larger than 100 molecules cm —3 (Tucker et al.
1973; Liszt et al. 1974; Kutner et al. 1977), and that the visual extinction
through the core of the Ophiuchus cloud exceeds 100 mag (Lada and Wilking
1980).

21-cm and extinction observations of star-forming regions often under-
estimated the cloud masses and gas densities. This led to erroneous conclu-
sions about star formation. For example, low-density (10-20 ¢cm ~3) atomic
clouds were found surrounding many optical H II regions (see, e.g., Riegel
1967). The H I density was usually less than the density in the ionized gas,
and the total H I mass was usually low (e.g., 10° My). This seemed to imply
that star formation follows the isolated collapse of a cloud core, and that the
resulting H II region expands spherically into a uniform, low-density medium,
completely ionizing the initial cloud and producing a “Stromgren sphere.”
The high densities implied by the mere detection of CO completely changed
this picture; most massive star formation is now thought to occur near the
periphery of molecular cloud complexes, and most H 1I regions expand like
blisters away from the denser parts of this periphery (Zuckerman 1973; Israel
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1978; Gilmore 1980). What was formerly thought to be an initially spherical
expansion of the H II region is now viewed as an asymmetric “champagne
flow” from the dense cloud core to the surrounding low-density medium (Ten-
orio-Tagle 1979). Such asymmetric expansion pushes the neutral cloud to one
side and ionizes only a small fraction of the initial gas. This leaves a substan-
tial amount of neutral matter nearby for further star formation (B. G. Elme-
green and C. J. Lada 1977).

This example, and others given here, illustrate why molecular-line obser-
vations are essential for determining the mechanisms of star formation. In
many cases, even the most qualitative ideas about star formation have been
critically dependent on the quantitative properties of molecular clouds. The
purpose of this overview is to summarize the most fundamental properties of
molecular clouds, and to discuss how these properties have influenced our
concept of star formation. Section Il explains why star-forming clouds are
usually cold and molecular. Section III summarizes what molecular observa-
tions of cloud densities, velocity dispersions, and ionization fractions have
revealed about star formation. Section IV discusses observations of the cloud
mass function, the distribution of clouds in the Galaxy, and what these obser-
vations imply about cloud formation, evolution, and lifetime. Section V illus-
trates what more we could learn about star formation, if we had better obser-
vations of cloud densities and internal clump structures.

II. WHY STAR-FORMING CLOUDS ARE USUALLY MOLECULAR

Star formation occurs when part of an interstellar cloud collapses under
the force of its own gravity. Star-forming clouds are, therefore, strongly self-
gravitating, in the sense that the binding force from gravity in the cloud core
exceeds the binding force from pressure in the remote external medium. Such
a gravitational force threshold corresponds to a minimum value of the average
cloud mass column density p that is proportional to the square root of the
external pressure P

—E- 1/2
> 1.6(6) (1)

where G is the gravitational constant. The numerical factor in this relationship
is based on the Bonner (1956)-Ebert (1955) condition for the critically stable
mass M and radius R of a spherical isothermal cloud immersed in a medium of
constant pressure (i.e., p = M/mR?). The fact that a threshold in column
density must be exceeded can be seen most easily by comparing the self-
gravitational energy density in a critically stable cloud, GM?/R*, to the exter-
nal pressure. This gives M/R? ~ (P/G)"?, as in the exact solution.

The local value of the dust-to-gas ratio in interstellar space makes w
equal to 0.005 g cm~ 2 times the visual extinction A,, in magnitudes (Jenkins
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and Savage 1974). Thus, the condition for strong internal gravity is approxi-
mately

p \12

4= 08( 35067 @
for a cloud in a typical environment with a pressure of ~3000 k for Boltz-
mann’s constant k.

Why are such self-gravitating clouds also molecular? Molecules form
where the opacity from dust is large enough to absorb most of the background
stellar ultraviolet radiation; the transition from atomic to molecular gas is
usually abrupt because of molecular self-shielding (Hollenbach et al. 1971;
Spitzer and Jenkins 1975; Bally and Langer 1982). H, and CO, for example,
have been found to occur in clouds where A,, exceeds approximately 0.5 mag
(Spitzer and Jenkins 1975; Bally and Langer 1982). Each isotope of CO ap-
pears when its column density exceeds between 1 and 2 X 10! cm—?2 (Frerk-
ing et al. 1982). Coincidently, this self-shielding threshold is the same as the
mass column density threshold that makes a cloud strongly self-gravitating in
the local environment. Thus, the local star-forming clouds are also molecular.

The exclusion of background starlight also removes the heat input to a
cloud from the photoelectric effect and from ultraviolet ionization of weakly
bound atoms. The cloud temperature then drops from a typical value of ~80
K in a transparent cloud (Spitzer 1978) to <10 K in an opaque cloud. This
temperature drop occurs even though the cooling rate per gram of molecular
material is typically a factor of ~20 less than the cooling rate per gram of
atomic material at the same pressure (based on a cooling rate of 2 X 1027 n2
erg cm? s ~! for a diffuse cloud at 7 = 80 K and n = 40 cm 3 [Dalgarno and
McCray 1972], and a cooling rate of 6 X 10~ 28 n erg s~ ! for a molecular
cloud at T = 10 K and n = 320 cm 3 [P. F. Goldsmith and W. D. Langer
1978)).

Not all of a star-forming cloud will be cold and molecular. The above
discussion applies only to the strongly self-gravitating parr of a cloud (i.e.,
the cloud core). Star-forming clouds should also have warm atomic envelopes,
where the ultraviolet radiation from external starlight photodissociates mole-
cules and heats the gas. Molecular clouds should not be viewed as isolated
clouds, but only as the opaque regions of more extended cloud complexes
(Wannier et al. 1983)

The fraction of a cloud’s total mass that is in the form of molecules can
be small. As an example, consider a cloud to be defined as a region where the
density equals or exceeds 40 atoms cm ~3, the typical density in a diffuse
cloud. This is the density where gas heated to 80 K by ultraviolet radiation can
be in pressure equilibrium with the warm intercloud medium, so it may be
used to define the cloud boundary. Then consider, as above, that molecules
form in the inner part of this cloud where the visual extinction to the cloud
surface exceeds 0.5 mag. If the cloud is spherical, and has an internal density
variation of the form
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n(R) = 40 (R/R qzc) ~* cm 3 A3)

then the ratio of the molecular mass to the total cloud mass is easily found to
be

MyorLecurLar/Mrorar = (1 + 5 parsecs/Regq0)* 3. 4

The column density of hydrogen nuclei corresponding to a visual extinction of
A, = 0.5 mag has been assumed to equal 1.2 X 102' cm ~ 2 from Jenkins and
Savage (1974).

Figure 1 shows the molecular mass fraction as a function of R ;.. For a
= 2, as in a pressure-supported isothermal cloud, more than half of the
cloud’s hydrogen will be in atomic form if R.4,. < 5 pc. A more uniform
cloud (¢ < 2), or a nonspherical cloud, contains an even higher fraction of
atomic hydrogen.

The molecular fraction of a star-forming cloud depends on at least three
properties of the overall environment:

1. The heavy element abundance, because of (a) the role of dust opacity in
shielding the molecules from ultraviolet radiation; (b) the dependence of

1.0 T I T T
0.8 MOLECULAR MASS FRACTION IN A CLOUD _
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Molecular Mass/Total Mass
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Fig. 1. The fraction of a spherical cloud’s mass that is in molecular form plotted as a function of
the cloud radius. « is the power in the power-law dependence of density on radius. The cloud is
defined as a region where the density > 40 atoms cm ~3, and the molecular part of the cloud is
defined as where the visual extinction to the surface > 0.5 mag.
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the molecule formation rates on the relative densities of the constituents
(e.g., for CO) or on the total surface area of dust grains (for H,); (c) the
dependence of the molecule formation rates on the thermal temperature,
which depends on the heavy element cooling rate; and (d) the dependence
of the external radiation field, and therefore the photodissociation rate, on
the heavy element abundance, because of the likely dependence of the
initial stellar mass function on this abundance, and because of the depen-
dence of the ultraviolet flux from stars on their atmospheric opacities.

2. The molecular fraction depends on the local star density, which determines
the flux of ultraviolet radiation incident on the cloud.

3. The molecular fraction also depends on the cosmic ray flux, because cos-
mic rays produce ionization in a cloud, which determines the formation
rate of molecules by ion-molecule reactions, and because cosmic rays are
an important heat source in the cloud. This dependence on the cosmic ray
flux introduces additional dependences on the local supernova rate and the
magnetic field strength.

Evidently the molecular content of a star-forming cloud is a complicated
function of a variety of environmental factors. Variations in the abundances of
dust and heavy elements can make the molecular contents and temperatures
different from the local values. Magellanic irregular galaxies, for example,
have relatively low metal and dust abundances, and the star-forming clouds in
these galaxies have relatively weak CO emission (B. G. Elmegreen et al.
1980; Gordon et al. 1982; Young et al. 1984; Tacconi and Young 1984). Such
variations can make the determination of cloud properties difficult or impossi-
ble, unless all of the factors that determine the abundance and excitation of the
molecules used for cloud diagnostics are known for each region. A compre-
hensive theory of star formation must be based on observations of both mo-
lecular and atomic gas in clouds that are found in different types of galaxies
and in different environments of our own Galaxy.

III. WHAT MOLECULAR OBSERVATIONS REVEAL ABOUT STAR
FORMATION

Molecular-line observations are the most versatile probe of the internal
propetties of star-forming clouds. Molecular excitation is usually by collision,
so the relative strengths of different emission-line transitions can be used to
determine the local density of H, and the thermal temperature. Once the excit-
ation is understood, the total emission in a spectral line gives the column
density of the emitting species. The line profile gives the mean cloud velocity
and velocity dispersion, and a map of the emission reveals the internal cloud
structure and molecular boundary. Other cloud properties, such as the ioniza-
tion fraction, can be determined from the relative abundances of ionized spe-
cies once the gas-phase chemistry is understood.



MOLECULAR CLOUDS AND STAR FORMATION 39

What do observations of cloud densities, thermal temperatures, emis-
sion-line profiles, and ionization fractions reveal about star formation? The
most fundamental information probably comes from the gas density; the rela-
tive importance of thermal and turbulent velocities during star formation is not
well understood, and the ionization fraction has only limited use for dynamics
studies in the absence of direct magnetic field observations. Nevertheless,
observations of molecular clouds have revealed a number of new properties of
star formation, as summarized in the following sections.

A. Observations of Cloud Densities

Most star-forming clouds have regions with densities in excess of 104
hydrogen molecules cm~3 (R. N. Martin and A. H. Barrett 1975; Evans and
Kutner 1976, Liszt and Leung 1977; Linke and Goldsmith 1980; Wootten et al.
1980b; Loren 1981; Wootten 1981; Snell 1981; Vanden Bout et al. 1983). The
overall profile of mean cloud density is often close to a power law, where the
density decreases with radius to a power between 1.5 and 2 (Westbrook et al.
1976; L. H. Cheung et al. 1980). The structure sometimes appears clumped,
however, so the densest regions are probably immersed in a lower density
interclump medium (Zuckerman and Evans 1974; Townes 1976; Evans et al.
1979; Blitz and Shu 1980; Norman and Silk 1980 [and references therein]).
Very young stars tend to appear in the densest clumps (Beichman, personal
communication). Unfortunately, the star formation process inside a cloud
clump, and the interaction between clumps inside a cloud are not well under-
stood (cf. Sec. V.C).

The recognition that the density in the star-forming part of a cloud ex-
ceeds 103 or 10* molecules cm~3, instead of only ~10 cm—3, as formerly
inferred from 21-cm observations, has led to a number of new concepts given
below.

(1) H I regions have densities comparable to or lower than the molecular
density in a cloud core, so most visible H II regions contain freshly ionized
material that is expanding away from an adjoining cloud. H Il regions are
often like blisters on the surface of a cloud. The first blister model was for
Orion (Zuckerman 1973), but subsequent observations revealed that many H
II regions have this structure (Israel 1978).

(2) The time scale for the self-gravitational collapse of a cloud core de-
pends primarily on the gas density. For a density of 10* cm ~3, the initial free-
fall time is only 0.6 X 10 yr. This time is short enough to explain the simul-
taneous appearance of several short-lived O-type stars in a single, Trapezium-
like cluster. It is also short enough to allow star formation to propagate inside
a cloud, thus explaining the sequential appearance of subgroups in OB asso-
ciations (Blaauw 1964). Theory predicts that the time interval between star
formation epochs should be comparable to the gravitational free-fall time in
the ambient cloud (B. G. Elmegreen and C. J. Lada 1977). If the cloud densi-
ty is too low, then the time for a second generation of stars to form in a
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compressed region will be longer than the maximum age of the stars that drive
the compression; massive stars will still drive shocks into the cloud, but the
shocks will disperse before a new generation of stars can form. This was the
objection raised by Dibai (1958) to Oort’s (1954) theory of such propagating
star formation. Dibai argued that the low value of the density thought to be
present in star-forming clouds delayed the pressurized triggering of gravita-
tional instabilities beyond the time when the pressure was available. Dibai
thought that star formation propagated by the direct squeezing of preexisting
dense globules (which also seems possible—see, e.g., Dibai and Kaplan
[1965]; Dyson [1968]; Kahn [1969]; Tenorio-Tagle [1977]; Whitworth [1981];
Sandford et al. [1982]; R. L. Klein et al. [1983]; LaRosa [1983]), but not by the
formation of new globules or clumps in gravitational instabilities that arise in
the shocked gas. Dibai’s objection to Oort’s theory disappeared when cloud
densities were observed to be high.

(3) High densities also imply that star formation in OB associations is
very inefficient. For the observed mass of young stars in a typical OB associa-
tion, the observed value of the gas density implies that the ratio of the star
mass to the gas mass is low. Inefficient star formation implies that most of a
molecular cloud does not form stars at all. The clouds are either dispersed
before much of the mass can turn into stars, or they are prevented or delayed
from collapsing for much longer than a free-fall time by internal pressures,
such as turbulence or magnetic fields. Zuckerman and Evans (1974) were the
first to point out that the mass of dense cloudy material in the Galaxy is so
high that the observed star formation rate can be explained only if most of this
material is somehow prevented from forming stars in a free-fall time. The
solution to this problem appears to be a combination of two effects: (a) low
star formation efficiency resulting from effective cloud dispersal (efficiencies
of 0.1% to 1% are likely for OB associations) (Duerr et al. 1982); and (b)
cloud support that delays the free-fall collapse in the core for perhaps 3 free-
fall times. This factor of 3 comes from the observation that molecular self-
absorption in optically thick line profiles is sometimes redshifted by about
30% of the line half-width (i.e., implying contraction of a cool envelope onto
a warm core [Snell and Loren 1977; Loren et al. 1981; see also, Leung and
Brown 1977]). Because line half-widths are typically virial theorem velocities
for the cloud cores (see, e.g., R. B. Larson 1981), the turbulent crossing time
equals approximately the free-fall time. Thus, the observed redshift implies a
contraction time of about 1/0.3 = 3 free-fall times. Other clouds studied by
Myers (1980) appear to be contracting at the free-fall rate onto thermal-pres-
sure supported cores. Giant cloud envelopes could possibly resist self-gravita-
tional collapse for a much longer time because of support from magnetic
pressure and Alfvén waves. Such support would last for the magnetic diffu-
sion time (cf. Sec. III.C).

(4) High densities and low efficiencies in star-forming regions may ex-
plain the expansion of OB associations. When a giant cloud disperses after
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inefficient star formation, very little of the total mass remains behind to bind
the embedded star cluster together (Hills 1980; Duerr et al. 1982; B. G.
Elmegreen 1983c¢). The cluster then expands at a velocity comparable to the
velocity dispersion in the former cloud. Moving clumps inside a cloud will
also scatter the embedded stars during disruption (McCrea 1955).

(5) On a galactic scale, the high densities in molecular clouds imply that
at least half of the interstellar medium inside the solar circle is molecular, and
that the mean density of interstellar matter is between 2 and 5 times the value
formerly obtained from 21-cm observations (Scoville and Solomon 1975; Bur-
ton et al. 1975; Bash and Peters 1976; Gordon and Burton 1976; Burton and
Gordon 1976, Scoville et al. 1976; R. S. Cohen and P. Thaddeus 1977, Sol-
omon et al. 1979b). Such high mean densities allow large-scale gravitational
instabilities to grow in only ~107-5 yr (B. G. Elmegreen 19794a; Cowie 1981;
B. G. Elmegreen and D. M. Elmegreen 1983; Jog and Solomon 1984a), a time
that is short compared to the flow-through time in a galactic spiral density
wave. High mean densities also imply that self-gravitational forces exceed
magnetic pressure forces from the pure Parker instability (B. G. Elmegreen
1982a). Such gravitational instabilities may, therefore, explain how cloud and
star formation is triggered in the spiral arms of galaxies that contain global
density waves.

B. Observations of Gas Motions

Observations of thermal temperatures and velocity dispersions in star-
forming clouds have been slightly less revealing than observations of the
density, because no one yet understands what all the different types of gas
motions imply. Theories of star formation often introduce a Jeans mass, which
is essentially the cube of the Jeans length, ¢/(Gp)V/2 multiplied by the density p,
but the appropriate value of the rms velocity ¢ is notreally known; i.e., should ¢
be the thermal speed or the turbulent speed? Perhaps each speed corresponds to
a different interpretation of the Jeans length, the first being the scale of a small,
thermal-pressure supported condensation or clump in a cloud, and the second
being the scale of a whole cloud. Furthermore, no one knows if the velocity
dispersion is the result of systematic motions, such as contraction, expansion,
or oscillation of a whole cloud, or if the dispersion is from convection, tur-
bulence, or orbital motions of clumps. The thermal temperature can usually be
explained using the known sources of heating and cooling in a cloud (see, e.g.,
P. F. Goldsmith and W. D. Langer 1978; Evans et al. 1982qa; Vanden Bout and
Evans 1982), but the origin of the macroscopic motions, which are often
supersonic for the observed thermal temperatures, is unknown. Internal cloud
dynamics, and the dynamics of star formation, cannot be understood until
molecular line profiles are explained.

One apparently successful application of the thermal temperature in a
discussion involving the Jeans mass has been made by Stahler (19834), who
points out that the upper boundary to the location of stars on the pre-main



42 B. G. ELMEGREEN

sequence track in an HR diagram is coincident with a theoretically predicted
birthline, based on a mass accretion rate for protostars that is given by the
expression ¢3/G (which is the Jeans mass divided by the Jeans instability time)
for thermal sound speed c. This reinforces the common notion that gravitational
collapse to stars occurs within a Jeans size clump inside a cloud of many clumps
(cf. Sec. V.C).

One of the most important results to come from molecular-line profiles is
the inference that nearly all stars have strong winds at an early stage. Emission
lines from the part of the cloud surrounding an embedded star often show
broad pedestals from high-velocity flows (Zuckerman et al. 1976). The stellar
winds are apparently pushing the ambient molecular gas away from the star
(see Snell et al. 1980; Bally and Lada 1983).

C. Observations of the Ionization Fraction

Another important observation is of HCO* and DCO*, which provides
an estimate of the electron density in the core of a molecular cloud (Guelin et
al. 1977, Wootten et al. 1979). The electron density in a molecular cloud
indicates how well the magnetic field is coupled to the neutral gas. The mag-
netic field responds directly only to the charged particles in a cloud, such as
molecular and atomic ions, electrons, and charged grains. Collisions between
these charged particles and neutral atoms and molecules allow the field to
exert a force on the bulk of the cloud, which is neutral. Such magnetic forces
can be important in transferring angular momentum from a cloud core to the
cloud envelope, thereby allowing the core to contract into a star without con-
serving the core’s angular momentum (see chapter by Mestel). Magnetic
forces can also play an important role in the overall balance between pressure
and gravity inside a cloud (see reviews by Mouschovias [1978] and by Nakano
[1984]). The magnetic lines of force that emerge from a cloud can also trans-
fer momentum between the cloud and the external gas. Such magnetic con-
nections may influence the clouds’ translational motion (B. G. Elmegreen
1981a).

The ionization fractions inferred for dense molecular clouds are on the
order of 10~7 (Langer 1984). These fractions are high enough to allow mag-
netic fields to exert a significant force on the neutral matter in a cloud, yet low
enough to drive cloud evolution as the field gradually slips away. The diffu-
sion time is given by the approximate expression

Taigr = 4 X 10° RV2x, V2 yr (5

for cloud radius R in pc and ionization fraction x (in units of 10~7). This
expression was derived for a cloud with supersonic ion-neutral slip (corre-
sponding to R > 1.2x, pc), and a field strength that is large enough to support
the cloud against self-gravity (B. G. Elmegreen 1979b). Magnetic diffusion
could delay the collapse of a large cloud for =107 yr, which is long enough to
explain the total duration of star formation in a typical OB association.



MOLECULAR CLOUDS AND STAR FORMATION 43

IV. WHAT OBSERVATIONS OF CLOUD MASSES AND THE
DISTRIBUTION OF CLOUDS IN THE GALAXY HAVE REVEALED
ABOUT STAR FORMATION AND CLOUD EVOLUTION

A. Small Molecular Clouds are More Common than Large Molecular
Clouds

The mass distribution function for molecular clouds appears to vary with
cloud mass approximately as M~ 1->=0-1 (Dame 1983; see also chapter by
Solomon). After normalizing this function to the total molecular density in the
solar neighborhood (0.5myem ~3) for clouds in the mass range of 102 to 106 M,
and a scale height of 100 pc, the number density of molecular clouds becomes

n(M)dM = 103210.5 M- 1.5+0.1 dM (6)

for M in M, and a(M) given in kpc 2.

This distribution function implies that small molecular clouds are more
common than large molecular clouds. Thus, the clouds closest to the Sun,
which, from probability alone, will be the most common clouds, are also
among the smallest clouds. The expected distance in pc to the nearest cloud in
a logarithmic mass interval around the mass M is

D = 25 (M/M)%25. )

This equation was obtained from the inverse square root of Mn(M). It implies
that the nearest clouds of mass 10°> M, 10* M, and 10° M, should be at
distances of 140 pc, 250 pc and 440 pc, respectively, which is not unreason-
able, considering the distances to the Ophiuchus and Taurus clouds at the low-
mass end, and the Perseus and Orion clouds at the high-mass end.

Because molecular clouds have large extinctions (Sec. 1I), and nearby
clouds have few foreground stars, the nearby molecular clouds will appear
dark in projection against the background starfield. If molecular clouds are
also randomly located with respect to mass, then most dark clouds must be
molecular clouds at the low-mass end of the mass spectrum.

The term “dark cloud” is not a good name for a cloud. It can refer to
different objects depending on the quality, depth, and color sensitivity of the
photographs used. Barnard’s (1927) photographs show the local dust clouds
better than the Palomar Observatory Sky Survey because Barnard’s plate sen-
sitivity was too low to see many faint stars behind the clouds. Red-sensitive
plates usually show nearby molecular clouds better than blue-sensitive plates
(even though the extinction through the cloud is less in the red), because there
are more faint red stars than blue stars in the background field. Perhaps a
better name for a dark cloud is a dwarf molecular cloud. This term empha-
sizes the small size of the cloud and de-emphasizes any special circumstance
of the cloud’s location relative to the Sun. It is also an appropriate antonym



44 B. G. ELMEGREEN

for the other term commonly used, “giant molecular cloud.” To be precise,
we might refer to clouds with masses <10* M, as dwarf molecular clouds
(abbreviated DMC). This mass threshold appears to be important because
clouds this small seldom form O-type stars, cloud disruption is seldom rapid
(because there are no O stars), and bound clusters occasionally appear (be-
cause cloud disruption is slow). Clouds with masses >10* M, are giant mo-
lecular clouds (GMCs); they differ in a significant way from DMCs because
GMCs usually form disruptive O stars, and the embedded clusters or associa-
tions usually end up unbound (because of the rapid cloud dispersal).

B. Giant Molecular Clouds Contain Most of the Molecular Mass

From the mass distribution function given above, the total mass density
of local clouds in the mass range M, to M, expressed in units of M, kpc 2,
equals

M
f 103-2M ~15SM dM = 3200(M,"2 — M,'72). (8)

M,

This total mass density increases with M, and M,, so the largest clouds contain
most of the mass (Solomon and Sanders 1980). This implies that most star
formation occurs in giant molecular clouds. For a total cloud mass range of 102
M, to 107 M, the Sun had a 97% chance of forming in a cloud with a mass
>10* M, and a 90% chance of forming in a cloud with a mass >10% M.

Because GMCs have more total mass than DMCs, they are more likely to
form (rare) massive stars than DMCs. This implies the following:

1. Most star formation occurs in the same clouds where massive stars form.
Along with massive stars come strong winds, H II regions, supernova
explosions, and possible isotopic anomalies.

2. Most star formation may occur slightly before the cloud core is disrupted.
Core disruption presumably follows the formation of O-type stars, so these
stars usually form last out of a group of stars (Herbig (1962b). Other stellar
groups and O stars may form elsewhere in the same cloud complex
(Blaauw 1964).

3. Most star formation leaves no bound cluster behind when the gas leaves
(i-e., no open or galactic cluster). This follows because rapid cloud disrup-
tion halts star formation in a cloud core before the star formation efficiency
can become high.

High star formation efficiencies are essential for a bound cluster to re-
main when the gas leaves. If the upper mass limit for a cloud or cloud core
that forms a bound cluster is 10* M, (see, e.g., B. G. Elmegreen 1983c), and
the cloud mass function is as given above, then the Sun had a 3% chance of
forming in a bound cluster. The Sun probably formed in the same way as most
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other stars, in an unbound subgroup in an OB association, or on the periphery
of an OB association.

The largest clouds (109107 Mg) probably form star complexes
(Efremov 1979). Clouds with intermediate mass (10°~10% M) form OB as-
sociations and occasionally bound clusters, and smaller clouds (<10° M)
probably form loose stellar aggregates, and an occasional bound cluster.

C. Carbon Monoxide Spiral Structure in the Galaxy

The largest molecular clouds in the first quadrant of the Galaxy lie in the
Sagittarius and Scutum spiral arms (Dame et al. 1984). The only large in-
terarm feature is the Aquila spur, previously recognized by its 21-cm emission
from H I (Weaver 1974). Figure 2 shows the distribution of the largest clouds
from the perspective of an observer located 2 kpc above the position of the
Sun (insert), and from the CO maps of the sky distribution, clipped to show
only CO antenna temperatures above 2 K (Dame et al. 1984). Cloud distances
were determined from the distances to the associated H II regions (Georgelin
and Georgelin 1976; Lockman 1979; Downes et al. 1980).

Smaller molecular clouds may also be concentrated in these spiral arms,
but such a distribution has not yet been demonstrated unambiguously. A prob-
lem with calibrating the distances to small clouds is that the associated H 11
regions are difficult to recognize or isolate at a distance of 5 to 10 kpc. Some
may not even have H II regions. Small molecular clouds are known to be
present in the interarm regions, because the terminal velocity curve on a long-
itude-velocity diagram of CO emission is almost continuous, and because the
interarm gaps in other regions of this diagram are observed to contain such
small clouds (see, e.g., Stark 1979).

Carbon monoxide emission in other spiral galaxies is occasionally ob-
served to be concentrated in spiral arms. This occurs for M31 (Boulanger et
al. 1981), NGC 4321 and NGC 1097 (D. M. Elmegreen and B. G. Elmegreen
1982; Scoville et al. 1983b), which are among the few galaxies with spiral
arms that have been mapped with high enough angular resolution to see the
CO arm structure. This observation of a spiral enhancement in the total CO
emission implies not only that the large clouds are positioned in the arms, but
also that a large fraction of the total CO mass is in the arms as well.

Galaxies with long and symmetric spiral arms are often called grand
design galaxies. One reason why the CO intensity or concentration of large
clouds is larger in the arms than in the interarms of such galaxies is that grand
design spiral arms are usually density waves. This density-wave nature of
grand design spirals has been established on the basis of the following
observations:

1. Galactic surface photometry indicates that the arm/interarm intensity ratio
is about the same for the blue and red or near-infrared passbands, so the
arms have about the same colors as the interarms (Schweizer 1976; S. E.
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Strom et al. 1976; D. M. Elmegreen and B. G. Elmegreen 1984). Thus
grand design arms are almost pure density enhancements compared to the
interarms; star formation in such arms contributes only a small amount to
the total intensity of the arms in either the blue or near-infrared passbands.

2. Grand design spiral arms show streaming motions of the gas (Rots 1975;
Bosma 1978; Visser 1980; Newton 1980). This indicates that the arms
contain a mass enhancement that is large enough to deflect the otherwise
circular flow around the galaxy.

3. Magnetic compression in theoretically predicted spiral arm shocks (W. W.
Roberts 1969; W. W. Roberts and C. Yuan 1970) has been inferred from
radio continuum observations (Mathewson et al. 1972).

Each component of a galactic disk should be concentrated in the spiral
arms if a density wave causes the arms. The density enhancement in the arms
should depend on the velocity dispersion of the component, smaller disper-
sions giving larger enhancements. The arm/interarm density contrast for ob-
jects formed randomly in a grand design galaxy is essentially the ratio of the
time the material spends in the arms to the time it spends in the interarm
regions. The material spends a longer time in the arms than in the interarms
because the gravitational force of the arms causes this material to flow nearly
parallel to the spiral pattern within the arms and somewhat perpendicular to
the spiral pattern between the arms (W. W. Roberts 1969).

If a galaxy has irregular spiral structure and no density waves, then the
arms may be sheared patches of star formation (Seiden and Gerola 1982; D.
M. Elmegreen and B. G. Elmegreen 1984). Molecular clouds should be con-
centrated in the arms whether these arms are from density waves or pure star
formation.

This expected correlation between spiral arms and CO emission implies
that carbon monoxide spiral structure should reveal little about cloud life-
times. CO spiral structure does not imply that clouds are young, for example,
as suggested by R. S. Cohen et al. (1980), and a lack of obvious CO spiral

Fig. 2. Spatial maps of the large clouds in the Sagittarius spiral arm shown by three longitude
strips (from Dame et al. 1984). The maps were produced by setting all spectral channels with T
< 2 K equal to zero before integrating over velocity. The velocity integration limits change in
discrete steps along the maps in order to follow the velocity of the arms; the limits are indicated
directly above each map. The contour interval in all of the maps is 9.8 K km s~ !. The figure
between the maps shows the positions of the molecular clouds in the galactic plane, as viewed
from the perspective of an observer 2 kpc above the Sun. The circle diameters are proportional
to the cube roots of the cloud masses and the inverses of the cloud distances, and all the clouds
are assumed to lie in the galactic plane. Straight lines from the galactic center have galacto-
centric longitudes of 0°, 45°, 90°, and 135°. Six clouds with masses < 106 M, are not shown
in the central figure but are shown and labeled in the spatial maps. The dotted curves are
logarithmic spirals shown in perspective. For the Sagittarius arm, the spiral is a least-squares fit
through the positions of the clouds that outline the arm.
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structure does not imply that clouds are old, as suggested by Scoville and
Hersch (1979) and Solomon and Sanders (1980). Clouds can be very old and
still appear in density-wave spiral arms (as in the case of H I gas, for example,
which can be as old as the Galaxy). Conversely, molecular clouds can be very
young but not appear in any obvious spirals if these spirals are irregular and
hard to recognize.

The total fraction of the gas that is in molecular form (Scoville and Hersh
1979; Solomon and Sanders 1980) also reveals little about individual cloud
lifetimes. This is because the arm/interarm surface brightness contrasts in
grand design galaxies are so large (4 to 1, to 12 to 1 in many cases; see
Schweizer [1976]; D. H. Elmegreen and B. G. Elmegreen [1984]) that a high
fraction of the gas can be molecular (80% or more) and still the molecular
clouds can form in the arms and be destroyed in the interarms.

The previous conclusion that molecular clouds are long-lived because (a)
they lack spiral structure, and (b) the total molecular mass fraction may be
large in the inner galaxy (Scoville and Hersh 1979; Solomon and Sanders
1980) is only partly true. The small clouds in the interarm region could cer-
tainly be longer-lived than the large clouds, but because these large clouds do
not appear in the interarms, their ages must be less than the arm crossing time,
which is between 10% and 2 X 10® yr, depending on galactocentric radius.
Some smaller clouds may not survive the interarm transit either, but this is
more difficult to determine. Similarly, the previous conclusion that molecular
clouds are short-lived because (a) CO spirals are present at some intensity
level and (b) the molecular mass fraction may, in fact, be small in the inner
galaxy (R. S. Cohen et al. 1980), is also only partly true. Clouds could, in
principle, live forever and still show strong spiral structure if the density-wave
enhancement of Population I objects is strong.

D. Cloud Ages

Cloud ages may be obtained from the ages of associated star clusters
(Bash et al. 1977) and from the statistics of cloud counts. The age of the
associated star cluster gives the time after star formation began, and the cloud
counts for a large sample give the mean time before star formation begins in
clouds of that type. The average age of a cloud of a particular type may be
defined from the expression

<AGE > = AGEcluster [1 + (Nwilhout/Nwith)] (9)

cloud
where N ouc 18 the number density of similar clouds without star formation
and N, is the number density of similar clouds with star formation. For
example, if a typical cloud spends 108 yr without star formation and 107 yr
with star formation, then, on average, there will be 10 times as many of these
clouds without star formation as with star formation. The mean age of such a
cloud is, therefore, the maximum age of a typical cluster in one of the clouds
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TABLE I
Cloud Lifetimes
Mass Cloud Formation Time Star Formation Time
M) (X 10¢ yr) (X< 106 yr)
106-107 50-200 20-100
(L/v, spiral structure)2 (ages of star complexes)
104106 20-40 10-20
(L/v for isolated cloud) (ages of OB associations)
20-200
(if part of a larger cloud)
101-104 1-10 0.1-10
(molecule formation; L/v) (ages of T Tauri associations)
20-200 or 1-200?
(if part of a larger cloud) (if stars do not destroy it)

2Parenthetical notes indicate methods for limiting the ages. L/v represents a typical formation
time from the ratio of the cloud size to the rms velocity of the gas out of which the cloud forms.
CO spiral structure gives a maximum cloud age for the largest clouds. Other notes suggest that
some clouds form as pieces of larger clouds, and may remain for a long time without much star
formation, if their density is low.

currently forming stars, multiplied by 11. Actually, the observed ratio
Nithout/Nwin 18 probably =1, since not many clouds without star formation
have been found. Thus the total age of a molecular cloud is probably within a
factor of 2 or 3 of the age of the stars that similar clouds contain.

Table I gives an estimate for the average ages of clouds of various masses,
and it gives the methods or constraints used to obtain these ages. The age of a
molecular cloud probably ranges between 10° yr (the molecule formation time)
and several times 108 yr, depending on the cloud’s size, among other things.
Constraints on the cloud formation time come from CO observations of spiral
structure (for the largest cloud) and from the ratio of the cloud size to the rms
velocity of the gas out of which the cloud forms (denoted by L/v in the table).
The largest clouds, which measure over 100 pc in length, may take more than
50 X 10° yr to form. Smaller clouds, such as the Orion cloud complex,
probably form in only 20 to 40 X 10 yr. In the case of Orion, the formation
process probably included a 40 X 106 yr episode of gas accumulation into a
giant shell (the “Lindblad expanding ring”), followed by gravitational collapse
along the shell periphery (B. G. Elmegreen 1982b). Cloud destruction times
come from the maximum ages of star complexes, OB associations, T Tauri-star
or reflection nebula associations, or from the age spread in galactic clusters,
depending on the cloud mass. Small clouds could, in principle, last for a very
long time if the small stars they form cannot destroy them, but there is no direct
evidence for such long lives at the present time.
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Fig. 3. The logarithm of the observed linewidth Av (FWHM) of each complex listed in Dame et
al. (1984) plotted against the logarithm of the radius R. The straight line is a least-squares fit.

E. New Way to Map Carbon Monoxide Clouds in the Galaxy

Observations of a large number of molecular clouds have shown that the
diameters of such clouds are a function of the linewidths, although there is a
considerable amount of scatter about a mean relation. Figure 3 shows such a
function for CO clouds in the survey of Dame et al. (1984). The relation is

d=32Av33 (10)

for cloud diameter d measured in pc and defined to be (4A/w)V2 for cloud area
A, and for full width at half maximum of the CO profile Av, in km s —!. This
function should not necessarily be viewed as a universal relationship. It may
depend on the telescope used and on the method for identifying clouds in the
data (see R. B. Larson 1981; chapter by Solomon). The distance (in kpc) to a
cloud whose angular diameter is 6 (in arcmin) is therefore

D = 11 Av53 /8. an

One way to map the mean distribution of CO in the Galaxy is to use this
relationship to determine the distances to a large number of clouds whose
velocity dispersions and angular sizes can be derived from galactic CO sur-
veys. Statistical corrections for blending will have to be applied to account for
clouds that have the same sky positions and the same velocities but occur at
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the near and far kinematic distances. The positions of clouds on a Galaxy map
should then indicate the overall distribution of CO. Spiral arms may not ap-
pear because the errors in the distances to individual clouds may be too large.
Nevertheless, a mean radial distribution could be obtained.

One potentially important result would be the discovery of an azimuthal
asymmetry in the CO distribution. The survey of large clouds by Dame et al.
(1984) suggested that the CO is concentrated in the near side of the Galaxy at
the distance of the Norma-Scutum spiral arm. If true, this would imply that
the estimated total molecular mass in the 5 kpc ring would have to be reduced
(by a factor of 2, perhaps) from that derived under the assumption that the gas
is uniformly distributed around the galactic center (Dame 1983). The same
may be true of the total emissivity and star formation rate derived from in-
frared and radio continuum surveys of the inner Galaxy.

The rotation curve of the Galaxy could also be determined from the azi-
muthal velocity that corresponds to the observed radial velocity of each cloud
at its estimated distance. Velocity streaming motions may be detected by plot-
ting on a map of the Galaxy the difference between the inferred azimuthal
velocity component for each cloud and the average rotational velocity at the
radius of that cloud.

V. WHY FUTURE OBSERVATIONS OF CLOUD DENSITIES AND
CLUMPING IN CLOUD CORES ARE ESSENTIAL FOR THE
CONTINUED PROGRESS OF STAR FORMATION THEORY

A. Density Diagnostics

Gas density is an important property of a molecular cloud. It is related to
almost every aspect of a cloud’s equilibrium state and evolution, and it deter-
mines the basic time and length scales for the formation of stars within the
cloud (Sec. III.A). Gas density distributions in star-forming clouds should be
mapped fully, and the densities at which rapid magnetic diffusion, gravita-
tional collapse, and various other physical processes become important should
be determined (Table II).

Emission line ratios of CS, NH; or H,CO are used to determine gas
densities between 10* and 106 ¢cm —3 (see references in Sec. III.A). Lower
densities can be measured from carbon fine-structure transitions in the ultra-
violet for the transparent parts of the cloud (de Boer and Morton 1974), or
from the amount of optical extinction per unit line-of-sight depth. At higher
densities (107-10'° ¢cm ~ 3), infrared line emission from vibrationally excited
CO molecules may be useful (Scoville et al. 1980). More density calibrators
are needed for high densities.

What more can we learn about star formation with better knowledge of
gas densities? One of the most important things to determine now is the size,
distribution, and motion of the clumps or fragments inside a giant molecular
cloud. Even if the clumps are unresolved, they may still be studied in several
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TABLE I
Density Thresholds for Processes during Star Formation

Density

(cm-3) Diagnostic® Region or Physical Process

100 A /L Atomic cloud envelopes, galactic spi-
ral arms.

10! Ay/L, H 1, C(UV) Cloud envelopes, cloud formation.

102 N(CO)/L Self-gravity important, molecules
form, temperature begins to drop to
10 K.

103 N(CO)/L Cloud contraction, magnetic braking
of spin(?), important interactions
between clumps.

104 CS, H,CO, NH, Thermal clumps, begin collapse of
cloud clumps to stars(?).

105-106  CS, H,CO, NH, Begin rapid magnetic diffusion(?),
end of magnetic braking of rota-
tion(?).

107-10!2  CO vibrational transitions + ?? Formation phase for protostellar
disks(?), accretion shocks on proto-
stars(?), opaque protostellar cores(?).

>1012 7? Begin formation of planets & binary
stars.

1025 — Begin hydrogen nuclear fusion in
star.

aDensity diagnostics include the extinction or H I column density per unit length for the low-
density regions, carbon fine-structure excitation for diffuse clouds, molecular column densities
per unit length for intermediate-density molecular clouds, and molecular excitation analyses of
various types for the highest-density regions.

ways. One way is to determine the radial distribution of the mass of gas at a
particular density n, M,(R). This quantity could be derived from molecular
transitions that are sensitive to a small density range around n. For example,
suppose that a cloud contains a large number of clumps of identical mass,
each of which is supported against self-gravity by thermal pressure at a uni-
form temperature. Then the gas density n inside each clump will be approx-
imately proportional to the inverse square of the radial position r inside that
clump (see, e.g., Shu 1977)

2
n(ry = nG:g-. (12)

The density and radius at the edge of the clump are denoted by n,, and r,. In
addition, suppose that the ensemble of clumps in the cloud also has an isother-
matl distribution, in the sense that the number density N of clumps in the cloud
is proportional to the inverse square of the radial position R inside the cloud
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N(R) = N, RS (13)
ORZ
for clump density N, at the edge of the cloud of radius R, (cf. Sec. I11. A for the
average density distribution). Finally, suppose that the clumps are separated
by an interclump medium of constant temperature, which is in pressure equi-
librium with each clump, and in hydrostatic balance with the gravitational
force in the cloud. Then the pressure in the interclump medium will vary as
R~2. Because the clumps are assumed to be in pressure equilibrium with this
medium, the density at the edge of each clump n, will vary as R~2, and
because all the clumps are assumed to have the same mass, the clump radius
will vary as ry « ng =13 ~ R?3,
What is the mass of gas at density n that is enclosed inside the radius R?
For each clump the mass of gas that has a density between n and n + 3n, is
given by the expression

dm, = 4wr? n(r) &r = 4mn, r 2 dr (14)
for a radial interval derived from the n(r) distribution
& = —0.5n,"2r, n=32 3n. (15)
Thus, 8m,, varies with cloud radius as

dm, = —2wn3?r3n=328ncnr38n xR~ dn. (16)
The total mass of gas having a density between n and n + dn from all clumps
within the radius R is given by

®M,, (R) = J dm, (R) N(R) 4wR? dR o dn [ R—' R—2 R2 dR
x 8n [ R~' dR = In(R) dn. (17)

This radial dependence should be compared to that of the total mass of gas at
any density, which increases linearly with R for this example. Thus, the mass
distribution obtained from observations of a molecular transition sensitive to a
specific density interval may differ from the total mass distribution in a cloud
if the cloud is clumpy. A comparison of mass distributions for different densi-
ties could determine the clump properties even if the clumps are unresolved.

A similar exercise would be to plot the distribution of mass with respect
to density at a particular radius R, My (n). This may indicate the spectrum of
density fluctuations in the cloud. If the mass spectrum decreases with density,
for example, then the clumps that are present may be related to Jeans unstable
fragments, for which the clump mass is proportional to the inverse square root
of density. If M, (n) increases with clump density, then the clump size may be
relatively constant from clump to clump at a particular R.
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The velocity structure inside a cloud might be obtained from maps of
isolated spherical clouds, such as isolated Bok globules, in several different
density-sensitive transitions (see, Loren 1977a; Martin and Barrett 1978). A
plot of Av2 (R) versus n(R)R? for linewidth Av and density n would be in-
teresting because (a) if the cloud is isothermal and in turbulent/magnetic pres-
sure balance, then all radii in the cloud will have about the same values of
n(R)R? and Av, and the plot for different R would occupy a small range of
values; alternatively, (b) if the cloud is not isothermal but is still supported by
turbulent or magnetic pressure, then Av(R) should increase with increasing
nR? because, for virial theorem velocities, AvZ «xnRZ; or, (c) if the cloud is
collapsing in a steady state, then Av(r) should decrease with increasing nR?,
because the inflow flux, AvaR? will be constant with radius. Such simplified
distinctions between steady-state models of clouds illustrate how observations
of densities and linewidths might be used to probe the internal velocity field.
More detailed analyses of such equilibria are necessary.

B. Internal Cloud Structure: Remnant Diffuse Clouds and Thermal
Clumps

A giant molecular cloud must be assembled from smaller clouds, be-
cause the interstellar medium is cloudy on small scales. The assemblage is
probably not random, because that takes a long time (>108 yr; see Kwan
[1979] and Scoville and Hersch [1979]). A number of forces are present that
can cause interstellar diffuse clouds to assemble into giant molecular clouds
faster than by random coagulation. Mutual gravity between small clouds is
one such force. The evidence that self-gravity in the ambient interstellar medi-
um is responsible for the formation of some giant molecular clouds has been
summarized by B. G. Elmegreen and D. M. Elmegreen (1983). Another force
comes from deformations in the ambient interstellar magnetic field, as in the
E. N. Parker (1966) instability (see Mouschovias et al. [1974]; Blitz and Shu
[1980]; B. G. Elmegreen [1982a] for application to molecular clouds). Some
clouds may be the gravitationally collapsed parts of giant shells that were
swept up from the ambient interstellar gas (B. G. Elmegreen 1982b).

Whatever the cause of a molecular cloud’s formation, the diffuse clouds
that were present in the gas before the molecular cloud formed may still be
present as clumps inside the molecular cloud after it formed. Since the aver-
age mass of a diffuse cloud is ~10% M, each 105 M, molecular cloud should
contain ~100 former diffuse clouds. At the pressures inside a giant molecular
cloud, such remnant diffuse clouds may be about 1 pc in diameter and have an
average density slightly in excess of 103 cm ~ 3; the temperature should be low
(6-10 K) and the gas should be molecular (cf. Sec. II). Because the magnetic
diffusion time in an isolated diffuse cloud is much longer than the molecular
cloud formation time (i.e., T4, >> 108 yr), the magnetic field that was pre-
sent in each diffuse cloud should still be present in the molecular cloud. Rem-
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nant diffuse clouds in giant molecular clouds should be interconnected by
remnant magnetic flux tubes.

The existence of remnant diffuse clouds in giant molecular clouds may
have little direct impact on star formation, although cloud clumping in general
may influence the molecular cloud’s rate of energy dissipation and evolution.
Remnant diffuse clouds are important to observe because they may illustrate
the mechanism and time scale for cloud formation. Molecular clouds with
well-separated remnant diffuse clouds should be young compared to the co-
alescence time, and molecular clouds with only a few clumps, or with a core-
halo structure to the clump distribution, should be old enough to have had
significant interactions between the various cloud components.

Another type of internal structure expected for molecular clouds is a
clump that has the size of a thermal pressure scale length, which is a Jeans
length (=c/[Gp]'’? for thermal speed ¢ and mass density p). This size is about
0.2 pc for a gas temperature of 10 K and an H, density of 10* cm —3; each
clump will contain about 1 M. All molecular clouds should contain Jeans
size clumps, or “thermal clumps,” where the thermal pressure balances local
gravity.

Figure 4 shows a chain of 5 apparently similar globules (S. Schneider
and B. G. Elmegreen 1979), of which only one (to the south) has a uniform
background illumination. This one shows considerable substructure on the
thermal pressure scale length of 0.1 pc (subtending 1 millimeter on the Pal-
omar Observatory Sky Survey). The others do not show this structure, but
presumably only because their background illumination is not smooth. All
molecular clouds larger than a Jeans mass should contain substructure on a
thermal pressure scale length because of local gravitational forces.

C. Clump Theories

Many theories of star formation require better observations of the clumpy
substructure inside molecular clouds (see, e.g., Zuckerman and Evans 1974;
Norman and Silk 1980; Blitz and Shu 1980; Scalo and Pumphrey 1982). One
interesting implication of these theories is that a cloud with clumps can be
unstable to form stars on a small scale, but stable, long-lived and resistant to
overall collapse on a large scale.

Consider the following example of how individual cloud clumps could
form stars in 10> yr bursts while interacting so weakly that the whole cloud,
which is an ensemble of clumps, remains supported for a much longer time
(e.g., 107 yr). This particular model assumes that the clumps are on magnetic
flux tubes inside a cloud, and that clump-clump interactions are controlled by
magnetic forces. Cloud clumps may seldom collide physically; clump interac-
tions could be confined entirely to the bending and stretching of field lines,
not to direct physical contact and shock formation between mass elements (P.
Clifford and B. G. Elmegreen 1983). Clump collisions would then dissipate
little energy, even at superthermal velocities. In this model, the energy lost per
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Fig. 4. Globular filament Number 7 (20" 58m, +48°) from S. Schneider and B. G. Elmegreen
(1979) containing five distinct globules (A—E) that appear to be similar. The internal structure
inside Globule A is revealed by a uniform background light source. The clumps in this pho-
tograph measure 0.1 pc in diameter and contain approximately 1 M of gas (estimated from the
extinction). They appear to be “thermal clumps,” in the sense that their size is the thermal
pressure scale height in the cloud. Star formation may occur in a clump when accretion from
the surrounding interclump medium increases the clump’s mass above the critical value for
self-gravitational instability.

clump interaction will be determined by ion-neutral particle collisions in the
gas. When field-line entanglements cause a clump to slow down and start up
again in the other direction, the neutral molecules, which are not connected to
the field directly, will at first continue on in the same direction; only the ions
will be pulled back directly by the field. The ions will at first move through
the neutrals and create a viscous force that accelerates the neutrals; this force
will pull the neutrals back along with the ions and the magnetic field. The loss
of energy to heat and radiation that results from this viscous force may deter-
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Fig. 5. Schematic diagram showing the possible configuration of Jeans-mass size ‘‘thermal
clumps” inside a giant molecular cloud complex. The size of the whole cloud is taken to be
~50 pc, and the size of a typical clump is ~0.1 pc. Clumps may be strung out along the
ambient magnetic flux tubes, as indicated. The inevitable accretion of gas from the flux tubes to
the clump cores (driven by gravity) may slowly trigger the formation of stars in one clump after
another, until a sufficiently massive star disrupts the local ensemble. Young stars are denoted
by an “*” symbol.
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mine the time scale for cloud evolution during the contraction phase. This
time scale could be much longer than the turbulent dissipation time in the
absence of magnetic fields.

The mechanism of star formation inside a clumpy cloud may be very
different from that inside a uniform cloud. Norman and Silk (1980), R. B. Larson
(1981), and others suggest that clumps coalesce until they reach a critical size,
and then they collapse to form stars. If collisions are limited by magnetic
fields, however, then such coalescence can be rare. Another possibility is that
the clumps gradually accrete matter from the intervening magnetic flux tubes
(Fig. 5). The gas that lies on the magnetic field lines between the clumps will
slowly fall toward the nearest clump because of gravitational forces.

This process of filament slip may actually be visible in the Taurus fila-
ments at the present time. Each filament in Taurus contains condensations that
are more or less equally spaced. This is an expected result of gravitational
condensation in filamentary geometries (Chandrasekhar and Fermi 1953). As
time proceeds, each condensation accretes more and more of the surrounding
filamentary gas. One might suppose that eventually the condensations pick up
so much mass that they can no longer support themselves by thermal pressure.
Then, they will collapse and make a star or a small stellar system. Star forma-
tion may always result from rapid and small-scale clump instabilities inside a
complex of clumps that contracts slowly as it loses turbulent energy through
ion-neutral viscosity.
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Giant molecular clouds, the site of star formation, are the largest and most
massive objects in the Galaxy. Their physical properties and distribution are
best traced by millimeter-wave observations of CO. We review the overall galac-
tic distribution of molecular clouds and compare it with other galaxies showing
that the surface density of molecular hydrogen and of molecular clouds is less
than that in the strongest molecular galaxies such as M51, comparable to that in
MI101 and much greater than that in M31. Within the Galaxy, molecular clouds
are the dominant component of the interstellar medium in the inner half of the
disk at R < 0.8 R,. Most of the molecular gas is in clouds at the high end of the
mass spectrum with mass > 10°M -, with over half the mass in clouds with M >
4 X 10°M,. We present CO maps of the northern galactic plane from the high-
resolution Massachusetts—Stony Brook CO Galactic Plane Survey. Analysis of
this survey shows the presence of two populations of molecular clouds. Over
two thousand molecular cloud cores have been identified in the region between
galactic longitude 20° and 50°. They are divided into two populations based on
the intensity of CO emission which reflects the kinetic temperature. The warm
molecular cloud cores exhibit a nonaxisymmetric galactic distribution, are
clearly associated with H Il regions, appear to be clustered, and are a spiral
arm population. The cold molecular cloud cores are a widespread disk popula-
tion located both in and out of spiral arms. Thus dense molecular clouds are not
confined to spiral arms and star formation is taking place throughout the disk.

[59]
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The largest clusters of warm clouds have a scale size between 100 and 150 pc
and contain about 5 X 106M,. Giant molecular clouds do not fit into a two- or
three-phase pressure-equilibrium picture of interstellar matter. They are grav-
itationally bound and their internal pressure, dominated by chaotic motions, is
2 orders of magnitude greater than the standard interstellar medium pressure. A
likely origin for these clouds, particularly for the large clusters, is gravitational
instability.

Millimeter-wave observations of the CO molecule have proved over the
past decade to be one of the more important probes of interstellar matter in the
Galaxy. CO is the most abundant molecule with a permanent dipole moment
in dense interstellar clouds. Molecular hydrogen, H,, has no dipole moment
or radio transitions and is largely unobservable directly except in those regions
that are shock heated (to temperatures > 1000 K) to produce quadrupole
vibration-rotation emission.

The fundamental CO transition frequency (/ = 1 — 0) of 115,271.2
MHz corresponding to hv/K = 5.5 K is excited by collisions with molecular
hydrogen even in clouds with very low kinetic temperature. The minimum
local H, density which produces excitation significantly above the microwave
background is about ny, > 100 to 300 cm 3 (see, e.g., Goldreich and Kwan
1974; Scoville and Solomon [974; Solomon 1978; Liszt et al. 1981). CO
emission is the best available tracer of hydrogen in all interstellar clouds with
a total hydrogen density (ny + 2ny,) > 100 cm~3 because this corresponds
to the effective threshold for H, self shielding against photodissociation in the
Lyman bands (Solomon and Wickramasinghe 1969; Hollenbach et al. 1971);
above these densities there is expected to be an almost complete conversion of
H I into H,. Thus the dense star-forming interstellar clouds are molecular
clouds with most of the primary molecule H, unobservable at any wavelength.

Over the past decade several surveys of 12CO and '3CO emission on a
galactic scale have revealed the overall distribution and quantity of molecular
gas in the Galaxy (Scoville and Solomon 1975; Burton et al. 1975; R. S.
Cohen and P. Thaddeus 1977; Burton and Gordon 1978; Solomon et al. 1979a;
R. S. Cohen et al. 1980; D. B. Sanders et al. 1984b) and the concentration
of molecular gas into giant molecular clouds with characteristic mass > 10°
M, (Solomon et al. 1979a; Solomon and Sanders 1980; Stark 1979; Liszt et
al. 1981; Dame 1984; Sanders et al. 1985).

Giant molecular clouds are the largest and most massive objects in our
Galaxy and the primary site of star formation. Their physical properties and
distribution are fundamental to studies of the interstellar medium, star forma-
tion, the structure of the Galaxy, and the dynamics of the galactic disk. In this
chapter we summarize the main results of the CO survey carried out jointly by
the State University of New York (SUNY) at Stony Brook and the University
of Massachusetts at Amherst. This survey utilized the largest available anten-
nas in the U.S., the National Radio Astronomy Observatory (NRAO) 10
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meter during 1977-1980 and the Five Colleges Radio Astronomy Observato-
ry (FCRAO) 14-meter during 1981. (Many of the results of the Goddard In-
stitute for Space Studies (GISS) Survey with the i.2-meter minitelescope are
discussed in the chapter by Elmegreen.) In Sec. I the axisymmetric distribu-
tion of molecular clouds in the galactic disk is presented showing that most of
the molecular gas in our Galaxy is inside a region between 4 and § kpc from
the galactic center; thus the most active star formation in the Galaxy is in the
inner half of the disk, a view drastically different from that obtained by H 1
observations. Section II includes the Australian observations of the southern
galactic plane with those from the north, discusses the differences and pres-
ents the combined distribution. The identification of giant molecular clouds
from CO observations is discussed in Sec. Ill which also summarizes their
physical properties and mass spectrum. All of the results in Secs. I through 11
are based on about 3000 CO spectra obtained in latitude or longitude strips.
Section 1V introduces some preliminary results from the new comprehensive
Massachusetts—Stony Brook CO galactic plane survey with 40,000 spectra
mapping almost the entire first quadrant of the Galaxy primarily with 3 arc-
min spacing. This survey obtained during 1981-1983 gives the first high-
resolution picture of virtually all molecular clouds in the inner Galaxy R < R,,.
Pictures and contour diagrams are shown of CO emission from huge clusters
of molecular clouds with mass ~ 5 X 10° M. In Sec. V evidence is present-
ed for two populations of molecular clouds: a spiral arm population of warm
cloud cores which is confined to restricted locations in longitude-velocity
space coincident with H II regions and a disk population of cold molecular
cloud cores distributed widely in the Galaxy and not confined to spiral arms.
Section VI points out that giant molecular clouds do not fit into a standard
two- or three-phase interstellar medium and their origin is likely to involve
self gravity as the formation mechanism rather than pressure equilibrium.

I. AXISYMMETRIC DISTRIBUTION OF MOLECULAR CLOUDS

Due to differential galactic rotation and the resulting Doppler shift, it is
possible to observe clouds across the Galaxy even if individual clouds are
optically thick. Figure 1 shows a sample line profile of CO emission at 2.6
mm taken in the galactic plane at latitude b = 0° and longitude ¢= 30°. Five
distinct clouds are visible at different radial velocities ranging from 6 to 98 km
s~ 1. This spectrum demonstrates one of the chief characteristics of CO emis-
sion; unlike H 1 most of the emission along the line of sight is confined to
discrete clouds with a contrast in and out of the cloud of one to two orders of
magnitude. Each radial velocity can be associated with a corresponding dis-
tance from the galactic center, using a galactic rotation law, and either a near
or far distance along the line of sight. The higher velocities originate from the
region along the line of sight nearest to the galactic center. Thus the very
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Fig. 1. CO spectra of emission from the galactic plane at longitude ¢ = 30° and latitude b = 0°.
Emission from five discrete clouds at different radial velocities along the line of sight can be
seen. A longitude-velocity diagram of the type presented in Color Plates 1 and 2 is made from a
series of spectra like this.

strong emission at v = 98 km s ~ ! is from a cloud at R = 5 kpc (actually R =
0.5 R,, we assume here R, = 10 kpc).

The most prominent characteristic of the distribution of CO emission in
the Galaxy is the concentration to a ring-like morphology with a peak between
4 and 8 kpc (Scoville and Solomon 1975; Burton et al. 1975; R. S. Cohen and
P. Thaddeus 1977). There is also a very strong peak in emission in the inner
few hundred parsecs of the Galaxy. Figure 2 shows the axisymmetric distribu-
tion of total CO emission from the disk of the Milky Way as it would be seen
if viewed face-on compared to that of 7 other galaxies (D. B. Sanders et al.
1984b). The interpretation of CO emission in terms of total molecular hydro-
gen by Scoville and Solomon (1975) was the first indication that there was
more interstellar matter in molecular hydrogen than in H I in the inner Galaxy
and more importantly that it was distributed differently.

The axisymmetric picture is a simplification but it does serve to place the
molecular cloud distribution in a context of the Galaxy as a whole. A recent
analysis of the distribution (D. B. Sanders et al. 1984b) leads to the following
conclusions:

H, is the dominant form of the interstellar medium at R < R;. AtR < 16
kpc the total masses of H, (3.5 X 10° M) and H1 (3 X 10° M) are
approximately equal, but 90% of H, is found inside the solar circle, while
only 30% of H I is found there. Within the region R = 4 to 8 kpc, the H, mass
exceeds the mass of H 1 by a factor of 4. (The uncertainty in the mass of H, is
due to variations in the measured conversion factor for translating observed
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Fig. 2. Radial distribution of CO integrated intensity /o in the Milky Way compared with six
galaxies for which radial distribution data are currently available: IC342, NGC6946 (Young
and Scoville 1982); M51 (Scoville and Young 1983); M101 (Solomon et al. 1983a); NGC891
(Solomon 1981); M31 (Stark 1979).

CO integrated intensity to H, column density. Existing empirical measures of
this factor range from 2 to 5 X 1029 cm~2 K~ km~! s based on calibration
by 13CO/Ag, galactic gamma rays and by comparison with masses deter-
mined from the virial theorem. We have adopted 3.6 X 1020.)

The radial distribution of molecules as measured from CO surface bright-
ness shows a strong peak in the galactic center at R < 1.5 kpc, a minimum
between 2 and 4 kpc, a rise to a secondary maximum at between R = S and 7
kpc, and a sharp fall toward larger radius. There is very little emission beyond
R = 15 kpc. The fall in CO surface brightness between R = 6 and 15 kpc is
nearly a factor of 100. Thus, for a constant (with R) conversion factor of CO
emission to H, there is a change of two orders of magnitude in the surface
density of H, and consequently molecular clouds between 6 and 15 kpc galac-
tocentric radius, while H I is virtually constant over this range.
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The half-width at half-maximum thickness of the disk z,,, for CO emis-
sion is in the range from 40 to 75 pc between R = 3 and 10 kpc. In the solar
neighborhood the scale heights of gas, as measured by CO emission, and
young stars are approximately equal.

In comparison with other galaxies, as can be seen from Fig. 2, the Milky
Way is a moderate CO emitter with a surface density of H, less than that of the
strongest galaxies such as NGC 6946, and comparable to M101 although
neither M101 or NGC 6946, for example, have rings. In sharp contrast, the
nearby galaxy M31 does not show a primarily molecular inner disk. The CO
emission is weak throughout the disk in comparison with the Milky Way and
appears closely correlated with H I. The fraction of the interstellar medium
which is molecular in M31 appears to be small (<40%) at all galactocentric
distances. The total surface density of all interstellar matter in M31 is substan-
tially less than in the Milky Way, particularly for R= 8 kpc. Thus the star-
forming environment may be quite different in M31 from that in the Milky
Way.

The existance of very rapid falloff in (molecular cloud) H, surface densi-
ty, beyond the solar circle, was disputed by Kutner and Meade (1981) who
concluded that the mass of H, in the outer Galaxy (R > 10 kpc) was compara-
ble to that at 4 to 8 kpc. However, their observations in the outer Galaxy
appear to be erroneous. Solomon et al. (1982) using two separate antennas at
FCRAO and Bell Laboratories could not verify most of the CO emission fea-
tures claimed to exist by Kutner and Meade. The rapid decline of H, in the
outer part of a galaxy is a common feature of many galaxies in contrast to H 1
which often continues beyond the optical disk.

II. COMBINED DISTRIBUTION IN NORTHERN AND SOUTHERN
GALACTIC PLANE

The longitude-velocity distribution for the CO emission, including both
northern and southern hemisphere data (Robinson et al. 1984), is shown in
Fig. 3. The southern hemisphere data, obtained by the CSIRO group in Aus-
tralia, has been combined with northern data from the comprehensive, high-
resolution Massachusetts-Stony Brook survey including over 40,000 spectra.
In Fig. 3 lines of constant galactic radius are superimposed based upon galac-
tic rotation. The galactic center shows extremely strong emission with large
velocity spread. Beyond 6° longitude most of the emission in both hemi-
spheres is concentrated between the lines corresponding to 0.45 R, to 0.85
R,. The molecular gas content is approximately symmetric between both
hemispheres with the total CO emissivity, weighted by the area at the differ-
ent radii, being about 20% greater in the south.

Plate 1 in the Color Section shows the same longitude-velocity diagram
in color. The strong concentrations in yellow and red represent some of the
largest cloud complexes (clusters) in the Galaxy. As shown in Sec. V, they
are primarily associated with giant H II regions.
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Fig. 3. A representation of the intensity of millimeter-wave emission from CO at a wavelength of
2.6 mm along the inner galactic plane between 290° and +90° longitude (L). The velocity of
the emission indicates the distance from the galactic center, with the highest velocity at each
longitude (or lowest velocity at negative longitude) corresponding to the closest approach of
that line of sight to the galactic center. The intensities are represented by a gray scale in units of
T% with a saturation level of 6 K and a lower cutoff at 1.0 K. Superimposed lines of constant
galactocentric radius at 0.1 Ry intervals between 0.25 Ry and 0.95 Ry and the terminal velocity
were computed using the H I galactic rotation model of Burton and Gordon (1978).

Figure 4 shows a comparison between the CO emissivity distribution in
the northern and southern hemispheres. The detailed shape of the molecular
ring in each hemisphere is different. The southern distribution is much wider
(0.6 R, full-width at half-maximum [FWHM] compared to 0.3 R;), and may
possibly have two peaks near 0.3 and 0.7 R,,. The standard deviation of the
mean J (emissivity), determined in each radius bin in Fig. 4, is typically <
5%. Significant differences between the northern and southern distributions
occur in four radial bins. Within three of these (0.3, 0.5, and 0.8 R,) the
differences exceed twice the internal dispersion of 10° longitude subsets of
data from the individual hemispheres. This suggests that structures, probably
spiral arms or arm segments that are > 10° in length, are responsible for the
differences. In part, these differences may also result from the presence of
clusters of giant molecular clouds which may contribute up to 50% of the
emissivity in a given annulus.
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Fig. 4. (a) The radial distribution of CO emissivity in the southern and northern hemispheres at b
= (° between galactocentric radii 0.2 Ry and Ry. (b) The combined (north and south) radial
distribution of CO emission at b = 0° for £ = 294° to 70°.

HI. IDENTIFICATION OF GIANT MOLECULAR CLOUDS AS THE
DOMINANT COMPONENT OF INTERSTELLAR MATTER
IN THE RING

The identification of giant molecular clouds as responsible for much of
the CO emission in the galactic disk is evident from the concentrations of CO
emission in longitude-velocity space (Solomon et al. 1979q; Solomon and
Sanders 1980) in data obtained with high spatial resolution. The breakup of
the emission from the galactic plane at » = 0 and € = 23° to 30° showed 38
clouds at R = 4 to 8 kpc into clumps with typical length of 20 to 80 pc (see
Color Plate 2). Based on these observations, we showed that a substantial part
of all CO emission and most of the mass was contained in giant clouds with
mass between 10° and 3 X 10° M, with a cloud mass spectrum showing most
of the molecular ISM in the most massive clouds. A similar study by Liszt et
al. (1981) using '3CO emission came to a similar conclusion but with an
upper limit for cloud size of about 45 pc. In an analysis of 80 clouds closer
than 6 kpc from the Sun, Sanders et al. (1985a) utilized the virial theorem
rather than column density measurements to determine cloud mass. The mass
spectrum of clouds (see Fig. 5) expressed as the fraction of mass in clouds of
mass m per logarithmic mass interval was found to be

g(m) Jo s m0,42 (1)
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Fig. 5. Fraction of molecular cloud mass in clouds of mass m per logarithmic mass interval.

between cloud mass of about 4 X 10* and 2 X 10° M. The positive exponent
indicates that most of the mass in molecular clouds is in the high-mass end of
the spectrum. Over half of the total mass is in clouds with mass > 4 X 10°
Mg, and diameter > 48 pc; 90% of the mass is in clouds > 20 pc and mass >
8 X 10* M. All measurements of the mass spectrum (Solomon et al. 1979a;
Solomon and Sanders 1980; Liszt et al. 1981; Dame 1983; Sanders et al.
1985b) yield a mass distribution where > 80% of the molecular mass is in
clouds with m > 10° M. Thus giant molecular clouds contain most of the mass
in dense (molecular) interstellar clouds. A basic characteristic of star formation
is the fact that the parent clouds are not only very much more massive than
individual stars; they are also much more massive than galactic star clusters.

The measurement of the velocity widths of the CO emission shows a
linewidth-size relationship that is clearly different from that expected from
pure turbulence as suggested by R. B. Larson (1981). Figure 6 shows the data
along with a fit for the velocity full-width at half-maximum of

Av = 0.88 D062 km s~ 1. )
Although a power law relationship is not proven by this data, the exponent
derived is almost twice that expected for a single turbulent spectrum.

The above result leads to a determination of mean cloud density. For a
cloud with a I/r density law, the mean number density in cm~ 3 of H, is

n(H,) = 290 (D/20 pc) — %75, 3)
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Fig. 6. Velocity full width at half maximum as a function of cloud diameter (top axis) for 80 clouds
from Sanders et al. (1985).

For clouds with a diameter of 20 pc the mean density is 290 cm 3 and the
mass is 8.1 X 10* M,; for clouds with D = 80 pc, the mean density is ~ 100
cm™ 3 and the mass is 1.9 X 10° M.

IV. THE MASSACHUSETTS-STONY BROOK HIGH-RESOLUTION
CO SURVEY

The joint University of Massachusetts—SUNY, Stony Brook CO survey
of the galactic disk consists of 40,572 spectral-line observations of CO emis-
sion at A\ = 2.6 mm carried out with the FCRAO 14-m antenna with a beam-
width of 47". The observations cover the northern galactic plane between
longitudes 8° to 90° and latitudes —1°05 to + 1700 with spacing every 3’ in €
and b in the region 18° < € < 54° and every 6’ at 8° < € < 18%and 54° < € <
90°. The full data are presented in the form of latitude-velocity diagrams (D.
B. Sanders et al. 1985a), longitude-velocity diagrams (Clemens et al. 1985)
and spatial, latitude-longitude diagrams of intensity in 5 km s~ ! bins (Sol-
omon et al. 1985).
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The survey spacing of 3’ was chosen to allow observation of essentially
all molecular clouds or cloud components in the 4 to 8 kpc molecular ring
with a size > 10 pc. For example, at a distance of 10 kpc from the Sun, the
beam of 47" subtends 2.3 pc and the beam spacing of 3’ corresponds to a
projected separation of 8.7 pc. Even at the farthest distances from the Sun
within the molecular ring, the beam spacing is only 12 pc and beam size is 3
pc. The previous two large-scale CO surveys have not been able to resolve
most individual clouds within the ring. The GISS minitelescope (R. S. Cohen
et al. 1980) has a beamwidth of 9’, much too large to resolve many individual
clouds or cloud components, while the first Stony Brook—Massachusetts sur-
vey carried out primarily with the National Radio Astronomy Observatory
(NRAO) 36-foot antenna (D. B. Sanders et al. 1984c¢, 1985a), although it uti-
lized a small beam of 65", it had a spacing of 12’ in latitude. High-resolution
data was obtained only in one spatial dimension along b = 0°.

W 51
49 50
LONGITUDE (°)

Fig. 7. Longitude-latitude plot of CO emission contours from the molecular cloud cluster associ-
ated with W51. Contour intervals are 1,1.5,2, . . . K, antenna temperature averaged over a 15
km s—! velocity interval centered at the 63 km s~ ! mean velocity of the cluster. Giant H II
regions are located near each of the strong CO maxima.
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Color Plate 3 shows 12 high-resolution pictures of CO emission from the
galactic plane between longitude 20° and 50°; each picture represents the CO
emission intensity at 5 km s ! intervals. Many hundreds of individual giant
molecular clouds contribute to the emission. Some of the most prominent
features represent huge cloud clusters such as the region at £ = 34° to 36° and
including velocities from 30 to 60 km s~ !, associated with the supernova
remnant W44, at a distance from the Sun of about 3 kpc (see Color Plate 4).
The extent of this region and other large clusters is about 100 pc (D. B.
Sanders et al. 1985b); other examples include the region at £ = 28°, v = 70 to
85kms—!, £ = 48°5 to 50°0 and v = 45 to 70 km s ~ ! (the W51 region), € 2275
t0233and v =60to 80 and £ = 23°2t024°, v=75t0 90 km s~ '. As an
example, Fig. 7 shows a contour diagram of the cloud cluster associated with
the radio continuum source W51 at a distance of 8 kpc from the Sun. This
region clearly has many components yet is a coherent structure over an extent
of about 1° square corresponding to a linear dimension of 140 pc. The mass
determined both by utilizing measured velocity dispersion to obtain a virial
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Fig. 8. Three-dimensional perspective view of the molecular cloud cluster associated with W51.
This picture shows the full velocity extent of the cluster (25 km s—1!). The contour surface
represents a gas kinetic temperature of 11 K. The range of longitude along the axis is from 48°5
to 50°0, latitude from —1° to +1° and velocity from 45 to 75 km s~ L.
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mass, and an H, mass determined from CO luminosity is ~ 5 X 10 M.
Figure 8 shows a three-dimensional representation in €-b-v space showing a
full velocity extent of nearly 30 km s~ ! for this object.

Also apparent in the Color Plate 3 is the rich detail of emission from the
far side of the Galaxy at distances of typically 10 to 18 kpc. Two-thirds of the
disk is on the far side of the tangent point and no previous survey has had
sufficient angular resolution and coverage to resolve clouds at this distance.
For example, the emission from longitude 23° to 32° and velocity 35 to 50 km
s~ ! with a very narrow latitude extent at a distance of 13 kpc consists of at
least 30 separate clouds larger than 20 pc (giant molecular clouds with mass >
10° Mg) (see Color Plate 5). This chain of clouds may be a spiral arm
segment.

V. DISK AND SPIRAL ARM MOLECULAR CLOUD POPULATION

In the region between € = 20° and 50° at all positive velocities approx-
imately 2000 CO emission centers have been identified from contour diagrams
spaced every 5 km s~ ' (Solomon et al. 1984c¢). The quantity which was
mapped is the integrated CO intensity over 5 km s~ ! or I; I5/5 is essentially
the mean antenna temperature averaged over 5 km s~!. The sources were
divided into two populations, cold and warm, based on the intensity /5. Fig-
ures 9, 10,11 and 12 show examples of contour diagrams of /5.

By utilizing the emission centers rather than just total CO emission of
clouds defined by outer boundaries, it is possible to pinpoint a source location
in €, b, and v without ambiguity. Observationally the local maxima observed
at high resolution are well-defined entities and their distribution represents the
distribution of star-forming molecular cloud cores. This high-resolution sur-
vey thus makes it possible to study the galactic distribution of star formation
regions, rather than more amorphous emission, and to examine their degree of
confinement to spiral arms. Figures 13 and 14 show the distribution of cold
and warm cloud cores, respectively, on the longitude-velocity plane. (A small
amount of jitter in velocity of *+ 2.5 km s~ ! has been added since the catalog
data were binned every 5 km s~ !.) Superposed on the figures are histograms
showing the counts in the respective longitude bins. The rotation curve max-
imum velocity is shown by the smooth lines at the upper right.

The cold molecular cloud cores (Fig. 12) show a fairly smooth distribu-
tion in €, with a gradual decline from ~90 clouds per degree at € = 22° to 28°
to 40 clouds per degree at £ = 40° to 50°. This is roughly what is expected
from a ring-like galactic structure between galactocentric radii of 4 to 8 kpc.
There is no evidence of confinement in €-v space, or consequently in the
galactic plane, to spiral arm patterns. These cold cores account for three-
quarters of the total population and about half the CO emission of molecular
cloud cores. They represent molecular clouds with local densities n(H,) >
300 cm 3 (see, e.g., Solomon and Sanders 1980; Liszt et al. 1981) but with
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Fig. 13. Longitude-velocity diagram showing the location of the cold molecular cores with —1° <
b < 0%, The histogram is a number count as a function of longitude in bins spaced every 1°.
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Fig. 15. Longitude-velocity diagram of radio H II regions indicated by ovals, adapted from
Downes et al. (1980), superimposed on warm molecular cloud cores indicated by dots.

kinetic temperature significantly lower than those of the warm cores. They are
widely distributed in €-v space and hence in the galactic disk.

In contrast the warm cores (Fig. 13) show a strikingly different distribu-
tion with two sharp peaks at € = 24° and € = 30° and a smaller one at £ =
50°. These 3 peaks, each a few degrees wide in €, contain about one-half of all
warm cloud cores. The distribution of the warm molecular cloud cores in the
£-v plane exhibits a very close similarity to that of radio H Il regions. Figure 15
shows the distribution of warm cores in the €-v plane superposed on the dis-
tribution of known H II regions, with available recombination line velocities,
taken from Downes et al. (1980). It is clear that clusters of warm cloud cores
are coincident with H II regions. This must represent that portion of emitting
molecular clouds within the galactic spiral arms. H II regions are often the
defining feature of spiral arms on photographs of galaxies. The hot young
stars responsible for the H II regions are also the likely heat sources for the
warm molecular clouds. Significant heating may even be taking place due to
embedded massive stars with dust-limited or very small H II regions.

The cold cloud cores represent dense interstellar clouds without substan-
tial heating. Because a typical dimension subtented by the survey beam is
about 3 pc, the lack of substantial heating refers to regions of this size or
greater, and a velocity width of 5 km s~ !. Heating on a much smaller scale
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may still be occurring, but the effects of beam dilution prevent its observation.
The characteristic kinetic temperature over the beam size is obtained by con-
verting the antenna temperature, Ts = [s/5 into a Planck brightness tem-
perature which gives a gas kinetic temperature of < 10 K for the cold cores
(see, e.g., Eq. 20 in Solomon et al. [1979b]). At a velocity resolution of 1 km
s~ 1 the upper limit temperature is about 15 K. Their widespread distribution
in €-v space, smooth radial distribution, and moderate temperatures suggest
that the cold cores represent dense molecular clouds widely distributed
throughout the galactic disk. The most massive stars forming in these clouds
are probably late B stars.

The warm cores represent molecular gas with temperatures > 11 K (15K
at 1 km s~ ! resolution) including many cores with kinetic temperatures great-
er than 20 K. The association of warm cores with H II regions and also with
supernova remnants clearly points to heating by recently formed or presently
forming O and B stars. The high kinetic temperatures of the warm cores, their
confinement to restricted regions of €-v space, and the breakup of the northern
molecular ring into two peaks at R = 5 and R = 7.5 kpc clearly point to this
subset of molecular clouds as the spiral arm population.

The existence of the disk population proves that molecular clouds cannot
be confined to spiral arms since they are located at all longitudes and ve-
locities permitted by galactic rotation within the 4 to 8 kpc ring, and exhibit a
smooth number count as a function of longitude. Our finding of the disk
population contradicts the interpretation of R. S. Cohen et al. (1980) and P.
Thaddeus (1981) (GISS survey) that in the inner Galaxy as in the outer Gal-
axy “. .. molecular clouds as commonly defined by CO observations—
objects larger than 5 pc with CO temperatures greater than 1-2K—do not exist
between the [spiral] arms, or are extremely rare.” Their evidence for the de-
duced absence of clouds between spiral arms are holes or missing emission in
€-v space. Our survey data shows that there are indeed large holes in €-v space
when only the warm clouds are counted. However, it also shows hundreds of
cold CO emission centers (cold cloud cores) within the specific holes. For
example, Thaddeus and Dame (1984) discussing a cloud-free area state “the
most telling such region is a gap at € = 25°, v = 75 km s~ ! in the heart of the
so-called molecular ring.” Their picture shows this hole from € = 24° to 27°,
v="T70kms~'to85kms~ 1. We find 46 CO emission centers in this hole, 42
from the cold population and 4 from the warm population; within an area in ¢-
v space of 45 deg-km s~ ! the expected number for a random distribution over
all €-v space between R = 4 to 8 kpc would be about 48 + 7 and 18 =+ 4,
respectively, for the hot and cold population. Thus there is no absence of cold
molecular clouds here but there is a strong minimum in the warm population.

It appears that the GISS survey is not detecting the presence of the cold
population. Their small 1.2-meter antenna bandwidth (HPBW = 8’ at 115
GHz) subtends a region of 30 pc at 12 kpc distance. Thus they dilute the
intensity of all but the nearby cloud cores. Most of the cold cores will be
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diluted to an intensity < T% = 2 K. Two-thirds of the ring is beyond 8 kpc
distance and one-half beyond 11 kpc. Entire clouds of size 30 pc will be
unresolved and appear as a confused background. Their methods of analysis
inciuding the adding together of spectra between latitudes = 1° (R. S. Cohen
et al. 1980; Thaddeus and Dame 1984) and for cloud identification, subtract-
ing off all emission < Ty = 2 K as observed by their antenna (Dame 1983;
Thaddeus and Dame 1984), emphasizes large nearby clouds, dilutes or misses
most of the far side of the galactic plane, and subtracts almost all of the cold
molecular clouds.

The preliminary analysis of the Massachusetts—Stony Brook CO survey
shows that the Galaxy has two populations of molecular clouds characterized
by:

1. Warm molecular cloud cores with one-fourth of the population and about
one-half of the emission. They exhibit a nonaxisymmetric galactic dis-
tribution; are clearly associated with H 1I regions; appear to be clustered;
and are a spiral arm population.

2. Cold molecular cloud cores containing three-fourths of the total number.
They are a widespread disk population located both in and out of spiral
arms.

An analysis of the spatial correlation function of the CO cloud cores
shows that the warm cloud cores are clustered on scales up to about 150 pc
(Rivolo, Solomon and Sanders, in preparation). Combined with a measured
core one-dimensional radial velocity dispersion of 7 km s~ !, a characteristic
mass for the clustering scale length of 150 pc diameter is found to be about 5
X 108 M.

VI. CONCLUSIONS

The association of young stars and protostars, or at least stars very re-
cently formed, with molecular clouds has been demonstrated over the past 10
or 15 years both on a local and galactic scale. Sign posts of star formation
such as imbedded infrared sources, H,O maser sources, compact H 11 regions,
T Tauri stars, and outflows with molecular composition all occur in molecular
clouds. There is little doubt that the important population I of the Galaxy and
all galaxies is the molecular component and not H I. This is a drastic change
in our concept of star formation from that prevalent in the recent past.

The molecular clouds described here with mass greater than 10° M, are
dense; in particular their density is far above that needed to satisfy the Jeans
criterion for a thermal gas. These clouds are gravitationally bound, their pres-
sure, which is due primarily to large-scale chaotic motions with velocities
(FWHM) of 8 to 15 km s — ! at average densities of ~ 150 cm~3 (corresponds
tonT = 10° K cm™3) is two or more orders of magnitude higher than the
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intercloud medium. They do not fit into the two- or three-phase pictures of the
interstellar medium in pressure equilibrium.

The existence of very massive clusters of clouds with 5 X 106 M, which
we have discussed here strongly points to gravitational instabilities as a mech-
anism for cloud formation for the most massive objects. Application of the
Toomre (1964) criterion for gravitational instabilities in the disk to the gas
component alone, including H I and H, (Jog and Solomon 19845, their Ap-
pendix A), shows that the gas alone within the disk (from R = 4 to R = 10
kpc) is within a factor of two of instability. Alternatively, gravitational in-
stabilities induced in the gas within a two-fluid system (stars + gas) (Jog and
Solomon 1984b) will produce regions of 107 M.

The star formation process is itself affected by the feedback from star
formation. Even the sign of this feedback is not always clear. While shock
fronts may compress regions, outflow may inject sufficient energy into the
clouds to stop collapse. The support of the clouds must be at least in part due
to star formation. What is clear from the observations which show 3 X 10°
M, in gravitationally contained clouds in the Galaxy is that star formation in
the Galaxy is an inefficient process. The rate of star formation is controlled by
the mechanisms that govern the growth, support and disruption of molecular
clouds. These processes occur both in and outside spiral arms. Formation of
the most massive stars may require the most massive clouds in spiral arms but
star formation is occurring throughout the galactic disk inside molecular
clouds.



MOLECULAR CLOUD CORES
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We describe recent progress in observations and interpretations of molecular
cloud cores, i.e. the dense (n = I0¥ cm—3) parts of molecular clouds. Cores
can be divided into two groups. Low-mass cores contain ~ 1 M, have a tem-
perature of 10 K, have subsonic turbulence, and are found near low-mass T
Tauri stars. Massive cores are more diverse, but contain 10 to 10° M, have
temperatures in the range 30 to 100 K, have supersonic turbulence, and are
Jound near massive OB stars. Cores with embedded stars are likely to have CO
outflow, and several such cores have an elongated shape suggestive of a disk or
toroid. Some of these have velocity gradients > 10 km s—! pc—!, indicating a
relatively fast rotation compared to that of larger cloud regions. Cores and
larger cloud regions appear to be near virial equilibrium, to obey a “condensa-
tion” law n = L~ between density and size, and to obey a “turbulence” law
ox 1.0.3=0.6 petween velocity dispersion and size. Most regions in virial equi-
librium have supersonic turbulence, which must contribute to cloud support and
which must be replenished rapidly. Some cores contain young stars, as indi-
cated by coincidence between infrared sources and core maps, and by interac-
tion of outflow sources and cores. Many tens of core-star associations are
known, suggesting that cores form stars. Core evolution is uncertain. IRAS
results suggest that low-mass cores typically form low-mass stars within ~ 106
yr. Stellar outflows appear capable of dispersing cores, although outflow dura-
tion and mechanisms remain unclear.

Since 1978 there has been considerable progress in our understanding of
molecular cloud cores, the dense parts of molecular clouds. Reviews in Pro-
tostars and Planets (Gehrels 1978) by Evans, by Larson, and by Field give

good summaries of what was known at that time. Since then, many more

regions have been well studied in density-sensitive lines, with single tele-

{ 81]
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scopes and with interferometers. The basic physical properties, i.e., sizes,
temperatures, densities, and velocity dispersions, are better known than be-
fore, and interesting relationships among these quantities are now emerging.
The role of molecular cloud cores in star formation is more evident than be-
fore, although many important questions remain open. Finally, some steps
toward a picture of core evolution can now be taken.

In this review we discuss molecular cloud cores from the viewpoint of
recent observations, especially observations of regions of low-mass star for-
mation. Some recent reviews that may be complementary are those by Evans
(see his chapter) and Wynn-Williams (1982), primarily on young, massive
stars and their environments; by Ho and Townes (1983) on studies of dense
regions using lines of NH,; and by Elmegreen (see his chapter) and Silk
(1985b) on molecular clouds and star formation from a theoretical viewpoint.

I. DEFINITIONS AND BASIC PROPERTIES

We take a molecular cloud core to be a subregion of a molecular cloud,
having mean gas density n = 10* cm~ 3. Molecular clouds are most com-
monly defined by maps in the 2.6 mm J = 1-0 rotational line of CO, which
generally requires # = 300 cm — 3 for excitation. Such clouds are typically 3 to
100 pc in size, and nearby ones (within ~ 1 kpc) coincide reasonably well
with regions of dust extinction visible on optical photographs. Molecular
cloud cores are 10 to 100 times smaller than CO clouds, and are not easily
identified from CO maps unless they are appreciably hotter than surrounding
gas. In the nearest molecular clouds, cores can be recognized as regions of
enhanced visual obscuration (Figs. 1 and 2). A line or combination of lines
sensitive to n = 10* cm 32 is needed to study cloud cores, and several such
cm- and mm-wavelength lines have been used successfully. These inciude
rotational lines of CS (Linke and Goldsmith 1980) and HC;N (Avery 1980),
the K-doublet and rotational lines of H,CO (Evans and Kutner 1976), and
several inversion lines of NH, (Ho and Townes 1983).

Each spectral line differs somewhat from the next in its sensitivity to the
distribution of gas density, temperature, column density, and emitter abun-
dance in the telescope beam, so it is important to specify the line(s) used when
discussing measurements of cloud properties. Furthermore, it is desirable to
base summarizing statements about cloud properties (e.g., cloud size) on
measurements made with the same line and with the same spectral and angular
resolution, when possible. To illustrate the strong dependence of map size on
the spectral line used, Fig. 3 shows maps of the molecular cloud associated
with S 252 in lines of '2CO, !3CO, and CS (Lada and Wooden 1979). The
FWHM (full width at half maximum) map size in the north-south direction
decreases by a factor ~ 5 from the '2CO map, which defines the cloud, to the
CS map, which defines the core. This is due mainly to the higher gas density
needed to excite the CS line than the '2CO line, and to the prevalence of
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Fig. 2. Detail of Barnard 18 region, showing the half-maximum contour of NH; (J,K) = (1,1)
line emission that defines the low-mass core TMC-2. Several associated low-mass stars are
visible. Scale: 2 arcmin = 0.08 pc.

denser gas in smaller regions in molecular clouds. Therefore, molecular
clouds differ from planets in that measurements of cloud size can vary by large
factors, depending on the probe in use.

Because the deduced size of a cloud region depends on the gas density to
which the line observations are sensitive, one can expect that, conversely, the
density deduced from line observations will vary with the line map size, from
line to line in a given cloud and from cloud to cloud in a given line. In Sec. 11
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Fig. 3. Maps of the molecular cloud region S 252 in the J = 1-0 lines of '2CO, '3*CO, and CS,
showing strong dependence of map size on'the line used to make the map (Lada and Wooden
1979).

we show that this variation of density with size is significant, as is a probably
related variation of velocity dispersion with cloud size. Therefore, it is impor-
tant to refer density, velocity dispersion, and other quantities derived from
them (e.g., mass) to the size scale being measured. With these considerations
in mind, we base a summary of core properties mainly on observations of the
NH, (J,K) = (1,1) and (2,2) lines, and divide cloud cores into the two groups
in Table I.

TABLE 1
Properties of Molecular Cloud Cores
Le log nd Te Avf Me log 7/¢  Nearby
(pc) (cm—3) (K) (kms— 1) Mg) (yr) Stars

Low-mass2  0.05-0.2 4-5 9-12 0.2-0.4 0.3-10 5.0-5.3 T Taun
Massiveb 0.1-3 4-6 30-100 1-3 10-103 4.3-5.3 OB

aNumbers in this row are based primarily on NH; observations reported by Myers and Benson
(1983).

bNumbers in this row are based primarily on NH; observations reported by Ho et al. (1981) and
others cited in Sec. I.

¢L is the FWHM map diameter.

dn is the mean density of collision partners (H, molecules and He atoms) needed to excite the
observed transition.

T is the kinetic temperature of the emitting gas.

fAv is the FWHM velocity width of the NH; emission, corrected for hyperfine broadening.
&M is the mass enclosed by a sphere of diameter L and mean density #. [It should be noted that the
masses in Myers’ and Benson’s (1983) Table 1 are too high by a factor of 3, due to a calculation
error. |

b1y is the free-fall time for density n.
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Low-Mass Cores

Low-mass cores have been found in nearby dark clouds by detecting
molecular-line emission from regions of high visual obscuration, a few arcmin
in extent. A fairly typical core is TMC-2 (Lynds #1529), shown in Fig. 2.
First studied in the 6-cm H,CO line by Kutner (1973), it has proven to be
representative of the ~ 30 regions of high visual obscuration studied in the
NH, (1,1) and (2,2) lines by Myers and Benson (1983) and Benson (1983). In
the NH; (1,1) line TMC-2 has FWHM map diameter L ~ 0.1 pc and mean
density required for excitation n ~ 3 X 10* cm 3, giving ~ 1 My, of gas
within the FWHM map diameter. The kinetic temperature is 10 K, and the
FWHM velocity width is 0.3 km s — !, implying that the typical H, molecule
in the core has a turbulent speed of only about half of its thermal speed. Thus
low-mass cores have subsonic turbulence? (Myers 1983). Several low-mass T
Tauri stars are seen within a few times 0.1 pc in the more extended, less dense
region of obscuration Barnard 18 (Myers 1982). A region with the density of
TMC-2 has a free-fall time of 2 X 10° yr, comparable to the estimated ages of
the youngest T Tauri stars (Cohen and Kuhi 1979; Stahler 1983). We shall see
that optically invisible, low-luminosity (< 10 L) IRAS (Infrared Astro-
nomical Satellite) sources are also associated with a significant number of
low-mass cores (see Sec. III) (Beichman 1984).

Massive Cores

Massive cores have greater size, density, temperature, velocity disper-
sion, and mass than low-mass cores, and are found near young stars of earlier
spectral type. They appear to have a much greater range in their properties
than low-mass cores have. Their size, density, and temperature each vary by
factors of 3 to 10 or more. Part of this apparent increase in diversity occurs
because of resolution effects. Low-mass cores are plentiful at close distances,
within ~ 200 pc, so that single-antenna beam widths, typically 1 arcmin,
resolve most of the emission from a core. In contrast, nearly all known mas-
sive cores are at least 1 kpc distant, so most present-day single-antenna radio
observations cannot resolve structure on scales smaller than ~ 0.4 pc. Conse-
quently massive cores observed with single antennas have more ambiguous
estimates of density, temperature, and mass than do low-mass cores. Among
ten cores near ultracompact H II regions and/or luminous (= 104 L) infrared
sources, the median gas density and mass are 3 X 103 cm =3 and 300 Mo,
respectively, if clumping is negligible; and 1 X 105 cm~3and 1.5 X 103 M,
respectively, if the emission arises from a single source that occupies 0.1 of
the projected beam area (Ho et al. 1981). Thus, these cores have mass greater
than the low-mass cores by two to three orders of magnitude. It may be signif-

aHere, turbulence refers to motions having neither a thermal nor a simple systematic character,
but which must be present in order to account for the observed line broadening. In this context,
turbulence is a general term and does not necessarily imply that the observed gas has the proper-
ties of subsonic incompressible fluids.
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icant that the giant molecular clouds where such massive cores are found are
more massive, by factors of ~ 100, than the molecular clouds where low-
mass cores are found. However, very little is known about the prevalence of
low-mass cores in giant clouds.

Some of the single-antenna resolution limitations described above are
now being overcome by aperture synthesis observations. In Orion, single-dish
observations (Batrla et al. 1983a; Ziurys et al. 1981; Ho et al. 1979) have
mapped the spike emission region (n ~ 10°cm =3 L = 0.1 pc; T ~ T0K; M
~ 100 M) around the infrared Kleinmann-Low Nebula (KL) and a cooler
source 4’ to the north, among others in the Orion region. VLA (Very Large
Array) observations have resolved a hot core within KL, associated with the
Becklin-Neugebauer source and other 20-pm sources, which has n = 107
cm~3, L~ 0.0l pc, T~ 200K, and M ~ 10 M, (Pauls et al. 1983; Genzel et
al. 1982; see also Plambeck et al. 1982; Townes et al. 1983). In the source 4’
north of KL, there are two rapidly rotating clumps, each with n ~ 103 to 10°
em 3, L ~0.05pc, T~ 20K, and M ~ 0.2 to 10 M, but with no known
infrared source (Harris et al. 1983). It is not yet known how typical the Orion
results are; however, VLA observations of W 51 show three NH, emission
knots, each with L ~ 0.1 pc and T ~ 100 K, and each coincident with a
compact H II region; these resemble the KL region of Orion (Ho et al. 1983).

In summary, the low-mass cores appear to form a relatively homoge-
neous group with L ~ 0.1 pc, n ~ 10*cm =3, T ~ 10 K, subsonic turbulence,
and ~ 1 M. They are found near T Tauri stars and low-luminosity (= 10 L)
infrared stars. The massive cores are more diverse, but are greater in size L by
factors 1 to 30, in n by factors 1 to 100, in T by factors 3 to 10, in Av by
factors 3 to 10, and in M by factors 10 to 103. They have highly supersonic
turbulence and are found near compact H II regions and luminous (= 104 L)
infrared stars.

Magnetic Fields

The properties in Table I are suitable for a quantitative summary. In addi-
tion, three aspects of cloud cores more difficult to quantify deserve mention:
magnetic fields, rotation, and chemical complexity. At present, no direct mea-
surements of magnetic field strength are available at the size and density scale
of cloud cores, and measurements in other regions are few; thus, inferences
about fields in cores are very uncertain. Possible ways to measure magnetic
fields in molecular clouds are discussed by B. G. Elmegreen (1978a) in re-
gard to Zeeman splitting and by Goldreich and Kylafis (1981, 1982) concern-
ing linear polarization.

Zeeman splitting of the 18-cm OH maser lines indicates fields B of a few
mGauss on scales 10!3 to 10'® cm near the compact H II region W 3 (OH)
(Moran et al. 1978; Reid et al. 1981), and similar results are found in other
OH maser sources. Zeeman splitting of the 21-cm H line in a CO cloud south
of OMC-1 indicates B ~ 10 pGauss, probably on a scale ~ 10'8 cm (Heiles
and Troland 1982). Heiles and Troland estimate the volume density of this
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cloud to be n ~ 400 cm ~ 3. Application of the flux-freezing relation B o n¥,
1/3 = K < Y2 (Mouschovias 1978), to the results of Heiles and Troland indicates
B ~ 40 to 160 uGauss in low-mass cores and 40 to 500 wGauss in massive cores.

To be dynamically important, core magnetic fields should be comparable
t0 Byypport = 3T/G/5 wnl, where G is the gravitational constant and . is the
mean mass of a cloud particle (B. G. Elmegreen 1978a). If B = B, .., then
mid-range values of n and L in Table I require K, ~ 0.3 for low-mass cores
and Ksupport ~ 0.9 for massive cores. If, as is often assumed, X = 0.5, these
estimates suggest that frozen-in fields would be too weak in massive cores and
too strong in low-mass cores for balance against gravity. As low-mass cores
show no evidence of expansion, this latter inference implies that they may
typically have less magnetic flux than the frozen value. Such a loss of flux has
been suggested as a mechanism for forming low-mass cores (Shu 1983; see
also the chapter by Cassen et al.).

The role played by rotational motions in cloud cores is discussed by
Goldsmith and Arquilla (see their chapter). Observations of cores in the J = 1
— 0 line of 13CO, summarized by Goldsmith and Arquilla, and in the (J,K) =
(1,1) line of NH;, described by Ungerechts et al. (1982) and Myers and Ben-
son (1983), suggest that many cores have velocity gradients ~ 0.1 to 1 km
s~ ! pc~!. These indications of rotational motion generally are insufficient,
by themselves, to account for the nonthermal part of the observed line broad-
ening, and the rotational contribution to the velocity dispersion rarely exceeds
the turbulent contribution. On the other hand, recent observations, generally
at finer angular resolution than those described above, and within ~ 0.1 pc of
young stars, suggest that rotational motions may play a more prominent role.
In Orion, observations of NH; emission north of the Kleinmann-Low nebula
reveals two clumps with 20 to 30 km s~ ! pc— 1, in VLA maps (Harris et al.
1983). Velocity gradients of similar magnitude have been reported in NH,
emission in ON-1 (Zheng et al. 1984), in CS emission in the outflow sources
NGC 2071 (Takano et al. 1984), and L 1551 (Kaifu et al. 1984). However,
such gradients need to be confirmed; in L 1551, NH; observations with an-
gular and spectral resolution nearly identical to those of Kaifu et al. show no
detectable velocity gradient (Menten and Walmsley 1984).

As discussed by Irvine et al. (see their chapter), the relative abundances
of molecules from cloud to cloud, and from core to core, are generally sim-
ilar, with a number of distinct exceptions. We note that this number of excep-
tions has increased rapidly in recent years. This trend tends to challenge the
familiar assumption that molecular abundances are essentially constant across
a map. Variations in abundance of 13CO from dark cloud centers to edges by
factors = 3 are indicated by observations of Dickman et al. (1979), Mc-
Cutcheon et al. (1980), and Langer et al. (1980). These have been attributed to
increased fractionation of 13CO at cloud edges, due to enhanced photoioniza-
tion (W. D. Watson et al. 1976). A closely related variation in 2CO and 13CO
abundance, relative to that of C'80, has been reported at a molecular cloud edge
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near the H II region S 68 (Bally and Langer 1982); this is attributed to both
13CO fractionation and isotope-selective photodestruction.

Variations by factors as great as ~ 10 in the abundance of the long carbon-
chain molecules HC;N, HC,N, etc. have been noted from cloud to cloud
(Avery 1980; Benson and Myers 1983). Similar variations within TMC-1 have
been suggested in the abundance of long-chain molecules relative to that of
NH, (Little et al. 1979b; Toelle et al. 1981) although Bujarrabal et al. (1981)
claim constant abundance. In TMC-1, the map peaks of NH; and HC;N
emission are displaced by several arcmin. However, no such shift is seen in
either L 1544 or TMC-1C, the latter just 10’ north of TMC-1 (Benson and
Myers 1983). Significant differences in map shape, difficult to explain with
excitation or radiative transfer arguments, are also evident in maps of L 183 in
the NH; (1,1) line (Ungerechts et al. 1980), in the SO, 3,5 — 2, line (Irvine et
al. 1983), andinthe CSJ = 1 — O line (Sneli et al. 1982). Similar discrepancies
are seen in maps of OMC-1 in lines of HCO *, HCN, and SO (Plambeck 1984).
These observations suggest that there may be new opportunities to study chem-
ical processes in cloud cores, but they raise the caution that interpretation of
maps on the basis of uniform molecular abundance may sometimes be
misleading.

A development having potential importance for physical and chemical
properties of cloud cores is the recognition that core lifetimes may be much
shorter than cloud lifetimes. Boland and de Jong (1982) have estimated that
molecules containing heavy elements will condense onto grains with high
efficiency if they remain in dense cores for more than a depletion time ~ 2 X
105 yr. To avoid this, they propose turbulent circulation of dense gas and dust
between cloud interior and cloud edge, where ultraviolet photons strike grains
and thereby return molecules to the gas phase. An alternative explanation
might be that some cores lose their identity within a depletion time, due to star
formation and subsequent winds and outflows. In either case, a core lifetime
much shorter than the cloud lifetime implies that molecular abundances in
cores may in part reflect molecular formation and destruction processes at
times before the core was recognizable as such, and under physical conditions
of lower density, higher temperature, and greater ultraviolet flux than in pre-
sent-day cores.

II. CORE STRUCTURE AND PHYSICS

Knowledge of the internal density, temperature, and velocity structure of
cloud cores is of great importance for understanding the main physical pro-
cesses in cores, and core evolution. In this section, we first discuss structural
information based on observations of individual cores and then consider
trends among properties of cores and larger cloud regions. At present, knowl-
edge of core structure is still meager. At small scales, cores with associated
stars are better studied and better known than cores without stars; we dis-
tinguish these two groups in this discussion.
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Density Structure

In relation to surrounding gas, cores are local maxima in density, as
indicated by comparison of maps such as in Figs. 2 and 3 in lines sensitive to
distinctly different density. Because cores form stars, it is likely that some
cores have considerable internal structure at high densities and small sizes
compared to those that define the core. However, the details of this structure
are just beginning to be known, and we need more observations of high-density
tracers at high angular resolution. A crude method of estimating the depen-
dence of mean density on size is to plot the density required to excite a line
against the map extent in that line. In low-mass cores, suchplotsgivenocr =7, 1 <
p =3over ~0.1t00.5pc (R. N. Martin and A. H. Barrett 1978; Snell 1981).
Studies of isolated globules based on maps of visual extinction derived from
reddening of background stars (Jones et al. 1984) and '3*CO line area (Dick-
man and Clemens 1983) suggest a similar degree of central condensation on
the scale of 0.1 pc. In massive cores, a more complex situation may be pre-
sent. Mundy (1984) finds that massive cores near M 17, S 140, and NGC
2024 have CS map sizes that do not decrease significantly with increasing
rotational quantum number J, as expected if n * r=7, p > (. A possible
explanation is that these massive cores have significant clumpy structure unre-
solved by the telescope beam. Accurate determination of radial density pro-
files is of interest as a possible dynamical probe; if an isothermal gas sphere is
in hydrostatic equilibrium, it has n « r =2 and if in free-fall collapse, it has n «
r~32_ However, at present the prospect for measurements of sufficient ac-
curacy to distinguish these cases seems remote.

The most significant recent development in understanding the density
structure of cores with stars is the discovery of dense elongated features asso-
ciated with stars having gas outflow. Such structures have been widely in-
terpreted as disks or toroids (Plambeck et al. 1982: Orion; Bally et al. 1983: S
106; Kaifu et al. 1984: L 1551; Giisten et al. 1984: Cepheus A; Torrelles et al.
1983: numerous sources). These are generally =< 0.1 pc in diameter, denser
than 104 cm—3, closely associated with the outflows, and in some cases have
their long dimension roughly perpendicular to the outflow direction. The
causal relationship of the dense structures and the outflow is unclear: the dense
gas may serve to collimate the outflow on interstellar scales (Canto et al.
1981); or the collimation may occur on stellar (L. Hartmann and K. B. MacGregor
1982b) or circumstellar (Snell et al. 1980) scales. In these latter cases the shape
of the intersteller disk might be more a result of the collimation of the outflow
than its cause. Recently, evidence for a circumstellar disk ~ 30 times smaller
than the molecular objects considered above has been found on the basis of
mid- and near-infrared observations of HL Tauri (Cohen 1983; Grasdalen et
al. 1984; Beckwith et al. 1984).

Temperature Structure

The temperature structure of cores is poorly known; a notable exception
is the detailed study of near-infrared emission and absorption lines from the
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Becklin-Neugebauer object (Scoville et al. 19834). This indicates an ionized
wind with temperature T = 104 K out to radius R = 20 AU from the central
star; a possible shock front with 7= 3500 K at R = 3 AU; a dust envelope
around the ionized region with 7 = 900 K at R = 20 — 25 AU; and an ambient
molecular cloud with 7 = 600 K at R = 25 AU. However, thermal structure is
not known in such detail for any core for scales R ~ 100 AU to ~ 10* AU.
Generally, cores containing OBA stars have higher CO temperatures than their
surroundings, while cores containing low-mass stars, and low-mass cores
without stars, show little or no such increase. On size scales of a few pc,
studies based on mm-wavelength CO lines and the infrared continuum from
massive cores around nearby H II regions give temperatures ~ 40 K at ~ 1 pc
from the peak, declining to ~ 20 K at ~ 5 pc (Evans et al. 1981,1982).

Systematic Velocity Structure

The velocity structure of cores can be divided into four categories: out-
flows, rotation, infall, and random motions. The prevalence, structure, and
energetics of outflows are reviewed by Lada (1985; see also the chapter by
Evans). Here, we note that the presence of CO outflow from young low-mass
stars is highly correlated with the presence of a dense core around the star.
More than half of the known low-mass cores with embedded stars have CO
outflows (Myers et al. 1985, in preparation) while ~ 0.1 of T Tauri stars (which
generally lack cores) surveyed by Edwards and Snell (1982) have outflows.
Thus, the presence of a dense core around a star may be about as good an
indicator of stellar youth as is stellar outflow. Evidence for the presence of
rotation in cores has been summarized in Sec. 1, but detailed structural informa-
tion is still lacking. Evidence for infall of circumstellar gas onto a star has been
presented by Scoville et al. (1983a) for infall of CO toward the Becklin-
Neugebauer object, and by Reid et al. (1980) and Garay et al. (1984) for infall
of OH masers toward compact H II regions. However, maps of infall motions
are not yet available, and it is not entirely clear whether these cases of apparent
infall are gravitational in origin. The structure of random motions in cores and
surrounding regions has been the subject of several comparisons of line widths.
These and related trends are discussed in the remaining part of this section.

Structure of Random Motions

The core properties described in Sec. I suggest many questions about the
physical mechanisms responsible for the density structure and internal mo-
tions of cores and their environments. Significant clues concerning these
questions have come from the demonstration of three interrelated trends
among size L, mean density n, and velocity dispersion o. [In this section it is
desirable to refer to o, the three-dimensional velocity dispersion of the parti-
cle of mean mass w. This more fundamental quantity o is related to Av, the
observed FWHM of the distribution of line-of-sight velocities of the emitter of
mass m, referred to in Section I, by o = [3 (8 In2) = ! (Av)? + kT (n.~! —
m~N]V2, where k is Boltzmann’s constant (Myers 1983). For the largest
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Fig. 4. Plot of the virial ratio 2 GM/a2L vs. region size L for 46 cloud regions, showing that
most regions appear close to virial equilibrium, over three decades in L (Larson 1981).

clouds, an additional term representing systematic motions may be important,
and should be included (Larson 1981).]

Larson (1981) showed that over 50 recent molecular cloud measure-
ments, mostly in the 2.7 mm J = 1-0 line of '3CO, satisfy approximately
three laws as illustrated by Egs. (1)—(3) and Figs. 4—6:

(1) Virial equilibrium,

3
=[S s
or, assuming p. = 2.33 amu
o =0.016n"2L kms~! (1b)

where n is in cm~2 and L is in pc (see Fig. 4);
(2) Condensation law, whose best fit is

n=2390L""2¢cm~3 (2)

(see Fig. 5);
(3) “Turbulence” law, whose best fit is

og=12L%3kms™! 3)

(see Fig. 6). Equations (2) and (3) differ slightly from Larson’s (1984) equa-
tions (5) and (1), respectively, because they are linear least-squares fits to log-
log plots, while Larson’s equation (1) is eye-fitted and his equation (5) is
derived from his equations (1) and (2). Also our Equation (2) is expressed in
terms of n rather than Larson’s { n(H,) ).
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Fig. 5. Plot of mean H, density vs. region size L, showing that the mean density varies with L
approximately as L — ! (Larson 1981).

Each of these relations has a correlation coefficient of ~ 0.9 and holds
over three decades in cloud size L. The typical uncertainty in the exponent of
L is 0.1. Each of Egs. (1)-(3) is consistent, within its uncertainties, with that
derived from the other two. Larson (1981) also showed that progressively
larger subregions within clouds support the turbulence law, Eq. (3), but with
less data and more scatter (see Fig. 7).

The relations, Eqs. (1)—(3) are interesting and important, and several
authors have sought to verify, criticize, or interpret them. Leung et al.
(1982), Myers (1983), and Torrelles et al. (1983) investigated 49 clouds small
compared to Larson’s (L = 0.05 pc to 24 pc) in lines of '2CO, '3CO, and
NH,; Dame et al. (1985) studied 34 clouds large compared to Larson’s (L =
12 pc to 384 pc) in the '2CO line. In each case, the data have significant
correlations that appear consistent with relations (1)—(3), within factors of ~
3 in the coefficients and within ~ 0.3 in the exponents. Because of noise,
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Fig. 6. Plot of velocity dispersion o vs. region size L, showing that o varies approximately as
L03 (Larson 1981).
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Fig. 7. Plot similar to Fig. 6 but with regions belonging to the same cloud, some hierarchically
nested, connected by straight lines (Larson 1981). The data are grouped in upper and lower
panels to increase clarity. The data in the left part of panel (b) are from Snell (1979).

selection effects, differing resolutions, and other reasons, it is difficult to de-
termine whether each of these trends is statistically consistent with each of the
others. However, each is statistically significant, and there seems little doubt
that Eqs. (1)—(3) are approximately satisfied by a wide variety of interstellar
clouds, and probably also by progressively larger regions within individual
clouds.

The physical significance of these trends is clearest for Eq. (1), virial
equilibrium. Because cloud ages deduced from ages of embedded stars usu-
ally exceed cloud free-fall times by factors = 10, the appearance of equi-
librium is not surprising. If a cloud consists only of relatively stable, indepen-
dently moving clumps, then the predominance of equilibrium velocities can
be understood to mean that clumps with discrepant velocities have escaped,
collapsed, or interacted with the other clumps so as to drive their velocities
toward equilibrium values. The constraints on these interactions appear to be
easily satisfied in simulated collisions (Scalo and Pumphrey 1982). If instead,
a cloud is a relatively continuous fluid, then the appearance of virial equi-
librium requires that collisions between supersonically moving fluid elements
exert a supporting pressure, as do collisions between subsonic molecules in an
idealized self-gravitating cloud in equilibrium. The continuous-fluid picture is
probably more accurate, at least in well-resolved nearby clouds, in that the
dense clumps that are present contain relatively little mass, while the most



MOLECULAR CLOUD CORES 95

widespread low-density gas contains most of the cloud mass. Therefore, the
appearance of virial equilibrium in many clouds and cloud regions suggests
that nonthermal turbulent motions play a central role in supporting and main-
taining molecular clouds. This role has been suggested for more than a decade
(see, e.g., Zuckerman and Evans 1974), but the evidence is now extensive for
size scales 0.1 pc to 100 pc.

The appearance of equilibrium does not exclude the possibility that some
regions are collapsing, especially on small scales, because collapse speeds are
only slightly different from virial speeds. However, if clouds are supported
globally by turbulent pressure, then the turbulent motions must be continually
supplied with fresh energy, because the free decay time of supersonic tur-
bulence is much shorter than typical cloud lifetimes (Fleck 1981, and refer-
ences therein).

Interpretation of the condensation and turbulence laws, Egs. (2) and (3),
has been more difficult and controversial than interpretation of virial equi-
librium. These trends are probably not independent, since within their uncer-
tainties each can be obtained from the other in combination with the virial
equilibrium law. Thus, either one might be fundamental and the other deriva-
tive. Larson (1981) noted that the condensation law can result from selection,
if the observations are sensitive to a relative range of column density N = nL
small compared to the relative range of L. If the condensation law is real, it
has the unexplained consequence that cloud column densities lie in a relatively
narrow range, a factor ~ 10.

The turbulence law might be real and fundamental, but might arise for
statistical reasons, giving little insight into the mechanisms of cloud tur-
bulence (Scalo 1984). Scalo noted that longer path lengths L can be expected
to contain larger numbers of turbulent velocity fluctuations; if their central
velocities are randomly distributed, then the velocity dispersion along L may
vary as L'2, close to that which is observed. In an alternate view, the tur-
bulence law may arise because each cloud region is at a point of critical
stability against collapse due to gravity and external pressure P, in which case
o o« P4 L2 (Chieze 1985). A view which may have fundamental implica-
tions for cloud physics, if correct, was proposed by Larson (1981) and elabo-
rated by Fleck (1981,1983). In this picture, the turbulence law reflects an
energy cascade from larger to smaller scales, similar to the process in ide-
alized incompressible fluids, where fully developed subsonic turbulence
obeys the Kolmogorov law o « L1/3. While suggestive, the analogy to
Kolmogorov turbulence cannot be exact: because of the density structure and
compressibility of interstellar clouds; because of significant gravitational
forces; because of supersonic motions in all but the smallest cloud regions;
and because of the probable importance of magnetic fields in cloud dynamics,
at least at low densities.

It will be some time before the many interpretations of the trends dis-
cussed here can be sorted out. More rigorous approaches to analysis of cloud
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turbulence, based on mean velocities rather than line widths, have been pre-
sented by Scalo (1984), and Dickman (see his chapter); these may prove
useful. However, at this point it seems clear that:

1. Virial equilibrium is a widespread principle governing the motions and
densities in clouds and cloud cores, from ~ 0.1 pc to ~ 100 pc;

2. Supersonic turbulent motions, visible in all cloud regions except low-mass
cores, are probably supporting motions;

3. From cloud to cloud, mean densities n, sizes L, and velocity dispersions o
obey the trends n « L~ ! and ¢ o [0-370:6;

4. Only one of these two trends, n(L) and o(L), need be independent, and it is
possible that one is fundamental and the other derivative.

The trends and implications described here are based partly on measure-
ments of cores and partly on measurements of less dense, more extended
regions. Nonetheless, they raise at least 4 questions about cloud cores that can
be studied with new observations: (1) How well do trends of n(L) and o(L),
deduced from maps of different lines in the same cloud (Fig. 7), agree with
those deduced from maps of the same line in different clouds (Fig. 6)? These
two types of trend may conceivably have different explanations. The main
sources of multiple-line data, as in Fig. 7, are the studies of R. N. Martin and
A. H. Barrett (1978) and Snell (1981) in dark clouds. These can now be
extended significantly because of improvements in receiver sensitivity and
telescope resolution. (2) What is the internal density structure of cores, es-
pecially over length scales where o changes significantly? If virial equilibrium
holds on scales smaller than the core size, changes on these scales in o imply
changes in n. For example, if a low-mass core is isothermal and has negligible
turbulence, but is surrounded by gas satisfying o o« LV2, then a possible
phenomenological model might be 02 « T (1 + L/L_), where L, is a charac-
teristic core size. This model and virial equilibrium imply

no [(L/IL)=2+ (L/IL) ™. 4

Thus, the dependence of n on L might change significantly from L > L_to L
< L, (Myers 1983), and such a change might be easier to detect than the
difference between n o« r~2 (isothermal equilibrium) and n o« r— 32 (free fall),
discussed earlier in this section. If a massive core has internal sources of
heating and turbulence, similar considerations suggest that the density gra-
dient will again become steeper at smaller length scales in the core. High-
resolution observations in lines sensitive to high densities should clarify this
picture. (3) Do the trends n(L) and o(L) differ between samples containing
only massive cores and only low-mass cores? If they do, the details may give
clues as to how these apparently different core types are supplied with tur-
bulent energy. (4) Do the trends n(L) and o(L) differ between samples of cores
with associated stars and cores without associated stars? It will be important to
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Fig. 9. 1.3-cm maps of six low-mass cores in the NH3 (J,K) = (1,1) line, showing relative
locations of 2-um sources and the far-infrared source in B335 (asterisks). The horizontal line in
each panel indicates 0.1 pc (Benson et al. 1984).

learn the size scale in a core where these trends break down or change, per-
haps as a consequence of stellar luminosity and winds.

III. CORES AND STAR FORMATION

There are now three lines of evidence that the youngest stars are found in
cores: (1) For massive stars, luminous infrared sources and/or compact H I1
regions have long been known to be associated with hot, dense gas, but the
last few years have seen a great increase in the number of such regions with
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maps of high-density tracers (Wynn-Williams 1982) (Table I). Some of these
maps have sufficiently high-density sensitivity and angular resolution to isolate
dense regions only about as massive as their associated stars (see, e.g., Ho et
al. 1983) (Fig. 8). Others show groupings of compact H II regions, infrared
sources, and multiple cores, suggestive of clusters of OB stars in the process of
formation.

(2) For low-mass stars, there have been significant increases in the
number of known low-mass cores, as described in Sec. I. Many have associated
low-luminosity (= 10 L) sources, found in the far infrared (Keene etal. 1983;
J. Davidson and B. Jaffe 1984) or the near infrared (Benson et al. 1984) (Fig.
9). The most comprehensive census of stars in low-mass cores will come from
the IRAS survey. Preliminary results indicate that about one-third of the cores
studied by Myers et al. (1983) have associated low-luminosity IRAS sources
(Beichman 1984).

(3) For both massive and low-mass stars, there is now an easily identified
and widely detectable signature of star-core interaction: the presence of spa-
tially displaced maps of CO line emission in the blue- and red-line wings.
This CO bipolar flow detected around many infrared sources (Bally and Lada
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Fig. 10. 1.3-cm map of NH; (J,K) = (1,1) emission from the low-mass core and outflow source
in Lynds 1551, showing location of infrared source IRS 5, radio continuum source, and CO
outflow lobes (Torrelles et al. 1983).
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1983; Lada 1985) signals that dense gas is still associated with the stellar
source, an association confirmed in some cases by CS and NH; maps (Tor-
relles et al. 1983) (Fig. 10). The flow-core interaction evident in the CO line
wings provides better evidence of star-core association than the mere projec-
tion of the star on the core map.

Therefore, there are now many tens of cases known where extremely
young stars are associated with cores of dense gas, with core mass = star
mass. It appears fair to describe these cores as star-forming, in that the stars
probably formed in the cores where we now see them. Acquisition of these
many cases is an extremely important development. It implies that at least
some star-forming cores last long enough, perhaps ~ 10° yr, after their stars
have formed to be identified and studied, and that we now have practical
techniques to find more such regions. Areas that can now be investigated are
the distribution and multiplicity of stars in cores, and the star formation effi-
ciency (stellar mass/stellar-plus-core-gas mass) of those cores with stars.

IV. CORE EVOLUTION

How do molecular cloud cores form; interact with their parent clouds and
with each other; produce stars; and die? In this section we sketch a highly
tentative picture, emphasizing where more information is needed.

Core Formation

It is important to underscore the point in Sec. I that core properties de-
pend critically on the probe used to measure them. The core sizes and masses
summarized in Table I refer to NH; line observations sensitive to density =
10 cm =3, In the '3CO J = 1-0 line, the same cores would appear larger, less
dense, and more massive. Thus, models of core formation and evolution need
to account not only for core properties at a convenient fiducial density at the
time of observation, but also for core properties at the density where the core
became distinguishable from background at the time of formation. The densi-
ty at which cores are distinguishable above background is difficult to estimate,
but probably lies near ~ 103 cm 2 for low-mass cores.

Several schemes have been suggested for forming cores, but it seems
premature to try to distinguish among them. Larson (1981) pictures cores as
structures that arise from turbulent motions and that survive because they hap-
pen to be self-gravitating. Shu (1983; see also chapter by Cassen et al.) pro-
poses that cores condense as interior cloud regions lose their magnetic support
due to ambipolar diffusion, on a time scale ~ 107 yr. Cameron (see his chap-
ter) suggests that cores can acquire the isotopic radioactivity properties of the
solar system if they form as a result of random traversals of molecular clouds
by asymptotic-giant-branch stars.
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Core Interaction

How often, and with what outcome, do cores interact with each other and
with their background clouds? For massive cores, the scarcity of high-resolu-
tion data makes realistic answers difficult. Nonetheless, the evidence for
clumpy structure within dense regions described in Sec. I, and CO observa-
tions of relatively massive clouds (see, e.g., Blitz and Thaddeus 1980), sug-
gest models of clumps moving with respect to each other at virial speeds, with
relatively little background. Scalo and Pumphrey (1982), Pumphrey and Scalo
(1983), and Gilden (1984) have simulated interactions among clumps of this
type. They find that collisions are frequent and can inhibit or promote col-
lapse, depending on the circumstances of the collision. For low-mass cores, a
mode] of the Barnard 18 region suggests that the mass of cores is small com-
pared to low-density (n = 103 cm ™ ?) background gas (Myers 1982). Further-
more, velocity differences between core gas and background gas in Taurus are
negligible (Baudry et al. 1981). Hence, there is little basis for significant
interaction of low-mass cores with each other, or with background gas.

Core Destruction

Evidently some cores form stars, as discussed in Sec. III, and evidently
many stars lose their parent cores by the time they reach the main sequence.
There is abundant evidence that outflows and winds from young stars have the
momentum and energy to disperse significant amounts of core mass, and the
prevalence of outflows suggests that they are a common, if not ubiquitous,
feature of early stellar evolution. However, the outflow mechanisms and time
scales are still unclear, as are the relations between outflows and winds. The
time for a steady T Tauri-like wind to drive a shell to typical low-mass core
radius is ~ 4 X 105 yr (Chevalier 1983). The dynamical lifetime of bipolar
flows is ~ 10 yr, based on CO spectra and maps (see, e.g., Bally and Lada
1983), but the flow duration, and the time for a flow to disperse a core, could
be longer. If the dispersal time were as short as 10% yr, cases where two or
three outflows are observed in a single cloud (Calvet et al. 1983: L 1551;
Goldsmith et al. 1984: L. 1455) would seem to require an implausibly high
degree of synchronization. If the dispersal time were ~ 10> yr, then the sim-
ilarity to the free-fall time suggests that in some cases the dispersing outflow
can have significant overlap in time with the late stages of the infall that
formed the star.

For massive cores, outflows are more energetic (~ 104 erg) than for
low-mass cores (~ 10% ergs) and are energetically capable of significant mas-
sive core dispersal (Lada 1985; Goldsmith et al. 1984). However, young mas-
sive stars are more luminous than young low-mass stars by factors = 103, and
this great luminosity increase allows several other mechanisms of core disper-
sal that are unlikely for Jow-mass stars. The roles of supernovae and expand-
ing H II regions are well summarized by Silk (1985). Luminous stars may also
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significantly alter nearby cores by photoionization. Vidal (1982) suggests that
“pebular condensations” near the Trapezium stars may be partly ionized by
©, C Orionis. Reipurth (1983) proposes that photoionization due to O stars
destroys some dense cores and may remove the lower-density gas around
others. In the latter case, the surviving core would have the isolated ap-
pearance and steep density gradients characteristic of Bok Globules.

V. PROSPECTS

The study of cloud cores, and their relationship to associated young
stars, appears likely to benefit greatly from the many high-resolution tele-
scopes coming into use at millimeter, submillimeter, and infrared wavelengths
in the near future. Some of the more interesting areas to be studied are dis-
cussed below.

Map Geometry

Much of our understanding of bipolar flows has come from interpretation
of the shape and geometry of maps, including (a) the displaced maps of CO
red and blue wings first found by Snell et al. (1980); (b) the orientation of
dense gas structures perpendicular to the CO flow direction (Schwartz et al.
1983; Torrelles et al. 1983); and (c) the progression of CS line velocity along
the dense gas direction in Orion (Hasegawa et al. 1984) and L 1551 (Kaifu et al.
1984), and others cited in Sec. I suggesting the presence of rotating disks. It
will be important in future studies to further refine the geometrical relation of
cores to their stars; for example, do young stars without outflow appear more
centered in their core maps than young stars with outflow?

Velocity Dispersions

The velocity dispersions of low-mass cores are among the narrowest
known in interstellar clouds, consistent with the suggestions of Larson (1981),
Leung et al. (1982), and Myers (1983) that cores form low-mass stars after
their nonthermal support has largely dissipated. For massive cores, velocity
dispersions are an order of magnitude greater than for low-mass cores (an
increase often attributed solely to the greater luminous and mechanical energy
provided by newly formed massive stars). However, it is possible that much of
the massive-core velocity dispersion precedes star formation and simply satis-
fies the requirements of virial support of the core. It may be possible to test
this question with detailed comparison of core velocity dispersions among
regions forming stars of low, intermediate, and high mass.

Core and Star Masses

Similar comparisons of core mass and star mass may also be useful. Ho
et al. (1981) and Larson (1982) have presented data showing that the mass of
the most massive star in a cloud-embedded cluster tends to correlate with the
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cloud mass. Further studies involving cores that are more specific to their
young stars may help to determine the relative importance of core properties
in influencing the properties of the stars they produce. Complete surveys of
cloud complexes for dense cores should reveal the distribution of core masses
in each complex and the variation in clumpiness from complex to complex.
Are the low-mass and massive cores described here distinctly different, or are
they part of a continuous spectrum of core masses?

Gravitational Collapse

The case that dense cores form stars, while very strong, is still circum-
stantial. Detailed observational evidence for gravitational motions of star-
forming gas has not yet been presented, for at least two reasons: (1) good
candidate regions may still be lacking. The young stellar objects found at
optical and near-infrared wavelengths may be too evolved, i.e., they may have
completed their accretion; (2) instrumental sensitivity and resolution may still
be inadequate. Detection of free-fall motion with speed greater than a few km
s~ ! onto a few-solar-mass star in Taurus requires arcsec resolution in a suffi-
ciently strong emission line. However, each of these deficiencies may soon be
reduced. The IRAS survey has significantly increased the number of young star
candidates in nearby molecular cloud complexes, to 103—10* sources (Rowan-
Robinson et al. 1984). New instruments of high spectral and spatial resolution
are now operating or being developed, including the VLA at centimeter wave-
lengths; the Berkeley and California Institute of Technology (Caltech) arrays,
and others being planned, at millimeter wavelengths; the United King-
dom/Netherlands, Caltech, and Arizona/Max-Planck-Institute for Radio-
astronomy groundbased submillimeter telescopes; and the NASA SIRTF
(Space Infrared Telescope Facility) and LDR (Large Deployable Reflector)
spaceborne submillimeter and infrared telescopes. These developments offer
some basis for optimism that cores may be detected in the process of forming
stars in the relatively near future.
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leagues for preprints and discussions, and the National Academy of Sciences-
National Research Council for a Research Associateship.



PHYSICAL CONDITIONS IN ISOLATED DARK GLOBULES

CHUN MING LEUNG
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Isolated dark globules, also known as Bok globules or Barnard objects, are
nearby dense interstellar clouds of gas and dust with no significant internal heat
source. They appear visibly as well-defined patches of obscuration against the
general background of stars and are isolated from bright nebulosities and H II
regions. The current status of observational and theoretical research on the
physical conditions in these objects is reviewed. In particular, the physics of the
gas and dust components is discussed. Observations of both line and continuum
radiation at optical, infrared and millimeter wavelengths are shown to provide
important constraints on their physical structure, dynamical state and evolu-
tionary status. While most globules appear to be gravitationally bound and in
virial equilibrium, recent infrared and radio observations suggest that low-mass
star formation may be taking place in some globules, a well-studied example
being B335. Finally, suggestions for future theoretical and observational studies
to determine their physical origin and their relationship to star formation are
outlined.

I. HISTORICAL BACKGROUND

“It is not difficult to estimate that there must be about 25,000 globules near
the central plane of our Galaxy. How did these originate? To be perfectly
frank, I do not know how the isolated globules were formed. All I can say is
that I am glad that the Good Lord put them there and that Edward Emerson
Barnard looked systematically for them and prepared his very useful list of

Barnard Objects.”

Bart Bok (1977)

[ 104 ]
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Since the eighteenth century, astronomers have noted the absence of
stars, or the presence of dark patches, in certain regions of the sky. It was not
until the turn of this century, however, that these dark regions were recognized
as absorbing clouds of dust situated between the background star field and the
observer, and were not merely voids in the general background of stars. A
strong argument against these dark regions being holes in the sky was that
many of them have well-defined edges. If these were merely holes their age
must be of the order of 108 yr in which time the random motions of stars in the
neighborhood would long since have eliminated the sharp boundaries, if not
the hole itself. The study of external galaxies, with their dark lanes of obscur-
ing dust, provided another strong argument for the existence of dark dust
clouds in our own Galaxy.

With the advent of photography in astronomy, it became evident that in
our Galaxy there are many dark regions of different sizes and some have
complex structural features. In 1919, based on his own photographic survey of
the Milky Way, Barnard published the first catalog of dark nebulae (Barnard
1919), and later extended the list to include a total of 349 objects (Barnard
1927). Since Barnard’s pioneering work, several extensive catalogs and/or
atlases of dark nebulae have appeared.

1. Lundmark and Melotte (Lundmark 1926) conducted a search for dark
nebulae using the Franklin-Adams photographic survey of the whole sky.
The Lundmark catalog, which gives the positions, sizes and descriptions
of 1550 objects, is the only search to date which covers the entire sky.

2. Using both the Ross-Calvert photographic Atlas of the Milky Way (F. E.
Ross and M. R. Calvert 1934) and Hayden’s Photographic Atlas of the
Southern Milky Way (1952), Khavtassi made a survey of dark nebulae and
published it as a catalog (Khavtassi 1955) and as an atlas (Khavtassi 1960).
His catalog lists 797 nebulae over the whole sky between latitudes —20° =
b =< +20° together with their coordinates, areas and estimates of
opacity.

3. Schoenberg (1964), using both the Ross-Calvert atlas (1934) and the Lick
photographs of the Milky Way (Barnard 1913), compiled a list of 1456
dark nebulae, together with their coordinates, areas, shapes and estimates
of opacity.

4. Lynds (1962) made a complete survey of dark nebulae in the northern
hemisphere using the National Geographic Society—Palomar Observatory
Sky Survey. In her catalog, the coordinates, surface area and visual esti-
mate of the opacity (on a scale of 1 to 6) are tabulated for each of the 1802
clouds, most of which are condensations within the general obscuration of
extensive dark cloud complexes.

5. Sim (1968), using the Palomar Observatory Sky Survey prints, made a
detailed catalog of dark condensations observed in and near 66 OB asso-
ciations and young star clusters. She found 63 certain and 63 probable
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objects; their positions, shapes, orientations and angular sizes were
tabulated.

6. Recently Feitzinger and Stuwe (1984), using photographic plates from the
European Southern Observatory and the United Kingdom Schmidt Tele-
scope, completed the first comprehensive catalog of dark nebulae and
globules found in the southern sky. This survey is similar to the work of
Lynds (1962) but for dark nebulae in the southern hemisphere. In the cata-
log, visual estimates of opacity (on a scale of 1 to 6) are tabulated for all
dark clouds greater than 0.0} square degree between galactic longitudes
240° and 360°. A total of 437 clouds are found in the southern sky, cover-
ing 264 square degrees.

In general, the ability to detect a dark cloud not only depends on the
limiting magnitude of the survey but also on the wavelength sensitivity of the
photographic plate. Furthermore, clouds of greatest opacity increase in
number with the resolving limit of the survey. Due to the presence of in-
terstellar extinction, most of the dark nebulae identified (in visible wave-
lengths) to date are nearby clouds which lie within 1 kpc or so of the solar
neighborhood. Most of these dark clouds lie along and are confined to within
20° of the galactic plane. Their angular sizes vary in extent from many degrees
to less than one minute of arc, and the obscuration can vary by many magni-
tudes from one cloud to another as well as within the same cloud. The number
of dark nebulae decreases rapidly with increasing apparent sizes, and small
clouds (= 1 square degree in surface area) constitute more than 70% of all
known nebulae.

H. CLASSIFICATION OF GLOBULES BY MORPHOLOGY

The nearby dark nebulae may be roughly divided into large dark cloud
complexes and globules. The large dust complexes are often several degrees
in size and many have embedded in them significant numbers of low-lumi-
nosity stars. The p Ophiuchi cloud, many dark nebulae in Taurus, and the
Southern Coalsack are the best-known examples of this class of dark clouds.
With typical masses ranging from 103 to 10* M,, dark cloud complexes may
play an important role in the formation of low-mass stars. On the other hand,
the term globules, first introduced by Bok and Reilly (1947), has been used to
describe a variety of dense interstellar clouds of gas and dust, specifically
those which appear visibly as well-defined patches of obscuration against a
general background of stars, nebulosities or H II regions. On the basis of their
optical morphology, four types of globules can be distinguished: (a) elephant-
trunk and speck globules, (b) cometary globules, (c) globular filaments, and
(d) isolated dark globules. Because these various types of globules may be
related and may represent different evolutionary stages of small dark nebulae,
below we describe in some detail their structure and possible formation
mechanisms.
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Fig. 1. Elephant-trunk and speck globules in the Rosette nebula (figure from Herbig 1974).

A. Elephant-trunk and Speck Globules

Elephant-trunk globules are long tongues of obscuring neutral gas and
dust, often observed in projection against the luminous background of H II
regions. The elephant trunks generally point toward the exciting star(s) in the
H II region and are often surrounded by bright rims. They frequently appear in
chains. Their sizes range between 0.01 and 0.5 pc. The larger ones have
masses of 5 to 10 M, with densities on the order of 103 to 10 cm™3. On the
other hand, speck globules, which have shapes varying from teardrops to
round and compact spheres, represent the smallest-unit clouds that we can
observe directly. They are often seen in groups surrounding the elephant
trunks. The physical association of speck globules and elephant trunks strong-
ly suggests that the former may simply be fragments of the latter (Herbig
1974). Examples of elephant-trunk and speck globules can be found in M8,
M16, IC1396 and NGC 2244 (the Rosette nebula). Note that not all H II
regions have these objects associated with them. The Orion complex seems to
be devoid of these features. Fig. 1 shows a picture of the Rosette nebula with
the associated elephant-trunk and speck globules.

Recently, Schneps et al. (1980) studied the CO emission from the ele-
phant-trunk globules in the Rosette nebula. They found that the globules ap-
pear to form a chain-like structure which is expanding away from the star
cluster at the same supersonic speeds as the ionized gas, suggesting that the
neutral globules along with the ionized gas are swept out by stellar winds from
the central cavity. Furthermore, there is a radial velocity gradient along the
lengths of the globules, increasing toward the star cluster. They interpreted
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this motion as the stretching action responsible for the elongated appearance
of the globules. The time scale for stretching appears to be comparable to the
dynamical (expansion) age of the nebula. The large globules also appear to be
splintering into small teardrop like fragments (speck globules). These authors
concluded that the globules are remnants of a swept-up stellar wind shell in an
expanding H II region. The dense shell swept up by these winds can lead to
elephant-trunk formation either through density inhomogeneities in the am-
bient medium or through a Rayleigh-Taylor instability. In the first process,
studied by Pikelner and Sorockenko (1974), the globules form when the shell
sweeps up a denser patch of gas in the medium outside the shell. The denser
section of the shell, having a greater inertia, expands at a slower rate and is
eventually left behind, producing an elongated structure which points toward
the center of the sphere. However, this picture does not explain why the
globules have roughly the same velocity gradient which implies a common
formation time for all the elephant trunks. The second process is considerably
more complex and works as follows. Stellar winds from an early-type star
sweep out a cavity in the molecular cloud, driving the supersonic expansion of
a thin dense shell. When a portion of the shell reaches the edge of the mo-
lecular cloud and continues to expand into a region of lower density, the
lower-density medium offers less resistance against the expansion, causing
this portion of the shell to accelerate outward. This acceleration, driven by the
pressure inside the shell, is Rayleigh-Taylor unstable, i.e., when the low-
density gas is unable to support the denser shell, the shell will burst. As the
gas inside bubbles out through the shell, long tongues of dense shell material
stretch inward, forming elephant-trunk globules. In this way an entire section
of shell material becomes unstable at once and all the globules form at roughly
the same time. The globules continue to grow as the remnants of the shell
expand past the cloud boundary. Eventually the unstable shell adjusts to the
lower-density environment and the shell once again decelerates as it continues
to sweep up the low-density gas, halting further instability. Consequently, a
new shell will form which expands at a rate different from that of the shell still
contained within the molecular cloud. Thus a Rayleigh-Taylor instability in a
stellar-wind shell could explain the presence of elephant-trunk globules. Once
formed, the globules, which are subjected to the intense ionizing radiation of
the cluster O stars, will form H II layers on their outer surfaces which are
visible as bright rims. While the recombination in this layer shield the rest of
the globule from total ionization, the globule may be slowly etched away by a
flow of ionized gas which evaporates into the surrounding low-density medi-
um. It appears that while fragmentation can occur in the large globules, evap-
oration is the dominant destruction mechanism for elephant-trunk globules
because the evaporation rate, (5 to 10) X 1073 Mg yr= 1, is 5 to 10 times
greater than the fragmentation rate. The stability against evaporation of
globules embedded in an H II region was studied in some detail by Tenorio-
Tagle (1977). Recently Sandford et al. (1982a, 1984) performed radation hy-
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drodynamics calculations to study the formation and stability of dusty
globules illuminated by an external radiation source. They demonstrated the
importance of radiation-driven implosion to star formation in globules. Their
results indicate that an optically thick globule can resist evaporation (through
shielding by dust) and survive long enough for self gravity to act, resulting in
the formation of either low-mass stars or long-lived, stable dark globules.

B. Cometary Globules

Cometary globules (CG’s), which were first noted by Hawarden and
Brand (1976), are comet like clouds with a head-tail appearance. A typical
CG has a compact, dusty, optically-opaque head which sometimes contains
embedded stars. Surrounded on one side of the head is a narrow bright rim
while extended from the other side is a long, faintly-luminous tail. On the
basis of optical measurements, the length of the tail varies from 0.2 pc to over
7 pc while the size of the head ranges from 0.1 pc up to I pc. The average
ratio of head width to tail length is 0.3 = 0.2. Typical mass of a CG varies
from < 1 Mg, to several M. The characteristic gas densities of CG’s are
similar to those of elephant-trunk globules. Some CG’s have several heads
with one combined tail. CG’s are generally isolated and not physically associ-
ated with any neighboring nebulosities. Fig. 2 shows an example of a come-
tary globule found in the Gum-Vela region.

Zealey et al. (1983) have tabulated the positions, orientations and an-
gular tail lengths of most of the known CG’s. Of the 38 known, 29 are associ-
ated with the Gum-Vela nebula which is a large region of ionized gas with an
angular radius of ~18° (at its estimated distance of 400 pc, this corresponds to
a physical radius of 125 pc). The tails of all the CG’s in the Gum-Vela region
appear to be directed from a common central region in the nebula where the
young Vela pulsar, the highly energetic O4lf star { Puppis, and the binary star
(WC8+09) ¥2 Velorum are located. In addition, there are at least 13 stars of
type B1.5 or earlier in the region. Several suggestions have been made about
the nature of the Gum-Vela nebula: a fossil sphere of ionized hydrogen gas, an
evolved H II region, an old supernova remnant or a stellar wind bubble. The
formation mechanism for CG’s in the Gum-Vela region is unknown. Two
different scenarios have been proposed to describe the formation of CG’s in
general and the cometary globule (CG1) in the Gum-Vela region in particular.
Brand (1981) and Brand et al. (1983), who considered the association of a
young variable star {(Bernes 135) with CGl, argued that CG’s are shocked
clouds, formed when a blast wave from a supernova remnant collided with an
initially spherical cloud. The implosion produced a forward-moving shock
and a reverse shock (a rarefraction wave) within the cloud. These together
resulted in gravitationally unstable material in a dense clump (the head) and
downstream-cjected cloud material (the tail) which is considerably denser
than the intercloud medium. A single star or group of stars may be formed in
the head. In the case of CGl, the illuminating star, which was formed in the
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Fig. 2. A cometary globule in the Gum-Vela nebula (figure from Reipurth 1983).

head after the implosion, has since drifted to the front edge. This picture
assumes that many spatially distinct clouds were originally present before the
supernova explosion and that each cloud would give rise to a cometary
globule. It also suggests that CG’s may be the most probable configuration for
interstellar clouds whose dynamics are dominated by supernova explosions.

The second scenario, described by Reipurth (1983), suggested that when
a massive O star like { Puppis is ignited in the neighborhood of small clumpy
molecular clouds, the ultraviolet radiation impinging on a neutral cloud cre-
ates an ionization front which is seen as a bright-rim structure around the
dense core. Subsequent evaporation by the radiation and disruption by the
associated shocks separate the less dense material from the cloud cores. Thus
the exposed and compressed cloud cores will for a time show bright rims and
faintly luminous tails (which are basically eroded material from the core) in
their shadow regions. After the disappearance of the short-lived O star, clouds
that have not evaporated or been disrupted (by internal star formation due to
external compression) will survive for some time as isolated dark globules
(discussed below). Low-mass star formation may also occur in and around
CG’s at various stages of this process. The recent calculations at Sandford et al.
(1982a, 1984) tend to support the plausibility of this scenario.

C. Globular Filaments

Globular filaments are dark nebulae which have elongated and filamen-
tary structure. They often show signs of internal fragmentation or condensa-
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Fig. 3. An example of a globular filament, the Snake (L66 or B72) (figure from Bok 1977).

tion into small, discrete, globule-like beads. The angular length varies from
0°5 to 9° and the angular width ranges from 2’ to 40’. Examples are those
found in the Taurus cloud complex. Fig. 3 shows an example of a globular
filament, the Snake (L66 or B72), which is located near the Ophiuchus cloud.
Using the Palomar Observatory Sky Survey, Schneider and Elmegreen (1979)
compiled a list of 23 globular filaments. For each filament, they gave the
position, angular size and description of the hierarchies of condensations.
One characteristic feature observed among all globular filaments is the
regularity of their segmentation; the average ratio of fragment separation § to
fragment diameter D is S/D ~ 3 = 1. The uniformity of this ratio within any
one filament and for different filaments strongly suggests that there is a char-
acteristic length for fragmentation from an initially uniform filament. Another
characteristic feature is the appearance of externally applied forces in a trans-
verse direction (to the length of the filament) giving these clouds a windswept
or asymmetric appearance. Further evidence is shown by a star-count differen-
tial across the filament or the presence of sharper edges along one side of the
filament. As proposed by Schneider and Elmegreen (1979), the overall struc-
ture and asymmetric appearance of globular filaments would be best explained
if an initially plane-parallel accumulation of interstellar gas first fragmented
into parallel filaments which align along the direction of the interstellar mag-
netic field. Some external forces then swept up matter perpendicular to the
filaments, giving rise to a windswept appearance. This was followed by a
gravitationally-induced condensation into individual globules along the fila-



112 C. M. LEUNG

Ly (S A M R RS -

Fig. 4. An example of an isolated dark globule, B68 (figure from Bok 1977).

ment, with the internal fragmentation proceeding by hierarchies, where frag-
ments contain subfragments. According to this picture, globular filaments
may be an evolutionary link between unfragmented filaments like B44 in
Ophiuchus and the commonly studied, isolated globules like B68.

D. Isolated Dark Globules

These are dense clouds which display strikingly simple structure (usually
round) with relatively sharp boundaries. They are also known as Bok globules
or Barnard objects. They are isolated from bright nebulosities and H II regions
and often appear visibly as well-defined patches of obscuration against the
general background of stars. Some examples of isolated globules are B68,
B227, B335 and B361. Fig. 4 is a picture of an isolated dark globule, B68.
While isolated dark globules were first studied by Barnard (1919), it was Bok
and Reilly (1947) who first called attention to their possible role in star forma-
tion. Subsequently, Bok and his coworkers have cataloged a number of these
globules and deduced some of their properties from optical observations (see,
e.g., Bok et al. 1971; Bok and Cordwell 1973; Bok and McCarthy 1974; Bok
1977, 1978).

It is important to point out that while isolated globules have physical
conditions and chemical composition similar in many ways to dark clouds,
they differ in that dark clouds generally do not appear as isolated clouds but
are usually associated with or physically attached to other dark clouds or dark
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cloud complexes, as noted by Snell (1981). The dark clouds and dark cloud
complexes are probably condensations in extended, low-density, atomic-hy-
drogen clouds. The first comprehensive review on dark clouds {(of which
globules form a subset) was given by Heiles (1971). Recent reviews on iso-
lated dark globules include those (at a popular level) by Dickman (1977),
Reipurth (1984), and (at a technical level) Hyland (1981). In this review we
concentrate on discussion of their physical conditions.

As a result of their simple environment and geometry, the range of phys-
ical processes which can occur in these objects is likely to be fairly limited,
and one expects only minor variations among globules. This means that even
a relatively limited study of dark globules may yield a substantial insight into
their general characteristics. Furthermore, their simple geometry and environ-
ment also make them excellent candidates for theoretical studies and detailed
modeling. This is in marked contrast to the complexity and diversity among
giant molecular clouds with internal heat sources. Table I gives a summary of
the typical physical parameters, both observed and derived, of isolated dark
globules. The values for the parameters were compiled from a variety of
sources in the literature, as discussed in detail throughout the rest of this
chapter. To facilitate later discussions on the physical conditions inside these
objects, we present in Fig. 5 a schematic overview of the physical processes
involved in an isolated dark globule without significant internal heat source.
Continuum radiation from the ambient interstellar radiation field (ISRF) is
absorbed mostly by dust grains (processes 2 and 4 in the figure) which then

TABLE I
Physical Parameters of Isolated Dark Globules

Observed quantities

Visible angular size  8(') 3-30
Dust extinction A, (mag) 1-25
CO line width AV(km s—1) 1-3
CO intensity TR(K) 6-15
Far-infrared flux F (y) 10-100
Distance D(pc) 150-600
Location b <15°
Molecular species CO, CS, H,CO, NH,
Examples B227, B335
Derived quantities
Radius R(pc) 0.1-2.0
Gas density ny (cm~3) 103-104
Gas temperature T.(K) 8-20
Dust temperature T,X) 10-20
Mass MM) 5-500
Jean’s mass M,(M.,) 2-20
Jean’s length L ,(pc) 0.2-1.0

Free-fall time te(yr) =106
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PHYSICAL PROCESSES IN ISOLATED DARK GLOBULES
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Fig. 5. Schematic diagram showing the major physical processes which can occur in isolated
dark globules.

emit infrared radiation (5). The temperature of the dust grains is established by
the thermal balance between heating (absorption of the ISRF) and cooling
(infrared emission). Because only a small part of the thermal energy stored in
the dust grains is transmitted to the gas as kinetic energy through collisions
(6), the dust temperature determination is nearly independent of gas-dust in-
teractions, except when the gas density exceeds 106 cm~3. The mole-
cular gas is heated mostly by cosmic ray protons (10) and is cooled (through
emission of line protons) when the net energy absorbed in collisional excita-
tions with trace species (8) exceeds the net energy delivered in collisional
deexcitations (7). The velocity structure and dynamical state of the cloud are
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governed by the interactions among gravitation (11), thermal gas pressure (9),
radiation pressure (3), and other sources such as turbulence and magnetic
fields. For globules with embedded protostars, their dynamics may also be
affected. In Secs. I and IV we discuss in more detail the physics of the dust
component and observations from which the physical conditions in isolated
dark globules are determined.

III. PHYSICS OF THE DUST COMPONENT

A. Basic Physical Concepts

Before discussing the observations pertaining to the dust component in
dark globules, it is useful to review the basic physical processes which are
involved in the transport of radiation through a medium of dust particles.
When radiation passes through a region of space containing dust grains, the
photons can be either absorbed, with conversion of radiation into heat, or
scattered, with a change in the photon’s direction of travel. The probabilities
of absorbing and scattering photons are given, respectively, by the absorption
and scattering cross sections, the sum of which is called the extinction cross
section. The ratio of the scattering cross section to the total extinction cross
section is called the albedo. These cross sections depend on the composition,
shape and size of the dust particles, as well as on the wavelength of the pho-
ton. In particular, they depend on the ratio of the particle size to the photon
wavelength. In general, these cross sections are a complicated function of
wavelength and must be calculated from the so-called Mie theory of scatter-
ing. One of the outstanding problems in astronomy is to determine the chem-
ical composition, shape and size of interstellar grains. The current view is that
they may be particles of graphite, silicate or ice, or a combination of these.
Typical grain sizes are on the order of 0.1 pm, which is determined from the
wavelength dependence of interstellar extinction. For these grain types and
size, both the extinction cross section and the albedo decrease as the wave-
length increases. In particular, the albedo approaches unity in the ultraviolet
and visible, while in the infrared, there is very little scattering and the albedo
essentially goes to zero.

An interstellar grain is heated by the absorption of starlight in the ultra-
violet and visible where the absorption cross section is large. On the other
hand, it is cooled when energy is radiated away, usually in the infrared. In a
steady state, the temperature of a single interstellar grain is determined by the
energy balance between the absorption of dilute radiation from stars and the
reemission of photons in the infrared. The temperature of most interstellar
grains varies from 15 to 30 K, depending on the grain material. In the pres-
ence of many grains, such as inside an isolated dark globule, the equilibrium
grain temperature is determined not only by the absorption and scattering
properties of the grain and the spectral distribution of the incident radiation
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field, but also by the density distribution of the dust grains within the cloud as
well as the total amount of dust present, which is essentially measured by the
total dust opacity of the cloud. For optically thin clouds and in the outer parts
of opaque clouds, the heating is mainly by the attenuated and scattered com-
ponents of starlight in the ultraviolet and visible. In the interior of moderately
opaque clouds, where very few of the heating photons in the ultraviolet and
visible can penetrate, the grains are heated mainly either by the near-infrared
component of starlight or by the thermal radiation emitted by grains in regions
near the heat source. Because the absorption cross section is much smaller in
the infrared than in the visible, the result of grain shielding is that as one
moves toward the cloud interior, i.e., as the dust column density increases,
the grain temperature will decrease. This means that the higher the opacity,
the lower the temperature is. In general, both the emergent intensity and spec-
trum in the infrared essentially depend on the distribution of grain temperature
inside the cloud.

The thermal energy stored in dust grains can also be transmitted to the
gas as kinetic energy through collisions. Depending on whether the dust
grains are hotter or colder than the gas kinetic temperature, they may be either
cooled or heated by the gas. However, this thermal coupling between the gas
and dust components is important only when the gas density exceeds 10°
cm 3. Hence, except in the cloud core where the gas density is high, the
temperature distribution of dust grains is mostly determined by the ambient
ISRF.

B. Interstellar Radiation Field

The ambient ISRF incident on a dark globule depends on the height of
the cloud above the galactic plane and on its proximity to hot stars. Recently
Mathis et al. (1983) modeled in detail the ISRF in the solar neighborhood and
its variation with galactocentric distance, taking into account the latest obser-
vational results and their interpretations. In general, the ISRF can be divided
into three distinct spectral components.

1. Ultraviolet, visible and near-infrared (0.0912 = A\ < 8 wm). Radiation in
this region peaks at ~ 1 pm and is dominated by stellar radiation from
early-type (O/B) stars, disk (A/F) stars and late-type (M giant) stars.

2. Middle and far-infrared (8 = A = 500 p.m). Radiation in this region peaks
at ~ 100 pm and is dominated by thermal radiation from interstellar dust.
About 80% of this radiation comes from dust embedded in extended low-
density H II regions and from dust in diffuse intercloud gas. The remaining
20% comes from dust associated with compact H II regions. The contribu-
tion from dust in quiescent molecular clouds (i.e., clouds with no signifi-
cant internal source of heating) is negligible.

3. Submillimeter and millimeter (A > 500 wm). Radiation in this region is
dominated by the 2.8 K cosmic microwave background which peaks at
~ 1000 pwm.
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In the solar neighborhood the total energy density of the first two components
corresponds to that of a blackbody at T = 3.2 K, of which 80% comes from
the first component.

The ultraviolet component (0.0912 < 0.25 pwm) of the ISRF is dominated
by emission from early-type stars and starlight scattered by interstellar dust
(diffuse galactic light). This ultraviolet radiation is important in the energetics
of dark globules. It affects the thermal structure of the gas (e.g., heating of the
gas through ionization and photoelectric emission from dust grains) and the
dust grains. It also affects the chemical composition of the gas and the lifetime
of atomic and molecular species through photoionization and photodissocia-
tion. By shielding the interior of the cloud from the ambient ultraviolet radia-
tion, dust grains create an environment in the cloud interior which favors low
temperatures and molecule formation. The problem of ultraviolet radiation
transport in dust in dark globules has been solved in different ways by a
number of authors (see, e.g., Sandell and Mattila 1975; Leung 1975a; Whit-
worth 1976; Bernes and Sandqvist 1977; Sandell 1978; Flannery et al. 1980).
The radiation density depends sensitively on the grain albedo and the asym-
metry parameter which describes the forward-scattering phase function. It is
found that with increasing optical depth, the molecular lifetimes become very
sensitive to the degree of anisotropic scattering. For forward scattering, pho-
todissociation is a significant destruction mechanism for molecules deep in
molecular clouds.

Before extensive observations of the interstellar ultraviolet radiation be-
came available, several authors have made quantitative estimates of this radia-
tion (see, e.g., Habing 1968; Witt and Johnson 1973; Jura 1974; Gondhalekar
and Wilson 1975; Henry 1977). These computations depend on the form of
the particular galactic model employed and on the choice of model param-
eters. The intensities predicted by these authors are typically within factors of
2 to 3 of each other. Recently observations of the galactic ultraviolet radiation
have been made by a number of authors (see, e.g., Kurt and Sunyaev 1968;
Hayakawa et al. 1969; Henry 1973; Henry et al. 1974, 1977; Lillie and Witt
1976; R. C. Anderson et al. 1977; Morgan et al. 1978; Paresce et al. 1979;
Pitz et al. 1979; Gondhalekar et al. 1980). These observations, which were
taken over different regions of the sky and cover different wavelength ranges,
indicate significant variation of the intensity with both galactic latitude and
longitude. These variations should be taken into account when comparing
observations taken over different regions of the sky. The uncertainties in the
observations are somewhat higher compared to those in the theoretical
calculations.

C. Observational and Theoretical Studies

There are essentially three observational methods for determining the
physical properties (e.g., grain properties, opacity, density distribution and
temperature) of the dust component in dark globules: (1) measurement of
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surface brightness profiles in the visible, (2) observations in the visible or
near-infrared of background field stars behind a globule, and (3) observation
in the far-infrared of thermal emission by dust in globules. Hildebrand (1983)
has given a tutorial review on the physical principles by which dust masses
and total masses of interstellar clouds and certain characteristics of interstellar
dust grains can be derived from observations of far-infrared and submillimeter
thermal emission. Below we briefly discuss the observational results and asso-
ciated theoretical studies of these three approaches.

Observational results indicate that the visible surface brightness of many
isolated dark globules is not uniform. They exhibit dark cores and rims which
appear to be luminous, although they are still opaque to any background star-
light. Pioneer work in this field was done by Struve and Elvey (1936). It was
recognized by Struve (1937) that this limb-brightening effect implies the pres-
ence of strongly forward-scattering dust particles within the globules. Lynds
(1967,1968), who reviewed this subject, called these “bright dark nebulae.”
The juminous rim is produced by anisotropic dust scattering of starlight and
diffuse galactic light. Monte Carlo simulations of this radiation scattering
problem have been considered by Mattila (1970) and by Witt and Stephens
(1974). They determined the surface brightness distribution of clouds having a
range of albedo, scattering asymmetry and optical depth. They found that the
surface brightness profiles of dark globules with large optical depth depend on
the density distribution of the cloud as well as on the scattering properties of
the grains. Dust grains with albedo between 0.2 and 0.7 and scattering asym-
metry parameter of 0.7 to 0.8 are implied. They also found that for clouds
with centrally condensed density distribution, the relative bright rim thickness
to cloud radius is a useful probe of maximum cloud opacity. Thus the analysis
of surface brightness profiles can be used to determine the mass distribution
and central densities of dark globules.

Various star-count techniques have been used by Bok and his coworkers
in the optical study of isolated globules (see Bok and Cordwell 1973, for a
review) to determine their dust opacity. Schmidt (1975) applied these tech-
niques to determine the dust opacity and density distribution in globule B361.
Tomita et al. (1979) examined by means of star-count techniques the dust
density distributions in 14 globules. They found that the projected radial den-
sity distributions can be approximated by power laws with exponents varying
from —3 to —5. Dickman (1978) also used star-counting techniques to deter-
mine the dust extinction in a number of globules. More recently, 1. P.
Williams and H. C. Bhatt (1982) considered the formation of centrally con-
densed dust distributions in isolated globules, taking into account the effects
of both gravitation and radiation pressure.

Because the extinction due to dust is much lower at wavelengths of ~ 1
pm than in the visible, near-infrared surveys provide an extremely useful
probe of globules. T. J. Jones et al. (1984a) conducted near-infrared photome-
try, spectroscopy and polarimetry of background field stars behind globule 2
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in the Southern Coalsack. In addition to determining the dust density distribu-
tion, they found that there are definitely aligned grains and that there is weak
evidence for structure in the polarization map indicative of a mildly com-
pressed magnetic field.

Keene (1981) has presented observations of far-infrared emission from
nine globules. The observed intensity and the remarkable uniformity of the
emission argue against the presence of internal heat source and confirm that
the dominant heat source for the grains is the ISRF. The far-infrared intensities
of those globules are roughly equal: the brightest and faintest differ by only a
factor of ~ 5. If the heat source is the ISRF, the observed dispersion can
easily be explained by differences in cloud geometries or by local variation on
the ISRF. The observed spectra, which peak at ~ 225 um, are consistent with
optically thin thermal emission from dust with temperatures 13 to 16 K
(slightly higher but comparable to the gas temperatures derived from mo-
lecular-line observations). The far-infrared spectra also imply that the emis-
sivity of the grains must fall at least as fast as A ~2 from 500 pm to | mm. In
general, the observed spectra are in reasonable agreement with the theoretical
predictions of Spencer and Leung (1978).

An interesting discrepency appears to exist between the observation and
theoretical prediction. Spencer and Leung (1978) predicted that for globules
of moderate extinction (A, = 10) and without an internal heat source, the
thermal structure is similar to that of a cold core surrounded by a warm enve-
lope so that significant infrared limb-brightening occurs at wavelengths of
grain emission (20 = A = 600 wm). The infrared limb-brightening is most
pronounced in uniform density models. On the other hand, the observations of
Keene (1981) indicated that the surface brightness in the far-infrared for the
two globules, B361 and B335, which were mapped is either fairly uniform (in
B361) or shows limb-darkening (in B335). The discrepency between the ob-
servation and the model could be explained (1) by the presence of an infrared
component in the ISRF which can penetrate the globule interior and heats the
entire cloud to produce a more uniform dust temperature distribution; (2) by
the presence of a centrally condensed density distribution; or (3) by the pres-
ence of an embedded infrared source. Indeed B361 is known to have a cen-
trally condensed dust distribution with a steep density gradient (Schmidt
1975) while B335 was later found to have an embedded far-infrared
source.

To summarize, on the basis of optical and infrared observations as well
as theoretical studies, the dust density distribution in isolated globules is cen-
trally condensed and the dust temperature (about 15 K) increases radially
outward from the cloud core. The dust particles exhibit strongly forward-
scattering properties and have a fairly high albedo in the visible (between 0.2
and 0.7). The far-infrared emissivity of the dust appears to fall roughly as
A~ 2. There is also some evidence for aligned grains in isolated globules,
which is indicative of a slightly compressed magnetic field.
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IV. PHYSICS OF THE GAS COMPONENT

A. Density Structure

The column density and space density of H, gas in isolated dark globules
are generally inferred indirectly from observations of molecular lines of the
trace species. Martin and Barrett (1978) discussed in some detail the standard
procedure for such determinations, with emphasis on applications to isolated
dark globules. In general transitions with widely different thermalization
properties will be formed in different density regions of a cloud (Leung 1978).
Hence by observing a variety of molecular lines, one can infer the density and
temperature in different parts of a cloud. In particular, observations of CO and
13CO are useful for the study of the cloud envelope where the gas density is
not high. On the other hand, transitions of CS, HCN and H,CO will serve as
useful density probes for the cloud core where the gas density is high. For
example, Snell et al. (1982) have determined the density structure in several
dark clouds and globules from CS observations. In an effort to study the
detailed gas density distribution in dark clouds and globules, Fulkerson and
Clark (1984) have constructed models for the observed surface brightness of
selected transitions of H,CO for several clouds. Comparison with observa-
tions indicates that the gas is centrally condensed with a density gradient
which closely approximates an inverse square law. A similar conclusion has
been drawn by Snell (1981) in his studies of several dark clouds. In general,
these studies indicate that most isolated dark globules have a core-envelope
density structure. The physical significance of an inverse square density law in
cloud cores has been investigated by Terebey et al. (1984a). It appears that the
relative gas density distribution in a globule can be determined simply from
the intensity contours of either optically thin transitions or optically thick tran-
sitions which are formed only in high-density regions. Hence molecular tran-
sitions from CS, H,CO, and C'80 can be used as tracers for the gas density
distribution in a globule as demonstrated by the modeling results shown in
Fig. 6. Frerking and Langer (1984) have determined the density distribution in
the cloud core -of B335 from observations of C180. i

While observations of molecular species are useful in probing the inner
regions of dark globules, observations of the 21-cm line of atomic hydrogen
can provide information on the physical conditions in the outer envelope.
Observations (see, e.g., Arnal and Gergely 1977; Bowers et al. 1980; Levin-
son and Brown 1980) of H I self-absorption lines indicate that the outer enve-
lope of a globule is likely to be made up of atomic hydrogen. While the gas
density is lower in the envelope, the gas temperature appears to be higher. The
velocity dispersion also seems to be larger.

B. Energetics and Temperature Structure

Observationally the gas kinetic temperature is usually determined from
CO line transitions. The standard derivation assumes that the / = 1 — 0
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Fig. 6. The spatial variation across the cloud surface of the normalized emergent intensities of
the observed transition of CO, '3CO, CS and H,CO. Also plotted are the variation of the
linewidth of CO (dashed line) and the gas density distribution (dotted line). The intensity
profiles of either optically thin transitions (13CO) or optically thick transitions with long ther-
malization lengths (CS, H,CO) follow closely the gas density distribution. The insert shows
the relationship between predicted linewidths and spatial extents, as determined by the half-
maximum intensity contours. All quantities are normalized to those of CO. The results are from
a cloud model in which the gas temperature, relative abundance of molecules and the turbulent
velocity are all uniform.

transition of CO is optically thick and thermalized so that the observed inten-
sity, which then measures the excitation temperature of the transition, is equal
to the gas kinetic temperature of the cloud. An upper limit to the gas tem-
perature can also be estimated by measuring the rotational temperature of the
hyperfine transitions of NH; (see Martin and Barrett [1978] for a discussion).
Results indicate that isolated dark globules have a rather narrow range in gas
temperature, i.e., from 8 to 15 K.

Theoretically the temperature distribution in the gas component is deter-
mined by the thermal balance between various heating and cooling processes.
The gas cools by the emission of line photons. In general, the gas cooling rate
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is determined by the difference between the kinetic energy loss through colli-
sional excitations and the kinetic energy gain through collisional deexcita-
tions. For isothermal and homogeneous clouds, the cooling rate decreases
toward the cloud interior where radiation trapping is most significant. Because
cooling results from a binary process (collisions), we expect the cooling rate
to depend quadratically on the gas density under typical conditions in mo-
lecular clouds. In extreme cases of very high densities and optical depth, the
cooling rate is roughly independent of density, because most of the cooling
lines are saturated and thermalized. The cooling rate increases with tem-
perature because more cooling species are excited collisionally to higher lev-
els. Because photons from higher transitions not only carry more energy but
also are created more frequently, the net cooling rate is increased. In general,
the line transitions contributing most to the total cooling rate are those in
which the energy for excitation is comparable to the thermal energy of the gas.

Various heating mechanisms have been proposed (cf. Goldsmith and
Langer 1978) for supplyirg energy to the gas in molecular clouds. Below we
list the more important ones:

Cosmic ray ionization;

Gravitational contraction;

Dissipation of turbulence;

Photoionization of trace elements;

Photoelectrons from dust grains;

H, formation on grain surfaces;

Photodissociation of H,;

Energy exchange between gas and grains through collisions;
Magnetic ion-neutral slip.

WP NRAN R LN~

In the interior of dark globules where ultraviolet radiation cannot penetrate,
the dominant heating mechanism is likely to be cosmic ray ionization. Grav-
itational contraction and dissipation of turbulence may also be important while
the other mechanisms are operative in the outer regions of a cloud. Goldsmith
and Langer (1978) analysed in detail the cooling produced by line emission
from a variety of molecular and atomic species, including those observed as
well as those theoretically expected in dense molecular clouds. They have also
evaluated the contribution of various heating mechanisms. Under the physical
conditions in dark globules, cosmic ray heating alone may be sufficient to
balance the gas cooling by CO line emission. CO is the dominant coolant
simply because it is the most abundant molecule next to molecular hydrogen.
They found that the gas temperature throughout most of the volume of a dark
globule would lie in the range 8 to 12 K if cosmic rays are the only source of
heating. This result, which is relatively independent of density, is in remark-
able agreement with the nearly constant temperature measured in dark
globules. For example, Dickman (1975) conducted a CO survey of 68 dark
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Fig. 7. Effect of density gradient on the gas temperature distribution in a globule. The upper
panel shows the gas and dust temperature distributions (T, T,). Also plotted is the variation
across the cloud surface of the emergent antenna temperature (7,4) for the J = 1 — O transition
of CO. T, falls off toward the cloud edge despite the increase of T, toward the surface, i.e.,
surface heating. The lower panel compares the different cooling and heating rates for the gas
and grain components. Surface heating occurs even though the heating rates increase toward
the center (figure from Leung 1978).

clouds from the Lynds (1962) catalog. He found that the peak CO emissions
are remarkably uniform. Because the CO transition is optically thick and ther-
malized, the constancy of the peak CO emission indicates a rough equality of
gas kinetic temperature in the sources as well.

The temperature distribution in a globule depends sensitively on the pres-
ence of density gradients and the density dependence of the heating and cool-
ing rates. Leung (1978) modeled the thermal structure of dark globules by
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considering the following processes: heating by cosmic rays, cooling by CO
and thermal coupling between gas and grains through collisions. He found
that even though the heating rate per unit volume is higher at the cloud center,
the equilibrium gas temperature decreases toward the interior because of a
density-gradient effect (see Fig. 7). Other effects, such as heating by various
photolytic processes at the cloud surface, may also contribute to a higher gas
temperature toward the cloud boundary. Analysis of CO observations of the
globule B5 by Young et al. (1982) indicates that the gas temperature appears
to increase toward the cloud edges. Observations (see, e.g., Bowers et al.
1980; Levinson and Brown 1980) of H I self-absorption lines also indicate that
the outer envelope of a globule is likely to be made up of atomic hydrogen at a
higher temperature.

C. Internal Velocity Structure

One of the most important questions about dark globules is their velocity
structure which governs their evolutionary process. In particular, because on
the basis of simple analysis most isolated globules should be gravitationally
unstable. (cf. Table I; Field 1978), it is crucial to determine the nature of the
velocity field (e.g., turbulence, expansion, contraction and rotation) in dark
globules. It is well known that while the temperature and density of these
objects may be inferred from molecular line intensities, the velocity structure
manifests itself in the details of the line profiles. Indeed CO line profiles can
provide quite specific and decipherable information on the structure and dy-
namics of the emitting region. A detailed discussion of how one can extract
information on the velocity structure from various properties of the line profile
is given by Leung (1978). In Table II we summarize the various types of
observations of the gas component in dark globules and their interpretations,
with particular emphasis on the velocity field.

In an attempt to study the internal velocity structure and dynamical state
of dark globules, Leung et al. (1982) have obtained high-resolution CO obser-
vations of over a dozen isolated dark globules. Their results indicate that a
power law correlation exists between the internal velocity dispersion and
cloud size (approximately of the form Av o« R?). The power law relation is
consistent with the presence of supersonic turbulence which is similar to that
found earlier by R. B. Larson (1981) in other diffuse clouds and molecular
cloud complexes. This strongly suggests that there may be an evolutionary
link between globules and other molecular clouds and that the observed mo-
tions are all part of a common hierarchy of interstellar turbulent motions.? R.
B. Larson (1981) attributed this power law correlation to a turbulent energy

2In hydrodynamics, turbulence is a well-defined phenomenon and is a state of motion with high
Reynolds numbers, in which the inertial terms in the equations of motion dominate the viscous
dissipation. On the other hand, while the term turbulence in radiative transfer and here could be
identical with hydrodynamic turbulence, it could also be a field of shock waves, or even a velocity
field of more regular structure. Here the term refers to motions having neither a thermal nor
systematic character, but which must be present to account for the observed line width.
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TABLE II
Studies of the Gas Component

Observational Results

Implications/Interpretations

Density Structure

21-cm self-absorption lines
Varying spatial extent of emission of dif-
ferent molecular species

Presence of atomic hydrogen envelope

Centrally condensed density distribution

Temperature Structure

Uniform CO intensitics among many dif-
ferent sources

Insignificant or no internal heat source
within globule; similar physical envi-
ronment

Velocity Structure

Average gas density correlates with cloud
size

Velocity dispersion correlates with cloud
size

Linewidth increases with spatial extent of
emission for different molecular spe-
cies

General lack of self-absorption profiles in
CO

Self-absorption profiles and smaller line-
widths for lines formed in dense re-
gions

Asymmetric line profiles in optically
thick lines; symmetric profiles in op-
tically thin lines

Systematic shifts in radial velocity across
cloud surface

Distinct spatial distribution of red-shifted
and blue-shifted line wing intensities

Role of gravitational contraction

Velocity field dominated by random mass
motions or “turbulence”

“Turbulent” velocity decreases toward
cloud interior; presence of density gra-
dient

Finite “turbulence” scales in outer cloud
regions

Subsonic “turbulent” velocity in quies-
cent cloud core

Presence of systematic motions due to ro-
tation or contraction

Presence of cloud rotation

Bipolar flow structure of cmbedded ener-
gy source

cascade phenomenon in which large-scale motions decay as a result of various
instabilities into motions of smaller and smaller scales which thus derive their
energy from the cascade. This leads to a systematic increase of velocity dis-
persion with length scale or cloud size. On the other hand, the observed power
law correlation could arise from the tendency of clouds to evolve toward virial
equilibrium (Av = #*R) and from the tendency of clouds to obey n o« R—!
where n is the gas density. The difficulty with the latter explanation is that one
must explain the origin of the density-size relation from cloud to cloud and
within clouds (see chapter by Myers; Myers 1983). Recently, Canto et al.
(1984) have attributed the power law correlation to the tendency of clouds to
evolve toward virial equilibrium in which the dissipation of random mass
motions is balanced by radiative cooling. This scenario suggests that the dis-
sipation of chaotic bulk motions is the dominant heating mechanism for dark
globules. Finally, Henriksen and Turner (1984) attributed the power law cor-
relation to the existence of supersonic turbulence that is gravitationally driven
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Fig. 8. The observed '3CO line width (Av) plotted as a function of the derived quantity
(mass/radius)? for a sample of globules. Also plotted are the predicted values based on models
of virial equilibrium. The width of the shaded band takes into account the effects of line
saturation and density gradients on Av. Objects lying below the equilibrium band should be
gravitationally bound and may have undergone significant gravitational contraction (figure
adopted from Leung et al. 1982).

and limited by angular momentum constraints. While each of the proposed
scenarios has its own problems upon close scrutiny, it is possible that the
observed power law correlation is a combined manifestation of several phe-
nomena. More detailed discussion on this is given by Myers (1983; also his
chapter). The question on the maintenance and dissipation of supersonic tur-
bulence in molecular clouds has been addressed by Scalo and Pumphrey
(1982).

Leung et al. (1982) also have found that most of the dark globules stud-
ied appeared to be in virial equilibrium and a few may have even undergone
significant gravitational contraction® (see Fig. 8). The average gas density

aThe term gravitational contraction implies a slow shrinking process in the presence of other
resisting forces such as magnetic field, thermal gas pressure, rotation and turbulence. On the other
hand, the term gravitational collapse usually implies a rapid infalling process under mostly pres-
sure-free conditions, e.g., free-fall collapse.
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seems to decrease with increasing cloud size, suggesting that gravitational
contraction may account for the difference in gas density. The effects of grav-
itational contraction, which tends to increase the central gas density, coupled
with the more rapid dissipation of turbulent motions in high-density regions
may account for the observed difference in velocity dispersion in different
parts of a cloud. In particular, Martin and Barrett (1978) found that the ve-
locity dispersion determined from transitions (such as those of CS and HCN)
which are formed in the inner high-density regions are smaller than those

INTERNAL STRUCTURE OF ISOLATED DARK GLOBULES
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Fig. 9. Schematic diagram showing the internal structure (as derived from observations) of an
isolated dark globule. Typically, a warm and diffuse envelope of atomic hydrogen gas sur-
rounds a cloud of cooler molecular hydrogen gas in which is embedded a cold, dense, quies-
cent core. The lower panel shows qualitatively the general behavior of the distributions in
density and temperature of the gas and dust components and the velocity structure. The struc-
ture of the cloud core is not well determined.
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derived from transitions of CO which are formed in the outer regions. They
interpreted this as evidence for gravitational collapse with a radial velocity
law which increases with radius. However, such an interpretation is inconsis-
tent with the observed power law correlation between velocity dispersion and
cloud size. Hence an interpretation consistent with various observations
would be that the magnitude of the velocity field due to random mass motions
increases with the radial distance from the cloud center.

While rotation is detected in a few globules, e.g., B361 (Milman 1977)
and B5 (Young et al. 1982), it does not seem to play a significant role in the
dynamics of isolated globules. Recently, from a sample of 16 dark clouds (a
few of which are globules) which show evidence of rotation, Goldsmith and
Arquilla (see their chapter) found that the shifts in velocity produced by rota-
tion follow a power law similar to that found for the variation of linewidth
with cloud size. In addition, their results indicate a low degree of alignment of
cloud angular momentum vectors relative to the angular momentum vector of
the Galaxy. They concluded that rotation in dark clouds may result from fiuc-
tuations in the random velocity field that is present (as first proposed by Fleck
and Clark [1981]) and that rotation alone cannot support these clouds in virial
equilibrium.

To summarize, while there is observational evidence for the presence of
rotation and random mass motions in isolated globules, there is as yet no
direct and conclusive evidence for gravitational contraction or collapse. Fur-
thermore, most isolated globules appear to be in virial equilibrium. Based on
existing observations and their interpretations which are summarized in Table
II, Fig. 9 is a schematic diagram showing the internal structure of a typical
isolated globule and its density, temperature and velocity structure. Note that
because thermal velocity depends on the mass of a molecule, a cloud region
may have subsonic turbulence for some species but supersonic turbulence for
other species. Due to the finite spatial resolution of existing radio telescopes,
detailed structure of the cloud core is not well resolved. Because arc-second
resolution is required for such studies, the density and temperature distribu-
tions as well as the velocity field in the core region of dark globules are largely
undetermined. An overview of the physics of molecular cloud cores is given
in the chapter by Myers.

V. THEORETICAL MODELS

There are two different approaches in the theoretical modeling of mo-
lecular clouds in general and dark globules in particular. In the first approach,
which may be called a case-study approach, the model parameters are ad-
justed to maximize the agreement between model results and observations of
one particular source. In the second approach, which may be called an ensem-
ble approach, agreement with the model results is sought only for the average
properties of a large number of sources of similar nature. The second ap-
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proach is normally used when a general and preliminary understanding of the
physical processes involved in the model is sought.

In constructing realistic models for the structure and evolution of dark
globules, a large number of physical processes must be considered. These
include: (a) various chemical processes for the formation and destruction of
atomic and molecular species to model the chemical composition and its evo-
lution; (b) various heating and cooling mechanisms for the gas and dust com-
ponents to determine the gas and dust temperature distributions; (c) radiation
transport in the line and continuum radiation to determine the emergent ener-
gy spectra and line profiles for comparison with observations; (d) various
dynamical processes such as gravitational collapse, rotation, turbulence, and
magnetic field to determine the gas density distribution. Because the simul-
taneous inclusion of all conceivable processes in a self-consistent treatment
would be an almost impossible computational task, most authors have taken a
piece-meal approach in the theoretical modeling of dark globules, i.e., model
one or two processes at a time while ignoring all others or assuming other
processes are known or can be decoupled. Below we review the more impor-
tant work on theoretical modeling of the physical conditions in dark globules,
starting with models in which steady state condition is assumed. We mostly
include empirical models that are particularly relevant to the discussion in
Secs. Il and IV. Theoretical models which emphasize only the chemical evo-
lution will not be discussed here; they are reviewed in the chapter by Herbst.

Leung (1975a,b) solved in detail the problem of radiation transport in
line and continuum radiation for the gas and dust components in dark
globules. The gas and dust temperature distributions are also calculated for
clouds of given opacity and density distribution. Spherically symmetric ge-
ometry is assumed. Spencer and Leung (1978) also calculated the infrared
spectrum from dark globules. Kenyon and Starrfield (1979) contructed poly-
tropic models for dark globules and used the calculated density distribution to
obtain theoretical curves of visual extinction versus cloud radius. When com-
paring these curves with observations of B361 and Coalsack globule 2, they
found that B361 resembles n = 1.75 polytrope while globule 2 resembles an n
= 2.5 polytrope. Clavel et al. (1978) modeled the chemical and thermal struc-
ture of dark clouds that are externally heated. Plane-parallel geometry and
uniform density are assumed. Various heating and cooling processes for the
gas component are included and the radiative transfer equation for the cooling
line photons is solved using an escape probability approximation. The tem-
perature of the dust component is not solved. De Jong et al. (1980) performed
a similar calculation but used a more extensive chemical network. The gas
density is calculated assuming the cloud is in hydrostatic equilibrium sup-
ported by a constant turbulent pressure. This work has recently been updated
and extended to spherical cloud geometry (Boland and de Jong 1984). In
addition to considering the chemical and thermal structure of dark clouds,
Arshutkin and Kolesnik (1981) also studied the effect of turbulent motion on



130 C. M. LEUNG

the heating and equilibrium state and spherically symmetric clouds. They
found that a turbulent velocity which decreases toward the cloud center is
necessary for maintaining the equilibrium state of molecular clouds with a
core-envelope structure, a conclusion in apparent agreement with observa-
tions.

To interpret the radio and optical observation of an isolated globule
which appears to have subsonic turbulence, Dickman and Clemens (1983)
constructed a polytropic model which is pressure-bounded, centrally-con-
densed, hydrostatic and has a gas temperature increasing outward. The model
results yield good agreement with the observed cloud radius, central visual
extinction and inferred cloud mass. The hydrostatic model was then used to
construct CO line profiles which agree reasonably well with observations.
Finally, Krugel et al. (1983) have constructed a comprehensive mode! for the
physical structure (i.e., density, temperature, velocity field and molecular
abundances) of B335 using the available line and continuum observations as
constraints.

While the above theoretical studies have considered in some detail the
chemical and thermal structure of globules as well as the problem of radiation
transport, all hydrodynamical processes are ignored. On the other hand, al-
though extensive theoretical studies have been made on the dynamical evolu-
tion of interstellar clouds in general, these calculations emphasize only the
role played by gravitation, rotation and magnetic field on the stability against
cloud collapse and fragmentation. They completely ignore the effects of
chemistry, thermal structure and radiation transport and they deemphasize ob-
servational comparisons. A recent review and tutorial on these models is
given by Tohline (1982). Here we discuss only models which also emphasize
observational comparisons. Villere and Black (1980,1982) simulated the dy-
namic evolution of dark globules using a two-dimensional hydrodynamic code
in which the details of chemical and thermal processes are ignored. Thus they
considered the isothermal evolution of rotating and collapsing clouds which
initially have uniform temperature, density, angular velocity and spherical
geometry. By comparing the properties of the cloud models with available
observations of several globules, they concluded that most of the globules are
undergoing gravitational collapse and that their ages are smaller than their
free-fall times. However, as pointed out by these authors, because turbulence
and magnetic fields were not taken into account and comparisons were made
using derived rather than directly observable quantities, these conclusions
shouid be viewed with caution and be reexamined with improvements in both
observations and theoretical models. Gerola and Glassgold (1978) have con-
structed an integrated and self-consistent one-dimensional hydrodynamic
model of an externally heated cloud of mass 2 X 10* M. While the mass of
the cloud model is too large for dark globules, the physical processes should
be similar. A variety of heating and cooling mechanisms were included along
with important chemical reaction schemes. Their results indicate that the
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chemical evolution of the cloud is governed by the ratios of the chemical
time scales to the dynamical time scale. Most recently Tarafdar et al. (1984)
constructed detailed models to study the dynamical and chemical evolution of
initially diffuse, externally heated, interstellar clouds of both low and high
masses. Instead of determining the gas temperatures self-consistently by in-
cluding various heating and cooling mechanisms, they assumed a temperature
distribution which depends on extinction and density and which is semi-em-
pirically determined. Compared to the work of Gerola and Glassgold (1978),
the chemica! network employed is more extensive. In comparing their model
results with observations for both diffuse and dark clouds, they found general
agreement in the dependence of abundance on both gas density (for dark
clouds) and visual extinction (for diffuse clouds) for various molecules and
ions. They concluded that diffuse and dark clouds may represent different
stages in the chemical evolution of interstellar clouds.

VI. STAR FORMATION IN ISOLATED DARK GLOBULES

Bok and Reilly (1947) first called attention to the isolated globules as
precursors of star formation and hypothesized that they are in a state of grav-
itational collapse, ultimately leading to the formation of stars. Despite the
lack of direct observational evidence to support such an assumption, this view
has persisted in the literature but remained somewhat controversial. For exam-
ple, van den Bergh (1972) concluded that “there is at present no firm evidence
that any stars are formed from globules.” The weight of recent infrared and
radio observations suggests that stars form in associations from fragmentation
of much more massive molecular clouds. Using radio and microwave obser-
vations, detailed studies of the physical, chemical and dynamical properties of
dark clouds have been made by Nachman (1979) and Snell (1981). Frerking
and Langer (1982) made a survey of 180 dark clouds to search for broad CO-
line wings; they detected wings with characteristic dispersions of 3 to 10 km-
s~ !in several sources. They suggested that these features probably arise from
stellar winds associated with embedded low-mass stars and that the statistics
are consistent with the formation rate of low-mass stars in the solar neigh-
borhood. Recent infrared observations of the Infrared Astronomical Satellite
(IRAS) also confirmed that many dark clouds have internal heat sources
{Beichman 1984). An example of a dark cloud which has been extensively
studied in both the radio and infrared is BS (Young et al. 1982; Beichman et
al. 1984) that contains several internal heat sources. The characters of these
sources range from a fully-formed star embedded within the cloud core, to a
dense clump of warm material at the position of a local density maximum, to
stars separate from the cloud but enshrouded in luminous dust shells. BS is
located near one end of a large molecular complex which includes both NGC
1333 and the young open cluster IC 348. Recently in an effort to detect young
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stars associated with dark globules, Ogura and Hasegawa (1983) made a sur-
vey for Ha-emission stars of the T Tau type in the vicinity of 15 globules; they
found a total of 60 emission-line stars, indicating that the surface density of
emission-line stars in the vicinity of globules is higher than that in the ordi-
nary field by a factor of 2. Because star formation is known to occur in dark
clouds and dark clouds do not usually appear as isolated clouds but are gener-
ally associated with or physically attached to other dark cloud complexes, it is
not clear whether star formation can take place in isolated dark globules.
However, recent observations of the isolated globule B335 may partially sup-
port the original conjecture of Bok and Reilly in that star formation is possible
even in an isolated globule. Below we summarize the observational results of
B335.

B335, an outstanding example of an isolated dark globule, is the best
studied representative of its class. It has a highly opaque core with a more
transparent envelope. The visually opaque region is roughly elliptical in
shape, with an angular size of approximately 3' E-W X 4’ N-S. The central
40" region has a visual extinction of at least 30 mag. The absence of
foreground stars places an upper limit on its distance of 400 pc (Bok and
McCarthy 1974) while star count results indicate its distance to be 250 pc
(Tomita et al. 1979).

Radio observations of molecular-line emission from B335 have been
made and there now exist line maps, cross scans or center position measure-
ments from different molecules and transitions, e.g., CO (Martin and Barrett
1978; Wilson et al. 1981; Frerking and Langer 1982; Goldsmith et al. 1984),
CS (Martin and Barrett 1978; Snell et al. 1982), NH, (Martin and Barrett 1978;
Ungerechts et al. 1982; Menten et al. 1984), H,CO (Rickard et al. 1977; Martin
and Barrett 1978), OH (Martin and Barrett 1978) and HCO *. CO observations
indicate a total cloud mass (core and envelope) of 100 My, and average
hydrogen density (n(H,)) ~ 1.3 X 103 cm—3 (Leung et al. 1982), and a gas
temperature of T, ~ 10 K (Martin and Barrett 1978). From CS lines, the central
hydrogen density is estimated to be = 10* cm 3 (Snell et al. 1982). From
estimates of its mass, radius and velocity dispersion, it is concluded (Leung et
al. 1982) that B335 must have undergone significant gravitational contraction
(see Fig. 6), unlike most other isolated globules which seem to be in viral
equilibrium. Furthermore, there is strong observational evidence that high-
velocity gas motions exist in B335 as indicated by the presence of broad and
asymmetric CO line wings, Av(wing) = 4 km s ~ !, which suggests the possible
presence of stellar winds associated with a newly formed star (Frerking and
Langer 1982; Leung et al. 1982). In addition, as shown in Fig. 10 the spatial
distributions of the blue- and red-shifted gas indicate a bipolar flow structure
(Frerking and Langer 1982; Goldsmith et al. 1984), similar to many bipolar-
flow sources associated with protostars and young stellar objects (Bally and
Lada 1983). The presence of rotation in the cloud core is also suggested by both
CO and NH; observations (Frerking and Langer 1982; Menten et al. 1984).
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Fig. 10. A map of B335 showing the spatial distribution of the integrated intensity of the / = 1 —
0 transition of CO over the velocity intervals 3 to 7.5km s~ ! (blue) and 9.5 to 14 km s~ ! (red).
The contours (units: K-km-s 1) extend from 1.25 to 3.25 with a contour spacing of 0.5. The
solid square denotes the position of the far-infrared source detected by Keene et al. (1983)
(figure from Goldsmith et al. 1984).

In addition to radio-line observations, far-infrared emission by dust
(heated by the ambient ISRF) has also been detected in B335 (Keene et al.
1980). Keene et al. (1983), using broad-band photometry in the far-infrared
(60 to 1000 wm), detected a compact source at the center of B335 (see Fig.
11). Both the 200 and 400 pwm observations are consistent with a diameter for
the compact source of = 30”. The bolometric luminosity of the globule within
a 90" beam is 3.0 L, (D/250 pc)? of which = 70% probably comes from an
embedded source and the rest from the ISRF. The density distribution of the
globule is sharply peaked toward the center. The mass of the central core
derived from the 400 wm flux density is 2.5 M(D/250 pc)?. For a uniform
spherical concentration = 30" diameter, this implies a H, density of = 1.6 X
10 cm ~3(D/250 pc) — !. While there appears to be no radio continuum coun-
terpart for the embedded source, Krugel et al. (1983) have detected a near-
infrared (at 2.2 pm) source at the same position using near-infrared (1.25 to
3.5 pm) photometry in the Johnson J, H, K, L bands. The positions of the
bipolar-flow source, the far-infrared source and the near-infrared point source
coincide to within the different beam sizes. However, the observations of the
2.2 pm source remain to be confirmed. Finally, Krugel et al. (1983) have
constructed a model for the physical structure of B335 using the available line
and continuum observations.

The above observations, when taken together, appear to support the no-
tion that star formation is taking place in B335.
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Fig. 11. Far-infrared spectrum of B335. The solid line, which represents a spectrum of the form
v2B(v, 15K), is a satisfactory fit to the observed large beam fluxes (80" to 102") (figure adopted
from Keene et al. 1983).

1. The relationship among the mass, radius and velocity dispersion indicates
that B335 is not in virial equilibrium but has undergone significant gravita-
tional contraction;

2. The presence of broad, asymmetric CO-line wings at the globule center
indicates a bipolar-flow structure which resembles those associated with
what are believed to be pre-main sequence objects undergoing mass loss;

3. The presence of a compact, far-infrared source of low luminosity with a
near-infrared counterpart at the position of bipolar-flow source implies that
this embedded source may power the bipolar flow.

Thus B335 may represent an outstanding example of an isolated dark globule
in which a low-mass, low-luminosity protostar is being formed in a relatively
simple environment. It is clear that high angular resolution observations of
both line and continuum emission at different wavelengths will be crucial in
further studies of low-mass star formation in isolated dark globules.
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VI. SOME UNSOLVED PROBLEMS

In this survey we have attempted to review some recent progress, both
observational and theoretical, in the study of isolated dark globules. While a
good many general characteristics of the gas and dust components of dark
globules have been determined observationally and are fairly well understood
theoretically, there still remain many unanswered questions, some of which
can only be tackled by a combination of observational work and theoretical
modeling. Below we outline some of these problems.

What are the relationships, if any, among the different kinds of globules,
i.e., isolated dark globules, globular filaments, cometary globules and ele-
phant-trunk globules? While it is likely that cometary and elephant-trunk
globules may represent globules formed by similar physical processes but are
at different evolutionary stages, it is not clear whether isolated dark globules
are simply remnants of cometary globules (Reipurth and Bouchet 1984), or
represent condensed fragments from nearby filamentary cloud complexes, the
formation of which may depend strongly on the properties of interstellar tur-
bulence (Schneider and Elmegreen 1979; Leung et al. 1982). If the latter
scenario is favored, what would be the role of interstellar turbulence in the
formation of globular filaments and isolated dark globules? The question on
the evolution of globules associated with young OB clusters has been consid-
ered by Ott and Sanders (1980) who conclude that they expand with age,
possibly after rapid compression to some minimum size. A statistical analysis
of the correlations in physical conditions, chemical composition and spatial
distributions among the different types of globules using detailed and compre-
hensive observational data may shed light on this question.

Why do most isolated dark globules not collapse but appear to be in virial
equilibrium? What roles do gravitation and magnetic fields play in their dy-
namical evolution? Observational determinations of (a) the form of systematic
velocity law due to rotation and contraction (if they are present), (b) the pre-
cise form of the gas density distribution in the cloud core, and (c) the magnet-
ic field strength are crucial in shedding light on these questions. Inter-
ferometric observations which provide high spatial resolution will be
required.

While the presence of turbulence is suggested from molecular line obser-
vations of dark globules, the effects of fluid flow instabilities and turbulence
have so far not been considered in hydrodynamical modeling. In order to
understand the role played by turbulence in the evolution of dark globules, one
may need to include the turbulent velocity field as an initial condition in future
modeling of cloud dynamics and consider the coupling between gravitational
contraction and turbulence dissipation as well as maintenance. Ignoring these
effects will likely lead to erroneous conclusions.

In conclusion, it is fair to say that despite the apparent simplicity of the
physical environment and in the appearance of isolated dark globules, much



136 C. M. LEUNG

remains to be learned about these “holes in the heavens” and their role in the
formation of low-mass stars such as our Sun.
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ROTATION IN DARK CLOUDS

PAUL F. GOLDSMITH AND RICHARD ARQUILLA
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Recent observations of dark interstellar clouds are analyzed with regard to the
role of rotation in determining the structure and energetics of these objects.
Observational techniques are discussed. A sample of sixteen objects or conden-
sations which show evidence for rotation have been obtained. The mean densi-
ties and sizes of the clouds are strongly inversely correlated, with n a(size)= -3,
while the cloud angular velocities w vary as (size) =0-6. The velocity shifts due
to rotation of a given cloud are proportional to (size)?4, which is close to the
linewidth-size relationship found for a large sample of clouds not specifically
thought to be rotating. The implication is that rotation is closely linked to the
processes responsible for random motions in interstellar clouds, although rota-
tional motion alone does not appear to support these clouds in virial equilib-
rium.

Rotation in interstellar molecular clouds can have a significant effect on
the structure of these objects, as well as play an important role in determining
their evolution in terms of contraction, fragmentation, and ultimately the for-
mation of stars. Systems of widely varying size (galactic, stellar, and plane-
tary) include rotational motion as an important component of their dynamical
equilibrium. In the case of molecular clouds, their formation from a differen-
tially rotating galactic disk provides a possible origin for rotation, and if an-
gular momentum is conserved, rotation should be easily detectable when den-
sities have reached ~ 103 cm 3. Studying the role of rotation in molecular
clouds is not only hampered by their irregularity and the presence of effects
producing line broadening and shifts in the centroid of spectral profiles, but by
the paucity of observations of the high quality required; conclusions concern-

[ 137 ]
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ing the importance of rotation have been necessarily tentative (cf. Field 1978).
In this review we analyze recent molecular-line observations of a number of
dark clouds and assess the role played by rotation. In Sec. 1 we discuss some
of the different techniques available for discerning the presence of rotation.
From a sample of dark clouds with detectable rotation, we are able in Sec. 11
to establish some correlations between angular momentum and other cloud
properties. The role of rotation in the energetics of dark clouds is discussed in
Sec. III.

I. OBSERVATIONAL APPROACH

Information about molecular cloud motions is limited to the component
of their velocity field along the line of sight; the intensity of radiation reaching
the observer at a particular frequency can also be affected by radiative transfer
effects. To determine the velocity field within a cloud in a relatively unbiased
way, it is preferable to use spectral lines of low or moderate opacity; those
most widely employed are the rotational transitions of '3CO and C!'30, and
the inversion transitions of NH;. It must be recognized, however, that features
with relatively low column density can be seen only in '2CO and will be
missed by this approach, an example being the high-velocity bipolar outflow
features which have been found in a number of dark clouds (Frerking and
Langer 1982; P. F. Goldsmith et al. 1984). In a simple model of a rotating cloud,
the ordered aspect of the velocity field provides a distinctive feature which in
principle allows us to discriminate between this form of motion and other
forms like velocity perturbations due to shear, peculiar motion of subconden-
sations, asymmetric collapse or expansion, and due to a possible turbulent
component of the velocity field having significant correlation length. In prac-
tice an unambiguous rotational signature is difficult to observe and in many
cases the presence of rotation is only marginally certain.

In trying to define a possible rotational component of the velocity field,
we must also recognize that the imperfect isolation and lack of symmetry of
interstellar molecular clouds suggest that the pattern of the velocity field will
likely deviate from that of an idealized isolated model cloud. As an example,
we show in Fig. | the visual extinction in the region of the dark cloud L 1257
(Arquilla 1984). The condensation within the SE promontory of obscuring
material was previously found on the basis of 12CO observations to be rotating
in a fairly rigid-body-like fashion (Snell 1981), with the rotation axis oriented
NE-SW. The visual extinction data show that this kinematic fragment is a part
of a much larger region. The situation of a dense condensation (or condensa-
tions) being appended to an extended region of relatively low density is found
to prevail in the majority of the clouds discussed in this chapter. In maps of
13COQ, the regions which appear to be rotating are relatively isolated, but their
behavior is very likely affected by coupling to the much larger, nearby quies-
cent regions.
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Fig. 1. Visual extinction in the region of the L 1257 dark cloud derived from star counts of a
Palomar Observatory Sky Survey red print.

The rotation of a cloud is generally established by observation of system-
atic shifts in the velocity of maximum emission which correspond to the pat-
tern expected from a rotating object; the shifts of the line centroid must be a
significant fraction of the linewidth in order to identify the rotation. One ex-
ception to this methodological approach is the analysis of the Taurus complex
by Kleiner and Dickman (1984) in which an autocorrelation analysis was used
to determine the presence of a large-scale gradient. A method widely used to
examine the systematic behavior is to compare spectra along a cut through the
cloud; these can conveniently be analyzed in the form of a spatial-velocity
diagram. An example of such a presentation of data is the NW-SE cut through
B361 shown in Fig. 2 (Arquilla 1984). In order for the cloud to be considered
as rotating, such maps taken at different position angles must show the appro-
priate behavior of the velocity variation. The data for B361 satisfies this re-
quirement fairly well, while also clearly showing evidence for nonrigid-body
behavior. Spatial-velocity maps are especially useful for distinguishing be-
tween rotation and other velocity fields which exhibit similar patterns. Bipolar
outflows, for example, can produce systematic shifts in the mean emission
velocity of '2CO. However, the relatively small column densities in these
flows reduce their emission in 13CO to quite low levels compared to '2CO and



140 P. F. GOLDSMITH AND R. ARQUILLA

ADEC (arcmin)

VLSR

Fig. 2. Spatial-velocity map of 13CO emission along a cut through the center of B361. The offset
along the NW-SE axis is presented in terms of the declination offset from the cloud center. The
solid curve represents the equilibrium velocity profile produced by a fitted density distribution
(from Arquilla 1984) which comprises a uniform density core and a r =2 density variation in the
envelope.

to present-day detection thresholds. Also, the velocity of maximum emission,
if one considers the quiescent and perturbed gas together, is not affected by the
presence of the outflow, and hence the spike in a spatial-velocity map is not
affected. GL 437, a molecular cloud previously thought to be rotating
(Schneps et al. 1978), was found on closer study to contain a bipolar outflow
(Arquilla and Goldsmith 1984). While we do not feel that this type of pertur-
bation is likely to be responsible for the velocity shifts seen in the data pre-
sented below, nonrotational contributions to the velocity field cannot be
eliminated.

An alternative method which presents a more limited view of the velocity
field, is to display the velocity of peak emission as a function of two spatial
coordinates. This approach is useful if the cloud contains localized perturbed
regions which can make individual spatial-velocity cuts look highly irregular.
If these areas are isolated in a two-dimensional presentation, the overall form
of the velocity field can still be ascertained. The mean velocity of the 13CO
emission can be used to confirm behavior seen in the map of velocity of
maximum emission. The advantage of improved accuracy in the velocity de-
termination is partially offset by the increased sensitivity to line-wing asym-
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metries. It is also possible to make contours of equal emission intensity within
different velocity intervals (single-channel maps). This approach appears to be
the least satisfactory in that it emphasizes irregularities in the column density
and the degree of molecular excitation, rather than the form of the velocity
field.

II. RESULTS: PROPERTIES OF ROTATING CLOUDS

In Table I we indicate the sixteen entities comprising the data set used in
this study. These are not all distinct; several clouds are fragments of the Taurus
complex. This data set is more selective than the compilations given by Field
(1978) and Fleck and Clark (1981) in that only dark clouds (those without
evident high-mass star formation) are included; the increased quantity of data
presently available reflects the increased capability of current millimeter sys-
tems. Much of these data have been obtained from the literature; the mass and
size estimates are obtained from '3CO observations except where noted. The
cloud sizes are obtained from inspection of maps preferably of column densi-
ty; dimensions to half-maximum intensity are used and the size given in Table
L is the full diameter if the cloud appears symmetric, or the geometric mean of
the extreme perpendicular diameters for those clouds having an elongated
appearance. The cloud masses have either been given in the references cited,
or are calculated from the column densities and cloud dimensions. Angular
velocities are computed by assuming rigid-body rotation without correction
for projection effects onto the plane of the sky (correction considered at the

TABLE 1
Properties of 16 Rotating Clouds
Mass Size J JIM w
Object (M..)) (pc) M. kms ! po» (km s ! poyb (kms-tpec- ) Referencesd
Taurus complex 5600 17 5.4 x 104 9.7 0.2 |
Bi8 1100 10 2200 2.0 0.24 2
BS 500 4.0 300 0.6 0.67 3
TMC-1 ring 200 1.2 46 0.23 1.0 4
L 183 150 [ 13 0.09 1.2 5
B361 98 1.2 22 0.23 1.7 6
L 1544 42 0.6 2.5 0.06 1.7 7
L 134 30 0.5 0.75 0.025 1.0 8
L 1535 20 0.5 1.3 0.064 1.3 9
L 1257 (M) 1S 0.6 0.90 0.063 1.8 6
B213 NW 14 0.2 0.24 0.02 5.7 10
B163 8 0.5 0.38 0.05 1.1 6
L 1253 7 0.4 0.2 0.03 1.8 6
B163 SW 4 0.5 0.29 0.07 2.9 6
B68 1 0.24 0.013 0.012 2.0 11
L 1535 (core) 0.7 0.1 0.003 0.004 4.0 12
Al My kms Ppe = 6.1 X 10% gem?s P kms lpe = 31X 102 em?s et kmsTipe! =32 x 10 Mgt

41, Kleiner and Dickman (1984): correlation analysis; 2. Baudry et al. (1981): different molecules; 3. Basic data from Young et
al (1981) refer to bulk of cloud but revised distance of 300 pc has been used; 4. Schloerb and Snell (1982,1984); 5. Clark and
Johnson (1981). 6. Arquilla (1984): 7. Snell 1981 and personal communication: 8. Mattila et al. (1979): OH data referring to
core of cloud: 9. P. F. Goldsmith and M. Sernyak (1984); 10. Clark and Johnson (1978): 5.5 km s~ ! fragment in H,CO; 11. R.
N. Martin and A. H. Barrete (1978); 12. Ungerechts et al. (1982): NH;.
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end of Sec. III), and by defining w = AV/L where AV is the maximum edge-
to-edge velocity shift and L the extent of the cloud along the direction of the
velocity gradient.

The angular momentum is obtained by assuming uniform density, so that
J = 2/5 MR?» where R is one half of the size defined above, and M is the
cloud mass. The specific angular momentum J/M in this analysis is given
approximately by LAV/10, and so depends linearly on the distance to the
cloud while ® = AV/L varies inversely as the distance to the cloud. The mass
of the cloud determined from column densities is proportional to the square of
its distance.

These objects fall into the category of dark clouds, defined as having
appreciable visual extinction (greater than a few magnitudes) but many con-
tain embedded low-luminosity sources. The clouds BS (Beichman et al. 1984)
and B335 (Keene et al. 1983) have been studied in the far infrared and contain
sources with total luminosities of a few L. It is probable that this is the case
for the other clouds, which are also the sites of low-mass star formation. It is
not yet clear whether it is useful to make a distinction between those clouds
with and without luminous energy sources; over most of the area of the clouds
under consideration here, the kinetic temperature of the gas is between 10 K
and 15 K.

The estimates of cloud properties are subject to a large number of possi-
ble errors, with the distance to the cloud being probably the most important.
The relatively consistent method in which the data of these clouds have been
analyzed will result in preserving well-defined trends in the results, even
though values of the different quantities may be significantly in error.

From the cloud size and mass, we calculate a mean hydrogen density
defined by 2 = 3M/4mR3my,;, where R is half the size L of the cloud, and my,,
is the mass of the H, molecule. A comparison of 72 with L is shown in Fig. 3. An
unweighted least-squares fit, with 72 in cm =3 and L in pc, yields
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Fig. 3. Mean density 71 (assumed to be H,) of clouds as a function of overall size L.



ROTATION IN DARK CLOUDS 143

A= 2000L-13. (1)

This is a somewhat steeper relationship than found by R. G. Larson (1981), n =
3400 L—''. Larson’s sample included clouds of widely differing charac-
teristics and with properties determined by different methods; the significance
(if any) of the difference in exponents is not at present clear; the standard
deviation of the fitted slope is 0.15.

The distribution of the angular velocities for the clouds in this study is
given in Fig. 4. It is appropriate at this point to recall that, (1) this study is
biased towards clouds suspected to be rotating, and (2) no correction has been
made for projection effects. There are readily observable correlations of spe-
cific angular momentum and angular velocity with cloud size. For the former,
an unweighted least-squares fit yields with specific angular momentum in
units of km s~ ! pc ~! and cloud size in parsecs:

JIM=0.14L"4 (2)

with a correlation coefficient of 0.93 (Bevington 1969) and a standard devia-
tion of the slope of 0.11. The data are shown in Fig. 5. The issue of angular
momentum-size correlation is discussed further by Arquilla (1984). The anal-
ogous information expressed in terms of the angular velocity (in units of
km s~ pc ') and cloud size in parsecs yields:

w=12L796 (3)

This relationship, with a standard deviation of slope equal to 0.07, was deter-
mined directly by least-squares fitting, which is why the coefficient is slightly
different than that obtained from the relationship J/M = «L?/10 for rigidly
rotating, uniform-density spheres.
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Fig. 5. Specific angular momentum plotted as a function of cloud size. 1 kms—! pc = 3.1 X
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The correlation between specific angular momentum and cloud size must
be regarded with caution inasmuch as clouds with significantly lower rota-
tional velocities may not be recognized as rotating. Thus, the line which fits
the data in Fig. 5 should probably be regarded as an upper envelope of rota-
tion in dark clouds; this is discussed further below. If we consider the evolu-
tion from lower-density to higher-density phases by a combination of contrac-
tion and fragmentation, it is clear that considerable rotational angular momen-
tum is lost in the process. The most obvious sink is the orbital motion of the
fragments; this is consistent with the results of Bodenheimer et al. (1980b)
who found in numerical studies that the ratio of spin to orbital angular mo-
mentum for a fragment was 0.2. Alternative scenarios such as those involving
magnetic braking can, with proper choice of parameters, explain the observa-
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tions. Detailed modeling is necessary to evaluate accurately this effect, es-
pecially with regard to the coupling of the magnetic field and the gas.

While the physical significance of the correlation of specific angular mo-
mentum and cloud size is not yet clear, a connection between the velocity
shifts due to rotation and the linewidths observed in clouds without any indi-
cation of rotation can be seen. If we express the angular velocity—cloud size
relationship found in Eq. (3) in terms of the velocity shift, we obtain

AV = 12104 (4)

where AV is given in km s~ ! and L in pc. This has a close similarity to the
relationship between the velocity dispersion of profiles for various molecules
from different types of clouds found by R. G. Larson (1981), namely o =
1.1 L0381t is also similar to the relationships obtained by Leung et al. (1982) for
the turbulent velocity in globules, V,,,, = R%-3-9-3  with the different expo-
nents for high and low categories of cloud temperature. The present study thus
offers an empirical suggestion that the processes that create and sustain tur-
bulence in interstellar clouds are also responsible for producing rotational
motions; in this interpretation, rotation may arise from a somewhat unusual
fluctuation in the velocity field. This interpretation was previously advocated
by Fleck and Clark (1981) who also suggested that galactic differential rotation
could sustain the turbulent velocity field in molecular clouds.

The picture of rotation as a component or outgrowth of the essentially
random velocity field in dark clouds is consistent with the orientations of the
directions of the inferred angular momentum vectors of various regions in the
Taurus cloud complex. As discussed by P. F. Goldsmith and M. Sernyak (1984),
there is no clear correlation between the projected cloud rotation axes and the ga-
lactic plane (or the axis of galactic rotation). Magnetic braking (cf. Mouschovias
and Paleologou 1980; see also chapter by Mestel), cloud collisions (Horedt
1982), and possibly other processes could randomize the direction of cloud
angular momentum initially parallel or antiparallel (cf. Mestel 1966b) to the
angular momentum of the Galaxy. It appears that these processes dominate the
situation, or that the angular momentum vectors are initially created with a
largely random distribution of directions. The lack of correlation of the axes
of cloud rotation with that of the Galaxy implies that galactic differential
rotation does not directly impart angular momentum to molecular clouds
which is subsequently transferred to stars forming within them—consistent
with the conclusions of Wolff et al. (1982).

ITII. ROTATION AND CLOUD ENERGETICS

Calculation of the form and stability of a rotating interstellar cloud is a
formidable undertaking, as witnessed, for example, by the recent efforts of
Stahler (1983b,¢), Tohline (1984), Miyama et al. (1984), and Terebey et al.
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(1984). The spectral line profiles expected from a particular theoretical model
depend not only on the velocity and density along the line of sight through the
cloud, but also on the gas temperature and the fractional abundance of the
molecular species being considered. The necessary quantity of high-quality
observational data required for comparison with models is becoming available
and analysis is at present underway (Arquilla 1984). Here, it seems appropri-
ate only to address the simplest question, namely, whether the rotation ob-
served in this (biased) sample of clouds is likely playing a significant role in
their energetics. In this discussion we ignore the role of internal and external
pressure. The relatively small difference in linewidth between those clouds
identifiable as rotating and those without this behavior, supports the view that
the observed linewidths are not, in fact, primarily due to rotational motion.
The effective internal pressure due to turbulence may greatly exceed the ther-
mal pressure; magnetic fields may also be playing a role.

For simplicity, we will ignore all contributions other than rotation and
gravity, and model only uniformly rotating spherical clouds. We take the den-
sity profile to be given by

) = po(72)" )

where p, is the density at radius r,, and o < 3. The kinetic energy is given by
T = Ylw?, with the moment of inertia

2 3 -«
- (3= ©

where M is the mass and R the radius of the cloud. The potential energy is
given by

o= (355) g

The degree of central condensation is seen to have a major effect inasmuch as
the moment of inertia is decreased and the magnitude of the gravitational
energy is increased for steeper density distributions. The angular momentum
and specific angular momentum as calculated in Table I can also be corrected
for the effect of central condensation by multiplying by the factors % and %
for o = 1 and 2, respectively. Substituting the kinetic energy of rotation and
the gravitational potential energy into the virial theorem yields, for

equilibrium
B (5 -« )]1/2
o, = [217Gp<5 — (@)
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where p is the mean mass density. We can write

.= B(")CO (9)

where w, is the required equilibrium angular velocity for a uniform cloud of
given density, wco (km s~ fpc = 1) = 0.037 7i(cm ~ 3)°-5 assuming a mean mo-
lecular weight of 2 atomic mass units. Fora =0, = I;fora =1, = 1.15;
and for o = 2, B = 1.73. The observational data show that many isolated dark
clouds are centrally condensed (Snell 1981; Dickman and Clemens 1983; Ar-
quilla 1984; Arquilla and Goldsmith 1984) with a ~ 2.

A least-squares fit to the data yields the relationship (with  in km s~!
pc~land 7 in cm~3)

o = 0.053 704

with a correlation coefficient of 0.8 and a standard deviation of the slope equal
to 0.06. In Fig. 6 we show the dependence of w on 7 determined from the
observations, together with theoretical equilibrium curves for @ = 0 and o =
2. We sce that, while the observed w increase somewhat more slowly with
increasing 7 than required to satisfy virial equilibrium, the magnitudes do not
differ significantly from those required for uniform density clouds {a = 0].
The presence of a strong degree of central condensation demands angular
velocities considerably greater than those observed, if rotation is to have a
dominant role in the energetics of these dark clouds.

An effect possibly causing us to underestimate the angular momentum of
these clouds is the inclination of the rotation axis. We observe only the projec-
tion of the angular velocity (or J, or J/M) perpendicular to the line of sight
with the relationship between the observed and the true angular velocity given

by

Wops = Wpryg SN (1)
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Fig. 6. Angular velocity as a function of mean cloud density. The solid lines represent the densi-
ties required for virial equilibrium (see Eq. 8) in the case of uniform density (@ = 0) and of
strong central condensation n(r) ~ r =2 (a = 2).
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where i is the angle between the axis of rotation and the line of sight. This is,
of course, the same relationship as for the velocities of rotating stars. In the
case of stellar rotation, the distribution of true velocities can be obtained from
that of observed velocities if, for example, the plausible assumption of ran-
dom orientation in space is made (cf. Tassoul 1978). In the case of the clouds
studied here, there is a clear dependence of w on the density, with the result
that we must consider clouds of a particular density or those within a density
interval as distinct samples. Then we find (analogously with stellar rotation)
that the mean value of the observed angular velocity (at a particular density) is
related to the mean value of the true angular velocity by

(wops) = —E<wTRUE> 12)

(Tassoul 1978), independent of the distribution of |w|. For clouds having a
particular density, then, {wrryup) = 1.27 {wops)-

This correction obviously helps bring the data and theoretical virial equi-
librium curves into better agreement. However, this type of analysis must be
viewed with some caution, because observational selection already has pre-
sumably eliminated clouds having an angular velocity below some threshold
from consideration. Since clouds with large |wpg | but very small i are not
identified as rotating and hence are not entering into the determination of
(wops)» we should not correct for their presence. The fact that the correlation
of the peak velocity shift in rotating clouds with cloud size (Eq. 4) is similar to
the correlation of their dispersion with size, means that there is no scale size at
which rotation is relatively more or less easily discernable. In the present
situation, it seems difficult to justify any significant correction for projection,
and we thus conclude that on the whole rotation does not play a dominant role
in cloud energetics, being by itself generally insufficient to support the clouds
against gravitational collapse. This view is supported by the lack of significant
flattening in a manner consistent with rotational support against gravitational
contraction.

IV. SUMMARY

We have used a sample of 16 interstellar molecular clouds which show
evidence for rotation, to study the correlation of angular momentum with
other cloud properties and to investigate the role of rotation in the energetics
of these objects. The angular velocity and density are inversely correlated
with cloud size, while the specific angular momentum is highly correlated
with the size of the region under consideration. To explain the observed cor-
relation, we must assume either that rotational motion is introduced over a
wide range of scale sizes, or that a sequential fragmentation process takes
place in which the majority of rotational angular momentum is lost in the
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breakup of condensations into smaller fragments, with the bulk of the angular
momentum going into orbital motions. The shifts in velocity produced by
rotation follow a law similar to that found for the variation of linewidth with
cloud size. This agreement, together with the low degree of alignment of
cloud angular momentum vectors relative to the angular momentum vector of
the Galaxy, suggests that rotation in molecular clouds may result from fluctua-
tions in the chaotic velocity field that is present. Although subject to consider-
able uncertainty due to possible projection effects, it does not appear that
rotation alone can provide virial equilibrium for these clouds.
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TURBULENCE IN MOLECULAR CLOUDS

ROBERT L. DICKMAN
University of Massachusetts

It has long been appreciated that turbulence may play a crucial role in the
formation of stars and planetary systems. Molecular clouds have been recog-
nized as primary stellar birthsites for nearly fifteen years, and speculation that
they may harbor widespread gas motions so chaotic as to merit the designation
turbulence extends over basically the same period. Only during the past several
years, however, have observational and analytical techniques matured to the
point where the systematic study of stochastic motions in molecular clouds is a
realistic goal. The basic aim of this chapter is to offer a primer of basic concepts
and methods of analysis for observationally-oriented individuals who wish to
work in this rapidly developing area. First the difficulties which beset early
attempts to determine the nature of gas motions within molecular clouds are
reviewed. Some aspects of turbulence as a hydrodynamic phenomenon are con-
sidered next along with an introduction to the statistical vocabulary of the sub-
ject which is required to understand the methods for analyzing observational
data. A simple and useful approximation for estimating the velocity correlation
length of a molecular cloud is also described. The chapter concludes with a
final perspective, which considers the extent to which size-velocity dispersion
correlations can serve as a probe of chaotic velocity fields in molecular clouds.

I. INTRODUCTION

Despite intensive observational efforts, star formation remains an event
as yet glimpsed only by computers. An evolutionary path of uncertain dura-
tion, which encompasses the clear onset of gravitational instability in a pre-
stellar mass to a point quite possibly far beyond the thermonuclear ignition
stage (chapter by Scoville), lies largely devoid of observational data. Pending
further progress in instrumentation, study of the formation of stars and plane-
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tary systems will likely remain for some time an essentially theoretical arena
whose predictions can be tested only indirectly. The observational study of
molecular clouds therefore possesses an importance beyond its own innate
interest; it provides both initial and boundary conditions for the theoretical
star formation problem.

For present purposes, we may consider the term turbulence to denote a
spatially irregular, eddying state of fluid motion which is characterized by an
underlying statistical order. (A more complete description is given in Sec.
I11.) Turbulence is never completely chaotic; on spatial scales described by the
correlation length, turbulent motions begin to become coherent and shed their
seemingly random, fluctuating behavior. Thus, a turbulent velocity field will
appear very different on scales much larger and much smaller than the correla-
tion length. As a consequence, the fluid stress associated with a turbulent flow
has an intrinsically scale-dependent character. This fact, along with the essen-
tially nondeterministic elements which turbulence may introduce into the
gravitational instability problem, implies that if turbulence is present in mo-
lecular clouds, it may affect seriously the support and fragmentation mecha-
nisms that govern star formation (chapter by Scalo). From a theoretical point
of view, there are thus two related issues of importance: does turbulence com-
prise a significant component of the velocity field in molecular clouds, and if
so, what does its velocity fluctuation spectrum look like, i.e., what are the
important correlation lengths of the motions?

Gas density, temperature, and velocity all represent key state parameters
for molecular clouds, and each poses special problems of observational deter-
mination and interpretation. But it has proven especially difficult to establish
even a broadly qualitative picture of gas motions in a typical molecular cloud.
Do they possess a high degree of order, or are they in fact so spatially disor-
ganized (except possibly in a statistical sense) as to merit the designation
turbulence? Until recently, convincing observational evidence on behalf of
either scenario was lacking. However, since the first Protostars and Planets con-
ference (Gehrels 1978), there have been increasing indications that turbulence
may need to be seriously reckoned with in the study of molecular clouds.
Analytical methods which enable one to quantify statistically the role which
spatially disordered gas motions play in the interstellar medium have been
known for some thirty or more years. Observational sensitivity has now im-
proved to the point where obtaining the large bodies of spectroscopic data
required for a statistical velocity-field analysis is not particularly painful; this
has stimulated several groups to begin intensive velocity-field studies of mo-
lecular clouds aimed specifically at clarifying the role which turbulence may
play within them (Scalo 1984; chapter by Scalo; Kleiner and Dickman 1984;
Stenholm 1984; Kleiner 1985; Kleiner and Dickman 1985a,b).

There has also been a discernible shift in theoretical perspective over the
past few years. A basic conceptual stumbling block has always existed for
turbulent models of the dense intestellar medium, in the sense that at least
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mildly supersonic motions appear to be the rule rather than the exception in
molecular clouds. As a result, attempts to attribute a highly disordered char-
acter to these motions had also to provide a physical mechanism capable of
replenishing the substantial energy losses which would inevitably accompany
the turbulence. While it would be an exaggeration to maintain that clear reso-
lution of the energy problem has occurred, the present picture is much less
bleak than it appeared at the time of the first Protostars and Planets con-
ference. Possibly as a result theoretical interest in the role of turbulence in
dense interstellar clouds has seen something of a renaissance in the interven-
ing period.

All these facts suggest that a summary of current viewpoints on tur-
bulence in molecular clouds may be useful. My basic goal is to provide a
primer of concepts and methods for observationally oriented individuals who
will work on this newly emerging subject. Analysis of observations is empha-
sized; this chapter is not intended as a comprehensive theoretical review of
turbulence and its potential applications to the dynamics of star formation.
(See Scalo’s chapter which covers a related area—fragmentation and hier-
archical structure in the interstellar medium—from just such a perspective.)

This chapter begins by reviewing the difficulties which beset early at-
tempts to determine the nature of gas motions within molecular clouds (Sec.
II). The fundamental problems here were the lack of an unambiguous observa-
tional signature for turbulence, coupled with conceptual uncertainties about
the viability of such flows. In Sec. 11l some aspects of turbulence as a hydro-
dynamic phenomenon are reviewed. Distillation of so broad a topic may be of
value to observers who find they need to deal with the subject; acquaintance
with the statistical vocabulary of the subject is in any case essential in order to
understand the analytical methods and to evaluate their shortcomings. Section
1V delves into the velocity-correlation methods which can be used to study
turbulence in molecular clouds. Some simple approximations are noted, as
well as some potential pitfalls. It should be emphasized that the methods
described make no presuppositions concerning the origin or nature of the tur-
bulence to be analyzed; they are as capable of revealing the spectrum of super-
sonic magnetohydrodynamic turbulence as they are of uncovering the struc-
ture of a Kolmogorov-Obukhov flow. A final perspective, which considers the
extent to which size-velocity dispersion correlations can serve as a probe of
chaotic velocity fields in molecular clouds, is given in Sec. V.

II. OBSERVATIONS AND THE ISSUE OF TURBULENCE

With the exception of a handful of clearly rotating globules (Arquilla
1984), and a growing number of bidirectional jets associated with the vagaries
of stellar adolescence (Snell 1983), remarkably little is known about the
nature of velocity fields in molecular clouds. That there was cause for puzzle-
ment became evident at about the same time as molecular clouds were recog-
nized to be basic units of the interstellar medium, i.e., during the early 1970s.
Almost without exception, spectroscopic observations showed emission lines
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far broader (from about 0.5 to 2 km s~ ! for dark clouds, and from about 2 to
> 20 km s for giant molecular clouds) than could be accounted for by
thermal motions. Pressure broadening, Zeeman splitting and other more exot-
ic mechanisms could be rather straightforwardly discarded as sources of these
linewidths, and it seemed clear that the Doppler effect must be responsible.
This immediately raised questions concerning the nature of the mass motions
producing the line broadening. Were they highly ordered and systematic,
largely chaotic and turbulent, or were they a hybrid of the two?

Molecular clouds tend to be localized objects, in sharp contrast to the
much more pervasive distributions of neutral interstellar hydrogen which exist
in the Galaxy. The relative compactness of molecular clouds appeared to lead
to serious energy difficulties if their generally supersonic internal motions
were largely attributed to turbulence. In many instances, the energy density of
the postulated velocity fluctuations was so high as to produce serious doubts
that the clouds in question could remain gravitationally bound. Furthermore,
while all turbulent flows are dissipative (Sec. III), if the supersonic motions
indicated by the observations were presumed to reflect a purely random ve-
locity field, the inevitable radiative shock losses would quickly deplete the
clouds of turbulent energy unless sources to replenish the lost energy were
postulated. The power requirements for these sources appeared in many cases
to be prohibitive if the coherence length for the turbulent motions was as-
sumed to be much smaller than the cloud size. This follows from simple
dimensional arguments, because in a cloud of mass M, turbulent velocity
dispersion v, with coherence length L, a typical collision time for gas elements
is of order L/v; one thus expects an energy loss rate of order ~ Mv3/L. Of
course, one can reduce this power loss by assuming appropriately larger val-
ues of the coherence scale (up to the limit imposed by the cloud size, at any
rate), but it was widely appreciated that if such large velocity correlation
lengths were present in molecular clouds, they should have been readily iden-
tified by mapping observations—and generally speaking, this was not the
case. As a consequence, it was anticipated that a very robust mechanism
would be required to maintain the observed velocity dispersions in molecular
clouds if they were due to turbulence.

It was also occasionally noted that if turbulence were actually widespread
in molecular clouds, the fact that observational evidence appeared to point
toward relatively small correlation lengths led to a variety of problems in
understanding molecular line profiles, particularly those of the widely em-
ployed A2.6 mm carbon monoxide (CO) line. These problems all arose in the
context of microturbulent line-formation models, in which the correlation
length of turbulent motions is assumed to be much smaller than all composi-
tional, density and source function gradients along the line of sight. While the
validity of this assumption could not be tested observationally (no measure-
ments of turbulent correlation lengths were available), it was suspected but not
conclusively demonstrated that its somewhat extreme nature might be respon-
sible for the widely predicted, but almost never observed, self-reversed line
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shapes characteristic of the microturbulent model (see, e.g., Leung and Lizst
1976). Additional problems occurred in understanding how the very optically
thick CO line could reflect the presence of the hot, and deeply embedded
stellar birthsites that it appeared to trace so well (see, e.g., Goldreich and
Kwan 1975); a related issue was why cloud maps made in optically thin spec-
tral transitions appeared so similar to those made in the 2.6 mm CO line. In
both cases, it was commonly asserted that the optically thick CO could probe
only the surface layers of a turbulent cloud.

Only slightly more appealing were schemes postulating velocity fields
dominated by highly ordered flows. Clearly, the presence of supersonic ve-
locities in a cloud need not entail the energy dissipation problems encountered
in the turbulent scenarios if regions with large relative velocity differences are
physically separated; indeed, if source geometry and flow pattern are suitably
chosen, such regions need never interact.

Dynamical models of this sort are attractive in other ways. Spectral line
formation becomes a basically local problem, in sharp contrast to the micro-
turbulent case (Goldreich and Kwan 1975; see also Rybicki and Hummer
1978), and rarely produces the nonphysical line profiles which plague the
microturbulent models. Even a decade ago, it was recognized that linewidths
toward the active cores of giant molecular clouds were totally incompatible
with rotation as a global line-broadening mechanism (Penzias 1975). Al-
though considerably smaller widths are seen toward dark clouds and globules,
a fact which led Field (1978) to propose rotation as the most satisfactory
spectral line-broadening mechanism in dense clouds, observations imply that
a more isotropic type of motion is responsible (Arquilla 1984). This essen-
tially leaves one with expansion, collapse, or oscillation as coherent sources
of line broadening (see, e.g., Villere and Black 1982). The first and second
both define time scales ¢+ ~ (cloud size)/(velocity) which are considerably
smaller than 107 yr; this is an uncomfortable result given the relative compact-
ness of molecular clouds and the apparently large mass fraction of molecular
material in the Galaxy (see, e.g., Scoville and Hersh 1979). Collapse sce-
narios have additional difficulties in avoiding observationally unacceptable
high star formation rates on a galaxy-wide basis (Zuckerman and Palmer
1974; but see Wilking and Lada 1983), and in accounting for the subsequent
dissipation of unprocessed material left deep in the gravitational well of an
evolved cloud. Oscillations, possibly regulated by an embedded magnetic
field (Arons and Max 1975), have been suggested but no detailed models
posed. Finally, all models which posit simple spatial-velocity relationships for
molecular clouds must come to grips with the visibly irregular geometries of
most dark nebulae; on the largest scales at least, these appear to be utterly
incompatible with simple motions such as radial collapse.

In reviewing these same issues almost ten years ago, Penzias (1975)
remarked that despite the apparently severe difficulties faced by turbulent
models, the lack of a clearly favored dynamical picture for molecular clouds
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probably indicated a need for careful review of the reasons for skeptism of
turbulent scenarios. To a considerable extent this is precisely what has oc-
curred in the intervening decade, and the early 1980s have seen many, if not
all, of the problems associated with turbulence in molecular clouds substan-
tially alleviated or eliminated.

Let us review some of these changes in outlook. While it is by no means
true that a satisfactory theory of turbulent line formation is now available, the
situation has become less troublesome from several standpoints. The assertion
that one cannot “see” deeply into turbulent media in a high-opacity spectral
line such as the A2.6 mm transition of CO, for example, was shown by White
(1977) to be a misconception. In addition, line-formation studies were per-
formed that relaxed the microturbulent assumption of a vanishingly small ve-
locity correlation length (Dickman and Kleiner 1981); these revealed that
even model molecular clouds with steep core-edge excitation temperature gra-
dients could produce realistic CO line profiles (Fig. 1) when the correlation
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Fig. 1. Theoretical line profiles of the two lowest rotational transitions of CO in a series of
turbulent giant molecular cloud models. Each panel contains spectra of each transition (the
lower-frequency line being the stronger in each case), and the sole distinction between the
panels is the correlation length of the model turbulence; this is given in units of the cloud
diameter in the upper right-hand corner of each panel. The upper left-hand panel is the micro-
turbulent limit of zero correlation length, and one can see clearly the deep, central self-rever-
sals in the model spectra; features of this sort are rarely observed. The noise in the profiles is
due to the Monte Carlo technique used to calculate the models.
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length grew sufficiently large (~10% of the cloud size in the model shown in
the figure). Models of this sort cannot as yet be considered entirely satisfacto-
ry, in part because they still tend to predict the presence of self-reversed lines
when the clouds are examined at sufficiently high spatial resolution, an effect
for which there is no observational support.

Another approach to avoiding line-profile pathologies is to postulate a
turbulent cloud whose spectral lines are produced by numerous, small clumps;
intensity contrasts in such a model are largely achieved by gradients in the
number of clumps along each line of sight, rather than by direct variations in
excitation conditions. While a self-consistent theoretical model of this sort has
yet to be attempted in a rigorous line formation context (but see Snell et al.
1984), the model of Zuckerman and Evans (1974) serves as a prototype, both
from a line formation as well as a dynamical standpoint. The extreme energy
loss rate associated with small-scale turbulence is avoided in this observa-
tionally motivated picture by postulating that molecular clouds consist of
many small, dense clumps, each possessing a subsonic internal velocity field,
and each moving through a considerably less dense buffer medium. If the
clumps are to be in pressure equilibrium with their surroundings, the buffer
clearly must be much warmer than the condensations themselves. This could
even allow the clumps to move subsonically relative to the ambient gas; how-
ever, the essential point of the model is that clumps must not fill the entire
body of the parent cloud, so that the rate of collisional dissipation is reduced.

Penzias discussed this picture critically in 1975, and noted two basic
faults: (1) dissipation may still be significant, and (2) individual clumps can-
not be gravitationally bound, nor kept together by ambient pressure. With the
hindsight of the past ten years, we can inquire whether these remain truly fatal
problems. Only recently has the issue of dissipation been examined in detail
for clump models (Scalo and Pumphrey 1982; Gilden 1984), with serious
attention paid to radiative (shock) loss mechanisms and hydrodynamics. Ener-
gy loss rates are found to be substantial, but hardly insupportable (see below).
The second problem, i.e., that the clumps are ephemeral, is hardly troubling
at all if we recognize that this is precisely what one expects for strongly
turbulent flow in a highly compressible medium; islands of enhanced density
continually coalesce and then dissolve as they participate in the irregular mo-
tion of the fluid. Without the action of gravity to inhibit this evanescence, the
only stable structure possessed by the fluid will be statistical in character.
Indeed, it is inconceivable that supersonic turbulence could exist in a mo-
lecular cloud without dramatic density fluctuations; even for subsonic motion,
a rule-of-thumb for estimating the rms amplitude of density fluctuations is
[<8p2>112/<p>] ~ M?, where M is the Mach number of the turbulence
(Jones 1976).

Finally, let us consider briefly the replenishment of turbulent energy
losses in molecular clouds. Collapse and star formation may themselves lead
to the generation of gas velocities so chaotic as to warrant the designation
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turbulence. Several years ago Buff et al. (1979) showed that even the highly
idealized radial collapse of an initially perfect sphere leads to the stochastic
formation of unstable subcondensations. Even so, because of computational
grid resolution limits, it is unclear to what extent current finite-difference hy-
drodynamic simulations of the gravitational collapse problem can properly
follow tendencies toward chaotic motion. It is noteworthy that N-body simula-
tions of cloud collapse (Benz 1984) develop disordered velocity field compo-
nents which have appreciable spatial correlation scales, in times on the order
of the free-fall time. It is also now widely accepted that most pre-main se-
quence stars go through an energetic mass loss phase (Snell 1983). It has been
suggested that stellar winds from young T Tauri stars could regenerate other-
wise decaying turbulent motions in dark clouds (Norman and Silk 1980;
Dickman et al. 1980). Various external sources of energy potentially capable
of exciting stochastic motions in interstellar clouds have also been proposed.
Perhaps the most fundamental of these is the shear of galactic differential
rotation (Fleck 1980,1981), but other sources such as OB stellar winds or
supernova blast waves could also introduce mechanical energy (Cox 1979) in
the form of randomized acoustic or sound waves (Spitzer 1982; Dickman and
Clemens 1983).

A particularly interesting mechanism for sustaining turbulence in in-
terstellar clouds is that recently proposed by Kegel and Volk (1983). Treating
stars and interstellar gas as gravitationally coupled fluids (see also Jog and
Solomon 1984a,b), Kegel and Volk study the effect of stellar dynamical fric-
tion on the gas. Random stellar motions lead naturally to the excitation of
stochastic modes in the gas; these can include supersonic velocity fluctua-
tions, as well as significant density fluctuations. Even more importantly, the
velocity and density correlation functions (Sec. HI.B) induced in a gaseous
medium can be calculated from the model. Although this has not yet been
done except for simplified, illustrative cases, this new formalism should be
actively pursued, so that comparisons can be made with the emerging obser-
vational estimates for these quantities (Sec. 1V).

III. PROPERTIES OF TURBULENCE

A satisfactory terse definition of turbulence is difficult to provide. None-
theless, elaborating the working definition adopted in Sec. I is useful for sev-
eral reasons. First, the richness and generality of turbulence as a
hydrodynamic phenomenon is best clarified by reviewing its qualitative at-
tributes. Second, familiarity with the statistical measures commonly used to
characterize turbulent flow is essential, because the observational analysis of
interstellar gas motions (Sec. IV) must be framed in these same terms. Third,
it is important, particularly for those who would interpret their observations,
to appreciate the lack of self-consistency and the essentially phe-
nomenological orientation possessed by most theories of turbulence. The suc-
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cess and utility of the Kolmogorov-Obukhov theory (Sec. III.C), for example,
should not blind one to the fundamental incompatibility of its basic postulates
to the compressible, supersonic motions believed common in the interstellar
medium,; definitive proof that the Kolmogorov 2/3 law applies to gas flow in
molecular clouds would almost surely necessitate a substantial revision of the
picture of these objects described in the previous section.

Numerous standard works on turbulence exist, among them those by
Batchelor (1956), Landau and Lifshitz (1959, ch. XVI), Tennekes and Lumley
(1972), Monin and Yaglom (1975), and Leslie (1973). These should be con-
sulted for further information on this vast area of physics. The collection of
historical papers edited by Friedlander and Topper (1961) is both fascinating
and valuable; significant early contributions to the subject are reprinted in
English, some (like the papers of Kolmogorov [1941a,b,c]) very difficult to
obtain otherwise.

A. Qualitative Aspects

Turbulence arises in hydrodynamic systems when the inertial forces asso-
ciated with the fluid motions become so large relative to viscous restoring
forces as to permit the strongly nonlinear growth of small velocity fluctua-
tions. Irrespective of any initial order (laminar flow is perhaps the most com-
monly adduced example), the fluid then begins to exhibit motions over a very
wide range of degrees of freedom. Mathematically, the path of the system
through a generalized configuration space becomes chaotic; states initially
separated by arbitrarily small intervals diverge from one another at an expo-
nential rate (see, e.g., Swinney and Gollub 1978; E. Ott 1981; Kadanoff
1983; Ford 1983). Because a transition to turbulence can be viewed as the
runaway growth of fluctuations on a large range of flow scales, the ensuing
loss of any initial order is, in a practical sense, nondeterministic. This sug-
gests that the use of statistical measures to characterize the resulting fluid state
may be highly profitable.

Turbulence embraces a remarkably wide class of fluid motions, and in its
most general guise involves both velocity and density fields. It is inherently
compressible and three dimensional. While aerodynamicists have long known
that gas compressibility can largely be disregarded at Mach numbers below ~
0.8 (see, e.g., Roberson and Crowe 1980), it is difficult to specify general
circumstances in which the dimensionality of turbulence can be similarly ig-
nored. As a result, all dimensionally simplified models and approximations
should be applied with caution (von Neumann 1949). (Kraichnan and
Montgomery [1980], for example, show that when the dimensionality of tur-
bulent motion changes from two to three, the time evolution of velocity cor-
relations alters dramatically.) The rotational character of turbulence, which is
perhaps its most striking visible aspect, and which underlies the somewhat
idealized picture of turbulent eddies cannot, of course, be accommodated ex-
cept in more than one dimension.
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Turbulence ultimately originates in the nonlinearity of fluid motion. This
makes for extraordinary mathematical difficulties and unsurprisingly, workers
frequently resort to dimensional analysis as a simplifying tool. Dimensional
approaches can be extremely rewarding (see, e.g., Frisch et al. 1978), but as
shown very beautifully by Lighthill (1955), they may also contain dangerous
pitfalls which result from the very nonlinearities which motivate their use in
the first place. As in all nonlinear applications, a healthy skepticism concern-
ing the use of dimensional approximations should be retained.

Turbulence is intrinsically dissipative. While conservative dynamical
systems can also exhibit chaotic behavior, the lossiness of fluid flow is re-
sponsible for much of the particular character of turbulence (Eckmann 1981;
E. Ott 1981). Any nonideal fluid in motion eventually comes to rest, its trans-
lational energy lost to heat through viscosity. Thus, any turbulent system
possesses an energy sink on a viscous length scale more or less equal to its
molecular mean free path. (This fundamental fact serves as an important nor-
malization constraint in certain theories, such as that of Heisenberg [1948; see
also Canuto et al. 1984].) In systems where supersonic flow exists, the cor-
relation structure of the velocity field may permit fluid elements to collide
fairly frequently at relative speeds exceeding that of sound. The ensuing
shock waves represent additional, direct loss modes for the medium. Super-
sonic turbulent motion (Sec. ) may be the rule, rather than the exception, in
molecular clouds.

The literature of turbulence abounds with a great variety of dimen-
sionless ratios, each germane to a particular class of hydrodynamic system
and each useful in elucidating the onset of stochastic motions in them. The
Reynolds number (Re) is perhaps the best-known of these; it serves to esti-
mate the ratio of the inertial forces in a fluid (which tend to promote nonlinear
motion) to restoring viscous forces:

Re = VL/v. (1)

Here V is the fluid velocity, L a characteristic dimension associated with the
perturbing element driving the onset of turbulent instability in the flow, and v
the kinematic viscosity of the fluid (see, e.g., Tennekes and Lumley 1972).
For a dilute isothermal gas with mean free path A and sound speed ¢, v can be
written (see, e.g., Condon and Odishaw 1967)

v = Ac. 2)

The Reynolds number is widely used to describe the onset of turbulence in
initially laminar flows. This occurs for Re >> 1 where the scale L is associ-
ated with the size of the element disrupting the smooth flow (a grid in a wind
tunnel, for example).
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As a general matter, dimensionless ratios like the Reynolds number
should be used with care in astrophysical applications. It is obvious, for exam-
ple, that because V = ¢ in molecular clouds (Sec. I), the Reynolds number for
these objects is essentially just the length-scale ratio L/\. Because the mo-
lecular mean free path is enormously smaller than any macroscopic structures
which one might associate with interstellar clouds, it is not surprising that one
finds very large values of Re (~ 10* to 10°) associated with such objects.
However, even for laboratory flows, the critical Reynolds number at which
turbulence is initiated can range over some two orders of magnitude in differ-
ent systems (von Neumann 1949). Furthermore, while viscosity and gas ve-
locity can be estimated reliably from astronomical observation, it is unclear
what value L should be assigned in evaluating the Reynolds criterion for a
molecular cloud. For that matter, is it even appropriate to consider laminar
flow as a reasonable starting point for the growth of disordered motions in
such a system? Most dimensionless turbulence parameters like the Reynolds
number have their genesis in phenomenological descriptions of fluid systems
studied in the laboratory; at best, these are highly imperfect analogs for astro-
physical conditions.

B. Mathematical Vocabulary

That turbulence could be analyzed as a statistical phenomenon was first
appreciated by Taylor (1921) during the first quarter of this century. The use of
statistical measures to characterize turbulence is now usually regarded as a
nearly indispensible strategy (see Deissler [1984] for another point of view,
however). We have already noted that in a practical sense, the loss of deter-
minacy associated with the onset of turbulent flow implies that in two virtually
identical systems very different patterns of turbulent motion may develop.
Nonetheless, the patterns emerge from the operation of the same physical
processes, subject to essentially indistinguishable initial and boundary condi-
tions. Statistical measures emphasize this unity, extracting underlying reg-
ularities of the flow and rejecting incidental details.

There are certain difficulties associated with statistical (or stochastic)
characterizations of turbulence in interstellar clouds. Defining statistical mo-
ments of the hydrodynamic variables, for example, is not entirely straightfor-
ward. While introducing an ensemble of clouds, each containing a realization
of the turbulent flow is a conceptually satisfactory way to accomplish this, it is
of little use in the actual computation of the moments themselves. Usually one
is forced to consider various subregions of a cloud as statistically equivalent to
one another (the ergodicity assumption), so that ensemble averages can be
calculated as spatial averages. Furthermore, in astronomical applications, un-
less one is willing to assume that all nebulae of a given type are subject to
basically identical physical processes, there will always be additional difficul-
ties in interpreting cloud structure on scales comparable in size to the objects
themselves. This occurs because on large scales any individual system can
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provide only a small number of statistically independent samples of itself; one
may never then be certain if one is dealing with statistical aberrations or with
large-scale properties common to the cloud ensemble.

A second and quite general limitation to statistical descriptions of tur-
bulence is deeply rooted in the nonlinearity of hydrodynamics and is usually
referred to as the closure problem. From a stochastic point of view, the actual
density and velocity fields characterizing a particular region in a turbulent
fluid are of limited and secondary use. Instead, their statistical moments,
which can be represented symbolically as <v">, <p">, etc., are of primary
concern (see, e.g., Batchelor 1956). Equations for these moments can be
derived easily from the fluid equations. However, it is then found that the
equation for <v?> depends upon <v3>, that for <v4> upon <v3>, and so
on (see, e.g., Leslie 1973). Any attempt to solve for the density and velocity
moments which are central to a statistical treatment of turbulence must first
truncate this open-ended progression, and close the system of governing dif-
ferential equations. Arguably, the difficulty in doing so has been the basic
issue in the theoretical study of turbulent flow for at least the last forty years
(see, e.g., Heisenberg 1948; Chandrasekhar 1951a,b,1955,1956; Leslie
1973; Canuto et al. 1984).

Perhaps the most widely employed statistical measures for describing
turbulent flows are the n-point correlations of the fluctuating fluid fields, which
express the degree of mutual coherence exhibited by the turbulence at two or
more points in space and time. In general, such correlations may involve both
the velocity and density, as well as their cross correlations (see, e.g.,
Chandrasekhar 1951a,b,1955); in certain cases additional dynamical variables
must also be considered. For simplicity, however, we shall consider the velocity
field alone in what follows. The most basic measure which one can introduce in
this case is the two-point covariance tensor, C,;, first used extensively by Taylor
(1935). If the subscripts i and j are used to denote Cartesian velocity compo-
nents, and the symbols <> used to denote ensemble average, then

Ci(x,x'51") =
<[V 1) = <v (XL Z v X0 D= <v (X x> >0 (3)

As is common, C;; has been defined here in terms of fluctuations about the mean
flow, rather than in terms of the flow itself. C,; specifies the average degree of
mutual coherence that can be expected between the it component of velocity
fluctuations at x’ and time ¢', and the j** fluctuation component lying at a vector
distance (or lag) x away, at later time (¢'+1). Provided that the ensemble
averages exist, C i transforms like a second-rank tensor. Although the notation
involved becomes quite unwieldy, higher-order tensors can be defined in analo-
gous fashion. Once the (infinite) set of n-point correlation tensors appropriate
to a particular type of fluid system have been specified in a region of space and
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time of interest, the system can be considered solved. Even for the simplest
hydrodynamic systems, this has never been acomplished in a theoretically self-
consistent fashion.

It is reasonable to introduce some simplifications into our conceptual
picture at this point. Temporal correlations are of course inaccessible to direct
astronomical measurement and can be ignored hereafter. Furthermore, we
may also disregard the issue of how velocity correlations evolve with time;
this is reasonable from an observational point of view because velocity fields
in the interstellar medium do not usually change appreciably on the scale of
human lifetimes. Finally, we shall assume that we are dealing with spatially
homogeneous turbulence, so that all ensemble-averaged properties depend not
upon position, but only upon differences in position. (Mathematically, this
amounts to the assumption that the flow is “wide-sense stationary”; see, e.g.,
Leslie [1973].) With these assumptions, the two-point covariance tensor C,; is
now much simpler:

C,x) = <[v(x')—<v>][vx'+x)—<v>]>. 4

Clearly, C; is both symmetric and reflection-invariant with respect to vec-
tor lag:
Ci=Cy Cyx) = Ci(—x). )

LY J

The autocorrelation tensor, oc,-j(x), is a commonly used normalized form of Cy:

a;(x) = C(x)/C;(0). 6)
It has the intuitively appealing property that ;(0) = 1; even the most chaotic
systems possess perfect self-coherence.

The autocovariance tensor is a basic descriptive tool in studies of tur-
bulent flow. In an incompressible fluid, for example, the influence of velocity
fluctuations on the mean flow is described by the Reynolds stress tensor,
pC;; (0) (Tennekes and Lumley 1972), which is simply proportional to the auto-
covariance tensor at zero lag. Furthermore, the trace of the stress tensor is
simply the turbulent energy density of the fluid. In the case of an isotropic
system, where rotational invariance demands that C,(x) = C,.j(lx|) and all
diagonal components be equal {e.g., C,,(x) = C,,(x), etc.], this last point is
particularly easy to see, because

Ci(0) = <[v(x) — <v;>]?> = <v?> — <v,>2, @)

This is just the squared turbulent velocity dispersion along any one of three
(statistically independent) Cartesian axes of the system.
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In a turbulent fluid, covariance measures like C,.j(x) must gradually de-
cline in magnitude at nonzero lags. This is plausible on purely physical
grounds, because very distant points in a turbulent system can be expected to
lose eventually any deterministic links. This does not imply, however, that the
fluid’s coherence must decline monotonically. In complex systems, particu-
larly ones with multiple sources and sinks of energy on different length scales,
there is no fundamental mechanism which prohibits a partial recorrelation of
fluctuations at intermediate lags. Thus, velocity fluctuations may display a
somewhat enhanced coherence on large scales while showing much less orga-
nization on smaller scales; density fluctuations may exhibit similar behavior
(see Kleiner and Dickman [1984] for an astronomical example).

These considerations lead naturally to the concept of correlation scales
for turbulent systems. These are generally defined as lags at which the co-
herence of a hydrodynamic variable declines to (1/e) of its zero-lag value.
From the definition of the velocity autocovariance given above, it is clear that,
in general, a correlation scale may depend upon the Cartesian axes (i and j)
which have been chosen for a coordinate system, as well as upon the direc-
tions in which correlations are evaluated. In the case of isotropic turbulence,
one can speak of the correlation lengths of a velocity field, because simple
scalars then describe the statistical coherence of the system; but again there
may be more than one of these. In the idealized case of isotropic turbulence
characterized by a single velocity correlation length, it is frequently asserted
that the correlation length corresponds approximately to the size of the largest
turbulent eddies in the system.

Alternatives to the covariance tensors, of which the two-point velocity
measure introduced above is the simplest example, can also be defined; the
covariance measures are not unique. One alternative to the two-point
covariance which has found frequent use in astronomy and related fields is the
structure tensor (see, e.g., Miinch 1958; Kaplan and Klimishin 1964; Scalo
1984; Tatarskii 1961; Peebles 1980). For a homogeneous, time-independent
flow the structure tensor is defined:

S,(x) = <[dv/x') = dv(x" + x)]*> (®)

where
dv,=v, — <v;>. 9)

Hence

5,0 = 02 + 02— 2C,(x) (10)
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where
02 = <|v(x) — <V > P> = <v2> — <v>2 (11)

For the especially simple case of isotropic turbulence, the structure tensor
simply reduces to the structure function, related to the velocity autocorrela-
tion function by:

S(x) = 202[1 — a)). (12)

While the structural and covariance tensors of a turbulent fluid can be put into
complete one-to-one correspondence theoretically, as can be seen from Eq.
(10), they differ in several important respects when applied to data sets of
finite extent (see, ¢.g., Peebles 1980; Scalo 1984; Kleiner and Dickman
1985a). Most notable of these distinctions is the tendency of structural mea-
sures to suppress linear trends across the data; this is evident from the defini-
tion (Eq. 8). In Sec. 1V we briefly discuss some consequences of this bias.

C. Limitations of Turbulence Theory

A complete theory of turbulence would deduce, ab initio from the hydro-
dynamic equations, the correlation tensors for a fluid with specific initial and
boundary conditions, or at least would provide compact algorithms for their
computation. That such a theory does not exist in general terms is not surpris-
ing, but it is rather remarkable that no deductive theories whatever exist, even
for what might be judged very simple model systems. For example, no
derivation of the two-point velocity correlation function of isotropic, fully-
developed, incompressible turbulent flow has ever been given, although ap-
proximations, some exceedingly serviceable, abound.

In the absence of any exact theory of turbulence, it is useful to examine
briefly what is perhaps the best-known approximate theory of turbulence,
namely that due to Kolmogorov (1941a,b,¢) and, independently, to Obukhov
(1941). Of special interest here is the extent to which it can constitute a viable
benchmark for astrophysical turbulence, particularly in the dense interstellar
medium.

The Kolmogorov-Obukhov theory is pertinent to incompressible, iso-
tropic, homogeneous and fully-developed turbulence. Its major prediction
(and triumph) is the so-called Kolmogorov 2/3 law which asserts that typical
squared velocity differences in the model fluid (essentially just the structure
function discussed above in Sec. III.B) grow as the two-thirds power of the
distance separating the sampled regions. Symbolically, for a particular Carte-
sian velocity component v,

<Ivix) = vx)PP> ~ (%, = X,[/L)?3. (13)



TURBULENCE IN MOLECULAR CLOUDS 165

Here the scale L is fundamental to the physical system being modeled, and
can be related simply to the correlation length of the turbulence (see, e.g.,
Panchev 1971). Although the original derivations are more elaborate, simple
physical arguments serve readily to establish Eq. (13) if one assumes a uni-
form energy density per Fourier mode for the fluid (see, e.g., Kaplan 1966;
Kaplan and Pikel’ner 1970); this is essentially the same as assuming that once
energy is injected into the system (at scales > L), it is simply transferred
without loss to progressively smaller scales until dissipated by viscosity.
Notice that regardless of its merits, this sort of energy cascade is patently
inapplicable when direct energy sinks, such as radiative shock losses, exist in
addition to viscosity.

The utility of the Kolmogorov model as a practical, analytical tool is
impressive in certain disciplines. For example, in studies of propagation phe-
nomena such as scintillation or radiance fluctuations driven by turbulence in
the terrestrial atmosphere, the two-thirds law appears to be closely adhered to
(see, e.g., Tatarskii 1961; Baars 1970; Mavrokoukoulakis et al. 1978). Cer-
tainly, the basic model requirements of incompressibility (i.e., Mach number
<< 1) and inertial-range scales (far from energy-deposition and viscosity-
related effects) are well satisfied by the meterology underlying the studies
above; however, it is not entirely clear why boundary-layer anisotropies and
influences like wind-shear effects do not mitigate the model’s applicability
more strongly.

It has been known for a number of years that the Kolmogorov-Obukhov
model is both flawed and highly limited in the range of length scales which it
describes; this is particularly so at high Reynolds numbers (Townsend and
Stewart 1951). It also fails to correspond well with experiment in more subtle
ways. For example, the model fails to replicate satisfactorily observed ve-
locity correlations among three or more points, a problem which may stem
from a breakdown in the model’s incompressibility assumption. In a pictorial
sense, what happens is that smaller turbulent eddies fail to populate the stra-
tum of fluid fluctuations as uniformly as their larger counterparts, an effect
termed “intermittency.” Ways of modifying the Kolmogorov-Obukhov theory
to account for it are reviewed by Frisch and his collaborators (1978), who
themselves present a basically dimensional approach to the problem which
they call the beta model.

How suitable is the Kolmogorov-Obukhov theory as a conceptual frame-
work for the study of astrophysical turbulence? Strongly in its favor as a the-
oretical tool is its innate simplicity and its success in describing certain classes
of phenomena such as those noted above in connection with the Earth’s atmo-
sphere. Moreover, although there are relatively few published determinations
of the spectrum of turbulent gas motions in the interstellar medium (or of
associated phenomena, such as nebular brightness fluctuations), it is not un-
usual to find note taken of a closeness to, or consistency with, the
Kolmogorov-Obukhov structural index of 2/3 (Armstrong and Rickett 1981;
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Kaplan and Klimishin 1964; Kaplan 1966; Chandrasekhar and Miinch 1952;
Miinch 1958; R. B. Larson 1981). Recent efforts by Ferrini and coworkers
(Ferrini et al. 1982,1983a) to apply the beta model of Frisch et al. (1978)
essentially accept this apparent concordance, and attempt to ascertain whether
intermittency corrections lead to a more realistic picture of the dense in-
terstellar medium, in which molecular clouds are regarded as rather small
turbulent structures.

Nonetheless, the Kolmogorov-Obukhov theory is rooted largely in the
phenomenology of essentially incompressible, subsonic dynamical systems
which in their simplest form contain but one source of turbulent energy, in-
jected on the outer scale appropriate to the system, and but one sink, viscosity.
The basic suitability of this sort of model to describe the generally supersonic,
compressible motions of an interstellar medium possibly subject to energy
deposition on several scales at once, should be viewed with caution if not with
outright skepticism. Especially troubling insofar as molecular clouds are con-
cerned is how and where gravity fits in. Molecular clouds are manifestly dom-
inated by gravity. Any phenomenological description of turbulence which re-
lies on the statistical characterization of velocity fluctuations as a function of
region or scale size, and which at the same time ignores the interplay of
gravity with thermal and scale-dependent turbulent pressure (see, e.g.,
Chandrasekhar 1951¢), is severely handicapped from the outset. It should also
be emphasized strongly that determining a structural index near the
Kolmogorov 2/3 value does not necessarily imply that the fluid studied is in a
state near that predicted by the theory.

Observation, of course, is the ultimate arbiter of any physical theory. At
present, despite early indications that it might be relevant in describing
stochastic velocity structure in molecular clouds, the Kolmogorov-Obukhov
theory appears to be inapplicable to molecular clouds (Scalo 1984; Kleiner
and Dickman 1985a,b). Because other credible trial theories pertinent to in-
terstellar turbulence which are capable of concise test are simply nonexistent, it
appears essential at this point to assemble, as far as possible, a purely observa-
tional phenomenology of the subject which can then be subjected to ex post
facto theoretical analysis. How this may actually be accomplished is dis-
cussed in Sec. IV.

1V. OBSERVATIONAL TECHNIQUES

Despite the fact that an infinite set of density and velocity correlation
tensors is formally necessary for a complete description of a compressible,
stationary turbulent flow, the two-point velocity correlation can be regarded as
a basic starting point in the study of turbulence in molecular clouds (Sec. I).
Given the daunting prospects for a reasonably accurate ab initio theory of
turbulence appropriate to these objects, we have argued that the determination
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of this quantity should be approached observationally. In this section we con-
sider how and to what extent this can be done using spectroscopy.

Some limitations must be accepted at the outset. Spectral lines provide
only collective probes of the line formation path. We have previously empha-
sized, however, that turbulence is a fundamentally three-dimensional phe-
nomenon. Thus, although an observer may have the ability to make a high-
resolution map of an interstellar cloud, relations along the line of sight can
never be certain, except possibly in a statistical sense. This means that directly
determining the behavior of a particular correlation tensor with respect to
three-dimensional vector lag is impossible unless assumptions are made re-
garding the tensor’s symmetries; invariably, all one can do is to determine
average correlations along the line of sight. Instrumental noise imposes addi-
tional limits to the estimation of velocity correlations; so also does the finite
extent of molecular clouds, particularly if a source happens to be comparable
in extent to the size of a suspected correlation scale. The number of statis-
tically independent data samples available is then irrevocably limited, and as a
consequence, so is the signal-to-noise ratio of any deduced correlations
(Kleiner and Dickman 1984,1985a).

A. Basic Concepts

In the 1950s it was first pointed out that correlation properties of in-
terstellar turbulence could be probed by spectroscopic observations (Kampé
de Fériet 1955). The essential idea is that by mapping an interstellar cloud in
an optically thin spectral line, one statistically samples the velocity field of the
source. Studies of this type in the optical part of the spectrum have been used
to examine the behavior of turbulence in diffuse nebulae (see, e.g., Miinch
1958; Kaplan and Klimishin 1964); radio investigations of neutral atomic
clouds in the 21 cm line of H I have also been carried out (see, e.g., Baker
1973; Chiezé and Lazareff 1980). Until recently, however, molecular clouds
were not subjected to a similar scrutiny. This lapse is largely attributable to the
fact that as in any statistical approach, fairly large data sets are required for a
meaningful study; only recently have millimeter-wave receivers become sen-
sitive enough to acquire the necessary data bases in reasonable amounts
of time.

Let us consider a hypothetical interstellar cloud which we shall suppose
to be sampled at high spatial and spectral resolution in an optically thin reso-
nance line of some atom or molecule. We shall also assume the source to be so
large and statistically uniform that meaningful ensemble averages can be con-
structed by spatially averaging the data (ergodicity assumption). For the pre-
sent, we shall ignore the smoothing produced over the cloud face by the finite
spatial resolution of the telescope (e.g., diffraction and error patterns in a
radio telescope, or slit size/detector sensitivity compromises in an optical
telescope). The impact of instrumental noise on the analysis which follows is
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also ignored here for clarity (but is treated in detail by Dickman and Kleiner
[1985]).

Let us denote by I(u,§) the specific intensity of radiation observed at
position § on the face of the cloud at a frequency corresponding to Doppler-
shift velocity u = [(v — vy)/vy]c with respect to the rest velocity of the source.
For simplicity, and without loss of generality, the cloud velocity may be as-
sumed to be zero. The velocity centroid of the spectral-line profile at § is
defined:

v = [duw(w§)/ [ dul(uk) (14)

where the integrations extend over the profile.

We shall adopt a z-axis orthogonal to § for the purpose of measuring dis-
tances into the model cloud, and we shall denote by v(z,§) the line-of-sight
component of the velocity field at position (z,§). One can then show (Dickman
and Kleiner 1985) that for optically thin radiation, the measured centroid is
related to the gas motions which produce the line profile via:

v(§) = [ dz v(z.8) S,(2.8) k(2,8)/ [ dz S,(2,8) Ky(2,). (15)

Here the symbols S, and k, denote, respectively, the source function and line-
center absorption coefficient at location (z,§) in the cloud. Both integrals ex-
tend from O (at the front of the cloud), to a depth Z.

Equation (15) provides a link between velocity field and spectral profile.
In order to forge it into a workable tool, it is necessary to assume that the
cloud is essentially uniform along each sampled line of sight.2 Letting Z
denote the depth of the cloud, we then have the especially simple relationship:

v.(§) =2~ ‘fzdz V(z.E). (16)
0

This result is quite intuitive. Photons in an optically thin spectral line are
emitted without subsequent interaction with their parent medium. If the medi-
um is excited uniformly along each line of sight, the photon spectrum repli-
cates perfectly the velocity distribution of the emitting particles, and the line-
profile centroid coincides perfectly with the average line-of-sight velocity of
the gas.

aBecause the source function and absorption coefficients appear in both the numerator and de-
nominator above, to lowest order, departures from constancy will leave the results which follow
essentially unchanged. The impact of deviations from the obviously unrealistic ideal of uniform
line-of-sight depth in the formalism are more difficult to characterize. Generally, variations in
cloud depth lead to spurious, nonstationary trends in the velocity correlations. However, these
primarily contaminate the estimation process at lags on the order of the depth variations. These
are apt to be rather large, whereas the correlation techniques we discuss are most valuable in
explicating structure on moderate-to-small cloud scales.
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Let us consider how the quantity v_(§) might be expected to fluctuate in a
map of our hypothetical cloud if turbulence is present. The amplitude of the
fluctuations is most simply described by their variance, and this can depend
upon only two basic parameters: (1) the overall magnitude of turbulent ve-
locities in the cloud; and (2) the ratio of the cloud depth Z to the largest
correlation scale L possessed by the velocity field along the line of sight. This
ratio is the only dimensionless ratio in the problem if opacity effects are unim-
portant, and it determines the number of statistically independent velocity-
field samples which typically occur along a sight line: N ~ Z/L. When this
number is small, the statistical character of the velocity field governs the way
in which independent flow cells combine along the individual sight lines to
produce particular values of v_(§); measurements of centroid velocities then
exhibit substantial positional fluctuations. On the other hand, when the cor-
relation length is much smaller than the depth of the cloud, a typical line
formation path contains so many turbulent cells that their average velocity
closely approaches that of the whole cloud; thus, when N becomes very large,
all line-profile centroids tend to the same fixed value.

To the extent that the N turbulent cells along a typical line of sight can be
treated as statistically independent regions whose barycentric velocities reflect
the statistics of the underlying velocity field, the foregoing considerations can
be made quantitative by using simple statistical arguments. Let us denote the
line-of-sight velocity of a turbulent cell by u. By assumption, the statistics of
the cell velocities are identical to those of the gas in the model cloud. Letting
the variance of the turbulent velocity fluctuations in the cloud be o2, we then
have:

<u> =90

<u?> = g2, (17

Now suppose that an average of N cells populates each line of sight where a
centroid velocity v is measured. Then

v.=N""Yu (18)

where the sum extends over the N cells. The average and variance of the
centroids are then easily calculated:

(v.) = <N“‘§_’:ui> = N“Z(u,») =0

(v2) = N=23 S (uu;). (19)
i
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Because the turbulent cells are assumed to be statistically independent, <u, u;>
= <u?> 3y, so that

<y 2> = N1 <y?>. (20)

Thus, the variance in line-of-sight centroid velocity of the N cells which com-
prise a typical observation path should be given approximately by:

a2, ~ o?/N = ¢?/(Z/L). (21)

Despite these somewhat simplistic arguments, Eq. (21) turns out to be a
remarkably robust approximation to the more exact result which can be de-
rived using the autocorrelation function (Dickman and Kleiner 1985). This
makes it useful for estimating the (largest) correlation scale in a molecular
cloud from a set of observations without the need for elaborate analysis. Once
a2, has been ascertained, and Z has been suitably estimated (usually by as-
suming a depth comparable to the mean transverse extent of the source), it is
only necessary to determine the value of o2 in order to apply Eq. (21). This
can be done in several ways. The simplest way is to average together the
spectral profiles which comprise the data set. If there are no strongly nonsta-
tionary trends in the velocity field, such as rotation or bipolar flow, the result-
ing composite spectrum usually will be nearly Gaussian with variance 2.
[The Gaussian distribution is basically a consequence of the central limit the-
orem (statistical law of large numbers; see, e.g., Papoulis 1965) and is con-
siderably less informative about the turbulence than one might at first suppose
(Leslie 1973).]

It may happen, however, that one does not have available the spectral
profiles (which may occur in dealing with published data), or that one wishes
to examine a rotating cloud. In this case, one should, if possible, first remove
(by least-squares fitting) any clearly systematic effects in the data, and re-
calculate o2 (This will avoid any possibility of obtaining a length scale char-
acteristic of the systematic trends which could mask other statistical scales in
the data.) Provided that one can assume that individual spectral line profiles
can be adequately represented by Gaussians, it is then possible to use the
following simple relation to determine ¢ (Dickman and Kleiner 1985):

o2 =02, + <Av>?81In2 (22)

where <<Av>> is the average full width at half intensity of the individual spec-
tra. Thus, the largest correlation scales of a turbulent molecular cloud can be
probed in an approximate fashion by applying the simple formulae above.
The foregoing arguments rest basically upon the fact that the obser-
vability of turbulent velocity fluctuations in an interstellar source is degraded
by a factor ~ (L/Z) due to cloud depth effects. A similar loss of sensitivity is
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produced by resolution-smoothing in observational data, such as that due to
the finite beamwidth of a radio telescope. If the angular resolution of the
instrument is ¢ radians, and one studies a source d parsecs distant with ve-
locity correlation length L, then irrespective of the path-length dilution, there
will be an additional decrease in sensitivity to turbulent velocity fluctuations
of order ~ L/(dd). The lesson here is clear: nearby molecular clouds are the
best candidates for the study of turbulence, and for this reason the Taurus and
Ophiuchus nebular complexes (d = 140 and 160 pc, respectively) merit spe-
cial attention.

B. Two-Dimensional Analysis

In order to obtain the fullest picture of the velocity field of a turbulent
interstellar source, including estimates for any secondary coherence lengths
and the actual form of the autocorrelation function, a more elaborate treatment
of the data is necessary; one must form the two-dimensional autocorrelation
function of the velocity centroid map. A theoretical framework for interpret-
ing the correlation surfaces obtained with this procedure is straightforwardly
derived from the definition (Eq. 16) of the spectral line centroid and need not
be repeated here (Dickman and Kleiner 1985); techniques for maximizing the
signal-to-noise ratio of the derived correlations at various lags are summarized
by Kleiner (1985) and Kleiner and Dickman (1984,19854). The basic relation
between the calculated autocorrelation function of spectral velocity centroids,
and the true autocorrelation of the line-of-sight velocity field a is the
following:

(VEVE + x) Sl = (2/D)]al(z2 + x*)!?] dz
(v (E)V (E) T = (z/2)]az) dz

(23)

Kleiner (1985) discusses the impact of the line-of-sight averaging which oc-
curs in Eq. (23). He points out that because the correlation function is usually
a decreasing function of lag, the triangular weighting tends to insure that
spacings near the observed lag x contribute most heavily to the integrals.
Thus, although a(z) cannot be reproduced exactly by correlating a map of
spectral profile centroids, a reasonably good estimate, which may tend to
overstate slightly the scale of any correlations (cf. Kleiner and Dickman 1985
a), can nonetheless be made.

It should be emphasized that the analysis to be carried out here is inher-
ently two-dimensional. Even should one wish to assume that one is dealing
with isotropic turbulence, the cloud in question may nonetheless reveal initial
anisotropies; these may be the result of systematic motions (like rotation), or
may simply be due to unavoidably impoverished statistical sampling (such as
for correlated motions on scales an appreciable fraction of the cloud size). As
a practical matter, it is therefore essential to begin the study of any interstellar
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cloud in a fully two-dimensional manner. The interpretation and removal of
nonisotropic motions (by high-pass filtering, for example) can then be carried
out, and any remaining rotationally invariant correlations studied.

The necessity of performing a fully two-dimensional evaluation of the
correlation function (Eq. 23) suggests that fast Fourier transform (FFT) tech-
niques be used in implementing the schemes described above. Essentially, one
simply calculates the power spectrum of the data set using two-dimensional
FFT’s (Brenner 1976), and performs a final fast transform to obtain the de-
sired two-dimensional correlation. For large data bases, the resultant savings
in computation time made possible by this somewhat circuitous approach
makes for a highly appealing strategy (cf. Kleiner 1985). [For N data points,
use of a FFT in place of a conventional slow Fourier transform entails a frac-
tional time saving of roughly (Nlog,N/N?).] However, several imperatives
must be adhered to in its use. The most important of these is that an astrono-
mer must begin with a spatially rectilinear data set. Unevenly spaced data must
first be interpolated into regular grid form before the FFT’s can be carried out;
this inevitably introduces an uncertainty into the derived correlations whose
magnitude is difficult to estimate.

Practically speaking, the inherent attractiveness of an FFT approach to
cloud correlation studies is mitigated to whatever extent pre- or post-process-
ing of the data is necessary. High- and low-pass filtering fall into this category.
Accordingly, there are circumstances in which an approach to turbulent ve-
locity fields might be made as expeditiously by using two-dimensional structure
measures. This approach has been lucidly discussed by Scalo (1984). Probably
the most distinctive attribute of the structural method is its relative insensitivity
to linear data trends already noted in Sec. II1. If such trends can be legitimately
regarded as spurious, small-scale correlations which might otherwise be lost in
a naive correlation analysis, will be highly visible when a structural analysis is
performed. This is a two-edged sword, however; the ability to discern certain
features of potential physical significance in one’s data is also sacrificed. My
own preference is to use correlation, rather than structural functions (Kleiner
and Dickman 1984,1985a,b), although as computing costs continue to decline,
there may be little computational incentive to prefer one technique to the other.

V. PERSPECTIVES

The observational study of turbulence in molecular clouds is a subject still
in its infancy. Far too small a sample of objects has been subjected to a system-
atic two-dimensional velocity analysis? for there to be even preliminary hints

aAs of this writing, we are aware of only three efforts in this area: (a) Kleiner’s studies of the
Taurus complex using the A2.7 mm '3CO line, made jointly with the author (19854,b); (b) Scalo’s
(1984) structure function study of the p Oph core region, using the A2.7 mm C!80 line, and (c¢)
Falgarone and Puget’s in-progress study of cold condensations in the Cygnus region, using both
the above molecular transitions (E. Falgarone, personal communication).
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regarding which, if any, turbulent properties may be common to the velocity
fields of molecular clouds. In this connection, it is important to place in per-
spective the size-linewidth relations for interstellar clouds which were first
intensively explored by R. B. Larson (1979).

R. B. Larson (1981) pointed out that over a range of length scales between
about 0.5 and 60 pc in the interstellar medium, molecular cloud size appeared
to correlate closely with internal velocity dispersion. A reasonably good fit to
the data was obtained with the relation Av o R?, with b = 0.38. This result was
consistent with an earlier study (R. B. Larson 1979) which also embraced
neutral hydrogen clouds, and which contained data on lengths scales ranging up
to nearly 1 kpc; a power-law index b = 0.33 was inferred from the earlier data
set. Subsequent studies (Leung et al. 1982; Myers 1983) have apparently
confirmed the general existence of such a correlation for molecular clouds,
although the scatter in the data is appreciable and the value of the index b
therefore ill-determined (in part, this is because uncertainties in cloud distances
make reliable size estimates correspondingly difficult).

Does this correlation mirror the presence of a global, scale-invariant
turbulent process within the Galaxy? In originally making this suggestion,
Larson (1981) noted the closeness of his derived power-law index to the
Kolmogorov-Obukhov value of 5 which characterizes an incompressible, dis-
sipationless turbulent cascade (recall that the “2/3 law” applies to squared
velocity differences (Sec. II1.C) whereas the correlation studies in question
here involve velocity dispersions). Regardless of any hesitation one may have
in accepting the applicability of such a theory to interstellar velocity fields (cf.
Sec. II1.C), it is not difficult to demonstrate rigorously that, on average, the
velocity dispersion within regions of size R in a Kolmogorov-Obukhov flow
does scale as R13 (Kleiner and Dickman 1985a).

However, if the interstellar size-velocity dispersion correlation is due to a
turbulent cascade, the outer scale (Sec. II1.C) of the process must exceed
considerably the size of the largest region in which the correlation is observed
to apply. Moreover, it is easily shown that the correlation length associated with
Kolmogorov turbulence is ~: the outer scale (Kleiner and Dickman 19854), so
that a value for the former quantity of at least some tens of parsecs must be
expected in the dense interstellar medium on the basis of Larson’s hypothesis.
This is so large that highly correlated, turbulent motions should be easily
detectable in molecular clouds using the techniques reviewed in this chapter.

Attempts to do so have failed in both the central regions of the p Oph
cloud, and in the Taurus complex of dark nebulae (Scalo 1984; Kleiner and
Dickman 1985a). Furthermore, in Heiles’ Cloud 2, where the velocity field has
been resolved into a rotational component carrying about Y5 the kinetic energy
of the gas, and an isotropic turbulent component, carrying the remaining %3 of
the energy, the correlation structure of the turbulence does not at all resemble
the Kolmogorov-Obukhov model (Kleiner and Dickman 1985b);
instead, the correlation length of ~ 0.05 pc in Cloud 2 marks a relatively sharp
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break in the velocity spectrum, beyond which the turbulent flow rapidly be-
comes incoherent. While a recent study of correlations in the dark cloud Bar-
nard 5 by Stenholm (1984) has reported some evidence for a %3 law, the volume
of data was limited and studied with one-, not two-dimensional techniques; we
are therefore inclined to be cautious about Stenholm’s result until a larger data
base for this cloud has been rigorously analyzed. In summary, we are at present
aware of no compelling direct evidence that Kolmogorov-Obukhov turbulence
is operative in molecular clouds.

The foregoing considerations certainly do not preclude a fundamentally
dynamical origin for Larson’s linewidth-cloud size relation. However, re-
gardless of its physical origin, its applicability as a probe of turbulence in
molecular clouds rests on the postulate that the gas motions in all such objects
are part of a single, homogeneous velocity field within the Galaxy. Given the
profoundly differentiated character of the interstellar medium, this seems dif-
ficult to justify. As a result, the correlation methods reviewed in this chapter,
or their structural variants, presently appear to be the best available methods
for probing the properties of turbulent motion in dense clouds.

Further refinements of the techniques are clearly called for. It seems
ludicrous to discard the overwhelming bulk of information contained in a
spectral line profile, and to employ only its first velocity moment as turbulence
diagnostic. Related to this is the need to establish a formalism for estimating
velocity-density cross correlations. Until this is possible, observations will not
be truly capable of painting a complete picture of molecular clouds, and we
shall lack observational keys to understand the influence of compressibility in
the dense interstellar medium. Finally, it is essential that error estimation
capabilities keep pace with the unavoidable imperfections of the observations,
as well as with the possibly less-avoidable simplifying assumptions which
underlie the interpretations of the data. If they do not, the creation of statistical
sand castles which lack solid foundations seems an all too worrisome possibility.
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STAR FORMATION: AN OVERVIEW
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Studies of clusters, associations, and field stars provide a kind of fossil record
of the star formation process. Recent studies of clusters indicate that star forma-
tion may proceed over a very long time, with lower-mass stars forming first and
higher-mass stars only later. Studies of regions of current star formation pro-
vide snapshots of the process and a knowledge of the conditions which precede
star formation. Infrared observations have identified regions of star formation,
and molecular line studies are characterizing their properties. Infrared map-
ping and photometry have revealed many compact sources, often embedded in
more extensive warm dust associated with a molecular cloud core. More de-
tailed study of these objects is now beginning, and traditional interpretations
are being questioned. Some compact sources are now thought to be density
enhancements which are not self-luminous. Infrared excesses around young
stars may not always be caused by circumstellar dust; speckle measurements
have shown that at least some of the excess toward T Tauri is caused by an
infrared companion. Consequently, interpretation of infrared excesses in terms
of disks should be viewed with caution. Spectroscopic studies of the dense, star-
forming cores and of the compact objects themselves have uncovered a wealth
of new phenomena, including the widespread occurrence of energetic outflows.
New discoveries with the Infrared Astronomical Satellite and with other planned
infrared telescopes will continue to advance this field.

I. THE FOSSIL RECORD

The astronomer contemplating the study of stellar evolution faces prob-
lems similar to those of the biologist who attempts to reconstruct the process
of biological evolution because the process generally occurs on time scales

[ 175 ]



176 N.J. EVANS I

much longer than those encompassed by scientific investigation. The data at
our disposal consists of fragmented and incomplete fossil records, together
with locations where evolution is unusually rapid or otherwise clear cut, from
which we hope to piece together the general outlines of the process. In the
particular case of star formation, the H-R diagrams of open clusters and asso-
ciations provide a kind of fossil record of individual realizations of star-forma-
tion process. Like the biological fossil record, they are incomplete and
plagued by various selection effects: the high-mass stars may have evolved off
the main sequence before the low-mass stars reach it; mass segregation may
cause our census to undercount the low-mass stars; and some theory of how
the main sequence is reached is necessary for a valid interpretation. If these
problems can be overcome, we would hope to learn the distribution of masses
which formed (the initial mass function) and the time scales of formation
(e.g., was it sudden or spread over a long period?). Further, do all clusters
give the same answers? Either way, theories of star formation must account
for either the similarities or the differences between clusters.

Since most stars apparently form, not in clusters, but in looser aggrega-
tions, perhaps associations (M. S. Roberts 1957; G. E. Miller and J. M. Scalo
1978), a thorough understanding of star formation would include a study of
the initial mass functions of associations and field stars. Because stellar asso-
ciations are not gravitationally bound, they are very poorly preserved fossils,
and one is readily misled by selection effects. The field stars, on the other
hand, are like a great jumble of bones washed up by a river, representing the
remains of star formation at a wide range of times in galactic history and
locations in the galaxy (Scalo 1985a). Thus, while field stars represent the
majority of stars, their evolutionary history is extremely tangled. Since chap-
ters by Scalo and by Wilking and Lada will discuss these topics in more
detail, 1 will restrict myself to mentioning a few of the general conclusions of
these studies and to pointing out several outstanding puzzles.

First, the studies of open clusters seem to indicate that initial mass func-
tions vary from cluster to cluster, but the kinds of incompleteness mentioned
above make this conclusion uncertain (Scalo 19854). Second, the initial mass
function for associations is consistent with the composite cluster IMF and the
field star IMF over the range of 3 to 10 M, where the data are reasonably
complete (Scalo 1985a). Third, the time scale of star formation appears to
vary from cluster to cluster, as measured by the length of the main sequence.
Since conventional theory of stellar evolution indicates that massive stars will
evolve off the main sequence before low-mass stars can evolve fo it, only a
certain range of masses can be on the main sequence simultaneously if all
stars formed at the same time. Cluster HR diagrams indicate that this range of
masses is exceeded in many cases and the length of the main sequence gives a
lower limit to the time interval over which stars have formed. These time
intervals vary from cluster to cluster and are extremely long in some cases: the
most dramatic example is the Pleiades, where the age of the high-mass stars is
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~ 7 % 107 yr and the apparent age of the lower main sequence is ~ 2.5 X 108
yr (Stauffer 1980). While other clusters are less extreme, many indicate a
range of stellar ages (Iben and Talbot 1966). An immediate conclusion is that
clusters form over a range of time which is not short compared to other rele-
vant evolutionary time scales—star formation is not coeval. Faced with an
earlier and less extreme form of this problem, Herbig (1962a) suggested that
low-mass stars form first and high-mass stars form only near the end of cluster
formation. This phenomenon could in principle result from a stochastic pro-
cess in which a constant mass distribution function is sampled randomly, be-
cause the average time required to sample the high-mass end will be greater;
hence high-mass stars will not, on average, form as early in the history of the
cluster. This stochastic model does however predict that low-mass stars will
continue to form, and some should appear above the main sequence. The
deficiency of such stars in some clusters cannot be explained by a stochastic
process and requires that low-mass star formation ceased before high-mass
star formation began. In fact, stars seem to have formed in a temporal se-
quence of increasing mass in NGC 2264 (M. T. Adams et al. 1983). This
peculiar result may lead one to question conventional time scales for pre-main
sequence evolution. These time scales are also suspect because many regions
of current star formation show an apparent decline in star formation rate dur-
ing the last 103 yr (Stahler 1983a). The latter decline may be resolved by new
considerations of where stars make their first appearance on the HR dia-
gram—their birthline—according to Stahler (1983a), but the decline of low-
mass (0.1 to 0.5 M) star formation in NGC 2264 appears to have occurred
over 3 X 10° yr ago. Unless theoretical time scales are further modified, we
must find reasons for clouds to form stars sequentially in mass. If the first stars
heat the cloud or inject turbulent energy, the Jeans mass will increase (M, ~
%2, or V3., if turbulent energy is equated to an effective temperature). If, on
the other hand, fragmentation processes determine the initial mass function, a
minimum mass for fragments exists because small fragments become so
opaque that the radiative cooling time becomes longer than the free-fall time.
This minimum mass is a weak (~7"4) function of temperature (Spitzer 1978).
More detailed examination of these questions are necessary, but at the mo-
ment, these observations appear to present a major puzzle.

II. REGIONS OF CURRENT STAR FORMATION

An alternative to examining the fossil record is to study regions of rapid
evolution. With a few exceptions, like FU Orionis events and flare activity,
the time scales for early stellar evolution are still long compared to the span of
recorded observations. On the other hand, we have in regions of current star
formation a series of snapshots of different epochs in the star formation pro-
cess. If all star formation regions follow roughly the same temporal sequence,
we may attempt to construct a history of the average star formation process by
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assembling enough snapshots into a temporal sequence. This is a major ad-
vantage we have over the biologists since terrestrial evolution does not repeat
itself. Even in the astronomical case, the evidence cited above for variations
from cluster to cluster in initial mass function and time interval of star forma-
tion must make us cautious about the resulting average history. Further, we
have the problem of assigning the correct times to the various snapshots.
Finally, we have only a few examples of regions which appear to be forming
clusters, although we should be able to find more (see chapter by Wilking and
Lada).

Another purpose for studying regions of current star formation is to de-
scribe the environment for star formation. The conditions in regions of star
formation must be determined so that theoretical models can be made to re-
flect realistic situations. Let us turn then to the question of how we discover
and characterize regions of current star formation. Infrared observations have
been the primary means used to search for stars in the process of formation. At
first these infrared searches were concentrated in the vicinity of compact H 11
regions, based on the premise that still younger objects might be associated
with the young hot stars that ionize the gas in H II regions (see, e.g., Wynn-
Williams and Becklin 1974). Later, the advent of millimeter-wavelength as-
tronomy provided a larger frame for the picture. It is now clear that nearly all
reasonably compact H II regions are associated with molecular clouds which
are invariably much larger and more massive than either the H II region or the
aggregate of the stars ionizing it. It is also clear that the dark clouds that have
long been known to be associated with T Tauri stars are merely molecular
clouds which are near enough to us to produce a substantial dark area on the
sky. Maps of these molecular clouds in the spectral lines of carbon monoxide
(CO) revealed regions of elevated temperature which have turned out to be
excellent hunting grounds for higher-mass young stars.

The result of a decade of this work is that we now have a large list of
regions of star formation (cf. Wynn-Williams 1982) and detailed studies
of many of them. The searches have, however, been biased by application of
search techniques already proven successful. Because many of these tech-
niques involved searching where known stars had already formed, we may not
have found many regions where star formation is just beginning. This situa-
tion will soon be rectified; in regions where it is not limited by confusion, the
Infrared Astronomical Satellite (IRAS) survey will include essentially all
stellar and protostellar objects surrounded by significant amounts of dust out
to a distance of ~1 kpc for a luminosity of 1 L., (Werner 1982). If we can
separate these sources from other kinds of infrared sources, a much less biased
and a more complete picture of star formation will result.

With the prospect of such a picture soon to emerge, it may be foolish to
attempt a review of star formation now. If, however, we attempt to summarize
the current picture, something like the following emerges. Star formation
appears to occur invariably in molecular clouds. This idea has considerable
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appeal. After a period of controversy over whether molecular clouds are
(Bash and Peters 1976; R. S. Cohen et al. 1980) or are not (Scoville et al.
1979) confined to spiral arms, a consensus has emerged that molecular clouds
are at least enhanced in spiral arms, while not being totally confined to them.
This distribution is reasonably consistent with the traditional view, based
largely on the blue colors of spiral arms in other galaxies, that massive stars
are born in spiral arms. Furthermore, molecular clouds are cold and massive
objects, conditions which should favor star formation if simple Jeans mass
arguments have any validity.

If we try to develop a more detailed scenario for star formation, we
quickly encounter inconsistencies and puzzles. Unlike diffuse atomic clouds,
which are confined by pressure from the hotter intercloud medium, essentially
all molecular clouds are gravitationally bound. A simple analysis leads to the
conclusion that nearly all molecular clouds should be collapsing at the free-
fall rate. Even at the lowest densities thought to exist in molecular clouds (n ~
100 cm ~ %), the time for free-fall collapse is ;= 4 X 107 n~ /2 = 4 X 10%yr.
Since estimates for the total mass of molecular clouds in the galactic disk
range upward from 10° M, a naive interpretation would suggest a star for-
mation rate of = 250 M, yr—!, which is much larger than conventional
estimates. Furthermore, most of the molecular gas is concentrated into very
large clouds or complexes with M = 10°-10% M, much bigger than open
clusters or associations, which have typically 10 M, of stars. Evidently, the
process of star formation on large scales is inefficient in some sense; only a
small fraction (0.1 to 1%) of a molecular cloud forms stars.® This formal
solution, low efficiency of star formation, is not satisfactory because it also
requires explanation: what prevents the overall collapse of massive molecular
clouds? Fragmentation can channel the collapse into multiple star formation,
avoiding the formation of a supermassive object, but how is the gravitational
binding energy overcome? How does a gravitationally bound object of 10¢
M, become a 10* M, cluster or association of stars and 10° M, of unbound
gas? While stellar winds, H II regions, and supernova explosions have all
been proposed as means to disperse the unused gas, they have also been sug-
gested as triggers to further star formation. The complexity of hydrodynami-
cal processes may preclude a clear theoretical analysis of cloud dispersal
through these processes. Observational results do present a clear challenge to
theory; CO observations of clusters indicate that the molecular cloud is dis-
persed by the time the last O9 star leaves the main sequence, corresponding to
a duration of 20-40 X 10¢ yr for the cloud, once massive stars have formed
(Bash et al. 1977).

2The efficiency appears to be much higher on smaller scales: the portion of a cloud forming a
bound cluster must have a higher efficiency under certain assumption; and the efficiency in form-
ing an individual star also appears to be reasonably high.
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HI. FORMATION OF A STAR

Let us now consider the process of formation of individual stars. The
basic assumption in most theoretical calculations of star formation is that one
can isolate the formation of a single star from the effects of its environment,
that is, one begins with a mass of gas which collapses to form into a star.
Based largely on the pioneering work of R. B. Larson (1969), several theorists
developed models for hydrodynamical collapse. These spherically symmetric
models inevitably found that a core forms when the density reaches a point
where infrared photons are trapped. The core then contracts more slowly than
the free-fall velocity toward the main sequence. Spherical accretion and,
eventually, nuclear reactions provide a luminosity source embedded in the
accreting envelope for a considerable length of time. Such an object would
appear only as an infrared source until the envelope cleared, revealing a visi-
ble object. The term “protostar” is often used to describe those objects in
which nuclear reactions have not yet begun. After nuclear reactions begin,
massive stars are expected to achieve surface temperatures sufficient to pro-
duce many photons capable of ionizing hydrogen. Massive stars may then
pass through a phase which can be described as a “cocoon star” (K. Davidson
and M. Harwit 1967). Such a star, on or near the main sequence, and its
ionized gas are surrounded by a dust shell. The pressure inside the dust shell
eventually disperses the shell, leaving a visible star with a compact H 11
region.

Since compact H II regions are well-known objects, the observational
challenge contained in the theoretical calculations was to find objects in the
earlier stages of the process: collapsing masses of gas, protostars, and cocoon
stars. Attempts to identify collapsing portions of molecular clouds have gener-
ally been frustrated by the difficulty in extracting dynamical information from
the shapes of molecular lines. The collapse phase of an individual star forma-
tion event will also be difficult to identify by its dust emission because it is not
expected to be very luminous nor hot until after a core has formed. Some
regions of nearby globular molecular clouds have been found to contain cold
(T, < 25 K), low luminosity (< 10 L) sources of far-infrared emission
(Keene et al. 1983; Beichman et al. 1984). While these may be examples of
very early stages of gravitational collapse, alternative explanations are also
possible (Beichman et al. 1984). On the whole, 1 doubt that any unambiguous
examples of the collapse phase are known.

Calculations (see, e.g., Yorke and Shustov 1981) of the predicted energy
distribution of protostars agree roughly with those of many objects found in
molecular clouds: generally a peak in flux density around 5 to 20 wm, with
broad spectral depressions at wavelengths corresponding to dust grain reso-
nances (e.g., the 9.7-pum silicate feature). Consequently, many protostar can-
didates exist (cf. Wynn-Williams 1982); the problem is that other objects
could look quite similar to protostars. Cocoon stars, or even post-main se-
quence stars which have ejected a dust shell, can have energy distributions
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very similar to those of protostar models. Indeed sensitive searches for radio
continuum emission or infrared recombination lines have revealed that many
protostar candidates have ionized regions inside dust shells and might better
be called cocoon stars. Given the rules of the game, massive infrared objects
can only lay provisional claim to the title of protostar; if observations with
better sensitivity reveal ionized gas, the object falls into the less exciting cate-
gory of cocoon stars. If we also require evidence for accretion, then it cannot
be said that we have found any unambiguous massive protostars.

The evolution of low-mass (M = 5 M) objects is rather different. The
time between formation of a core and the initiation of nuclear reactions can
become so long that all the envelope can accrete, leaving a visible object,
which may even wander outside the molecular cloud. These objects are some-
times called protostars, but if ongoing substantial accretion is required for
protostellar status, they do not qualify. They are usually referred to as pre-
main sequence stars (PMS) or young stellar objects (YSOs), and they include
such objects as T Tauri stars.

This section has presented a very simplistic picture of individual star
formation as we might have viewed it at the time of the last protostars and
planets meeting (Gehrels 1978). The purpose has been to motivate some of the
subsequent observational developments. These developments will in turn in-
dicate the need for substantial modifications to this picture.

IV. RECENT OBSERVATIONAL DEVELOPMENTS

High spatial resolution studies of infrared emission at 10 to 20 wm have
revealed that many emission regions break up into several sources (Beichman
et al. 1979). Thus, it appeared that formation of very compact clusters was a
common phenomenon. In a review, Wynn-Williams (1982) has found that
more than half of the protostars he catalogued were members of double or
multiple groups with sizes less than 0.25 pc. In this situation, the picture of a
single, isolated star forming may not be realistic (Wynn-Williams 1982).
However,the prevalence of compact clusters has been called into question
recently by observations in the first-discovered and prototypical infrared clus-
ter, the Kleinmann-Low nebula in the Orion molecular cloud. Polarization
studies at 3.8 wm have shown that the polarization vectors form halos around
two of the compact sources, IRc 2 and the BN object (Werner et al. 1983). The
high degree of polarization (> 30%) identifies scattered light as the primary
source of polarization, rather than dichroic absorption. The polarization is
high at the location of IRc 3 and IRc 4, two prominent sources at 20 pm, but
low toward IR¢ 2 and BN. These results suggest that IRc 3 and IRc 4 are not
self-luminous. This possibility has recently been confirmed by high spatial
resolution observations at 2 to 30 pm (Wynn-Williams et al. 1984). These
maps reveal that the color temperatures determined from 8 to 12.5 pm and
from 12.5 to 20 wm peak only on BN and IRc 2 and are constant over the rest
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of the Kleinmann-Low nebula, including IRc 3 and IRc 4. The 20 and 30 pm
emission peaks, in contrast, coincide with the regions of strong scattering of
3.8 wm emission. Wynn-Williams et al. interpret these peaks as resulting
from heating by the self-luminous objects, principally IRc 2. If this situation
obtains in other regions where multiple sources have been found, we may
have to revise the notion that massive stars commonly form in very tight
clusters.

An analogous technique has been applied to compact H II regions, for
which radio continuum maps with high spatial resolution often reveal multiple
sources. These sources could be self-excited H II regions, each with its own
star, or dense clumps. Observations of ionization structure through infrared
fine-structure lines (Lacy et al. 1982) have shown that some of the sources are
clumps which may be the ionized skins of neutral condensations, remnant
from the molecular cloud. Such condensations appear very dramatically in
VLA (Very Large Array) maps of M17 by Felli et al. (1984), who suggest
clump parameters (size ~ 0.24 pc, density = 10° cm ™3, mass ~ 36 M)
which are in reasonable agreement with those deduced for the adjacent mo-
lecular cloud (Snell et al. 1984). Further high spatial resolution studies of
clumps in molecular clouds should be valuable in constraining the initial con-
ditions for star formation with parameters more realistic than those derived by
neglecting the small-scale structure.

Meanwhile, observations with still higher spatial resolution have shown
that a number of compact infrared sources are in fact double sources (Dyck
and Howell 1982; Howell et al. 1981; Neugebauer et al. 1982) with spatial
separations of 700 to 3000 AU. In the case of Mon R2 IRS 3, McCarthy
(1982) finds evidence for a third, more extended (2"), component, whose col-
ors indicate that it is scattered light from an envelope of dust centered on the
double. The most dramatic example of this type is the speckle observation
showing T Tauri to be a double star, with the cool (600 to.800 K) companion
perhaps accounting for T Tauri’s infrared excess between 2 and 20 wm (Dyck
et al. 1982). The separation is only 80 to 150 AU. The nature of the infrared
companion is as yet unclear, but Hanson et al. (1983) have suggested that it
may be a giant gaseous protoplanet which is accreting matter from a disk
around T Tauri. Regardless of the exact nature of the T Tauri infrared compan-
ion, its discovery calls into question the traditional interpretations of infrared
excesses around young, optically visible stars. In particular, interpretations
involving disks should be viewed with considerable caution until direct evi-
dence is available on the geometry. Interferometric infrared techniques with
substantial baselines will be essential for studying the nature of infrared emis-
sion regions around young stars; these techniques promise to be among the
most important avenues for further exploration of star formation over the next
decade.

Just as observations with high spatial resolution in the infrared have chal-
lenged traditional pictures of star formation, so have observations with high
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spectral resolution opened new avenues of exploration and, by indirect means,
allowed study of the environment of young stars at spatial resolutions still
higher than those obtainable by direct means. Given the picture of protostar
evolution presented in Sec. 111, the game plan seemed clear: find a protostar
candidate with no radio continuum emission or infrared recombination lines,
and find evidence for infall. The latter problem could be attacked by high-
resolution infrared spectroscopy; using the infrared source as a background
lamp, one should be able to identify infalling gas by virtue of its redshift
relative to the rest of the molecular cloud, the velocity of which can be accu-
rately determined from radio spectroscopy.

When this plan was followed in the case of the BN object (Scoville et al.
1983a and references therein), the results were dramatic and totally contrary
to expectations based on the picture discussed above. While a CO rovibra-
tional system at 9 km s~ ! (the ambient cloud velocity) is present, there are
also distinct systems at —18 and —3 km s~ !, indicative of gas which is
blueshifted, rather than redshifted relative to the ambient cloud. Also present
in the spectrum are broad (Av ~ 200 km s~ ') hydrogen recombination lines
and CO overtone bandheads in emission at A ~ 2.3 wm. These fascinating
results will be presented in more detail in the chapter by Scoville.

No other protostar candidate has been studied in as much detail as BN,
which is the brightest of these objects, but a similar study has now been made
for NGC 2024 IRS 2 (J. H. Black and S. P. Willner 1984). In this case, only
the ambient molecular cloud was seen in the CO rovibrational absorption
lines; the velocity and width of these lines agree with measurements of emis-
sion lines at radio and millimeter wavelengths. As in BN, a wide (Av = 137
km s~ 1) Br -y line was seen.

The dominance of outflow over infall toward BN is less surprising when
placed in the context of other developments. Indeed, Grasdalen (1976) had
already detected a hydrogen recombination line from BN, and radio con-
tinuum emission has now also been detected (Moran et al. 1983). Conse-
quently, one would have suspected that BN might have passed beyond the
protostellar phase. Furthermore, millimeter CO lines revealed broad (Av ~
150 km s~ ') wings superposed on the narrow spike caused by the ambient
cloud (Zuckerman et al. 1976; Kwan and Scoville 1976). Finally molecular
H, quadrupole rovibrational emission was also seen in this region (T. Gautier
et al. 1976). Further studies of this emission have shown that it arises in hot (T
~ 1000 to 3000 K) gas which has been shocked (cf. Beckwith et al. 1983 and
references therein). Also arising from this gas are high J (up to 34) rotational
lines of CO which appear throughout the far infrared (D. M. Watson 1982).
All these data point toward a powerful outflow in the core of the Orion mo-
lecular cloud. The dominant outflow appears to be driven not by BN but by
the more deeply embedded and highly luminous (L ~ 105 L)) IRc 2 (Downes
et al. 1981). This picture of outflow has been combined with the polarization
and color temperature results described above to synthesize a new model of



184 N. J. EVANS II

the Orion core as a clumpy cavity centered on IRc 2; most of the other infrared
sources are interpreted as irregularities in the material defining the edge of the
cavity (Wynn-Williams et al. 1984). An alternative view (Werner 1982;
Werner et al. 1983) is that the other infrared sources may be colder cloud
fragments, perhaps even the long-sought protostars. Persuasive evidence of
infall in these cold objects, probably based on a narrow, long-wavelength,
spectral line will be necessary to substantiate this conjecture. IRc 4 is es-
pecially interesting in this regard because of its association with a dense re-
gion revealed by highly excited radio NH; emission (Zuckerman et al. 1981)
and recently detected far-infrared NH, emission (Townes et al. 1983).

V. THE OUTFLOW PHENOMENON

While the Orion region has received the most detailed scrutiny, the phe-
nomenon of outflow around young stars has been increasingly recognized as
extremely common. Bally and Lada (1983) have found evidence for such
outflows in about 35 regions of star formation. While most of the flows stud-
ied by Bally and Lada are driven by quite luminous stars, some are not.
Beckwith et al. (1983) argue that low-mass stars are likely to produce the bulk
of the flows. Indeed, a CO J = 2 — | survey of relatively lower-mass pre-
main sequence stars (T Tauri and related objects) in molecular clouds has
found that ~ 30 to 50% show evidence of outflow (Levreault 1983). Thus,
outflow seems to be a nearly ubiquitous phase of early stellar evolution (cf.
Genzel and Downes 1983). The majority of the flows show evidence for bi-
polarity, as a redshifted lobe in one direction is matched by a blueshifted lobe
in the opposite direction. The classic example of a bipolar outflow is found in
the dark cloud L 1551 (Snell et al. 1980). Apparently driven by an embedded
infrared source of modest (30 L) luminosity (Beichman and Harris 1981),
the redshifted and blueshifted lobes are very distinct and well-collimated.
Several blueshifted Herbig-Haro objects are associated with the blueshifted
CO lobe and proper motion studies indicate a transverse motion away from
the central infrared source at velocities of ~ 150 km s—! (Cudworth and
Herbig 1979). Finally, M. Cohen et al. (1982) have detected a compact (~ 2")
radio continuum structure which is also elongated and aligned with the much
larger CO flow structure.

While the velocity and other properties of the outflow vary considerably
from source to source, systematic patterns suggest a common phenomenon as
the ultimate source of the flows. For example, the mechanical luminosity
in the high velocity flows (L, = Y2 MV?/7, where M is the swept-up mass,
V is the velocity, and 7 is the lifetime of the phenomenon), is an increasing
function of L., the total stellar luminosity. While it is reassuring that L, <
L. in all cases, the mechanism for accelerating the flow is probably not radia-
tion pressure. The required driving force (F = MV) invariably exceeds that
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available from radiation pressure (L./c) by 102 to 10*. Unless photons can be
scattered 102 to 103 times before escaping, an alternative driving force must
be found. While optical depths in some molecular clouds are high enough (cf.
Phillips and Beckman 1980), the albedo is not sufficiently high to prevent
degradation of optical and ultraviolet photons to longer wavelengths where
they will quickly escape. The same arguments apply to those sources of out-
flow which have been identified by virtue of their 2 pm H, emission (cf.
Beckwith 1981). Consequently, most outflows are attributed to stellar winds
which are not driven by radiation pressure. The bipolarity may be explained as
an intrinsic property of the wind or as an initially isotropic wind which is
channeled by circumstellar (Snell et al. 1980) or interstellar (Canté et al.
1981; Konigl 1982) disks. Even models for intrinsically bipolar flows make
use of nonspherical geometry in the form of an accretion disk (Torbett 1983).

Leaving aside the details, it is quite clear that the bipolarity of the flows
challenges the relevance of any spherically symmetric models of star forma-
tion. Rotation and magnetic fields are obvious choices for producing a favored
axis, and the increases in magnetic field strength and rotational velocity that
might accompany collapse make them likely candidates for the energy reser-
voir which drives the outflow. A model of rotationally driven winds has been
proposed by L. Hartmann and K. B. MacGregor (1982a), while a model using
magnetic bubbles produced by rotation to drive the flow has been suggested
by Draine (1983). Further theoretical effort can be expected; detailed predic-
tions will be necessary for comparison with the increasing sophistication of
the observational probes. More generally, the current situation indicates that
rotation and magnetic fields will have to be included in any realistic hydro-
dynamical calculation of protostar formation, a daunting prospect given cur-
rent limitations on computational power.

The apparent ubiquity of outflow from young objects may also have im-
plications for some of the questions about large-scale star formation. C. A.
Norman and J. Silk (1980) proposed that stellar winds from stars in the T Tauri
phase may provide sufficient energy to support a molecular cloud against
overall collapse. They argue that the stellar winds stimulate the formation of
other low-mass stars and a feedback process produces a slow and steady rate
of low-mass star formation which avoids the extremes of cloud disruption or
overall collapse. A criticism of this model is that it requires a very high densi-
ty of T Tauri stars (= 10 pc~?), but the much higher mass-loss rates and
forces (MV ~ 1075 to 10! M, yr~ ! km s~ ! as opposed to 3 X 107¢, as
assumed by Norman and Silk) associated with the outflows revealed by CO
and H, studies will decrease the required density. Bally and Lada (1983) find
that these outflows may be sufficiently numerous to support molecular clouds,
depending on various uncertain assumptions. Taking a particular model for
rotationally driven winds to provide support, Franco and Cox (1983) find that
consistency with total galactic star formation rates of 5 to 10 M, yr—! (see,
e.g., L. F. Smith et al. 1978) can be achieved if only 2 X 108 M, of the



186 N. J. EVANS 11

galactic molecular material (~ 10%) is contained in structures with a density
~ 103 cm—3.

VI. SUMMARY

Recent observational advances have quite dramatically changed our pic-
ture of star formation. The process is much more complex and violent than we
imagined in the late 1970s. The search for evidence of infall has been re-
warded with nearly ubiquitous evidence of outflow. How do we reconcile this
evidence with the generally held belief that stars form from contracting re-
gions of molecular clouds? Perhaps the answer lies in the aspherical geometry
implied in most of the outflow regions. The new picture of star formation may
require outflow along one axis, accompanied and perhaps driven by infall in a
plane perpendicular to that axis. In this case, one may be justified in saying
that “outflow means infall,” but the Orwellian overtones of such statements
render them particularly suspicious at the present time. Such a combined in-
fall/outflow model may also be related to the way in which a star sheds its
angular momentum. If a small amount of material can be ejected to large
distances, a large amount of angular momentum can be carried off thus allow-
ing infall to continue.

More detailed calculations involving rotation and magnetic fields are re-
quired to provide firm predictions of the observational consequences of such
models. Another question which needs examination is the role of the environ-
ment; how does the presence of nearby young stars, or of very inhom-
ogeneous clouds and radiation fields, affect the formation of an individual
star? The formation of binary stars should also be calculated, since high spa-
tial resolution studies are beginning to provide observational data on this sub-
ject. Finally, the time scales for pre-main sequence evolution should be re-
evaluated in order to clarify the implications of the open cluster observations
discussed in Sec. I.

In the observational area, two major avenues for further investigation are
evident. Essentially, they represent further application of the techniques of
high spatial and spectral resolution discussed above. To advance both these
efforts, large telescopes are important. Infrared speckle interferometry on a
new generation of large groundbased telescopes (diameters from 7 to 15 m),
which are planned for the mid 1990s, will allow us to probe still smaller scales
and assess the importance of binary systems in star formation. An alternative
approach involves the use of several separated, preferably mobile, telescopes
used as an interferometer. Large groundbased telescopes will also allow high
spectral resolution studies of more protostar candidates to assess the gener-
ality of the phenomena associated with BN. The combination of high spectral
resolution with speckle techniques (Dyck et al. 1983), when applied to the star
formation problem, can provide a probe of protostellar structure in tem-
perature, density, and velocity.
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While much useful work can be done from the ground, infrared tele-
scopes in space will be essential in developing a full understanding of star
formation. The Space Infrared Telescope Facility (SIRTF), being planned for
the early 1990s, will provide still more sensitive photometric studies of star-
forming regions and, with appropriate instrumentation, detailed spectroscopic
study of many more star-forming regions like Orion. Another exciting pros-
pect is the Large Deployable Reflector (LDR), a large (~ 20 m) space tele-
scope being planned for the late 1990s. LDR would achieve 1” resolution at
100 wm, bringing a wholly new clarity to the picture of star formation in our
own and in other galaxies. Together with European efforts like the Infrared
Space Observatory (ISO) and the Far-Infrared Space Telescope (FIRST), these
space telescopes will revolutionize our understanding of star formation.
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INFRARED SPECTROSCOPY OF PROTOSTARS AND YOUNG
STELLAR OBJECTS

N. Z. SCOVILLE
California Institute of Technology

Near-infrared spectroscopy offers a unique opportunity to observe young stellar
objects (possibly protostars) and their circumstellar nebula. The atmospheric
windows at N = 2 to 5 pm enable the study of molecular rotation-vibration
bands of CO and H, in addition to recombination lines of H 1. Recent observa-
tions giving kinematic resolution of 6 to 20 km s~ are reviewed for the Becklin-
Neugebauer (BN) object in Orion. The observations suggest lingering accretion
in a neutral shell (R = 25 AU) surrounding the star and its outflowing ionized
wind.

A major theme of infrared astronomy has been the study of protostars
and young stellar objects (YSOs). Maps of dust clouds in the near infrared
have revealed numerous compact sources with no apparent optical counter-
parts. These continuum data at A = 2 to 20 wm serve to pinpoint the location
of embedded “stars” recently formed within the massive dust clouds. Often
these sources are clustered on a scale of 10 to 30 arcsec (Beichmann et al.
1979). Their spectra often have a low color temperature (200—600 K) suggest-
ing that the luminosity from a central hot source, if such exists in the interior,
must be degraded into the near infrared via absorption and reemission in the
surrounding dust shroud. From the observed fluxes and color temperatures the
implied radii of the dust photospheres are in the range 20 to 100 AU.

Observations at longer infrared wavelengths (A = 50-350 m) have
been most useful in estimating the total luminosity within a given star forma-
tion region. Although generally of too low spatial resolution to pinpoint accu-
rately the particular near-infrared object, which is the dominant source of

188



SPECTROSCOPY OF PROTOSTARS 189

luminosity, these observations provide a critical constraint (the total lumi-
nosity) needed to model the overall evolution of such star formation regions.
These data have unfortunately, provided few clues regarding the evolutionary
status of the individual infrared sources. Whether the observed luminosity
sources derive their energy from nuclear reactions, or whether they are truly
protostellar in the sense that the observed luminosity has a gravitational origin
is never clear from photometric studies alone.

It is the development of near-infrared spectroscopy which holds forth the
greatest promise for understanding the central embedded sources, their spec-
tral type and luminosity. Spectroscopy also enables study of the immediate
circumstellar gas: its chemical makeup, ionization state, temperature, and
density. Measurements of the gas dynamics are of course critical to pin down
whether the central star is still accreting gas or is expelling its protostellar
shroud.

In this chapter 1 will review recent results in the field of near-infrared
spectroscopy of protostars, drawing heavily upon observations of the Orion
nebula. Though our studies here are in a rather formative stage, they under-
score the potential of spectroscopy to probe young stellar objects. Observa-
tions of the infrared continuum in Orion are covered in the chapter by Evans
in this book, and the far-infrared spectroscopy of the larger cloud-core region
has been summarized in a review by D. M. Watson (1984).

I. THE ORION CLOUD CORE

Due to its proximity, the core of the Orion molecular cloud has become a
prototype for the study of massive star formation. A most fascinating aspect
of the many studies there is the great diversity of phenomena. Within a re-
gion of about 40 arcsec in size (R =< 2 X 10!7 cm), one sees a clustering of
luminous sources, highly supersonic molecular gas flows, and shock-heated
molecular hydrogen emission. The relationship of the energetic phenomena
seen in the cloud core to recently formed stars has become a central theme of
studies in this region.

The primary spectroscopic probes available in the near infrared include
the recombination lines of atomic hydrogen (e.g., Br « and <y lines) at 4.05
and 2.16 wm and rotation-vibration lines of H, and CO. The recombination
lines originate from extremely localized H I regions near two of the infrared
sources: BN and IRS 2 (Hall et al. 1978; Scoville et al. 1983a). The molecular
lines arise from gas more widely distributed in the cloud core. The H, and CO
emissions originate from highly excited (7' > 600 K) neutral gas and the
absorption in CO from generally low-excitation molecular gas in the ambient
molecular cloud along the line of sight to the continuum sources. A most
impressive aspect of near-infrared spectroscopy is the ability to probe diverse
regions ranging from circumstellar H 1l regions, presumably at 10K to mo-
lecular gas in shock fronts at 2000 K and in the ambient cloud at 100 K.
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Fig. 1. Energy levels and radiative decay rates for the first three vibrational states of CO. The
decay rates include the sum of R and P branch transitions in the near infrared. Rotational
energies are not drawn to scale.

To illustrate the types of molecular transitions observed in the near in-
frared, Fig. 1 shows the energy levels of CO in the first 3 vibrational states.
Within each vibrational band (e.g., v = 0) there exists a series of rotational
energy levels,J =0, 1, 2, . . . , separated by increasing energy as a function
of increasing J. Permitted electric dipole transitions correspond to AJ = *1
and the first pure rotational transition (/ = 1 — 0) with an energy-different
equivalent to 5.5 K occurs at a wavelength of 2.6 mm. The transitions ob-
served in the near infrared correspond to vibrational quanta change by Av = 1
or2(e.g.,v=0-1orv =0 — 2). The former, occurring at a wavelength of
4.6 wm, is designated the fundamental band; the latter, at a wavelength of
2.35 wm, is designated the first overtone band.

Also shown in Fig. 1 are the spontancous decay rates for the vibrational
transitions. These decay rates are approximately a factor of 102 faster than
those encountered in the pure rotational transitions. Thus, since the vibra-
tional energy quanta correspond to £/k = 3000 K, the observation of signifi-
cant emission arising from either of the CO v = [ and v = 2 states necessarily
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Spectroscopic Probes of Star Formation
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Fig. 2. A schematic view of the types of regions probed by different spectroscopic transitions in a
typical star formation region such as the Orion molecular cloud.

implies a high temperature for the emission region and if comparable amounts
of emission are seen from both states, a high density (N, > 10'°© cm™3) is
also implied. On the other hand, absorption in CO transitions out of low J
states in v = 0 can occur from low temperature, low density gas along the line
of sight to continuum sources. A brief review of excitation criteria for the
near-infrared molecular transitions is given by Scoville (1984). A schematic
view of the various regions probed by different spectroscopic tracers is given
in Fig. 2.

Though early continuum maps of the Orion cloud core indicated a cluster
of about a dozen sources, it now appears that possibly only three of these
represent true sources of luminosity. The basis for selecting these three (BN,
IRc-2 and IRS 2) is the observation of steep temperature gradients in the
surrounding dust, as would be expected if there were a central luminosity
source (Wynn-Williams et al. 1984). Many of the remaining condensations in
the emission exhibit high near-infrared polarization, suggesting that their radi-
ation is probably reflected light (Werner et al. 1983).

To date, only the BN object has been extensively studied by near-infrared
spectroscopy (Hall et al. 1978; Scoville et al. 1983qa). In this source the
Bracket and Pfund series lines of H I have been observed in emission and the
CO fundamental and overtone bands have been seen in both emission and
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absorption. Molecular hydrogen emission is also seen, but this probably arises
from the extensive shock fronts in the cloud core well away from BN. Exten-
sive studies of the near-infrared hydrogen lines in the embedded objects of
other cloud cores have been made by Thompson and Tokunaga (1978, 1980),
Thompson (1982), T. Simon et al. (1979), and M. Simon et al. (19815). Most
recently McGregor et al. (1984) have obtained optical spectra (A = 6000—
10,000 f\) of many of these objects. Studies of the near-infrared CO lines
similar to these observed in BN have been made for about five other young
stellar objects by Kleinmann et al. (1984). Because of the more complete
nature of the BN observations, we concentrate here on those results. Observa-
tions of the infrared and optical H II lines are reviewed in the chapter by
Thompson.

A. Near-Infrared Spectroscopy of BN

Figures 3 and 4 show the near infrared spectra of BN in the vicinity of the
CO fundamental and overtone bands (Scoville et al. 1983a). At A = 4.6 um
(Fig. 3) one sees strong absorption by line-of-sight gas in the ambient mo-
lecular cloud up to approximately / = 15 on the R and P branches. (The gaps
appearing in the 4.6 nm band adjacent to each of the absorption lines are due
to telluric CO absorption; our ability to observe the interstellar CO is made
possible by the differential Doppler shift of the source out of the telluric lines.)
In addition to the strong absorption by '2CO, one also sees weaker compo-
nents due to 13CO and an emission feature on the wings of the '2CO absorp-
tion lines. In the overtone band at A = 2.35 wm, Fig. 4 shows absorption in
both the R and P branch up to J = 10. Due to the lower line strength in the
overtone transitions, the absorption lines in the overtone band are consider-
ably less saturated than those in the fundamental band. Also shown in Fig. 4
are four broad emission features corresponding to the overtone bandheads (v
=5—-3,4—2,3— 1, and 2 — 0). Because these emission features arise
from high-energy states with a nearly thermal distribution of population, the
source of this emission must be an extremely dense, hot medium.

The kinematic profiles obtained by adding up the separate rotation vibra-
tion lines in the '3CO fundamental, the '2CO overtone and fundamental bands
are shown in Fig. 5. Taking account of the differing band strengths and iso-
topic abundances, the three profiles provide a sequence in increasing opacity
with the CO v = 0 — 2 band having the lowest opacity and the COv = 0— 1
being the most saturated.

Clearly seen in all three bands are two distinct kinematic components at
velocities with respect to local standard of rest V; g = +9and —17 km s~ !.
Also evident in the more opaque bands (the fundamental bands of CO and
13CO) are an emission component at V, g = +20 km s~ ! and a weak absorp-
tion component at V; gg = +30 km s~ !. The latter two features originate
from considerably hotter gas than the former two. This fact may be seen in
Fig. 6 where averages of small groups of rotation-vibration lines in the CO
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Fig. 3. The A = 4.6 spectra of BN (Scoville et al. 1983a). To correct for telluric absorption

features the raw spectrum of BN must be ratioed to a comparison star, in this case Vega. In this
figure only the ratio spectrum is shown. (The gaps correspond to regions of telluric absorption
> 50%.) Note the strong absorption in the low J lines of the CO fundamental band at 4.6 pm in
addition to the '3CO isotopic band at 4.8 pum.
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Fig. 4. The 2.3 wm spectra of BN (Scoville et al. 1983a). As seen in Fig. 3, to correct for telluric
absorption features the raw spectrum of BN must be ratioed to a comparison star, in this case
Vega. Both the spectra of Vega and BN may be seen in addition to the ratioed spectrum. In this
figure one sees absorption at low J in the first overtone band (v = 0 — 2) in addition to broad
emission features at the four overtone bandheads.

fundamental band are plotted. Viewing this figure, it is clear that the absorp-
tion at +9 and —17 km s~ ! dies out long before the emission at +20 km s !
despite the much greater opacity in the absorption features. From a fit to the
strengths of the separate rotation-vibration lines, the rotational temperature is
found to be 150 K for the +9 and —17 km s ~ ! gas and 600 K for the +20 km
s~ ! gas.

On the basis of its velocity and low rotational temperature, it is clear that
the +9 km s~ ! gas originates from the column of gas in the OMC 1 cloud
along the line of sight to BN. The —17 km s~ ! absorption also has a low
rotational temperature which should probably be attributed to a part of the ex-
panding plateau source in front of and along the line of sight to BN. The fact
that this feature is seen in absorption at negative velocity indicates definitely
that the high-velocity gas in the plateau feature must be expanding out of the
cloud core.

Perhaps most relevant to understanding the evolutionary status of BN
itself are the 4.6 um features at +20 and +30 km s~ * and the 2.3 pm band-
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Fig. 5. Kinematic profiles for the CO and '*CO bands obtained by averaging the rotation-vibra-
tion lines of all detected transitions. In general. the lines in the CO fundamental band have the
highest optical depth followed by the '3CO fundamental band lines and lastly the CO overtone
bands. (Quantitative estimates of the relative opacities in separate bands cannot be obtained
from this figure since the profiles were obtained by averaging different rotational states for the
different bands.) Two strong absorption features are secen at +9 and —17.8 km s — ! correspond-
ing to line-of-sight gas in OMC 1 and the platcau source, respectively. Both features are formed
in gas with rotational temperaturc Tx = 150 K. The emission feature at +20 km s~ ! and the
weaker absorption at +30 km s~ ! probably originate in higher-temperature gas within 25 AU
of BN.

head emission. The components of neutral gas most closely associated with
BN, i.e., the CO bandhead source and the +20 to 30 km s~ molecular gas,
probably originate in two distinct regions with very different temperatures,
3500 K and 600 K, respectively.

The bandhead emission is thought to originate in a compact region << %3
of an AU in size with density exceeding 10! cm—3 (Scoville et al. 1983a).
However, based on the narrow width of this feature (AV < 75 km s~ 1), it is
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from gas at 150 K, the latter at 600 K.
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difficult to see how this emission could originate with a radius of 1 AU, where
the orbital velocities should be several hundred km s~ 1.

On the other hand, the +20 and 30 km s —! CO features seen at 4.6 pm
probably originate in a shell of gas immediately outside the dust photosphere
at R ~ 20 AU. This situation is suggested by the moderate rotational tem-
perature (~600 K) for these features and the fact that one of them is seen in
absorption of the 4.6 wm continuum. Assuming the standard CO-to-H, abun-
dance ratio (corresponding to 10% of the available C in CO), the measured
CO column density implies a hydrogen density of ~107 cm 3 in this shell.

Critical to understanding the zone in which the CO lines are produced is
a determination of the velocity of the central star. If the two features at +30
and +20 km s ! are attributed to a single zone near BN, then the observed
velocity profile (cf. Fig. 5) can be modeled as a sheli of gas infalling at 10 km
s~ 1, probably the last, lingering phases of accretion flow onto the recently
formed star. Based on the H II lines, it is believed that the center of mass
velocity for the star is 20 to 21 km s~ !. Thus, a circumstellar shell, infalling
at a relative velocity of 10 km s~ ! will produce an absorption line at +30 km
s~ 1 in the portion of the shell between us and the central star. The CO emis-
sion at +20 km s~ ! would arise from gas at the shell periphery, infailing
perpendicular to our line of sight.

The ionization requirements of the H II region seen in the Brackett lines
could be supplied by a B 0.5 main sequence star (T, = 28000 K, L ~
2X10%L). An important feature of the Brackett lines are the broad wings
extending over 300 km s~ ! for which the line shape can be modeled by an
optically thin, radial outflowing wind with V o R =23, The implied mass loss
rate is ~2 X 107 M, yr—!. Very long array (VLA) measurements of the
radio emission from BN indicate that the size of the H Il region producing the
near-infrared hydrogen lines must be << 20 AU in radius (Moran et al. 1983).

The approximate properties and conditions in the various zones sur-
rounding the Becklin-Neugebauer (BN) object are summarized in Table I. If
one attempts to unify the observations of BN into a single model, such a
model must involve both infall (evidenced by the inverse P-Cygni profile) and
outflow (as evidenced by the Brackett lines). Because the source of ionization
for the Brackett lines is probably the ultraviolet continuum of the central star,
it is natural to place the outflowing ionized gas wind immediately adjacent to
the star. The CO observed at A = 4.6 pm would then originate in a neutral
cocoon surrounding the H I region. The size estimate obtained for the mo-
lecular gas is entirely consistent with that of the ionized region estimated from
the VLA measurements. This model is shown schematically in Fig. 7.

A major uncertainty in our modeling of BN is the placement of the CO
bandhead emission source. The high temperature suggests that this emission
could arise in a region close to the star, possibly a circumstellar disk. On the
other hand, the small velocity dispersion of the emission provides rather com-
pelling evidence that this region cannot be within 1 AU of the central star. If it
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Fig. 7. Schematic model for the separate zones surrounding BN. In the center is a star with
ionizing flux equivalent to a B 0.5 main sequence star. An outflowing wind seen in the ionized
gas has an estimated mass loss rate of 2 X 10~Mg yr—1. The velocity law providing the best
fit to the line shapes (VaR ~2/3 suggests that significant deceleration of this outflying gas must
occur. The outer size of the H II region is determined by radio measurements (Moran et al.
1983). In the model, the H I region is bounded at its outside by a dust shell. The molecular gas
at +20 and +30 km s — ! occurs just outside this dust photosphere. This exterior gas appears to
be infalling at 10 km s —!. Most uncertain is the placement of the CO bandhead emission region
for which the high temperature and density (Tg = 3500 K, ny = 10'° cm—3 would suggest
proximity to the central star, yet the small velocity dispersion (AV < 75 km s—1) requires a
radius > 1 AU from the star. Whether the bandhead emission arises in a disk within the H II
region (as shown in the figure) or farther out in a shock front is unclear at present.

is produced at a larger radius, then it is difficult to understand why its size
corresponds to < %3 AU. Critical to defining the location of this emission will
be future measurements of the kinematics of the bandhead emission as a func-
tion of the band energy. The possibility that BN is, in fact, a more complex
source (consisting of an early-type star needed to ionize the H II plus a late-
type star with the circumstellar bandhead emission source) cannot be ruled out
at present.

B. Other Embedded Objects

The richness of the phenomena observed in the molecular lines associ-
ated with BN underscore the need for more extensive infrared spectroscopy of
other embedded sources. At present, the only instrument capable of operation
in the 4.6 pm CO band with the resolution required to separate the telluric and
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interstellar CO lines at 4.6 pm is the Fourier Transform Spectroscope (FTS)
on the 4 m telescope at Kitt Peak National Observatory. Several of the other
sources observed with this instrument include UOA 27 (GL 2591), LkHa 101,
and MWC 297 (Kleinmann et al. 1984). In the former source, the CO rota-
tional temperature is found to be comparable with that observed in OMC 1,
but in the latter two sources the CO appears to be at much lower temperatures
~10 K. An interesting correlation is found between the column density of CO
as indicated by the absorption lines and the dust extinction as indicated by the
hydrogen line ratios in these sources. In the hotter sources, (UOA 27 and BN)
approximately 100% of the available carbon must be in carbon monoxide
while in the two colder sources only 10% is required. These measurements
suggest that the CO to H, ratio may be a variable from cloud to cloud, es-
pecially between cloud cores and the cloud envelopes. It is possible that in the
colder clouds a large fraction of the CO is depleted onto dust grains but in
the warmer regions where the dust is above 50 K, the CO sublimates back
into the gas.

II. PROTOSTARS

Despite the great yearnings of infrared astronomers to detect and observe
protostars, probably none of the objects observed in the near-infrared are truly
protostellar in the sense that they derive their energy from gravitational col-
lapse (Wynn-Williams 1982). The reason for this is easily seen considering
the expected properties of such objects. Not only will they have extremely low
temperatures (T << 500 K), but they will also be heavily dust enshrouded. For
example, a nebula containing 1 M, within a radius of 100 AU will have a
mean density ~ 4 X 10'° cm~3 and the hydrogen column density from the
outside of this nebula to the central object is a staggering 6 X 102> cm ~2. For
a standard gas-to-dust ratio, this corresponds to a visual extinction of 6 X 10*
magnitudes. Clearly, such an object would be totally obscured to both near-
and far-infrared observations, becoming transparent only at millimeter wave-
lengths. With the advent of millimeter-wave interferometers and sub-milli-
meter telescopes, we may at last begin to see such objects via their long
wavelength continuum emission. We can, therefore, anticipate that the next
ten years will be an exciting period for the discovery and observation of the
elusive protostars.
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the staff of the Five College Radio Astronomy Observatory, University of
Massachusetts, Amherst.



FRAGMENTATION AND HIERARCHICAL STRUCTURE
IN THE INTERSTELLAR MEDIUM

JOHN M. SCALO
The University of Texas at Austin

Observational and theoretical work related to the fragmentation of interstellar
structures is reviewed. Comparison of information obtained using different tech-
niques shows that interstellar cloud structure is hierarchical. Each major com-
plex, with size of ~ I kpc and mass of ~ 107 M, contains internal structure
with at least 4 or 5 hierarchical levels, over a range in size scale from ~ | kpc
to below 0.1 pc. The evidence consists of direct mapping using a variety of
techniques for the nearby complexes and direct and more indirect arguments for
distant complexes. The hierarchical structure of the Taurus complex is discussed
in detail. The dominant structure at each level of the hierarchy is typically an
elongated, probably prolate, cloud containing a few bound fragments. Evidence
for filamentary and shell structure in lower-column density regions is summa-
rized. A similarity with extragalactic structures is pointed out. The empirical
correlations between density, internal velocity dispersion, and length scale are
summarized, and various empirical estimates of the cloud size and mass spec-
trum are reviewed. These data are used to estimate the parameters of the in-
terstellar hierarchy, assuming it is strictly self-similar. The results favor a small
(~ 2 to 5) number of fragments per fragmentation stage and a small (< 0.1)
mass efficiency fragmentation. Numerical collapse calculations are reviewed.
The fact that their spatial resolution is presently insufficient to reveal highly
nonlinear developments like multiple fragmentation stages or any sort of tur-
bulence is emphasized. The calculations do show that fragmentation may occur
through purely gravitational effects, possibly requiring elongated geometry or
sizable initial velocity and/or density fluctuations, or may be controlled by rota-
tion and/or magnetic fields, depending almost entirely on initial conditions.
This situation is a fundamental reflection of the severe practical restrictions on
spatial resolution of current numerical techniques. Generally, however, all the
numerical calculations agree roughly with observations in the sense that the

[ 201 ]
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calculations predict a small number of fragments per fragmentation stage and a
small mass efficiency of fragmentation. It may be possible to better distinguish
the models on the basis of the velocity field. Fragmentation may also be induced
by stars. The processes reviewed include fragmentation associated with several
instabilities in expanding shells around early-type stars, radiatively-induced im-
plosion or disruption of preexisting clumps, and the ability of field stars to
induce large density and velocity fluctuations both through the effects of winds
and H Il regions as well as through fluctuations in the field star gravitational
potential. There is no dearth of sources for density and velocity fluctuations,
suggesting that the appropriate initial conditions for numerical collapse studies
must incorporate significant inhomogeneity, a practice which has not been com-
mon in most published work. The role of turbulence in fragmentation is also
reviewed. In the general sense of stochastic/ordered structure induced by non-
linear processes over a range of scales, cloud structure is turbulent, but there is
no general agreement on the dominant effects or source of energy and the situa-
tion remains thoroughly confused. Several conceptual models as well as more
quantitative studies based on statistical turbulence theories are critically re-
viewed. A discussion is given of the origin of the largest-scale cloud structures,
including gravitational instability, thermal instability of a cloud fluid, and colli-
sional buildup of structure through collisional coalescence, and several prob-
lems are pointed out. Finally, observational and theoretical considerations rele-
vant to large shell structures are outlined. These shells may be causally related
to the turbulent energy injection and fragmentation structure.

I. INTRODUCTION

“The difficuity of form is its essential intranslatability on the one hand and its
self-revealing obviousness on the other.”
Thomas M. Messer

“Order is established by means of its opposite.”
Yagyu (c. 1630)

One of the more fundamental and longest-known observational clues to
the physical processes which control star formation is the fact that nearly all
stars form in groups within large massive complexes of gas and dust. Com-
bined with the fact that the gas associated with star formation is very inhom-
ogeneous over a large range of size scales, one is forced to conclude that stars
form by the fragmentation of large gas complexes, an idea now almost univer-
sally accepted. Because the nature of star formation in galaxies is observed to
depend on galactic properties and environment, fragmentation is the process
which couples galactic and stellar scales, a bridge between galactic evolution
and star formation.

The beginnings of intensive study of fragmentation can be traced to a
number of papers which appeared in the early 1950s, and these can in turn be
traced to earlier discussions of the optical appearance of the interstellar medi-
um by Barnard, Bok, McCuskey, and others. The discussion of turbulent cos-
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mogony by von Weizicker and of gravitational fragmentation by Hoyle pro-
vided a theoretical framework in which the evolution from gas cloud to
protostar could be envisioned. Linear perturbation analyses by Chandrasekhar
and others showed how magnetic fields and rotation might affect gravitational
instability. Statistical studies by Ambartsumian, and Chandrasekhar and
Miinch, showed how a simple cloud model could be quantitatively compared
with observations to derive estimates of cloud properties. The introduction of
the frequency distribution of stellar masses at birth by Salpeter suggested a
direct observational connection between star formation and fragmentation.

The major highlights of the subsequent thirty years include: a growing
understanding of the dominant heating and cooling processes in interstellar
gas; efforts at a quantified analytical treatment of gravitational fragmentation
on the basis of perturbation analysis and the critical assessment of the viability
of gravitational fragmentation by Layzer; the advent of radio astronomy,
which led to extensive studies of interstellar structure using continuum, H I,
and molecular emission; a growing awareness of the possible roles of magnet-
ic fields, rotation, turbulence, chemistry, fragment interactions, and stellar
energy inputs; and the use of numerical techniques to solve the hydro-
dynamical equations governing the behavior of self-gravitating clouds.

These advances provided few definite answers to the fundamental ques-
tions related to fragmentation, but introduced a host of new and more specific
questions to which much of current research is directed, and have led to a
stage of development in which the enormous complexity of the problem and
the need for coordinated activity between various observational and the-
oretical areas of research is recognized. We now see that cloud complexes
which spawn stars are extremely complicated systems in which nonlinear
gravitational, rotational, thermal, chemical, magnetic, and turbulent effects
may be important, and different processes may dominate or compete at differ-
ent stages of fragmentation. In addition, fragments may interact with each
other by direct collisions or tidal encounters, and newly-formed stars within
the cloud may significantly affect the fragmentation and star formation
through the injection of mass, radiation, and mechanical energy.

Despite this challenging richness of phenomena, there has been signifi-
cant recent progress in delineating the possible effects of particular processes
and an increasing wealth of observational data on the internal structure of
clouds which can be used to constrain the theoretical ideas. This chapter is an
attempt to summarize our present observational knowledge of the morphology
of fragmentation, correlations between fragment properties, and the frequen-
cy distribution of interstellar cloud masses, and to outline some of the many
theoretical ideas and results on fragmentation which can be related to these
observations. The literature in this area is vast; I concentrate here on recent
work. Previous reviews of fragmentation theories with extensive references to
earlier work can be found in Mestel (1977), Silk (1978,1981), G. E. Miller
and J. M. Scalo (1979), Zinnecker (1981) and Tohline (1983). A more general
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review of star formation processes has been given by Silk (1985b). There do
not appear to be any previous general reviews on observations of hierarchical
fragmentation or the mass distribution of interstellar clouds. A brief but well-
balanced discussion of some aspects of turbulence in the interstellar medium
is given by Dickey (1984). Two topics which are omitted because of space
limitations are the stellar initial mass function (Scalo 1985a,b) and the use of
two-point spatial statistics such as correlation and structure functions to char-
acterize interstellar structure (Dickman’s chapter, and Houlahan and Scalo, in
preparation).

Also left out for lack of space are discussions of thermal, chemical and
acoustic instabilities and the effects of these processes on gravitational in-
stability (see Yoneyama 1973; Kegel and Traving 1976; Glassgold and Langer
1976; Giaretta 1979,1980; Ibanez 1981; Flannery and Press 1979; S. L. W.
McMillan et al. 1980), the possibility that fragmentation may be viewed as a
phase transition (Ferrini et al. 19835; Tohline 1985), and fragmentation in the
early universe (see Tohline 1980b; Palla et al. 1983; Silk 1983).

I have also omitted most of the so-called standard material on linearized
perturbation analyses of the fluid equations. Linear perturbation results can
yield useful characteristic length and time scales for cloud formation by vari-
ous mechanisms, especially at the largest scales, but it seems clear to me both
from observations of cloud structure and numerical hydrodynamic calcula-
tions that the essence of fragmentation is intrinsically nonlinear. From the
observational point of view, one need only examine the density contrasts and
velocity fluctuation Mach numbers to see that the structure and evolution of
the interstellar medium is highly nonlinear in the sense of compressibility, and
there may be additional equally important nonlinear aspects of the problem
which are not so clearly perceived. Theoretically, most numerical (nonlinear)
studies of cloud evolution, as well as more conceptual models, variously sug-
gest strong nonlinearities in density, velocity, and/or magnetic field varia-
tions. In addition, the essential results of numerical calculations often have
little to do with the predictions of linearized analyses. For these reasons, this
chapter concentrates on nonlinear processes, although in some cases lin-
earized analyses are reviewed when no other treatments of potentially impor-
tant processes are available. This emphasis is also motivated partly by the
existence of recent reviews of the linearized perturbation results (see R. B.
Larson [1985] and B. G. Elmegreen [1985] for complementary presentations
and motivations, although both of these papers also review nonlinear aspects
of the problem). The theoretical part of the present text reflects the fact that
nonlinear phenomena must for the most part be approached numerically or
conceptually,® with little middle ground. Analytical mathematics has not so

a[t seemns important to clarify the nature of these “conceptual™ discussions. A more accu-
rate description would be “intuitive” without its negative connotations. When results of order of
magnitude calculations are presented, the essential idea is intuitive, and is merely developed by
calculation. Nevertheless, 1 will use the more conventional term “conceptual” in what follows
without attempting any further definition.
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far yielded much information on the nonlinear behavior of fluids or other
nonlinear systems. The conceptual approaches to the fragmentation problem
are equally important as the numerical studies because, although they are
speculative, they are nevertheless capable of examining a large range, both in
amplitude and nature, of nonlinear phenomena.

The present review places a major emphasis on the hierarchical nature of
fragmentation, especially when discussing observations, because such struc-
ture is clearly indicated by the available data and seems fundamental to an
understanding of fragmentation. That hierarchical structure has not been dis-
cussed much in previous work is a result of the fact that the severe practical
limitations to the spatial resolution of both observational mapping and numer-
ical studies have obscured the range of scales involved, and because there has
been little coordination or even communication among workers who employ
different observational techniques.

The goal of fragmentation theory is an understanding of the evolutionary
process responsible for the observed spatial structure of the interstellar medi-
um. Section II is an attempt to clarify the essential features of cool interstellar
structures related to star formation. Section III shows one way in which obser-
vations can be used to quantify the structure. The numerous proposed physical
processes which may lead to fragmentation are reviewed in Sec. IV, while
theories for the origin of the largest-scale structures are discussed in Sec. V.

II. MORPHOLOGY OF FRAGMENTATION

The existence of star clusters and associations shows that clouds frag-
ment to produce stars, but observations of the mass spectrum and other prop-
erties of the stars themselves only tell us about the end result of fragmenta-
tion, and are extremely difficult to relate to the various effects which may be
important during evolution from cloud to star. Direct information on the ear-
lier stages of fragmentation must come from studies of the internal structure of
cloud complexes, where fragmentation and star formation are now occurring.
There are a number of techniques available for structural investigations, in-
cluding extinction, reddening, polarization, optical, H I, and molecular lines,
and infrared mapping.

A. Practical Considerations

Despite the large amount of data which has accumulated in these areas in
the last decade, it has proven surprisingly difficult to relate the observations to
the physics of fragmentation. One problem is that the various types of obser-
vations are useful only in different specific ranges of column density, and so
each type of data gives information over a narrow range of fragment proper-
ties, or possibly range of evolutionary states. For example, reddening and
optical lines can only probe relatively small column densities. There has been
little effort in relating these different types of observational data. Secondly, an
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observational study of fragmentation requires fully sampled data covering a
large range of scales. To illustrate the severity of the problem, consider the
Taurus complex, which has an extent of = 20° and contains substructure on all
scales down to =< 1 arcmin. In order to quantitatively describe the velocity and
column density structure using, say, the '3CO line would require that at least
10* positions be sampled, and more than 10° positions would be needed to
cover the entire range of scales. Considering the relatively small line strengths
and the high signal-to-noise ratio and good velocity resolution needed for such
a study, the total required observing time is discouragingly large. Work in this
direction is proceeding, but it will be some time before accurate and homoge-
neous data covering a factor of 100 or so in scale are available. Similar con-
siderations apply to other methods, such as extinction, in which an enormous
number of stars would need to be counted to resolve the relevant range of
scales. Automated star counting to very faint apparent magnitudes will be
required for studies of fragmentation. Techniques for such a study are now
available (see, e.g., Jarvis and Tyson 1981), but have not yet been applied to
interstellar structure. In addition, it is important to realize that any single
observational method is biased toward a particular range of cloud parameters,
such as density, column density, or temperature, so selection effects are impor-
tant. It is also important to note that the highest angular resolution ordinarily
attainable by any method (~ 1 arcmin, although much better resolution can be
obtained using the Very Large Array [VLLA] and automated deep star counts)
means that we can only hope to study a large range of fragmentation scales in
the nearby complexes. ’

For these reasons, and others, most observational studies have concen-
trated on the properties of a particular class of object on a particular scale
(e.g., giant molecular clouds, dark-cloud cores, etc.), and it is difficult to
combine and compare the results in order to infer the entire spectrum of frag-
mentation. Thus, it must be understood that the description of interstellar
structure outlined below is biased by selection effects, especially those con-
cerning column density. These selection effects are specified below. Nev-
ertheless, an attempt is made to consolidate the available observational data
into a coherent picture.

B. Basic Observational Approaches to Fragmentation

There are at least three basic approaches by which observational data can
be used to study fragmentation processes. One of these approaches involves
anatomical studies which construct a map of a given region using well-
sampled observations of some quantity such as extinction or intensity in a
spectral line. These studies can yield the large-scale properties of the region,
like density, temperature, total mass, molecular abundances, density and ve-
locity gradients, etc., as well as the properties of any subcondensations. The
general morphology which emerges from these studies is reviewed in this
section.
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Another approach involves surveys of a large number of objects with
qualitatively similar properties, like small dark clouds, which can be used to
generate a catalog of properties for a given class of structures. The frequency
distribution of, and correlations among, these properties, such as size, shape,
column density, and velocity dispersion, can provide some basic constraints
on theories of fragmentation. The major problem here is that a comparison
with theory requires a quantitative understanding of the selection effects and
identification criteria which enter the catalog construction. A discussion of the
frequency distribution of cloud masses inferred from catalogs and its implica-
tions for hierarchical fragmentation models is given in Sec. III.

A third approach is a quantitative characterization of the spatial structure
of interstellar clouds which can be obtained from a statistical description of
the spatial relation between fluctuations in the amplitudes of observed vari-
ables at different positions on a well-sampled spatial array, using, for exam-
ple, moments of a multipoint probability distribution. This approach, which
was pioneered by Chandrasekhar and Miinch (1952), has proven useful in
studies of galaxy clustering, but has not been applied systematically to in-
terstellar cloud complexes, primarily because it requires that a very large
number of positions (= 1000) be sampled. In addition, the method involves
some very dangerous assumptions, especially stochastic homogeneity and
ergodicity, which are difficult to justify, and it is not yet clear that the statistics
(e.g., the autocorrelation function or the structure function) can distinguish
effectively between different possible structural models (Houlahan and Scalo
1985). Interest in these methods as a probe of fragmentation has increased
greatly in the past two years, but most of the work has not yet been published
(see, e.g., Kleiner and Dickman 1985; Lichten personal communication,
1984; Perault et al. 1985b; Houlahan and Scalo, in preparation) or does not
yield readily to interpretation (see, e.g., Crovisier and Dickey 1983; Scalo
1984b), and so will not be reviewed here. However, structural statistics may
become an increasingly prominent and useful tool in the near future, es-
pecially if fragmentation can be viewed as a stochastic process.

C. Disorder

Interstellar matter possesses two apparent structural characteristics which
probably contain the keys to the physics of fragmentation. The first property is
the existence of an ordered, hierarchical component which appears over a
wide range of size scales and densities. It is the evidence for this component
which is emphasized below. At the same time, the structure seems to possess a
disordered, or chaotic component. The irregular appearance of interstellar gas
and dust is perhaps its most striking and longest-known property. Column
density fluctuations, usually seen on all scales larger than the spatial resolu-
tion of the observing equipment, encompass a great variety of sizes, shapes,
and relative configurations. As an example, Fig. 1 shows part of Lynds’
(1962) map of the distribution of extinction based on visual inspection of
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Palomar Optical Sky Survey (POSS) photographs. Studies of optical and mo-
lecular spectral lines often reveal spatial fluctuations of the mean line-of-sight
radial velocity and the presence of multiple velocity components along indi-
vidual lines of sight, indicating that the velocity field also possesses a disor-
dered component. The observed velocity differences and line widths imply
that the density fluctuations move at supersonic, but perhaps sub-Alfvénic,
speeds.

While the present review will discuss only the evidence for hierarchical
structure, it is important to recognize the implications of the chaotic compo-
nent. The simultaneous existence of chaotic and organized structure, random-
ness and order, is quite typical of many nonlinear systems, and is commonly
referred to as turbulence, regardless of the physical nature of the system (see,
e.g., May 1976; Kadanoftf 1984, for popular accounts). This definition of
turbulence as the characteristic tendency of nonlinear systems to exhibit
strongly fluctuating substructure extending over a range of scales is relevant to
fluids, chemically reacting systems, populations, biological activity, and a
wide variety of other systems. Given the structural appearance of the in-
terstellar medium and the probable importance of such nonlinear processes as
gravity, shocks, and fluid advection, there should be no hesitation in using the
term turbulence to describe its structure. However, it must be emphasized that
this description does not necessarily imply any close connection with the in-
compressible fluid turbulence studied in terrestrial environments and laborato-
ries, which is only one manifestation of a more general type of behavior. By
discussing only the hierarchical structure we are here examining only one side
of the coin; a full understanding of fragmentation must certainly involve a
description of its stochastic elements. A discussion of some aspects of tur-
bulent behavior in clouds is given in chapters by Dickman and by Myers, and
in Sec. IV below.

D. Hierarchical Order

Interstellar structure contains an ordered, hierarchical component cover-
ing at least four orders of magnitude in density and length scale. An attempt at
an anatomical review of the components of this hierarchy is given here. At
scales on the order of 1 kpc the gas appears to be gathered into rather diffuse
structures which are most easily seen in large-scale reddening studies. Figures
2 and 3 show two different determinations of the spatial distribution of color
excess per unit length in the galactic plane within 2 or 3 kpc from the Sun,
taken from Lucke (1978) and Neckel and Klare (1981). Although the details
vary, both studies, along with earlier work using smaller stellar samples (see,
e.g., FitzGerald 1968), clearly show the presence of structures with sizes
ranging from ~ 0.5 to 2 kpc. The existence of such large structures is also
known from H I emission studies of our Galaxy (McGee and Murray 1961;
McGee et al. 1963; McGee and Milton 1964), the Large Magellanic Cloud
(see, e.g., McGee and Milton 1966), and M101 (Allen and Goss 1979; Vialla-
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Fig.2. Contours of equal color excess per unit length for stars out to a distance of 2 kpc and
within 200 pc of the galactic plane. Contour intervals are 0.5, 1.0, 2.0, and 4.0 mag kpc — ! in
E(B-V), and the smoothing scale is 200 pc. Solid circles are positions of R associations. (Figure
from Lucke 1978.)

fond et al. 1981). The inferred H I masses of these large structures are of order
10’M. It is interesting to note that the line widths are in all cases close to the
value required for internal support against gravitational collapse, a property
which seems to be shared by smaller structures (see Sec. III).

These largest coherent structures (that is, besides spiral arms) have also
been recognized by their fossilized stellar imprints in the form of large star
complexes with sizes of ~ 500 pc (see Efremov 1979; Stal’bovski and Schev-
chenco 1981), as discussed in B. G. Elmegreen and D. M. Elmegreen (1983).
The Sun may even be immersed in such a star complex (Efremov 1979; Eggen
1982). In other spiral galaxies these large star clouds are called superassocia-
tions by Wray and de Vaucoulers (1980). The geometry of these largest gas
structures is not clear; they may be extreme examples of the H I shells studied
by Heiles (1980), although most of Heiles’ shells are much smaller. B. G.
Elmegreen and D. M. Elmegreen (1983) have emphasized the existence of
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Fig. 3. Sketch of contours of equal color excess per unit length, as indicated, for stars out to 3
kpc. (Figure from Neckel and Klare 1981.)

these kpc-scale structures, and refer to them as superclouds, a designation
which will be used in what follows.

These large reddening-H 1 superclouds typically contain a number of
denser entities with scales ranging from ~ 20 pc to 100 pc, which are known
as extinction complexes (see Lynds 1968) or giant molecular clouds (GMC'’s)
(Solomon and Sanders 1980; Kutner and Mead 1981; Liszt et al. 1981; Sand-
ers et al. 1984a), depending on how they are observed. These complexes are
usually elongated, often along the galactic plane, and have mean internal den-
sities of ~ 102 cm ~ 3. Local examples are found in Taurus-Auriga, Scorpius-
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Ophiuchus, the Southern Coalsack, and Orion. These local complexes, as
well as the larger structures in which they reside, can also be seen in gamma-
ray emission arising from interactions of cosmic rays with molecular gas
(Mayer-Hasselwander et al. 1982), in H I emission (McGee and Murray 1961;
Heiles and Jenkins 1976), and even in optical interstellar lines (see Heiles
1974). For example, the existence of the Orion complex in optical interstellar-
line spatial structure has been recognized for over 30 years from W. S. Adams’
(1949) catalog. That the extinction-molecular complexes are only the denser
cores of the reddening-H 1 superclouds has been emphasized by B. G.
Elmegreen and D. M. Elmegreen (1983). Additional support for this idea
comes from the work of Sanders et al. (1984a) and Rivolo et al. (1985), who
find that CO clouds with sizes from ~ 20 to 60 pc are clustered on a scale of
100 to 300 pc. Similar scales are indicated for external galaxies, for example
by the combined near-infrared, Ha, and radio continuum study of the NGC
604 complex in M33 by Israel et al. (1982).

It is at the scale of extinction-molecular complexes that the association
with star formation becomes clearest, because these complexes often contain
young clusters and associations, H Il regions, and '>CO hot spots and infrared
sources which can be identified with protostellar heating (see the review by
Rowan-Robinson 1979). The most interesting differences between these com-
plexes is the level of star formation activity, with some, like the Southern
Coalsack, almost devoid of signs of star formation, and others, like Orion and
most giant molecular clouds (GMC’s), showing intense formation of stars, at
least stars of high mass.

The presence of more than one young star cluster within some individual
extinction complexes and the tendency of OB associations to exhibit sub-
groups with differing ages (Blaauw 1964) indicates the next level of fragmen-
tation into a number of subcondensations. More directly, it is seen that the gas
in all the local complexes exhibits internal clumping down to the limits of
resolution. At scales of ~ 1 to 10 pc the internal structure can be seen in CO
mapping (see, e.g., Blitz 1980), resolved in both position and velocity, and
large-scale extinction studies (see, e.g., Rossano 1978a,b) of complexes.
Rossano’s (1978a) extinction map of the Corona Australis complex is shown
in Fig. 4; the hierarchical nature of the cloud structure is apparent, as empha-
sized by Rossano.

With increasing spatial resolution one sees similar structures on smaller
spatial scales. For the local complexes, these are most of the dark clouds
which are seen in photographs of the Milky Way, and which have been cata-
loged by Lynds (1962) and others. Most of the dark clouds with Lynds
opacity class (= A,) = 2 to 3 are associated with the larger extinction-mo-
lecular complexes (Lynds 1968) and there are very few truly isolated dark
clouds. For example, Clark and Johnson (1981} interpret the clouds L. 134, L
183, and L. 1778 as a system of associated fragments within a larger cloud.
The sizes of these dark clouds range from ~ 20 pc down to ~ 0.05 pc or
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Fig. 4. Distribution of extinction in the Corona Australis dark-cloud complex from Rossano
(1978a). Contours are for extinction of 0.4, 0.7, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 mag. The first
four contour levels are shaded.

smaller, with typical densities increasing at each smaller scale, reaching 104
to 10° cm 3 at length scale L ~ 0.1 pc. The densities and sizes scale roughly
as n « r—! (see the chapter by Myers, and Sec. III below).

Usually the dark clouds with L ~ 1 to 10 pc are further fragmented, often
in a hierarchical manner. The study of structured filamentary dark clouds by
Schneider and Elmegreen (1979) shows that many filaments with lengths of ~
1 to 5 pc contain one or more subcondensations rather regularly spaced along
the filament, and that some of these subcondensations are themselves frag-
mented in a similar fashion. In a few cases the fragmentation can be traced
through three internal levels of hierarchy within a single filament, which in
turn is contained within a larger, lower-density complex of clouds. The small-
est subcondensations have dimensions of ~ 0.02 pc, a limit set essentially by
the ~ 1 arcmin resolution limit of dark-cloud identification imposed by the
background star density. Sizes and other properties at this level have also been
derived from NH; observations (Ungerechts et al. 1982; Myers and Benson
1983; Gaida et al. 1984). Additional evidence for very small-scale structure is
summarized below. (Evidence related to the very small-scale fluctuations in
electron density, not discussed here, can be found in Armstrong and Rickett
[1981].) Since the masses of the smallest dark clouds derived from molecular
lines and extinction are on the order of stellar masses, these clumps probably
represent the stage of fragmentation at which star formation actually occurs
(see chapter by Myers).
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Fig. 5. Contours of equal-color excess per unit length for stars out to 500 pc and within 50 pc of
the galactic plane. Contour intervals are 0.5, 1.0, 2.0, and 4.0 mag kpc—! in E(B-V), and the
smoothing scale is 100 pc. Solid circles are positions of R associations. The local complexes in
Scorpius, Ophiuchus, Taurus, Perseus, and part of Orion can be seen. (Figure from Lucke
1978.)

E. An Example of Hierarchical Structure

The most accessible examples of the similarity of fragmented structure
observed over a large range of scale are the nearby Sco-Oph and Taurus com-
plexes. The Taurus region is discussed in detail here; first, a brief summary for
Sco-Oph is given.

For the Sco-Oph region, the hierarchical structure may be followed from
the large reddening complex toward the galactic center (Lucke 1978; see Fig.
5), to the Sco-Oph extinction complex (extent = 100 pc) which is the most
prominant of the higher-density fragments within the reddening complex, to
the two, or possibly three further levels of fragmentation at scales of ~ 2 to 20
pc, in the extinction map of Rossano (1978b) and also in a plot of positions
and areas of Lynds’ (1962) clouds in this region, down to the higher extinction
core of the p Oph cloud (size ~ 1 pc) which is itself broken up into several
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fragments with sizes of a few tenths of a parsec (see Myers et al. 1978; Wilk-
ing and Lada 1984). At this scale the resolution limit of the radio observations
is approached, but the separations of embedded protostars shows that frag-
mentation to smaller scales has in fact occurred. Similar substructure from 10
pc to 0.1 pc in other subregions of the Sco-Oph complex can be seen by
examination of the positions, sizes, and opacity classes of the over 200 Lynds
dark clouds which fall within the complex. Recent maps of parts of the com-
plex can be found in Lebrun and Huang (1984: 370 square degrees; '2CO) and
Wouterloot (1981,1984: 48 square degrees; OH).

The best-studied example of hierarchical fragmentation is the Taurus « x-
tinction complex. This nearby (~ 140 pc) complex, toward £ =~ 170°, b =
—15°, is part of a more extensive and lower-density structure which can be
seen in the reddening map of Fig. 5, and also in a more recent reddening study
of Perry and Johnston (1982). The gas in the older Perseus complex, contain-
ing the association Per OB2, at a distance of ~ 300 pc at slightly smaller
longitudes in Fig. 5, is also a part of this structure, and it seems likely that the
Taurus and Perseus complexes are physically related (see Wouterloot 1981). It
is also worth noting that the Pleiades cluster lies in the same general direction
at about the same distance, as pointed out by Jones and Herbig (1982).

Figure 6 shows McCuskey’s (1938} extinction map of most of the entire
Taurus complex, and two hierarchical levels of internal fragmentation can be
seen. At a distance of 140 pc, the Taurus complex is seen to cover a region at
least as large as 100 pc by 40 pc. (The often-quoted '2CO size is smaller
because the stellar heating sources are concentrated toward the central re-
gions; see the map in Herbig [1977].) Kleiner and Dickman (1985) have
mapped the central region of the complex in 13CO at 15 arcmin resolution,
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Fig. 6. Contours of extinction in the Taurus complex, with contour interval 0.2 mag. Black
circles are areas selected as unobscured. (Figure from McCuskey 1938.) The rectangle refers to
the region mapped in Fig. 7.
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Fig. 7. Contours of equal integrated !'3CO emission in the Taurus complex. (Figure from Kleiner
and Dickman 1984.) Boundaries of this map are shown in Fig. 6.

and their map, which corresponds to the rectangle of Fig. 6, is shown in Fig.
7. (For a '2CO map of a larger area see Baran and Thaddeus [1977].) Notice
the excellent agreement between the '*CO and extinction maps. The Taurus
complex is elongated, and a velocity gradient of 0.07 km s — ! pc ~ ! across the
minor axis has been found by Kleiner and Dickman. While this apparent
rotation is dynamically insignificant, its orientation suggests that the complex
is prolate.

Within the Taurus complex are seen numerous smaller and denser dark
clouds (see, e.g., Lynds 1962) with sizes from 10 pc down to 0.1 pc or
smaller. The clouds in Taurus are not simply superimposed along the line of
sight (Straizys and Meistas 1980). These dark clouds are often internally frag-
mented in a hierarchical manner. Most observational work has concentrated
on the densest central region of the complex, especially the roundish dark
cloud Heiles Cloud 2, and the filaments west of Heiles Cloud 2. A sketch of
the extinction in this region based on POSS plates from Walmsley et al. (1980)
is shown in Fig. 8. Cloud 2 is the region near o = 4h 38™, § = 26°. The
region to the east of Cloud 2 has apparently not been studied in molecular
lines.

When mapped at high resolution, Cloud 2 is found to consist of a number
of fragments located within a ring structure. The recent observations of the
Cloud 2 structure by Schloerb and Snell (1984) are represented in Fig. 9,
which shows a map of the subcondensations observed in C'8Q0. (See also



FRAGMENTATION 217

279 TAURUS

) COMPLEX

g §

= 26°

z )

g -

2 250 s

d 1.7pc

& 240f ' ¢ = -10° -
ez
. . 20" 4his"

05" 50" 5" som 45" 40" 3" 30" 25"
RIGHT ASCENSION (1950)

Fig. 8. Sketch of the cloud structure in the central region of the Taurus complex from Walmsley
et al. (1980), based on POSS prints. Heavy lines indicate outline of dark clouds, dashed lines
indicate connecting dust lanes. The dark cloud at a = 4h 37™ is Heiles Cloud 2, while the three
filamentary clouds to the west are, clockwise from top, GF13, GF14, and GF16.

Cernicharo et al. [1984] for an extinction map.) The dotted contours represent
CS observations of the denser clump TMC 1 (Snell et al. 1982; see also Avery
etal. 1982; Myers and Benson 1983); more clumps like TMC 1 probably exist
in the region (see Cernicharo et al. 1984) but would not be detected in CO.
Schloerb and Snell find that the ring, of diameter ~ 1.5 pc, is rotating at about
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Fig. 9. C'80 map of the subcondensations in Heiles Cloud 2, from Schloerb and Snell (1984).
Dots represent the locations of individual C'80 observations. The dashed curve represents the
denser clump TMC 1, based on CS observations.
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Fig. 10. Sketch of cloud structure around Heiles Cloud 2 and GF13, 14, and 16, from Clark et al.
(1977), along with polarization vectors from Hsu (1984).

1 km s~ !, and that the properties of this fragmented rotating ring are in
impressively good agreement with multidimensional numerical calculations
of rotating nonmagnetic cloud collapse (see Sec. IV). The linear polarization
near Cloud 2 has been recently studied by Moneti et. al. (1984) and Hsu
(1984).

The filaments to the west of Cloud 2 in Fig. 8, with lengths of ~ 5 pc,
have also been studied extensively. A sketch of the filaments adapted from
Barnard’s (1927) study by Clark et al. (1977), is reproduced in Fig. 10 and
superimposed on polarization vectors from Hsu’s (1984) study. The filaments
are obviously fragmented in extinction. Barnard (1927) catalogued a number
of condensations in both the northern and southern filaments, spaced rather
regularly along their lengths and indicated in Fig. 10. Schneider and
Elmegreen (1979) discussed the extinction structure of these filaments and
others exhibited on POSS plates. The northern filament, called GF13, con-
tains three main subcondensations, and one of these is split into five subcon-
densations. The southern filament is actually two filaments which may or may
not be connected at their ends; Schneider and Elmegreen label these GF14 and
GF16. The western filament GF14 shows four subcondensations in extinction,
while GF16 has five, and one of them (GF16A) is further fragmented into five
subcondensations. Figure 11 shows extinction maps of GF14 (upper) and
GF16 (lower) based on star counts from red POSS plates by Baudry et al.
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sent positions observed in HCO+ by Baudry et al.

(1981). An independent extinction map of GF16 can be found in Batrla et al.
(1981); more recent extinction maps of the Taurus filaments are given by
Gaida et al. (1984). The resolution corresponds to about 0.1 pc, and several
condensations of this size can be seen. A study of the subcondensations in
GF16 in H,CO has been given by Poppel et al. (1983). The fragmentation of
these filaments has also been inferred from the existence of multiple velocity
components. For example, Clark et al. (1977) observed '2CO and '3CO in
eight of the clumps within the filaments, and interpreted the multiple velocity
components found in three of the clumps as evidence for the orbital motion of
subcondensations. An extensive discussion of observations of CO, NH;,
H,CO, OH, and HCO* in GF14 and GF16 is given by Baudry et al. (1981).
The dense clump called TMC 2, a source of emission by heavy carbon chain
molecules, is located near the eastern end of GF16. The velocity dispersion in
GF16 is larger than any systematic velocity gradient (Baudry et al. 1981;
Poppel et al. 1983), but there is some evidence for a systematic velocity shift
of ~ 1 km s~ ! along the length of GF14 (Baudry et al. 1981; Fig. 12). A
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recent discussion of the properties of the condensation near the eastern end of
GF16 has been given by P. F. Goldsmith and M. J. Sernyak (1984), who also
give a useful summary of the velocity field in the Taurus complex at various
scales.

Because of the regular spacing of the subcondensations in these and other
globular filaments, Schneider and Elmegreen (1979) argued that it is unlikely
that the filaments represent rings or disks viewed edge-on. The filaments seem
to be elongated roughly perpendicular to the polarization vectors in this region
(Hsu 1984; see Fig. 10), a configuration which is difficult to reconcile with
fragmentation theories based on the dominance of magnetic effects if the fila-
ments are actually prolate. However, the recent study of McDavid (1984) of a
much larger (~ 50 pc) filament, GF7, not in the Taurus complex, shows that
the direction of the field does coincide with the long axis of the field, and that
the filament and its five internal fragments can be understood in terms of the
dominance of the magnetic field.

Prolate structures appear common in the dense interstellar medium.
Three important examples are the streamers or filaments in Ophiuchus, the
strings of H II regions in Cep A (Hughes and Wouterloot 1984), and the
filamentary H I structures mapped by Verschuur (1974a,b; see Sec. 11.G be-
low). However, the geometry of elongated dark clouds is still not completely
clear. The statistical study of Hopper and Disney (1974) and Disney and Hop-
per (1975) indicated that most of these clouds must be flattened structures, not
prolate, and that they are aligned in the galactic plane but not in the magnetic
field direction. As mentioned earlier, the Taurus complex itself is probably
prolate. In large-scale H I maps both shells and filaments appear (see Sec.
II.G for small-scale filaments and Sec. IV for a discussion of large shell
structures).

If GF14 and GF16 are physically related, if not connected, then this
southern filament presents evidence for at least three levels of hierarchical
fragmentation covering sizes from ~ 5 pc down to below 0.1 pc. The study of
Schneider and Elmegreen (1979) shows that such structures are typical of
dense filamentary clouds. The above discussion shows that cloud structure in
Taurus can be traced from large scales (= 300 pc) down to at least 0.1 pc, the
resolution limit of the observations. Furthermore, these structures appear to be
hierarchical.

F. More Distant Regions

Although fragmentation at the smallest-size scales can only be observed
readily in the local ( = 300 pc) complexes, there is substantial evidence that
such structure exists in more distant regions. The regions which have been
most studied are selected by their association with giant H 1I regions and OB
associations; because of the stellar heat input to the dust and the existence of
dust-gas energy exchange, the gas is warm enough (= 30 K) to emit strong
CO lines. It is doubtful whether complexes like Taurus and Sco-Oph would
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even be noticed by most surveys at distances = 1 kpc, except for their densest
portions.

At the largest-size scales, it is difficult to say whether the distant warm
cloud complexes are fragments of superclouds because the reddening statistics
are uncertain at large distances, as are the distances of the complexes, but the
suggestion of large H I envelopes around giant molecular clouds (see, e.g.,
Bridle and Kesteven 1970; Blitz and Thaddeus 1980), the observation of su-
perclouds (see B. G. Elmegreen and D. M. Elmegreen 1983) and super-
associations (Wray and de Vaucoulers 1980) in other spiral galaxies, and the
association of local complexes within the larger reddening superclouds sup-
port the idea. CO observations of the more distant warm molecular complexes
certainly show internal fragmentation at the limit of resolution (~35 pc) similar
to the local complexes; examples are the Cep OB3 molecular cloud (Sargent
1977; J. Carr 1984), the M17 cloud (Lada and Elmegreen 1978; H. M. Martin
et al. 1984), and the Carina Nebula (de Graauw et al. 1981).

Several arguments give indirect evidence for smaller-scale clumping. For
example, the star density in typical star clusters implies fragmentation on
scales on the order of = 0.1 pc. The subthermal excitation of NH; is com-
monly interpreted as due to small beam filling factors of the dense NH, gas,
with suggested clump scales of ~ 0.05 to 0.2 pc (Schwartz et al. 1977; Mat-
sakis et al. 1977; Barrett et al. 1977; Little et al. 1980), because the densities
are large enough to ensure thermalization of the level populations. Similar
results have been suggested on the basis of studies of excitation and self-
absorption of H,CO, HCO *, and HC;N (see, e.g., Morris et al. 1977; Evans
et al. 1979); the different behavior of CS and CO line strength ratios (Kwan
1978); the result that column density increases without a corresponding in-
crease in density inferred from CS and H,CO (Mundy 1984); and the sim-
ilarity of line profiles from different CO transitions (H. M. Martin et al.
1984). Wilson and Jaffe (1981) interpreted the differing shapes of H,CO emis-
sion and absorption lines in molecular complexes in terms of clumping on
scales of ~ 0.1 pc. Batrla et al. (1983b) have interpreted their H,CO observa-
tions of the cloud toward Cas A in terms of a large number of clumps with
sizes of ~ 0.4 pc and number densities n ~ 10* cm— 3. The large line widths
observed in the warm complexes can also be interpreted as arising from the
random velocities of fragments smaller than the beam, although other expla-
nations involving large-scale organized motions such as collapse, expansion,
and rotation are also possible. In general, all these indirect arguments over-
whelmingly suggest small-scale (= 0.1 pc) clumping in a number of regions.

There are some direct observations of clumping at small scales in the
more distant complexes. At intermediate distances, the detailed analysis of
13CO observations of a complex at a distance of ~ 750 pc by Perault et al.
(19854) indicates that the complex contains a large number of condensations
on scales of | to 3 pc which are often themselves internally fragmented. At
larger distance, the direct indications of small-scale structure include VLA
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radio continuum observations of the M17 H II region, which show clumping
on scales of ~0.2 pc (H. M. Martin et al. 1984; Selli et al. 1984); Westerbork
H,CO observations of the giant H II regions DR 21 and W3, which reveal
structure on scales of ~ 0.2 pc (see, e.g., Forster et al. 1981; Arnal 1982); and
VLA observations of DR 21 in NH; (Matsakis et al. 1981) and in H,CO
(Dickel et al. 1983) and of W3 (OH) in H,CO (Dickel et al. 1984), which
suggest density structure on scales as small as 0.01 pc. Hughes and
Wouterloot (1984) have presented Westerbork and VLA observations of radio
continuum emission in Cep A and find two strings of very young (~ 103 yr) H
II regions, each containing around 14 O stars; the length of each string is ~
0.1 pc. In these cases, we can trace the hierarchical structure from ~ 0.01 pc
all the way up to supercloud dimensions of ~ 1 kpc. A good example, pointed
out by B. G. Elmegreen and D. M. Elmegreen (1983), is that the W3 giant H
II region-OB association, itself internally fragmented, as discussed above, is
part of a complex containing the clusters h and x Persei, the H II region-OB
associations W3, W4, and W5, and two giant molecular clouds. It should be
pointed out that not all studies suggest structure on scales of < 0.2 pc. Exam-
ples are the NH; observations of NGC 2071 in the Orion complex (Calamai et
al. 1982) and CS observations of the core of the Orion Nebula (P. F. Gold-
smith et al. 1980). Nevertheless, most of the evidence points strongly to
nested structure from ~ 1 kpc down to < 0.1 pc, just as for the local com-
plexes.

G. Structure at Smaller Column Density

The discussion so far has been directed from large rarefied structures to
progressively smaller and denser objects. However, this progression is mis-
leading because of major selection effects. Historically, the smaller-scale
structure was first recognized in extinction, and most subsequent studies, es-
pecially in molecular lines, have been directed towards these regions of large
column density. The tendency to study regions of recent star formation leads
to a similar bias. One should not make the mistake of concluding that these
are the only or even the most common structures. Studies of H I emission and
absorption, reddening, and optical interstellar lines reveal that a large fraction
of the sky is filled with lower-column density clouds, shells, and filaments
covering a wide range of size scales. These can be seen in H I emission from
the large Hat Creek, Parkes, and Argentine surveys (see Colomb et al. 1980,
and references therein), with resolution of ~0?5, Heiles’ (1980) analysis of

Fig. 12. Small scale H I emission structure in Verschuur’s (1974a) region B. Top left: Integrated
column density map for radial velocities between —7 km s~ ! and + 17 km s~ !; contour unit is
2.2 x 10'9 cm—2 and maximum column density is 5.5 X 1020 cm~2, Top right: Schematic
representation of filamentary structures; velocities (km s —!) within the filaments are indicated
at various points in the maps. Lower nine panels: H I antenna temperature contours for selected
radial velocities, with a velocity integration interval of 1.0 km s~ 1.






224 J. M. SCALO

the low-latitude Weaver-Williams survey, and the high-resolution mapping of
selected small-scale regions by Heiles (1967) and Verschuur (19744, b).

Verschuur’s (1974a) maps of a roughly ~ 100 square degree region to-
ward € = 215, b = +27 (his region B) are shown in Fig. 12. The top two
figures show the integrated column density map and Verschuur’s sketch of the
four major filaments in the region, while the lower maps show the cloud
structure at 9 different radial velocities. Similar structure was found in Ver-
schuur’s region A, but with less pronounced filamentary structure. In two
additional regions, Verschuur (1974b) found no clouds, just filaments.

Space does not permit a discussion of the average and statistical proper-
ties of structures observed in H I, or the large body of work on reddening and
optical lines (some results for the mass distribution are given in Sec. III). The
important point is that these structures have small column densities (4,, < 0.5)
and internal densities (n =< 20-50 cm ~3), yet cover a range of scales from ~
0.5 pc (resolution limit) to =10 pc.

The smallest scales of diffuse H I structure appear to be ~ 0.2 pc, judg-
ing from a recent study of H I absorption towards radio sources by Dickey et
al. (1984). It is not clear whether the variations on these small scales actually
represent separate clouds, or just variations within larger structures.

An important issue that has not been resolved (or even discussed much)
concerns whether the low column density structure represents the outer, trans-
parent parts of cloud complexes, or a complicated system of density and ve-
locity fluctuations which pervade most of the interior volume of superclouds.
If the latter is correct, then one can easily imagine a broad spectrum of density
fluctuations within superclouds, of which only a small fraction are sufficiently
large and dense to remain gravitationally bound. It is these bound fluctuations
that would evolve to the cloud complexes and smaller-scale substructure dis-
cussed earlier. Indeed the dense structures nearly all seem to be balanced on
the verge of collapse by some internal support mechanism, as discussed in
more detail below. In this case, the observed hierarchy described above must
be viewed as the bound condensations that gravity has filtered out of the gen-
eral fluctuation spectrum. This distinction is of major importance if we are to
interpret the observed structure in terms of fragmentation. For this reason we
shall refer to the structure discussed earlier as the bound hierarchy.

H. Implications of a Simple Hierarchical Model

Taken together, the observations suggest five or more levels of bound
hierarchical fragmentation, starting with the reddening structures or super-
clouds, and continuing down to dense (n = 10* cm ~3) clumps with sizes of <
0.1 pc. This hierarchy, also emphasized by Rossano (1978a,b) for a smaller
range of scales, is qualitatively very similar to that originally suggested by
von Weizicker and Hoyle, although the physical processes responsible for the
structure may be very different from the turbulent cascade or spontaneous
gravitational fragmentation conceptualized by these authors. The density at
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TABLE 1
Bound Interstellar Hierarchical Structures
Size Mean
Scale Density Mass
Level (pc) (em—3) (Mg) Designation
I 103 1 2 X 107 reddening—H I superclouds

I 102 100 3 X 106  extinction—molecular complexes, GMC’s
m 10 500 1 X 10 major fragments in complexes
v 1 3 X 103 1 x 102 dark clouds

\" 10-1 3 X 104 1 dark-cloud cores, globules

each level scales (roughly) inversely with the size, as emphasized by R. B.
Larson (1981), and each level typically appears to consist of N, ~ 2 to 10
fragments, with a tendency for elongated or irregularly shaped fragments

Table I gives a schematic summary of the properties of the bound hier-
archy at each level. This table is meant only as an illustrative guide, and
should not be taken too literally. The properties at each level show a signifi-
cant dispersion among different regions or within a given region and the hier-
archy is probably not so discrete, because the discreteness indicated in Table 1
is partly a result of the different observational techniques used at each size and
column density. In addition, this characterization of the structure does not
incorporate the lower column-density fluctuations, as discussed in Sec. I1.G
above.

As an example, if we adopt five levels of fragmentation from 103 pc to
0.1 pe, N fragments at each level, and assume that density is related to size by
n o P with —1.5 < p = —1 (see Sec. Il below), then the ratio of the masses
contamed in consecutive levels is 103 *» N, which is about 0.03 (p = —1,

=3)t00.3 (p = —1.5, N,= 10). This suggests that the fragmentation only
1nv01ves a small fraction (~ 10%) of the mass at each stage; most of the mass
remains in the larger interfragment structures. This inefficiency agrees mar-
ginally with the numerical collapse calculations reviewed in Sec. IV. The
differential mass distribution of the fragments among the five levels is f{m) ~
mY, with y = ~1.3 to —1.6 for p = —1.0 to —1.5; however, the mass
spectrum within each fragmentation stage may be very different, because it is
determined by the detailed physics of the fragmentation process at that stage.
This result is consistent with the observational estimates of the fragment mass
spectrum presented in the next section.

If only the fifth level represents clouds which collapse to form stars,
without further fragmentation, then the fraction of gas which eventually be-
comes stars, or the “efficiency of star formation,” is 104G *”» N *. Within a
single extinction-molecular complex (level II), the efficiency is 10 3B+
N7 . For example, if p = —1.3 and N, = 5, about 0.1% of the mass in a mo-
1ecular complex would be converted to stars. These estimates are extremely
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crude, and are only meant to point out the low star formation efficiency which
is implied by such a hierarchical model. This discussion does suggest, howev-
er, that it is more meaningful to speak of the inefficiency of fragmentation
rather than the inefficiency of star formation.

Herbig (1978) has argued that star formation is not a hierarchical pro-
cess, using the fact that T Tauri and related stars, especially in Taurus, do not
reside in small clusters but instead are distributed rather homogeneously.
However, the apparent absence of very tight groups like those seen in some
star-forming regions containing OB stars might be due to OB stars forming
preferentially in regions of largest gas density, or might just imply that the
clusters which formed were not tightly bound and so were easily disrupted; a
velocity dispersion of 1 km s~ ! would be sufficient to erase the substructure
on scales =< 1 pc in the latter case. Furthermore, the spatial distribution of the
stars in Taurus presented by Herbig (1977b) does appear clustered on scales of
1 to 3 pc; the number of stars is too small to say anything about clustering on
other scales, especially considering the possible importance of projection ef-
fects. In any case, the gas distribution discussed earlier shows overwhelm-
ingly that the structure is hierarchical. The stars that form from this structure
cannot be easily used as an imprint because of their small numbers and signifi-
cant random velocities.

I. Similarity to Extragalactic Structure?

It is difficult not to notice the resemblance of this hierarchical structure to
the arrangement of galaxies in the universe. According to a recent study by
Bahcall and Soniera (1984; see also Oort 1983), most superclusters contain 2
to 15 rich clusters, and the larger superclusters appear elongated. At large
density enhancements, some superclusters are cores of even larger super-
clusters. The galaxy clusters within the superclusters may possess internal
structures (see, e.g., Geller and Beers 1982) which has survived cluster dy-
namical evolution; the Local Group is often considered as such a subconden-
sation within the Virgo cluster. Beyond that level we see galaxies, often in
pairs or higher-multiplicity groupings. One cannot but be struck by the sim-
ilarity of this structure to the interstellar hierarchy described above. The sim-
ilarity is even more obvious if we consider the sequence star cloud, OB asso-
ciation, subgroups, open star clusters, and multiple stars. Even the relative
sizes and density enhancements are in rough agreement between the two
hierarchies.

The similarity goes beyond structural appearance. R. B. Larson (1979)
has emphasized that the velocity dispersion-size relation on subgalactic scales
(stellar and interstellar; see R. B. Larson [1981]) extends up to the sizes of
galaxy clusters, with the same normalization, and Fleck (1982a) and others
have noted other properties, like angular momentum, that seem to obey scal-
ing relations which hold over an extremely large range of size scales. One
may also point out the rough similarity between the estimated mass spectra of
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stars, globular clusters, and galaxies. It is as if the universe is a self-similar
hierarchy covering over nine orders of magnitude in scale, but with two spe-
cial length scales, corresponding to galaxies and stars. The first (~ 100 kpc)
may be established because of the nature of cooling processes (Rees and Os-
triker 1977; Silk 1977b) while the second may be related to the mass below
which a contracting cloud becomes opaque to its gravitational energy release
(see, e.g., Low and Lynden-Bell 1976). Attempts to understand the processes
responsible for extragalactic structure currently center on distinguishing be-
tween models in which structure builds from small scales through gravita-
tional clustering, and models in which the structure arises through fragmenta-
tion beginning at the largest scales. The debate is very similar to the question
of whether interstellar structures build up through cloud collisions or cascade
down in size through gravitational, magnetic, turbulent, or other instabilities,
a subject which is reviewed in Sec. V. One may also note the recent finding by
Byrd and Valtonen (1985) that galaxy groups are expanding as an analog to
the expansion of OB associations. The idea that the similarity between sub-
galactic and extragalactic structure reflects a common origin is very spec-
ulative at present, but its philosophical significance and far-reaching implica-
tions suggest that a more quantified comparison is desirable.

III. STATISTICAL PROPERTIES

The anatomical studies discussed above strongly suggest that fragmenta-
tion is hierarchical, with at least five (rather ill-defined) levels leading to star
formation, but do not give a quantitative description of this hierarchy because
the observations generally refer to specific regions (which have been selected
according to various criteria, like regions of known recent star formation).
The objects studied may not be a fair sample of the ensemble of structures
whose average properties we desire. Certainly some quantification of the ob-
servations is required to infer more information concerning the spectrum and
origin of density and velocity fluctuations which are involved in fragmenta-
tion. Several statistical approaches to quantitative information are possible:

1. Correlations between fragment properties;

2. The frequency distribution of fragment masses and sizes, which can yield
estimates of parameters characterizing a self-similar hierarchy, as shown in
Sec. 1I1.C;

3. The frequency distribution of stellar masses, or initial mass function
(IME);

4. Two-point measures of spatial structure, such as the autocorrelation
function.

Most of these lines of evidence cannot presently be compared with theory,
except in a very limited manner, because the theories are based on either
numerical calculations with insufficient resolution, linear stability analyses, or
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heuristic arguments. The present discussion will be confined to the first two
lines of evidence listed above.

A. Correlations between Fragment Properties

R. B. Larson (1981) has emphasized that densities and velocity disper-
stons inferred from molecular-line observations scale with size of region in a
manner which seems to hold over nearly 3 orders of magnitude in size. Since
these relations are discussed in the chapter by Myers, only a brief discussion
of their relevance to the fragmentation problem is given here.

A roughly inverse relation between density and size appears to hold over
the entire bound hierarchy of Table I, and also among the individual clouds at
the smallest scales. This relation may contain information on the geometry of
the fragmentation process, because compression or accumulation of material

in one, two, or three dimensions would yield n ~ r? withp = —1, =2, or —3,
respectively. p appears to be in the range —1 to —1.5 and so seems to rule out
a spherically symmetric process. A value of p = — 1 would suggest the forma-

tion of oblate pancake-shaped fragments, as might arise from supersonic
cloud collisions, contraction along magnetic field lines, or the importance of
rotation. Recent evidence for a ~ 0.2 pc rotating disk around the Orion-KL
object has been presented by Hasegawa et al. (1984). However cloud structure
often appears filamentary, and, as emphasized by Schneider and Elmegreen
(1979), the regular spacing of subcondensations within these filaments implies
that they are prolate structures, so we would expect p = —2. The observa-
tionally-determined value of p may be somewhat smaller than —1 for small
dark clouds, and so may reflect the contributions of both prolate and oblate
fragments. For example, it is obvious from inspection in Lynds’ (1962)
dark-cloud catalog that the smaller clouds have larger column densities on the
average, so p < — 1. In addition, it is also true that the empirical estimates at
small scales are biased because roughly spherical-looking condensations are
usually chosen for study. D. B. Sanders et al. (1984a) find p =~ —0.75 for
GMC’s but their densities are derived by assuming virial equilibrivm. Prolate
structures appear common; three specific examples cited earlier are the
streamers in Ophiuchus, the strings of H II regions in Cep A (Hughes and
Wouterloot 1984), and the filamentary H I structure found by Verschuur (1974
a,b) in at least three of four directions.

More likely, the scaling relation may represent effects besides geometry.
It would be quite interesting to estimate the relation between density and size
separately for globular filaments and more spherically symmetric dark clouds.
For a self-similar hierarchy, the value of p, when combined with the mass
distribution, can give information on the mean number of fragments per level
of the hierarchy, as outlined in Sec. 1I1.C.

While the following discussion will assume that density scales roughly
inversely with size scale (p ~ —1), it must be emphasized that this result is
only known to apply to bound condensations and may also suffer from various
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selection effects. As an extreme example, note that Stenholm (1984) sug-
gested that column density increases with size scale, based upon his analysis
of the spatial power spectrum of CO peak antenna temperatures in the dark
cloud BS. However, this result is uncertain because of the presence of inhom-
ogeneities on scales comparable to the image size, i.e. the data does not repre-
sent a stationary process.

There also exists a scaling relation between internal velocity dispersion,
as measured by molecular line widths, and size of the form Av ~L4, with ¢ =
0.4 to 0.6 (R. B. Larson 1981; Leung et al. 1983; Myers 1983). Dickey
(1984) gives a review of the data. A similar relation has been found for
GMC’s, with ¢ = 0.6, from the CO survey of D. B. Sanders et al. (1984b).
Quiroga (1983) suggests a similar relation for diffuse H I clouds.

There are a number of possible interpretations of this result. R. B. Lar-
son (1981) assumed that the relation is a measure of the structure function
(mean square velocity difference between pairs of positions as a function of
separation) used to characterize stochastic fields, and suggested that the result
g =~ 0.4 implies a similarity with incompressible turbulence, for which ¢ =
1/3 would be expected (the Kolmogorov-Obhukov spectrum). This point of
view is also taken by Quiroga (1983) in his discussion of diffuse H I clouds.
This identification of the line width-size relation with the structure function is
not at all clear; direct measurements of the structure function using well-
sampled radial velocities are quite difficult with existing data (Scalo 1984).
Other possible explanations include a purely statistical effect in which the
velocity dispersion of fragments naturally increases with the depth (size) of
the regions studied (Scalo 1984), a simple radial gradient in turbulent velocity
dispersion, and the velocity dispersion-size relation expected for clouds in
virial equilibrium between gravity and fragment random kinetic energy (R. B.
Larson 1981; Dickey 1984; Myers 1983; Scalo 1984b; see Sec. 111.C). Both
effects would give a = 0.5 if p = — 1. Additional considerations can be found
in Dickey (1984) and in the chapter by Myers. Much additional observational
work on the velocity fields of clouds will be needed before such data can be
used to constrain the fragmentation process.

A possibly more important clue relevant to the fragmentation question is
the fact that the relation between velocity dispersion, mass, and size approx-
imately satisfies the virial relation, Av ~ (GM/L)"2, over a large range of
structure sizes (R. B. Larson 1981). Because there is little evidence for dy-
namical collapse, at least on larger scales, most clouds therefore appear to be
in quasi-virial equilibrium between gravity and some internal support mecha-
nism. A recent discussion of the situation for small dark clouds is given by
Myers (1983), who finds strong evidence for virial equilibrium in these
clouds. As mentioned in Sec. 11, H I studies of superclouds with sizes of ~ 1
kpc also suggest virial equilibrium.

This conclusion is in agreement with a number of indirect arguments
suggesting cloud lifetimes in excess of the free-fall time. Briefly, the main
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lines of evidence are based on comparisons of the galactic star formation rate,
mean surface density of H,, and estimated star formation efficiencies (Silk
1981); ages of OB associations in GMC’s and studies of the association of CO
with clusters of various ages (Bash et al. 1977); comparison of a ballistic CO-
cloud model with observations (Bash 1979); chemical ages of clouds (Knapp
1974; Allen and Robinson 1977; Stahler 1984); requirements of the Oort
model for cloud evolution (Kwan 1979); and arguments based on an in-
terpretation of the correlation of stellar velocity dispersion with stellar age as a
result of cloud-star gravitational scattering (Icke 1982). Upper limits to cloud
lifetimes have also been estimated based on the erasure of substructure by
coalescence (Blitz and Shu 1980), confinement to spiral arms (see the chapter
by Solomon and Sanders), and the predicted effects of dynamical friction
between field stars and large clouds on cloud velocity dispersions (Hausman,
personal communication). These lines of evidence are individually quite
weak, but taken together they suggest 107 < 1 < 108 yr for extinction mo-
lecular complexes, while the free-fall times are =< 3 X 10° yr. Something is
holding up the collapse over a wide range of scales, but whether it involves
magnetic fields, rotation, turbulence, stellar winds, or something else is still a
matter of debate which will not be discussed here. Of particular importance,
however, would seem to be the fact that whatever process or processes are
involved must operate over a wide range of size scales, because the available
evidence suggests that the bound hierarchy is virialized at all levels.

The facts that the density-size and line width-size relations hold within
objects of a single level in Table I, and that structures as different in scale as
GMC’s and small dark clouds seem to follow the same line width-size rela-
tion, suggests that the hierarchy described schematically in Table 1 is actually
more continuous, in the sense that there is a significant variation in properties
among the members of each level even though the process of star formation
may always require around five or six levels of fragmentation on the average.
As an extreme case, Fig. 13 depicts the variation of a number of physically
interesting properties of interstellar structures as a function of size scale, as-
suming only that, whatever the physics of fragmentation, the density and size
(diameter) scale as n = n, (L/L) with uncertain normalization n, = 10*
cm~3at L, = 1 pc and p a parameter with a likely value around —1.0 to
—1.5. The quantities plotted are mass m = 0.02 nL> M,; visual extinction A,,
calculated from A, = 1.1 X 10~2" N mag, where N is the column density;
ratio of size L to thermal Jeans length L, = 8.5 T'/2/n!/2 pc; free-fall time 7
= 4 X 107/n'72 yr; free-fall velocity v = 2QGM/L)V2 = 0.021 n'2 L km
s~ 1; critical rotational velocity gradient at which rotation balances gravity
perpendicular to the rotational axis (dV/dr),, = 0.04 n'2km s~ ! pc~! (see
Lequeux 1977; Field 1978); and the ratio of magnetic field strength scaled
according to B = B_(n/n)*, with B, = 3 pGauss at n, = l cm~3 and k =
1/2 or 1/3, to the critical field strength at which the field balances gravity
perpendicular to the field B, = 0.06 n{ pGauss (see, €.g., Mestel 1977). The
velocity v is also about equal to the critical rotational velocity for support
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Fig. 13. Size scale dependence of physical quantities for clouds following a power law density-
size relation n = n,, (€/€,), where € is the diameter in parsecs, for p = —1.2 (solid lines) and
—1.5 (dashed lines). The adopted normalization is n, = 10* cm~3 at €, = 1 pc.
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against gravity and the characteristic velocity to which subcondensations
within that scale will be accelerated by gravity (virial velocity). The solid and
dashed lines correspond to p = —1.2 and —1.5, respectively. The approxi-
mate scales of the five hierarchical levels discussed earlier are indicated, but it
must be remembered that these levels may be observationally selected.

With the above parameterization several interesting features emerge.
First, the structure is unstable to gravitational collapse against thermal pres-
sure (L/L; > 1, vy/c. > 1) for scales larger than about 0.1 pc. The fact that
thermal pressure can balance gravity at L ~ 0.1 pc, m ~ 1 M, has been noted
by several authors in various contexts, especially as the scale below which
fragmentation is not possible without assistance by, for example, rotation, and
as the scale below which the random cloud relative velocities, or turbulence,
becomes subsonic. Second, the available observed velocity gradients across
the faces of clouds give a range of values at a given scale which, when com-
pared with (dV/dr)_,, indicates that rotational effects are unimportant in more
massive clouds (see, e.g., Kutner et al. 1976; Loren 1977a,b; Kleiner and
Dickman 1985), but are important in a small but significant fraction of small
very opaque clouds (see Fleck and Clark 1981; R. N. Martin and A. H. Bar-
rett 1978; Snell 1981; Ungerechts et al. 1980; Myers and Benson 1983). Fleck
(1981) and others have pointed out that at the largest scales the critical rota-
tional angular velocity w_. = 2 X 107 !5 51”25~ ! is comparable to the angular
velocity expected from differential galactic rotation, so that galactic rotational
energy could serve as the large-scale source of kinetic energy for turbulence,
assuming that some mechanism exists for coupling the shear on this scale with
the smaller sizes. Third, the magnetic field estimate, while extremely uncer-
tain, suggests that fields play a minor role if B « n* with k < 0.5, although the
conclusion is still arguable.

B. Frequency Distribution of Cloud Masses

The frequency distribution of cloud masses is much more difficult to
determine than the stellar mass spectrum, essentially because there is no ana-
logue of the mass-luminosity relation for clouds, i.e. there is no readily ob-
servable quantity which can be reliably related to mass. The only “direct”
method consists of the following steps:

1. Devise a suitable working definition of a cloud in terms of an observable
property (e.g., a line strength, reddening, etc.) which shows correlated
behavior over some interval of space or velocity.

2. Measure the angular sizes of a large number of such clouds and somehow
estimate the distance to convert to linear sizes.

3. Determine internal densities for each cloud either from column density and
size, or from arguments involving excitation of molecular rotational lines.

In practice it is extremely difficult to carry out this program. In many
cases, the best we can do is estimate a size distribution, f,(r), and then make
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some hopefully reasonable assumptions concerning the internal densities n.
For example, if f,(r) « r* and n is related to r by n « r”, we have f, (m) = f,(r)
|dr/dm| <« mY, withy = (0 — p — 2)/(3 + p).

Estimation of size and mass distributions by means of identification and
counting of individual clouds also suffers from the necessarily subjective defi-
nition of a cloud which must be made. That hierarchical complexes of clouds
are chaotic and irregular and may contain density fluctuations covering a large
range in amplitudes implies that all such studies will contain selection effects.

1. “Direct” Estimates. In some cases both angular size and column
density can be measured, which gives cloud masses directly for an assumed
cloud shape if the distances are known. Such data for diffuse clouds using H |
emission have been presented in the extensive studies by Heiles (1967) and
Vershuur (1974a,b). Heiles (1967) mapped an area of about 160 square de-
grees near £ ~ 120, b ~ 15, and identified over 800 small clouds embedded
within two large sheet-like structures which are probably associated. Average
column densities, radii, particle densities, and masses are 2 X 1019 cm =2, 2
pc, 3cm™ 3, and 2 M, respectively, using a distance of 300 pc on the basis of
arguments given by Ames and Heiles (1970). Heiles also identified 13 larger
concentrations within the sheets. It is impossible to estimate reliable power
law size and mass distributions from Heiles’ data (although such results are
occasionally quoted in the literature), partly because incompleteness sets in at
~ 1 pc, and because the distribution is not smooth at larger sizes. For r > 1
pc, I find @« ~ —4 and vy ~ —1.5, but these are uncertain by at least =0.5.

Verschuur (1974a) mapped two regions, referred to as regions A and B,
around € ~ 220, b ~ 35, covering a total of 420 square degrees. Spatial
contour maps were constructed for every | km s—! velocity interval, and
clouds were defined as sets of closed contours recognizable in at least 2 adja-
cent velocity intervals (see Fig. 10). The column densities of these clouds
were in the range 1-8 X 102° ¢cm ~ 2, and typical sizes, densities, and masses
in region A(B) were 3(2) pc, 30(70) cm~ 3, and 17(7) M, for an assumed
distance of 100 pc. Many of the clouds in region B were located in four major
filaments. Frequency distributions of radii and masses can be constructed
from the data of Verschuur, but, as with Heiles’ data, they are incomplete
because of resolution for r =< 0.5 pc. At larger sizes the histograms are not
very smooth; a power law fit gives a ~ —4.5, vy ~ —2 forregion A, but these
are uncertain by at least =0.5. These H I results mostly refer to diffuse clouds
which are not associated with cloud complexes and star formation, so their
relevance to the type of fragmentation of interest here is not obvious.

A related method for directly estimating masses was used by Knude
(1979) in a study of local reddening statistics. Knude identified a cloud as an
angular area over which the reddening appeared visually correlated. This is of
course a subjective criterion, but does allow an estimate of sizes, which can be
combined with the derived reddenings (proportional to column density) to
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obtain volume densities, and hence masses. Dimensions and masses of 94
clouds (4,, < 0.4) were obtained in this way, and for the 68 clouds with 7.5 <
m < 78 (the lower limit is imposed by incompleteness at small sizes), Knude
finds f(m) « m—1-4. Again the result may not be directly relevant to regions of
star formation.

For molecular clouds, the recent 13CO study of Casoli et al. (1984) pro-
vides a direct estimate of the cloud mass spectrum over a fairly broad range of
masses. Casoli et al. surveyed regions in the second galactic quadrant around
€ = 115°, avoiding the distance ambiguities and blending problems associated
with the first quadrant. The regions included 12 square degrees in the Perseus
arm and 6 square degrees in the Orion arm. The 8 arcmin sampling corre-
sponds to 8 pc in Perseus and 2 pc in Orion. The criterion for counting clouds
was that adjacent (in space) spectra have an emission maximum within a spec-
ified velocity interval, either | km s~ ! or 4 km s~ ; the larger interval identi-
fies larger clouds. Masses were obtained by combining column densities de-
rived from 13CO integrated emission, for an optical depth of 0.2, with a size
defined by the 0.3 K peak antenna temperature contour. With the 1 km s—!
bins, 165 clouds in Perseus and 63 in Orion were used to determine maximum
likelihood estimates of the index of a power law mass spectrum. The result
was y = —1.4 to —1.6 in both regions, depending on the velocity bin size and
the adopted distance to the Perseus complex (~ 3 to 5 kpc). This result refers
to masses in the range 400 to 2 X 10°> M, in Perseus, and smaller masses in
Orion.

Bhatt et al. (1984) have recently used the same approach to estimate
mass spectra for dark clouds in Lynds’ (1962) catalog, obtaining sizes from
tabulated angular areas and column densities assuming that the opacity class is
equal to the visual extinction; actually the choice A,, = 6 for opacity class 6
clouds is a lower limit. Bhatt et al. find y = — 1 for 28 clouds in Orion (30 to 2
% 10* M) and 27 clouds in the p Oph cloud (10 to 2000 M,). For 42 clouds
(2 to 1000 M,,) in Taurus, the mass spectrum is not a power law, but flattens at
smaller masses. For m = 40 M, a power law fit gives y = —1.5, but for 2 to
40 My, vy ~ —1. Assuming that the clouds in Lynds’ catalog are distributed
randomly in space, Bhatt et al. also constructed the mass spectrum of 1697
clouds in the mass range 3 to 10° M; the result is very similar to Taurus, with
v ~ — 1.5 for m = 100 M, but flatter at smaller masses.

An estimate of the mass spectrum of the smallest fragments, which might
represent a near-final preprotostellar fragmentation stage, is interesting for
comparison with the stellar initial mass spectrum. Differences might be relat-
ed to the mass changes that occur during the protostellar stage due to accre-
tion, winds, or other effects (see Ebert and Zinnecker 1981; Smith 1985). The
only published data which allow a direct estimate of the mass spectrum for
these fragments within complexes is the extensive study of dark-cloud cores
by Myers et al. (1983), who provide upper limits to the masses of 48 small
dark (A,, = 5) clouds with estimated distances. Most are in Taurus, Ophiu-



FRAGMENTATION 235

2t ' t \ { i
\
: \
| \ _
\

log m

Fig. 14. Frequency distributions of masses of dark-cloud cores studied by Myers et al. (1983).
Field star initial mass function (Scalo 1985a) is shown for comparison.

chus, or Orion. The masses were obtained by combining the C'®*O column
density, an adopted conversion from C!30 column density to total column
density based on extinction, and a size based on visual appearance on POSS
plates. It is difficult to assign uncertainties, but a factor of two seems conser-
vative. The masses are upper limits to the masses of the C'80-emitting re-
gions because the total column density from extinction must refer to a larger
path length than the very opaque core to which the C'80 column density
refers; however, the correction to total mass is probably nearly constant
among the clouds, so this should not affect the shape of the mass spectrum.
The resulting frequency distribution of masses (arbitrary normalization) is
shown in Fig. 14, along with N'/2 counting uncertaintiecs. Omitting the two
clouds with the smallest masses, a power law fit of the form f{m) o« mY would
give v in the range of —1.0 to —1.5 for m = 4. However, the distribution is
steeper for m = 20, with y = —2.

A problem with this sample is that it is restricted to clouds with a narrow
range of linear sizes, because the clouds were chosen such that their angular
sizes were =< 5 arcmin, while the resolution limit is about 1 arcmin and most
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of the clouds are at about the same distance (~ 150 pc). Thus, most clouds
with diameters outside the range of 0.05 to 0.3 pc are excluded. In addition,
the sample excludes clouds with A,, < 5, while these lower-opacity clouds are
the most numerous in Lynds’ (1962) catalog. It is difficult to guess how the
mass spectrum for a less restricted sample would differ; some evidence related
to this point is discussed below.

For illustrative purposes, the field star mass spectrum (Scalo 19854) is
also shown (with arbitrary normalization). At masses of Z 20 M, the shapes
are very similar. (The slope of the stellar mass spectrum for m = 10 is very
uncertain, however.) The cloud mass spectrum extends to higher masses, but
the absolute scale of the cloud masses (and stellar masses) is uncertain. The
cloud masses are overestimates for the C'®O-emitting regions, but if the less
opaque surrounding material is considered a part of the cloud then they may
be underestimates, because the appropriate linear sizes would be larger. The
stellar masses may be too small if convective overshoot brightening is not as
important as was assumed in deriving the stellar IMF. For masses below ~ 20
M, the cloud mass spectrum is much flatter, but this might be an artifact
caused by incompleteness, because the lower limit on detectable dark-cloud
angular sizes (~1 arcmin) and the restriction of the sample to clouds with
large column densities (A,, = 5) both bias the sample against lower-mass
clouds.

Although a valid comparison of fragment and stellar mass spectra cannot
yet be performed, it is important to realize that there are reasons why we
should expect differences, and that these differences would provide valuable
clues concerning the physical processes at work. For example, higher-mass
protostars probably blow off a significant fraction of their original (fragment)
mass before they settle onto the main sequence, causing the mass spectrum to
steepen. Protostars may also be able to accrete surrounding gas, which flattens
the mass spectrum if the accretion efficiency is an increasing function of pro-
tostellar mass (Zinnecker 1981; see also Ebert and Zinnecker 1981). Reliable
comparisons of fragment, protostellar, and stellar mass spectra could tell us
much about these finishing touches. Also, the fragment and stellar mass spec-
tra may be time-dependent in a given region, so comparisons of mass spectra
for a sequence of regions like the Southern Coalsack, Taurus, Sco-Oph, and
Orion might allow us to understand the evolution of the mass spectrum.

2. Size Distributions. In many cases we are forced to examine the size
distribution and make some assumptions about the internal densities in order
to convert to a mass distribution. Size distributions can be determined from
either angular sizes and distances of individual clouds, or from a frequency
distribution of angular sizes and an assumption concerning the spatial dis-
tribution of clouds. The frequency distribution of column densities, which
measures the size distribution if we make some assumptions about the internal
densities, has also been used for diffuse clouds (Penston et al. 1969; Hobbs
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1974; McKee and Ostriker 1977; Crovisier 1978,1981), and could also be
used for Lynds’ dark clouds. For example, if the column density distribution is
a power law with index 0, then the mass spectrum is a power law with index
[6(p+1) — 4] / (3+p) if the spatial sampling is random (as for optical lines
and H I absorption against radio sources), or [8(p+1) — 2] / (3+p) if the
spatial sampling is not random (as for Lynds’ clouds). However, the uncer-
tainties in this approach are very large, and will be omitted from the following
discussion.

It is usually assumed, often for simplicity, that internal density is unrelat-
ed to size for diffuse clouds. Certainly the densities and sizes given by Heiles
(1967) and Verschuur (1974a) show no correlation although there are large
variations. For cloud complexes, the study of local GMC’s by Blitz (1980)
and the larger-scale surveys mentioned in Sec. II suggest that the mean inter-
nal densities cover a rather narrow range, and we might again assume constant
density, independent of size. However, for the smaller dark clouds of most
interest to fragmentation, there is strong evidence that density increases with
decreasing size. As discussed above, the available observations suggest n « r?
with p ~ —1. As mentioned earlier, the fact that the average sizes of dark
clouds in Lynds’ (1962) catalog decrease with increasing opacity class shows
that p must be somewhat smaller than — 1. Myers (1983) finds p = —1.3 when
27 dark-cloud cores observed in NH; are combined with 16 clouds mapped in
13CO by Leung et al. (1982), and p = — 1.0 (with a much smaller correlation
coefficient) for the NH; clouds alone. In what follows, power law fits to size
distributions will be summarized, and the mass spectrum will be estimated
assuming constant density for diffuse clouds and complexes, and —1.5 =p <
—1.0 for dark clouds.

At the large scale, several studies have attempted to determine the size
distribution of large molecular cloud complexes. Liszt et al. (1981) used the
13CO line, which is a better probe of size and column density than '2CO
because it is optically thinner and suffers less from blending in space and
velocity, which was a problem in earlier CO surveys. Liszt et al. identified
375 clouds in the first galactic quadrant visually from longitude-velocity maps
by requiring that each feature have a peak central intensity > 0.4 K and that it
occur in more than one spectrum. The linear size was calculated from the
angular extent and the kinematic distance, which is probably the largest uncer-
tainty. There are also problems with blending and the ambiguity between near
and far kinematic distances, but by using reasonable assumptions a size dis-
tribution could be determined. The result showed that a delta function, Gaus-
sian, or flat distribution can be rejected. An exponential of the form f(r) x
exp[—(r—8)/6] (r in pc) provides a good fit. A power law with a slope of
—3.3 (9 pc =< r $ 30 pe) fits almost as well. Using the power law, if all the
complexes have the same mean internal density, the mass distribution would
be flm) « m—!-8. The mass spectrum would be steeper if density and size are
anticorrelated, e.g., y = —2.2 if p = — 1. The mass spectrum found by Casoli



238 J. M. SCALO

et al. (1984) using sizes and individual column densities to obtain masses is
flatter, with y = —1.5; Casoli et al. ascribe the discrepancy to the distance
ambiguities and blending at the tangent point in the Liszt et al. (1981) data.

A new attempt to estimate the mass spectrum from the size distribution of
GMC'’s has been reported by D. B. Sanders et al. (1985a), who use a '2CO
survey of the first galactic quadrant sampled every 1° in longitude and 12’ in
latitude. Taking care to avoid the distance ambiguities by using 80 features on
the near side of the tangent point, Sanders et al. construct the distribution of
latitude chord lengths and then convert to a diameter distribution by correcting
for a selection effect associated with the sampling technique. The resulting
size distribution can be fit by a power law with index of —2.5 % 0.25 for sizes
in the range of 15 to 80 pc. Using densities derived from the virial theorem,
the size distribution was converted into a mass spectrum, which is a power
law of index y = —1.6 for the mass range 8 X 10* to 2 X 10% M,. This result
agrees with the direct 1*CO estimate of Casoli et al. (1984), although it should
be noted that the Casoli et al. result refers to smaller masses and also that they
found densities roughly independent of size.

Also of relevance to the fragmentation problem are the smaller and
denser clouds which form the substructure of molecular cloud complexes. A
large amount of information on these clouds is contained in the Lynds’ (1962)
dark-cloud catalog, which gives positions, areas, and visually-estimated
opacities for 1802 objects. The major problem lies in the unknown distances
to most of these clouds. However, if we only examine clouds which are ob-
served toward local complexes, such as Taurus, Sco-Oph, and Orion, it may
reasonably be assumed that they all have the same distance, so the shape of
the size distribution follows directly from the angular sizes. Rowan-Robinson
(1979) applied this technique to the dark clouds in the Taurus complex and
found that a power law size distribution would have an index vy = —1. He
suggested that data for a smaller number of clouds toward p Oph (16 clouds)
and Orion (23 clouds) were roughly consistent with this result.

Mass distributions for the dark clouds from Lynds’ catalog within three
complexes, derived from the angular area distribution, are shown in Fig. 15
(Scalo 1985¢). The adopted boundaries of the regions were rectangular in
galactic coordinates, and cover 300 square degrees for Taurus (roughly Mc-
Cuskey’s [1938] extinction region and Wouterloot’s [1981] complex A), 120
square degrees for Ophiuchus (about a quarter of the area of the Sco-Oph
complex mapped in extinction by Rossano [19785]), and 150 square degrees
for Orion. The number of clouds in each region are indicated in the figure.
The adopted distances were 140 pc for Taurus, 175 pc for Sco-Oph, and 450
pc for Orion. In converting from mass to size, it was assumed that n =
ny(r/r,) with a rather uncertain normalization of n, = 103 cm~3 atr, = 1
pc. Results for p = — 1.0 and p = — 1.5 are shown; the mass distribution from
the data of Myers et al. (1983) for small opaque clouds, discussed earlier, is
shown at the bottom for comparison. The number of clouds used in Oph is
much larger than that used by Bhatt et al. (1984) because they concentrated on
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Fig. 15. Frequency distribution of masses for Lynds dark clouds in Ophiuchus, Taurus, and
Orion, derived from the angular area distribution and an assumed relation between number
density and radius of the form n = n,, (r/r,) ~# with normalization n, = 103cm—3atr = 1 pc
and p = 1.0 and 1.5, from Scalo (1985b). The number of clouds used in each region is
indicated in the upper right. Crosses represent the mass spectrum of small dark clouds studied
by Myers et al. (1983), also shown in Fig. 14.

the region near p Oph. In general, the results of both studies are consistent,
even though the mass distributions were derived in different manners.

Some differences between the mass distributions of the three regions are
apparent, but should not be overinterpreted because of selection effects. In
particular, the turnover in the Orion distribution is almost certainly due to
incompleteness at small angular sizes. The turnover in the Taurus distribution
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and flattening in Oph may also be due to incompleteness, but because these
two regions are at about the same distance, the Taurus complex may actually
be deficient in low-mass clouds compared with Oph. That the Orion distribu-
tion is somewhat flatter and extends to larger sizes is consistent with intuitive
expectations, because Orion contains stars with larger masses than the other
regions, and agrees with R. B. Larson’s (1982) finding that the mass of the
most massive clouds and stars in star-forming regions are correlated. Howev-
er, it should be noted that this result must be at least partially due to the poorer
linear resolution at the distance of Orion; one large cloud in Orion might be
identified as two or more smaller clouds at the distance of Taurus or Ophiu-
chus.

At larger masses, all three mass spectra are consistent with a power law
of index y = —1.0 to —1.5. Although the mass scales are somewhat uncer-
tain, the Myers et al. mass spectrum (mostly in Taurus and Oph) is certainly
deficient at large masses ('y = —2) compared to the other mass spectra in Fig.
15. The discrepancy is due to the fact that the Myers et al. clouds were all
very small and most had opacity classes 5 or 6. A more detailed study shows
that the derived mass distributions of Lynds’ clouds steepens and shifts to
smaller masses with increasing opacity class, and the result for classes 5 and 6
is consistent with the Myers et al. distribution (Scalo 1985b). Unfortunately, it
is not possible to say how much these results are influenced by incompleteness
at small angular sizes and small opacity classes.

In order to use a larger statistical sample, we can examine the angular
area distribution for all the clouds in Lynds’ catalog. Assuming that these
clouds are distributed uniformly in space out to a limiting distance D in a disk
of thickness 2H, the angular area distribution can be evaluated for a given
distance from the assumed size distribution and then integrated over all dis-
tances < D. The resulting integral is complicated, but one can show that for a
power law f, (r) with exponent «, the result is i(o) x o= 172 This result
allows us to infer a size, and hence a mass distribution from the observed
distribution of angular areas.

Figure 16 shows the distribution of angular surface areas for all clouds in
the dark-cloud catalogs of Lynds (1962), Khavtassi (1955,1960), and Schoen-
berg (1967) as given in Lynds (1968). The Lynds distribution is obviously not
a power law over the entire range of areas, but A(o) = o~ -2 is a reasonable fit
between about 0.04 and 10 square degrees. This would suggest f,(r) < r— 4.
Khavtassi’s (1955) area distribution agrees well with Lynds for areas = 1
square degree but is flatter for smaller areas, probably because of the brighter
limiting magnitude of the plates used by Khavtassi, making it more difficult to
identify small clouds. If we take o = —1.4 = 0.2, then the mass spectrum has
y=-12+x03,for—1.5=p=-1.0.

However, Schoenberg’s area distribution is much steeper than Lynds’,
which suggests that selection effects may be quite significant in all the cata-
logs. For example, clouds with angular sizes < 1 arcmin cannot be detected
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Fig. 16. Frequency distribution of dark-cloud angular areas from catalogs by Khavtassi (1955),
Lynds (1962), and Schoenberg (1964) as given by Lynds (1968).

on Palomar Schmidt plates because the number of background stars is too
small; this corresponds to a minimum detectable cloud size which increases
with distance. In Taurus the limit is ~ 0.04 pc, while in Orion it is about 0.12
pc; incompleteness sets in at sizes 3 to 4 times larger. It becomes increasingly
difficult to detect clouds more distant than several hundred parsecs because of
the increasing number of foreground stars. It is also more difficult to identify
and measure clouds with low opacities (A,, < | to 2 mag), which may bias the
distribution toward smaller clouds. A complicated (and unknown) selection
function would therefore need to be included in the integral mentioned above.
In addition, there must always be personal selection effects in dark-cloud
identification and area estimates which cannot be quantified. Another poten-
tially serious problem is that the observed distribution of extinction is a pro-
Jjection of the true spatial distribution of dark clouds, and it is likely that
nearby clouds obscure more distant clouds, that some small clouds located in
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TABLE 11
Estimates of the Mass Spectrum Index vy
Type of Object £% Sources of Data“
From sizes and column densities.
Diffuse clouds, H I emission —-1.5:to —2: I, 2
Diffuse clouds, reddening —-1.4 3
Molecular clouds, !3CO —1.4t0 —1.6 4
Dark clouds, extinction —1.0to —1.5 5
Dark-cloud cores, C!30 —1.0to 1.5, m =4 M, 6
—2.m =20 Mg,
From size distribution and density assumption:
Molecular clouds, 3CO —-1.8 7
Molecular clouds, 2CO —1.6 8
Dark clouds, extinction -1.2 =03 9
From column density distribution and density assumption:
Diffuse clouds, Ca II lines -1.5 10
Diffuse clouds, K I lines -2.0 i1
Diffuse clouds, H 1 absorption -1.9 12
Diffuse clouds, reddening =2 form =35 X 103 Mg, 13
Lynds’ clouds —lto—1.3 (see text)

a1: Heiles 1967; 2: Verschuur 19744: 3: Knude 1979; 4: Casoli et al. 1984; 5: Bhatt et al. 1984;
6: Myers et al. 1983; 7: Liszt ct al. 1981: 8: Sanders et al. 1985; 9: Scalo 1985¢; 10: Penston et al.
1969; 11: Hobbs 1974; 12: Crovisier 1978. 1981: 13: Scheffler 1967.

front of larger clouds are not detected, and so on. An analytic correction for
these projection effects appears formidable. An attempt to circumvent some of
these problems, using digitized Schmidt plates with automated cloud identifi-
cation procedures and comparisons with simulations to correct for projection
and quantify selection cffects, is in progress (Houlahan and Scalo, in prepara-
tion).

Bania and Lockman (1684) have recently presented the apparent size
(chord) distribution of 177 H 1 self-absorption features found in their high-
resolution (4 arcmin) latitude scans, but they emphasize that the selection
effects involved in the catalog construction are severe, and probably preclude
a useful estimate of the mass spectrum, especially considering that nothing is
known about the relation between density and size for these clouds.

The results discussed above are listed in Table II. Results based on col-
umn density distributions are added for completeness. The column density
distribution result for Lynds’ clouds was derived assuming a uniform distribu-
tion of column densities, as there are roughly an equal number of clouds in
opacity classes | through 5. It is seen that all the estimates of vy fall in the
range of —1 to —2; excluding the diffuse clouds, nearly all the results are in
the range of —1.0 to —1.6. The exceptions are the steeper distributions found
for GMC’s by Liszt et al. (1981), which Casoli et al. (1984) attribute to dis-
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tance uncertainties and blends at the tangent point, and for dark-cloud cores
with m = 20 M, in the study of Myers et al. (1983) which appear to be a
selection effect due to the exclusion of clouds with smaller column density.
There is also some evidence that -y increases (mass spectrum flattens) at small-
er masses. A recent discussion by Drapatz and Zinnecker (1984) reaches the
same conclusion based on size distributions from a smaller set of studies.

C. Parameters of Hierarchical Fragmentation Implied
by Statistical Results

The observed correlations between fragment properties and observed es-
timates of the frequency distributions of cloud masses and sizes obviously
contain a great deal of information concerning the physics of fragmentation.
Unfortunately theoretical studies of fragmentation (discussed in Sec. IV) are
not yet developed to the point where a direct comparison is possible, primarily
because of the practical limitations on spatial resolution of the numerical ex-
periments. However, the observations can yield estimates of the gross proper-
ties of fragmentation, such as its mass efficiency and number of condensations
per fragmentation stage, if we assume that fragmentation is a strictly self-
similar hierarchical process, an assumption that is supported by the observa-
tions discussed earlier.

We can characterize a self-similar hierarchy by three parameters, which
can be chosen for ease of comparison with numerical simulations. One param-
eter is the number of fragments formed at each level of the fragmentation
hierarchy, denoted by m. The second is the mass efficiency of fragmentation

f=nmim; (N

where m; _, and m; refer to the average masses of individual fragments at
levels i—1 and i of the hierarchy. The third parameter is chosen as the shrink-
age factor

0=rir_, (2)

which measures the relative scales of fragments at consecutive levels. The
parameter 9 is not very well defined for comparison with theory because the
process is time-dependent. Instead of 8, the third parameter could be chosen
as the volume-filling factor € = m(r,/r; _)* = m8* or the mean density con-
trast, defined as the ratio of the density of fragments at level i to the mean
density at level i—1, including the fragments it contains. This mean density
contrast can be expressed as 8 = f/e = f/m83. In what follows, we use the
shrinkage factor 6 because it is easiest to estimate from published numerical
simulations. The hierarchy is self-similar if v, f, and 0 are constants, having
the same value at every scale.
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For a self-similar hierarchy, the density-size relation, the differential
mass spectrum, and the differential size spectrum are power laws: p « 2, f(m)
x mY, f(r) « r*. The indices p, 7y, a, are related to the parameters m, f, 6 by
(Scalo 1985¢)

p = log(fim63)/logh
y = log(m*//)/log(f/m)
a = log(n/6)/logh. 3)

If the fragments are assumed virialized at each level of the hierarchy, the
velocity-size relation is also a power law v « r4, with

g = 1/2 log (fim8)/ log 8 = (p+2)/2. 4)

Note that if p = —1, g = 0.5, close to the empirical determinations.

The empirical estimates of p, -y, and a can be combined with theoretical
calculations to test the consistency of the theoretical results with the empirical
constraints. For example, Fig. 17 shows the relations y(n,f) and a(n,0) for the
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Fig. 17. Relations between parameters of a strictly selt-similar hierarchy. The quantities a and -y
are the indices of power law size and mass frequency distributions, which can be estimated
from observations. The mass efficiency of fragmentation at each level of the hierarchy is £, 8 is
the shrinkage factor at cach level, and m is the mean number of fragments formed per level.
Solid lines refer to -y(f,m), dashed lines to a(8,n). Boxes show the allowed ranges of a and y
from observations, and of 6 and f taken from a number of numerical calculations of rotating
cloud collapse. Both comparisons suggest consistency of theory and observations with 1 = 2 to
4.
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Fig. 18. Relation between shrinkage factor 8 and the quantity f/m, where f is the mass efficiency
of fragmentation and n is the mean number of fragments per fragmentation stage, for a strictly
self-similar hierarchy, for different values of the exponent p in an assumed power law relation
between density and size. The box indicates the ranges of 8 and f/m inferred from numerical
collapse calculations. This comparison, combined with that shown in Fig. 17, suggests that the
fragmentation efficiency may be smaller than predicted by nonmagnetic collapse calculations.

self-similar hierarchical model. Empirical estimates of y and « are mostly in
the range —1.3 = a < ~1.0, —1.5 = vy < —0.9, while numerical simula-
tions (see Sec. [V) suggest 0.03 = 0 = 0.1, 0.1 < f =< 0.3. These limits are
shown as the hatched and stipled boxes in Fig. 17. As can be seen, the y(f,m)
relation requires m < 4, with = 2 favored. The o(8,m) comparison yields
the same result. These constraints on the mean number of fragments per level
are in excellent agreement with the morphological appearance described in
Sec. II and the numerical simulations, as reviewed in Sec. IV, which all sug-
gest2 =m s 5.

A further comparison is possible using the density-size relation. Figure
18 shows the predicted relation between the shrinkage factor 6 and the ratio
fIm for various values of the index of the density-size relation p. The hatched
region corresponds to —1.4 = p = —1.0 as suggested by observations. The
stipled region is bounded in 6 by 0.03 = 6 = 0.1, estimated from published
numerical simulations, and 0.005 = f/m = 0.15, using the rather generous
limits of 0.05 = f = 0.3 and 2 = m = 10. The overlap of these regions
requires 8 = 0.05 and f/m ~ 0.007.
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The 6 constraint is marginally consistent with theoretical results, but the
f/m constraint, f = 0.007 7, suggests mass efficiencies smaller than most
numerical predictions if  ~ 2 to 5. Some of this discrepancy may reflect the
lack of spatial resolution in the numerical calculations. In Sec. IV it is sug-
gested that fragmentation models dominated by magnetic effects might predict
significantly different efficiencies, so the present approach might be used to
distinguish between them.

These comparisons are only meant to suggest the manner in which theory
and observations can be compared, and to motivate further work. While the
comparisons suggest encouragingly good consistency between observations
and most of the numerical collapse-fragmentation studies reviewed below,
they cannot as yet be used to rule out models in which other effects, such as
magnetic fields, are important, because these other models may give similar
results for the number of fragments, efficiency, and shrinkage factor. Ulti-
mately, the numerical calculations must be able to account directly for the
morphology, correlations, and frequency distributions, but such a confronta-
tion of theory with observation must await an improvement of at least an
order of magnitude in the spatial resolution of numerical experiments.

IV. THEORIES OF FRAGMENTATION
A. Numerical Calculations

The only rigorous theoretical approach to the fragmentation problem is
through numerical solutions of the hydrodynamical equations in three dimen-
sions. Although there has been encouraging progress in this area in the last
decade, a realistic calculation including all the relevant effects lies in the
distant future. The major problem is that a proper resolution of the large range
of relevant spatial scales is beyond the capabilities of present-day computers.
Current calculations are limited to ~ 10* grid points, at least 10? to 10* short
of the number required to study hierarchical fragmentation. In this respect the
numerical problem is very similar to that encountered in simulations of in-
compressible turbulence at large Reynolds numbers, and is analogous to the
observational problem of mapping the full range of structure in cloud com-
plexes. Because small-scale behavior cannot be studied, chaotic nonlinear
behavior such as the transition to turbulence cannot be revealed by existing
numerical codes, just as transition cannot be studied in incompressible flows
(except for very low Reynolds numbers). That such nonlinear behavior might
be expected is suggested by the sensitivity of the calculated evolution to initial
conditions (Buff et al. 1980; Boss 1980), a typical symptom of chaotic behav-
ior. Even with existing codes, the behavior at the smallest resolvable scales is
uncertain because of numerical diffusion, which smears out small-scale struc-
ture. Some of these problems will become less severe with advances in numer-
ical methods (e.g., deformable or hierarchical grids and methods which allow
variable time steps in different spatial regions) and computer capabilities.
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For these reasons numerical calculations cannot presently predict a
clump mass spectrum or a spatial autocorrelation function for a fragmenting
cloud, but they can shed some light on how fragmentation occurs and the
importance of various processes; therefore a brief summary is given here.
Comprehensive reviews of earlier work in this area are given in Bodenheimer
(1981) and Tohline (1983). All the calculations referred to here assume an
isothermal gas, which is a good approximation for the structures of interest,
but an assumption which suppresses any potential thermal or chemical in-
stabilities. A recent calculation of multidimensional nonisothermal collapse
including a treatment of the radiation field has been presented by Boss (1984b);
these calculations are relevant only to the last, preprotostellar phases of
fragmentation, which occur at very small size scales and are not included in
this review.

1. Nonrotating, Nonmagnetic Cloud Collapse. The first question in-
volves the ability of a self-gravitating but nonrotating and nonmagnetic cloud
to undergo fragmentation. This problem may be relevant to the largest struc-
tural scales, where rotation can possibly be ignored. As originally envisioned
by Hoyle (1953), the contraction of a marginally Jeans-unstable isothermal
cloud would lead to a reduction of the critical mass for instability (x p~/2)
and hence contraction of smaller regions within the original cloud. The pro-
cess would continue on smaller scales within the contracting fragments, lead-
ing to a hierarchical arrangement of subcondensations, and would terminate
when clumps become so dense that they are opaque to the radiation generated
by their collapse. This conceptual prediction resembles the observed structure
reviewed in Sec. II. While subsequent perturbation analyses for a pressure-
free gas supported this idea, Layzer (1963) argued that the fragments could
not survive the collapse of the larger structure, and that tidal forces would tear
apart the fragments as they fell to the cloud center. More recent numerical
investigations have generally supported Layzer’s contention, although the
main effect is the rapid buildup of a pressure gradient within the collapsing
cloud that smears out density fluctuations which might otherwise grow.

Although this result seems commonly accepted by most workers, it
should be emphasized that it applies only to very special initial conditions.
Fragments can survive cloud collapse if the cloud mass is much larger than the
Jeans mass and the cloud initially contains either sizable (3p/p = ) density
fluctuations (Boss and Bodenheimer 1979; Bodenheimer et al. 1980; Tohline
1980; Rozyczka 1983; see Fig. 19) or random subsonic velocity fluctuations
(Rozyczka et al. 1980b; see Fig. 20). It is quite interesting to note that the
fragments in Rozyczka’s (1983) calculation developed spin angular mo-
mentum through tidal interactions. Because there are a number of mecha-
nisms which may excite internal density fluctuations in clouds (for example,
fluctuations induced by the velocity fluctuations of field stars, as discussed
below) and because large clouds are observed to contain large-amplitude den-
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Fig. 19. Three-dimensional calculations of the collapse of a nonrotating spherical cloud with
random initial density perturbations of amplitude up to 8p/p = 3 (Rozyczka 1983). Isodensity
contours and velocity field (arrows) in the equatorial cross section of the cloud are shown. The
highest and lowest density contours are labeled by log p, and the arrow near the lower corner of
each frame gives the scale of the velocity vectors. The length unit is 10'® cm. Frames a and b
show the structure at 0.78 and 1.1 initial free-fall times, while ¢ and d are magnified versions of
b. Frame d is centered at the blob seen to the right of and below the center of frame ¢, and the
velocity vectors in d represent the component generated by tidal forces. This calculation dem-
onstrates that fragmentation can occur during collapse in the presence of initial density fluctua-
tions of amplitude dp/p ~ 1.

sity fluctuations, it seems that the case against Hoyle’s proposition is not as
strong as usually supposed, at least on large scales when rotation is unimpor-
tant and m >> m,. One must also consider R. B. Larson’s (1978b) unconven-
tional particle simulation of three-dimensional collapse, which might repre-
sent extremely inhomogeneous initial conditions. Larson found that a cloud
evolved into a number of accreting cores, with the number of fragments
roughly equal to the initial number of Jeans masses contained in the original
cloud, and hierarchical structures were sometimes found. Larson’s numerical
method has been widely criticized as a representation of the hydrodynamical
equations, but it remains true that his method allowed much better spatial
resolution than in Eulerian finite-difference calculations. Because finite-dif-
ference calculations for clouds with m >> m, and sizable initial perturbations
do yield fragmentation, the fact that Larson’s models became increasingly
irregular and clumpy as m/m, increased may still be valid.
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Fig. 20. Three-dimensional calculation of the collapse of a cloud containing initial random ve-
locity fluctuations uniformly distributed between 0 and 30% of the sound speed (for T = 10 K),
from Rozyczka et al. (1980b). The parameters of the calculation were mass = 5000 Mg, initial
density = 5.6 X 10~2! g cm— 3, and initial uniform angular velocity = 7.8 X 10~ '5s~ 1. The
initial ratios of thermal and rotational energies to gravitational energy were o = 0.02, B =
0.01. Each panel shows contours of equal density and velocity vectors, with scale indicated to
the right. At4 X 10° yr = 0.5 74 (panel a), the velocity fluctuations have generated a chaotic
density structure, a feature which also appears in other models with initial velocity fluctuations
but larger a. At later times (panels b and ¢) the density structure disappears in the outer regions
but survives near the center in the form of several independent subcondensations whose density
increases with time (panel e; note change in scale). At least 2 of these subcondensations pos-
sess spin angular momentum. Panel fis the same model except that no initial velocity perturba-
tions were imposed, showing that the fragmentation in panel e was induced by the turbulent
velocity field.

The ability to fragment may also depend on the initial geometry of the
cloud. Silk (1982) suggested that collapse to a flattened structure would en-
hance the growth of fluctuations, but this basically geometrical argument is
not supported by Rozyczka’s (1983) three-dimensional numerical calculations
of nonrotating clouds with different degrees of initial flattening. Bastien
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(1983) has presented two-dimensional calculations of collapsing nonrotating
cylinders and describes how their fragmentation depends on their elongation
and the number of initial Jeans masses in the cylinders. These calculations
may be quite relevant to interstellar clouds, because, as pointed out in Sec. II,
there is a tendency for elongated structures which are probably prolate. A
useful summary of the criteria for instability of self-gravitating sheets and
filaments, including the effects of rotation and magnetic fields, has recently
been given by R. B. Larson (1984).

Additional insight into the influence of geometry on fragmentation may
be obtained by examination of Villumsen’s (1984) N-body simulations of dis-
sipationless collapse of protogalaxies. These calculations are not exactly com-
parable with gas dynamical collapse because, even though the stellar velocity
dispersion is equivalent to a gas pressure, the influence of long-range gravita-
tional scattering has no analogue for the gaseous fragmentation process. Nev-
ertheless, it is significant that Villumsen’s collapses which started from disk
or bar structures give much more substructure than collapses from an initially
spherical configuration. For example, in the disk collapses, small-scale distur-
bances grow rapidly, destroying the symmetry and causing the development of
strong asymmetries in the gravitational potential, which enhance fragmenta-
tion. For low-temperature bars, the fragmentation is similar to that found in
the gas dynamical calculations of Bastien (1983). These results not only em-
phasize the importance of initial geometry for fragmentation, but also suggest
again the close connection between fragmentation on extragalactic and in-
terstellar scales.

None of this discussion directly addresses Layzer’s (1963) specific sug-
gestion that fragments will be destroyed through encounters. N-body simula-
tions of systems of fragments by Arny and Weismann (1963) and Pumphrey
and Scalo (19844) indicate that fragments can survive tidal encounters and
direct collisions, respectively, and numerical work by Boss (19815) suggests
that tidal interactions can actually induce further fragmentation. However,
coalescence of fragments does occur in several numerical studies (see, e.g.,
Gingold and Monaghan 1983; Villumsen 1984). All the above results suggest
that purely gravitational fragmentation can occur during the collapse of mas-
sive (m >> m,) clouds if a source of initial perturbations is present, and that
fragmentation is probably easier in nonspherical clouds.

2. Rotational Fragmentation. Most numerical work has centered on
rotating clouds. The major attraction of rotation is that rotationally-induced
fragmentation can convert spin angular momentum into orbital angular mo-
mentum, thereby alleviating the angular momentum problem which has been
central to discussions of star formation for over 20 years. Indeed, all pub-
lished numerical calculations agree that the specific angular momenta of frag-
ments formed in a rotating cloud can be reduced by an order of magnitude or
more, and Bodenheimer (1978) has presented a hierarchical scheme which
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shows how spin-orbit angular momentum transfer can account for the ob-
served rotational properties of single stars and binaries. Although there are no
known cases of large (= 10 pc) clouds or complexes with dynamically signifi-
cant rotation, there are several smaller dark clouds in which rotation appears
important (see summary in Fleck and Clark 1981), and one would expect
rotation to become important during protostellar collapse. Therefore these
numerical calculations are primarily relevant to the smallest fragmentation
scales.

Without discussing the detailed differences between the various calcula-
tions, the following general statements can be made. Fragmentation does not
occur during the dynamical collapse phase (assuming uniform initial condi-
tions), but must await the establishment of a quasi-static central ring, disk, or
bar structure. Whether the intermediary structure is ring-like, disk-like, or
bar-like depends on adopted initial conditions, the numerical method, consid-
erations of spurious numerical angular momentum diffusion (see, e.g., Narita
et al. 1983, and references therein), and the possible existence of a physical
turbulent viscosity (Deissler 1976; Tscharnuter 1978; Regev and Shaviv
1981), which may lead to solid-body rotation and a concentration of mass near
the center instead of in a ring. The important point is that the quasi-static
structures are in most cases unstable to the growth of nonaxisymmetric density

T+ 15574 _

Fig. 21. Three-dimensional calculation of the collapse of a rotating isothermal cloud, from Wood
(1982). Each isodensity contour (in the equatorial plane viewed along the rotational axis) repre-
sents a factor of 2 increase in density, and T is the time in units of the initial free-fall time. In
this example fragmentation occurred directly from a ring wave set up by a competition between
centrifugal and gravitational forces in a collapsing disk structure. With larger o, fragmentation
was found to develop from a bar structure which was distorted by the ring wave.
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perturbations, and tend to fragment into a few (2 to 8) clumps which contain a
relatively small (~ 20 to 50%) fraction of the mass and which have had their
specific angular momenta reduced by a factor of 10 to 20 relative to the initial
configuration.

The mass efficiency of the process and the number of fragments formed
depend on the factors named above. Finite-difference calculations suggested
that usually two fragments should result, but fluid element or particle methods
(see, e.g., Wood 1982) often find a larger number of fragments. Figure 21
shows the evolution of one of Wood’s (1982) models. Gingold and Monaghan
(1983) have pointed out that the character of fragmentation in a rotating cloud
depends on the assumed initial distribution of angular velocity. In particular, a
differentially rotating cloud is more susceptible to fragmentation than a uni-
formly rotating cloud. Gingold and Monaghan presented numerical calcula-
tions using a particle method which showed that in the case of differential
rotation, more fragments (~ 4 or S) are formed although these subsequently
coalesce? and the fraction of mass in the fragments is increased relative to the
uniformly rotating case. The evolution is not sensitive to the number of initial
Jeans masses in the cloud. The evolution of one of their differentially rotating
models, viewed perpendicular and parallel to the rotation axis, is shown in
Fig. 22. It should be noted that the existence of turbulence in clouds is ex-
pected to damp differential rotation.

Miyama et al. (1984) have recently presented a number of three-dimen-
sional collapse calculations, using the smoothed-particle method, for a wide
range of initial values of o and B. The models assume that the initial clouds
are rigidly rotating uniform density spheres with only small (< 5%) density
fluctuations. Their results show that the character of fragmentation depends
on the product of af3, at least for their chosen initial conditions. Fragmenta-
tion occurs for af < 0.12, with the number of fragments increasing with
decreasing o3, for sub-Jeans initial perturbations. The number of fragments
ranged from 3 to 8 for the range of conditions examined. The fragmentation
mass efficiencies were in the range of 0.3 to 0.4 and the specific angular
momentum was reduced by factors of 18 to 40 by conversion into orbital
angular momentum, in good agreement with previous work. An important
point is that each fragment has small values of o and B, suggesting that a
hierarchical fragmentation sequence will occur.

A still more recent set of calculations using the particle method has been
reported by Benz (1985), who finds that collapsing uniformly rotating isother-
mal clouds develop into a central massive disk surrounded by many less mas-
sive collapsing fragments, and that the structure is due to Rayleigh-Taylor
instabilities arising from small random initial perturbations.

aFragmentation into several subunits followed by coalescence is also found in N-body sim-
ulations of dissipationless protogalaxy collapse (see McGlynn 1984; Villumsen 1984).
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Fig. 22. Three-dimensional calculation of the fragmentation of a differentially rotating isother-
mal cloud (o = 0.24, B = 0.17), from Gingold and Monaghan (1983). Figures show the
density distribution viewed parallel (left) and perpendicular (right) to the rotation axis. Times
in units of initial free-fall time are given in the lower right corner of each frame. A ring
fragments into five subcondensations, and the system of fragments then expands. Subsequent
evolution (not shown) resulted in the coalescence of the five fragments; by 3 74 there was only
a main amorphous fragment and a weaker satellite. This calculation suggests that differential
rotation may lead to a larger number of fragments, at least before coalescence, with a larger
fraction of the original mass, compared to solid body rotation.
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While all of the above calculations help elucidate the conditions for and
results of fragmentation in rotating clouds, they clearly point to the impor-
tance of initial conditions. When one considers that these calculations assume
initially spherical clouds with only small density and velocity fluctuations, the
sensitivity to initial conditions becomes even more apparent, because the cal-
culations discussed in Sec. IV.A.1 above indicate that geometry and initial
fluctuations can greatly affect the outcome of collapse.

The observational results of Schloerb and Snell (1984, see Fig. 9), which
indicate that Heiles Cloud 2 is a fragmented rotating ring, provide evidence
that rotationally induced fragmentation does occur in the manner predicted by
some numerical calculations in some clouds. It is possible that VLA mapping
of the fragments in NH; and H,CO (if their core densities are large enough to
excite these lines) can reveal their rotational properties and allow stronger
constraints to be placed on numerical models. Rotation is thought to be impor-
tant in a number of other dark clouds (e.g., B163 and B163W, L 1257), but
molecular-line studies of small, roundish, very dark (Lynds opacity class 5 or
6) clouds (globules) show that rotation is not dynamically significant in most
cases (see, e.g., R. N. Martin and A. H. Barrett 1978; Snell 1981; Ungerechts
et al. 1980; Myers and Benson 1983). The implication is that some other
mechanism, such as magnetic braking or turbulent viscosity, has already been
effective in transferring angular momentum out of the clouds. It is also possi-
ble, but unlikely, that we happen to observe these clouds just after they have
fragmented out of larger structures but before they undergo significant col-
lapse themselves, so that their rotational velocity gradients are undetectable at
the present time. Because magnetic braking should become ineffective at very
large densities if plasma drift decouples the field from the bulk of the gas, it
seems inevitable that rotation must become important during the later, near-
protostellar stages of fragmentation, and that rotationally-induced fragmenta-
tion is a dominant process in the formation of binary and multiple protostellar
systems. It should be pointed out at this point that, while rotational or magnet-
ic loss of angular momentum is probably important at some stages of frag-
mentation, additional mechanisms may be required to account for the ob-
served rotational properties of stars. The small values of v sin i found by Wolff
et al. (1982) in a significant fraction of their sample of 306 B stars led them to
conclude that angular momentum loss must occur after star formation is es-
sentially complete, and they suggested gravitational encounters as a mech-
anism.

3. Magnetic Clouds. The possible effects of magnetic fields on the col-
lapse and fragmentation of interstellar clouds have received much discussion
beginning with the paper by Mestel and Spitzer (1956). Reviews of the the-
oretical possibilities have been given by Mestel (1965a,b,1977; see also his
chapter), Mestel and Paris (1984), Mouschovias (1978,1981), and Nakano
(1985); only a brief summary is given here. More recent work on related
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topics include a detailed study of magnetohydrodynamic (MHD) shocks in
clouds (Draine et al. 1983); an interpretation of high-velocity protostellar out-
flows and driven turbulence in terms of magnetic bubbles (Draine 1983); the
effect of magnetic fields on cloud collision cross sections (Clifford and
Elmegreen 1983); MHD waves as the cause of suprathermal line widths in
clouds (Zweibel and Josafatsson 1983; see Sec. IV.C.6 below); a numerical
study of the effects of plasma drift (ambipolar diffusion) on cloud collapse (D.
C. Black and E. H. Scott 1982; see Scott [ 1984] for analytic solutions and B.
G. Elmegreen [1979b] for a discussion of the physical processes); Nakano’s
(1985, and references therein) discussion of the possibility that fragmentation
is controlled by gradual reduction of the magnetic Jeans mass through plasma
drift; and the first three-dimensional numerical calculation of the evolution of
a magnetic, rotating, self-gravitating cloud (Dorfi 1982).

Dorfi’s (1982) calculations are especially relevant to the present discus-
sion. Using a hierarchical numerical grid to adequately resolve the non-
uniform structures and large gradients which develop in the central regions,
Dorfi was able to follow the evolution for over two initial free-fall times. The
initial conditions were a uniform spherical cloud withn = 10em =3, R = 20
pc, m = 10* M, and T = 100 K, permeated by a uniform 3 pwGauss magnetic
field and uniformly rotating with an angular velocity of 10~ !5 s~ . With
these conditions the ratio of rotational to gravitational energies is only 0.01,
while the ratio of magnetic to gravitational energies is 3.4. Thus, only the
inner regions can collapse along the field, while the flow is stabilized across
the field. Even though rotation was initially unimportant, the interaction be-
tween the rotational flow and the field resulted in some interesting structures.

Dorfi studied two cases, one with the field perpendicular and the other
parallel to the rotational axis. In the perpendicular case, gas initially flows in
along the field and out across the field, forming a sheet-like structure (Dorfi
calls it a bar when referring to two-dimensional projections, but in three di-
mensions it is more like a sheet). The sheet is tilted with respect to a plane
perpendicular to the field because of rotation, which twists the field into an s-
shaped structure when viewed along the rotational axis. Magnetic braking is
extremely effective on times as short as 0.1 7. By 27, about half the mass
has escaped, leaving a central bound region with maximum density contrast of
300. A central condensation forms within the sheet; it is oblate, with short
axis parallel to the field and maximum extent of ~ 10 pc. This central conden-
sation breaks up into two blobs lined up along the rotational axis. They are
formed by the gas interactions which rotationally twist the field into the s-
shape when observed along the rotational axis. The mass of the final collaps-
ing core region is only 4% of the original mass. In this sense magnetic col-
lapse and fragmentation is inefficient, as in the rotational calculations of frag-
mentation described above, and as required by the observations discussed
earlier in Sec. III. If the mass efficiency of fragmentation f is really smaller in
the magnetic field-dominated case (f = 0.04) than in the rotation-dominated
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case (f = 0.2 to 0.5 for most of the calculations reviewed in Sec. IV.A.2
above), then it may be possible to choose between these models on the basis
of observations. For example, the discussion of Sec. I11.C suggested that very
small values of f may be required.

In the case of parallel rotation and field, the gas collapses into a disk, as
expected, with density contrast of ~ 100 at r = 0.6 7, at which time magnet-
ic braking is essentially complete. By 27 a ring forms at r = 1 pc because of
the dominance of gravity interior and field pressure exterior to this point. The
ring is surrounded by a nearly poloidal field which disconnects from the over-
all field because of numerical diffusion, which Dorfi speculates might simu-
late physical diffusion. The ring rapidly breaks up, and the subsequent evolu-
tion of the central region is complex and caused at least partially by numerical
diffusion.

Although Dorfi’s work is a pilot study, it does suggest that collapse and
possibly fragmentation can occur in a strongly magnetic cloud, that they are
mass-inefficient, and that magnetic braking of rotation is as efficient as found
by earlier analytical treatments. A much larger set of calculations with im-
proved spatial resolution will be required before any definite predictions can
be made concerning fragmentation, but it appears that it will be difficult to
distinguish observationally between magnetic and rotational fragmentation on
the basis of predicted density structures. While it may be possible to use the
difference in predicted fragmentation efficiency for this purpose (Scalo
1985b), the most promising discriminant would seem to be the predicted ve-
locity fields.

A fundamental problem is that observations provide very little guide to
the appropriate initial conditions for the magnetic field. Dorfi’s results were
largely dictated by the assumed dominance of the field in the initial cloud. If
magnetic fields could be shown to be dynamically insignificant on a certain
size scale, then it is unlikely that they could be important on smaller scales.
Alternately, if fields are important, then the efficiency of magnetic braking
indicates that rotation will be unimportant during subsequent phases. Unfortu-
nately, the necessary observations are very difficult and their interpretation
often ambiguous, as discussed at length in the reviews by Chaisson and Vrba
(1978) and Verschuur (1979). More recent work on the large-scale galactic
field (Simard-Normandin and Kronberg 1980; Inoue and Tabara 1981; Phillips
etal. 1981; Vallee 1983; see also Beck [1982,1983] on M31); 21-cm Zeeman
observations (see, e.g., Troland and Heiles 1982a,b,1982); OH Zeeman ob-
servations (Crutcher et al. 1981); optical polarization in M17 (Chesterman et
al. 1982); GF7 (McDavid 1984); Taurus (Moneti et al. 1984; Hsu 1984); and
Zeeman splitting in OH masers (Wouterloot et al. 1980; Hansen 1982) have
not yet resolved the basic question of the dynamical importance of magnetic
fields in regions of different sizes and densities (see Mouschovias 1981; also
Brown and Chang 1983; Fleck 1983b). Preliminary results of a program to
measure Zeeman splitting in OH toward molecular clouds has been reported
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by Crutcher (1983), and this work should greatly improve the constraints on
theoretical models. The recent work on the structure function of interstellar
magnetic field fluctuations by Simonetti et al. (1984), who used rotation mea-
sure and by Hsu (1984), for optical polarization in Taurus, offers another
method for quantifying the magnetic field structure which can someday be
compared with models. See Ichimar (1976) for a theoretical calculation of
field fluctuation functions. Despite these problems, it is still very encouraging
that theoretical work is approaching the level of sophistication at which the
effects of a magnetic field of assumed initial importance can be quantified,
and the resulting structures can be presented in sufficient detail to allow future
comparisons with observations.

In conclusion, numerical studies to date leave open the possibilities that
fragmentation may occur through purely gravitational effects, possibly requir-
ing elongated geometry or sizable initial velocity and density fluctuations, or
may be controlled by rotation and/or magnetic fields. Fundamentally, the
choice is dictated by the assumed initial conditions. Because purely gravita-
tional fragmentation occurs during initial collapse while rotational and mag-
netic fragmentation must wait longer, it would be interesting to examine the
evolution of a cloud which is initially extremely inhomogeneous in density
with associated random velocity fluctuations (i.e., a hybrid of the models
presented by Roczycska et al. (1980b); and Roczycska (1983) but rotating
rapidly enough so that rotational fragmentation would otherwise occur. Such a
calculation would tax presently attainable numerical resolution, but could
demonstrate whether one effect damps or amplifies the other.

B. Stellar-Induced Fragmentation

One of the most interesting developments of the past few years has been
the recognition that stellar explosions, winds, and ionization fronts may play a
major role in controlling fragmentation. Much of the work in this area has
been directed toward showing how expansions around hot stars can directly
trigger star formation, as suggested long ago by Opik, Bok, Kossacki, and
others. The evidence for this view is summarized in Lada et al. (1978) and
Herbst and Assousa (1978). The most compelling evidence is that OB associa-
tions often contain spatially distinct subgroups which lie roughly in a se-
quence of decreasing age, implying that star formation has propagated rather
discretely through the parent cloud complex.

B. G. Elmegreen and C. J. Lada (1977) suggested that the accumulation
of compressed ambient gas between the shock front and ionization front
around an early-type star would eventually lead to gravitational instability and
star formation. Massive stars formed within this shell would then initiate a
new ionization-shock (I-S) front, and so on. A schematic illustration of the
process is shown in Fig. 23. Elmegreen and Lada showed that such sequential
star formation was consistent with observations of gas and young stars in
several regions. A recent study of W5 by Wilking et al. (1984b4) generally
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Fig. 23. Schematic illustration of sequential formation of OB subgroups by gravitational in-
stability in an I-S front. Figure from Thaddeus (1977), after Elmegreen and Lada (1977).

supports this idea. B. G. Elmegreen and W.-H. Chiang (1982) and B. G.
Elmegreen (1983b) discuss how the same type of process may occur on larger
scales, due to shells blown away from entire OB associations (see Sec. IV.D).

The question of how such a shell fragments has been addressed in a
number of papers. B. G. Elmegreen and D. M. Elmegreen (1978) performed
a linear perturbation analysis on a self-gravitating layer bounded by equal
external pressures. The mass column density o increases approximately lin-
early with time, and Elmegreen and Elmegreen found that the wavelength and
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Fig. 24. The e-folding time w G ~' of the fastest-growing wavelength A for the gravita-
tional instability of an [-S front as a function of its column density Ny, from Giuliani (1980).
The quantity n, is the number density behind the [ front. Rapid star formation is expected to the

right of the dot-dashed line.
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growth rate of the fastest-growing wavelength depends basically on the ratio
of wGo?/2 to the external pressure. Giuliani (1980) has presented a useful
discussion of the behavior of these quantities, which are reproduced in Fig. 24
as a function of the slab column density N,, in units of n,'? cm ™2, where n,
is the number density in the ionized gas just behind the ionization front. Since
N,; increases with time, this graph shows how the wavelength and time scale
of the fastest growing mode vary as the front propagates. Note that the most
unstable wavelength peaks at an intermediate column density and that the
growth time of this mode decreases with increasing N,, past this point, for a
given n,. The results are only valid if the evolutionary time of the slab is much
greater than the growth time; the tick marks in Fig. 24 show the values of N,
below which this condition does not hold, for three values of {} = p,/p,, the
density ratio between the ionized gas behind the ionization front and the neu-
tral cloud gas ahead of the shock front.

Even though the slab may be gravitationally unstable, collapsing pertur-
bations may become stable after reaching a spherical shape. Elmegreen and
Elmegreen showed that the mass of a cylinder of diameter A;/2 exceeds the
critical mass for collapse of an isothermal pressure-bounded sphere when the
column density exceeds a critical value, indicated by the vertical dot-dash line
in Fig. 24. To the right of this line the instability should lead to collapse of the
fragments, and prompt star formation if no further fragmentation occurs. It
should be possible to derive a qualitative predicted IMF for this process by
assuming that at any time the spectrum of growing modes is a delta function at
the fastest-growing wavelength. The fraction of stars at a given mass will then
be related to the fraction of time spent at each interval of critical wavelength,
obtained from the column-density evolution and the dependence of wave-
length on column density. When the delta-function assumption is dropped, an
interesting aspect of this problem is that the maximum mass that can form in
the shell is an increasing function of time, even though the dominant mass
decreases with time (see Fig. 24). Elmegreen and Elmegreen make the plausi-
ble assumption that the maximum mass is related to the wavelength whose
growth time is just smaller than the shock duration 7. and find a maximum
mass which varies as 0.

Welter and Schmid-Burgk (1981) and Welter (1982) showed how to mod-
ify the analysis to include sphericity and to treat the compressed layer as
moving and shock-bounded instead of stationary and pressure-bounded, and
found that the differences in the resulting dispersion relation are relatively
small. These authors did not treat the early evolution when the shell is thin.
Vishniac (1983) finds that in this regime the boundary conditions do make a
difference, and that the Elmegreen and Elmegreen dispersion relation is incor-
rect in this case, as can be seen by noting that in the thin-shell limit the
dispersion relation does not involve the sound speed. According to Vishniac’s
analysis, when the appropriate boundary conditions are employed, the shell
becomes gravitationally unstable at a later time than found by Elmegreen and



260 J. M. SCALO

Elmegreen (by a factor of the square root of the Mach number), and at this
time the pancake-like perturbations are themselves unstable. These effects
were not noticed by Welter and Schmid-Burgk because they only considered
the evolution after the shell was thick, in the sense that the gravitational scale
height is smaller than the shell thickness, while Vishniac treats the thin-shell
case. The situation regarding gravitational instability of a shock-bounded
layer therefore remains unclear, at least to this author.

The fact that the observed spatial separation between subgroups seems to
decrease with decreasing age was explained by Elmegreen and Lada (1976) as
a consequence of a positive density gradient ahead of the 1-S front. Bedijn and
Tenorio-Tagle (1980) subsequently studied the problem. Starting with a sta-
tionary subgroup with zero velocity, they follow the motion of the shell until
the critical column density is reached, and then give the next subgroup the
velocity of the front at this time, continuing the sequence. Bedijn and Tenorio-
Tagle follow a sample sequence of five subgroups in this way, for a prefront
density of 10° cm 3 and an initial Stromgren radius of 0.1 pc. The total time
interval is 1.6 X 107 yr. The time intervals between formation of subgroups
and the distances between subgroups increase toward the younger subgroups,
but taking into account the motion of the subgroups since their formation
gives subgroup separations and age differences which are largest for the oldest
subgroups. There is thus no necessity to introduce density gradients, whose
presence can either enhance or counteract the effect. The subgroup separa-
tions found by Bedijn and Tenorio-Tagle vary from 60 pc to 6 pc, with a total
extent of 100 pc, in good agreement with observations. They compare their
calculations with the properties of the four subgroups in Orion (Ia Ori to Id Ori
= Trapezium), or five subgroups if the BN object and KL nebula are consid-
ered a newly-formed subgroup. The calculated velocity differences between
subgroups change by 3.5 km s~ !, so accurate radial velocity studies of asso-
ciations could test the model. Another possible discriminant between this
model and the density gradient model is that, if the cloud has a constant
density but moving subgroups, the age differences increase toward younger
subgroups, by a factor of 1.5 for each subgroup for the parameters chosen, but
a positive density gradient alone would give a decrease in age difference from
the first to last subgroup, with a total decrease of a factor of ~ 5.

One problem with the Elmegreen and Lada model, emphasized by
Woodward (1980), is that it requires that the undisturbed gas must be some-
how supported against collapse for a time long enough for the unstable com-
pressed layer to accumulate in the shell. Welter and Nepveu (1982) also rec-
ognized this problem, and suggested that the preshock gas is supported by
turbulence which becomes suppressed by the shock passage. The reader is
referred to Welter and Nepveu (1982) for details.

It is also not clear whether other instabilities can occur which will over-
whelm the gravitational instability. Giuliani (1979) showed that I-S fronts are
subject to a photon-driven slab (PDS) instability, which might explain the
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existence of “elephant trunk” structures observed around H II regions. The
PDS instability grows from a rippling of the I-S front, and is physically and
geometrically distinct from the gravitational instability. The physical in-
terpretation of this instability, however, is unclear. Giuliani suggests that the I-
S front can be viewed as a forced harmonic oscillator subject to damping by
accretion of ambient gas in the perturbed gas, and that the instability arises
when the forcing terms, related to variations in the emission measure of the H
I region, become out of phase with the natural oscillation frequency of the
shell. If the PDS instability dominates, a fragment that would otherwise be
subject to collapse may be disrupted. The competition was studied in detail by
Giuliani (1980), who showed that the PDS instability dominates the gravita-
tional instability and that the fastest-growing wavelength is smaller for the
PDS instability during the early stages of I-S front propagation, which should
delay star formation by exciting internal turbulence. Giuliani’s (1979) Fig. 4
shows how this delay time can easily exceed the lifetime of the exciting stars
(< 107 yr) for plausible ranges of the parameters.

Vishniac (1983) demonstrated that another potentially important in-
stability in shells is purely dynamical. Because the thermal pressure interior to
the shell always acts in a direction normal to the shell while the external ram
pressure acts normal to the local direction of shell motion, an undulation in the
shell can grow. Vishniac shows that a geometrically thin shell is dynamically
unstable if the adiabatic index y < 1.3, as would occur in shells with efficient
cooling, and the growth time is about equal to the sound crossing time of the
shell. However, this instability will not produce gravitationally bound frag-
ments unless they were bound in the initial cloud; this is a different aspect of
the problem mentioned above, that a source of support is required prior to
shock passage. Vishniac suggests that the end result of dynamical instability
is more likely to be turbulence at roughly sonic velocities. If this dynamical
instability also occurs in the thick shells relevant to the Elmegreen and Lada
model, then it, like the PDS instability, may foil the attempted growth of
nascent bound fragments. Of course what is needed at this point is a numerical
simulation of the nonlinear evolution of a self-gravitating propagating I-S
front. Although three dimensions are required even in the plane-parallel case,
it appears that current collapse codes are capable of sufficient spatial resolu-
tion to shed some light on these issues.

The effect of a magnetic field on the slab gravitational instability is still a
matter of speculation. Elmegreen and Lada had discussed the possibility that
the field could affect or control the direction of propagation of star-forming I-S
fronts. They argued that if an I-S front propagates across the field, the com-
pressed field will substantially increase the critical mass for gravitational in-
stability, inhibiting star formation. Then star formation will only occur for
fronts which happen to propagate nearly in the field direction. In this way
magnetic fields, although probably not strong enough to directly guide the
front, can still impose preferred directions on propagating star formation, and
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would, if the above argument is correct, give an additional complicated but
significant twist to the predicted IMF, as well as variations depending on
fluctuations in the mean field strength over scales from about 10 pc to 100 pc
(the 100 pc fluctuations are well known and have a significant amplitude).
Welter and Nepveu (1982) have examined the effect of a magnetic field in
more detail, and argue that, for a range of possible physical conditions, one
can obtain gravitational instability with about the same time scale both for
propagation along and across the field. They suggest that OB subgroup align-
ment is mostly a result of the observed elongation of many molecular cloud
complexes roughly parallel to the galactic plane.

A very different idea, the magnetically-induced fragmentation of shells,
has been proposed by Baierlein et al. (1981) and Baierlein (1983). The basic
idea is that an expanding decelerating shell experiences an effective gravita-
tional field and is supported against this field by the swept-up ambient mag-
netic field. A perturbation in the intially uniform field configuration leads to a
Lorentz force which pushes gas from the “hills” of the magnetic field into the
“valleys”, i.e., the shell is unstable to the Parker instability. If s =v,2/c 2 is
the ratio of magnetic and gas pressures (v, = Alfvén speed), then the ratio of
the fastest growing wavelength in the horizontal direction to the shell scale
height H is about mws~!4, and the growth time for this mode is about
(H/c,)s— V2. When radiative cooling is effective in the shell, the quantity s
will be large, and so the shell can fragment into blobs with sizes = H on times
much shorter than the sound crossing time of the shell, because the flow
velocity is limited by the Alfvén velocity. For this reason the growth can be
much more rapid than gravitational instability. Numerical calculations re-
ported by Baierlein (1983) indicate that the fastest-growing density perturba-
tions reach an amplitude = 2wv,/c, in a time of about 5H/v,, and that the gas
flows into the fragment with a maximum speed ~(c,v,)"2. The nonlinear
evolution is of course still very uncertain. A major question is whether the
compressed magnetic field will be effective in opposing the self-gravitation of
the fragments; if not, then the fragmentation could lead to star formation in
the shell.

Another way in which stars can influence the internal structure of clouds
is through the compression of preexisting density fluctuations. Bok and Oort
had both suggested that expanding H II regions could compress clouds and
lead to star formation. One-dimensional calculations by Tenorio-Tagle (1977)
showed that this implosion process may be viable for clumps which are suffi-
ciently dense and massive to escape destruction by ionization and evapora-
tion. Sandford et al. (1984, and earlier references therein; see also chapter by
Klein et al.) have studied this problem in more detail using a two-dimensional
numerical method which includes a realistic coupling between radiative trans-
fer and gas dynamics and separate treatments of gas and dust. These calcula-
tions show how an early-type star can cause the radiatively-driven implosion
of a nearby dense clump by means of a convergent shock. Although self-
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gravity was not included in the calculation, Sandford et al. suggest that stellar-
mass clumps can survive long enough for gravity to take over, leading to star
formation. Klein et al. (1983) found a similar result with a different geometry,
in which a clump is located between two carly-type stars, and sketched a
scenario in which a chain reaction to star formation induced by radiatively-
driven implosions might occur. It should be noted that because the process
requires the prior existence of dense clumps, it is not a fragmentation mecha-
nism but a means for driving stable fragments to star formation. Perhaps an
equally important consequence is the destruction of low-mass, low-density
fragments which might have otherwise formed stars. As pointed out by Klein
et al., the process may in this way effectively terminate the formation of low-
mass stars by wiping out the fragmentation structure on small scales.

This suggestion is supported by La Rosa (1983), who studied a simplified
model for the radiatively-induced implosion of clumps which illustrates sever-
al significant features. The most important aspect of La Rosa’s calculattons is
that the relation between internal velocity dispersion and size given by R. B.
Larson (1981) was used for the initial clumps, with the dispersion treated as a
source of internal pressure. Because internal velocity dispersion increases
with size, a shock cannot penetrate as easily into larger clumps, and it be-
comes difficult to implode clumps larger than about 1 pc. Smaller clumps are
susceptible to implosion, but will most likely be evaporated by ionization if
their radius is < 0.5 pc and their internal density is < 103 cm 3. [ conclude
that, given the density structure observed in complexes which do not yet con-
tain O stars, implosion may be rare, and the dominant effect of H II region-
clump interactions is probably the termination of low-mass star formation.
This could partially explain why inferred star formation rates as a function of
time for low-mass stars often declines as the rate for higher-mass stars in-
creases (see, e.g., Cohen and Kuhi 1979; M. T. Adams et al. 1983).

A number of papers have also examined the effect of a supernova blast
wave on nearby clouds (see, e.g., Nittmann et al. 1982; Heathcote and Brand
1983, and references therein) and the possible disruption of the cloud complex
in which it was born (Wheeler et al. 1980; Shull 1980). A two-dimensional
calculation of the compression of a cloud by a nearby supernova, including
self-gravitation, has been recently carried out by Krebs and Hillebrandt
(1984). They find that a supernova can induce gravitational collapse, but only
if the original cloud mass is already near the Jeans mass.

All of the calculations discussed so far were primarily concerned with
triggering star formation, and do not directly address the question of how
stellar energy sources may actually cause or control fragmentation. A study
more relevant to the fragmentation problem has been made by Bania and Lyon
(1980), who calculate the effects of randomly positioned OB stars on an ini-
tially uniform gas. The OB stars are allowed to ionize and push on the gas on
a two-dimensional grid for the duration of their main sequence lifetimes. The
hydrodynamics is done on a 40 X 40 grid of 4.5 pc square cells using an
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explicit Eulerian technique, and the ionization, heating and cooling, and radi-
ative transfer (on-the-spot approximation) are applied after each hydro-
dynamic time step. Although the calculations were meant to simulate the
large-scale interstellar medium, with an original uniform density of ~ 1
cm ™3, the results are also relevant to OB stars within denser structures. The gener-
al behavior is that the H II regions create low-density voids surrounded by
shell-like structures which eventually refill the cavities after the stars die and
the H II regions recombine. The dense structures are accelerated by the mo-
mentum from the expanding H II regions and the “rocket effect.” The gas
evolves to an interesting and complex structure, examples of which are shown
in Fig. 25.

By defining a cloud as a transition from H Il to H I at an ionization
fraction of 0.01 and analyzing the simulations at 106 yr intervals, Bania and
Lyon were able to determine the ensemble average statistical properties of the
cloud structure. The comparisons of the models with observations of H 1
emission and other data are very extensive and cannot be reviewed properly in
the space available here, except to say that the agreement is impressive. The
most important results for the fragmentation problem are:

1. The time average of the clumpiness measure <n?>>/<n>2 was 6 to 10 for
the five models examined, with a maximum value ranging from about 30
to 90.

2. A wide range of cloud masses is produced. The mass spectrum had an
index y = —1.5to —2 at m = 10%, and was flatter at smaller masses. The
mean cloud mass ranged from a few times 10° Mg to 10° M, in the
different models, and a substantial fraction of the clouds should be gravita-
tionally unstable.

3. The frequency distribution of cloud sizes r varied roughly as r~! and the
distribution of column densities N as N 2. The size of the largest struc-
tures is determined basically by the mean distance between the OB stars.

4. Because the clouds are inertially confined, the stable clouds have lifetimes
comparable to the time to establish large local pressure changes, which is
related to the main sequence lifetimes of the OB stars, and may be as large
as a few times 107 yr.

5. The cloud random velocities do not depend on cloud mass, in good agree-
ment with more recent observational results (see Hausman [1982] for a
review of this problem). However, the magnitude of the cloud-to-cloud
velocity dispersion (~ 1 km s~ ') is smaller than observed, probably be-
cause O star winds and supernova explosions were not included in the
calculations.

Fig. 25. Grey-scale images of logarithms of density, ionization fraction, and temperature, along
with velocity field, at the three times (in 106 yr) indicated to the right, for one of the two-
dimensional simulations of the effects of OB star ionization fronts on an initially uniform gas
by Bania and Lyon (1980). Stellar positions are shown as white circles with size proportional to
ionizing flux.
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Bania (1981) later presented more detailed models in which the OB stars
were distributed with a realistic initial mass function and the star formation
rate was allowed to depend on different powers of the local gas density. Al-
though the general results are similar to the earlier models, it is interesting to
note that the introduction of a dependence of the OB star birthrate on the gas
density led to sequential star formation in 14 spatially distinct regions during
the 2.6 X 10% yr time span modeled by the calculation, suggestive of the
subgroups found in OB associations. Each region produced 8 + 4 OB stars
from an average gas mass of around 4 X 10* M. The average separation
between sequential star formation sites was about 90 pc, with relative ve-
locities around 10 km s~ !.

These simulations suggest a plausible means by which fragmented struc-
ture and consequent gravitational instability can arise, requiring only the pres-
ence of stars (field stars or newly-formed stars within a cloud) which can
provide the necessary momentum input. It is not clear whether the process can
account for the entire range of interstellar cloud structure, and in particular its
hierarchical appearance. One can imagine an originally smooth medium con-
taining only field stars whose large mean separation gives rise to large struc-
tures which form new stars on smaller scales, producing smaller and denser
structures in a hierarchical manner.

The calculations of Bania and Lyon also give support to a modified ver-
sion of the model of C. A. Norman and J. Silk (1980) for the self-sustaining
fragmentation and star formation induced by T Tauri winds. Norman and Silk
imagined that the dense shells driven by these winds would collide and frag-
ment into small, sub-Jeans fragments if the star density is large enough, and
that these clumps could be confined long enough by ram pressure so that
coalescing clump collisions would bring them above the Jeans mass, leading
to further star formation and fragmentation. There are two basic problems
with this scenario. First, it is not clear how the shells fragment due to colli-
stons. Gravitational instability is very inefficient in one-dimensional compres-
sions, as shown by the dispersion relation derived by M. E. Stone (1970) and
the two-dimensional hydrodynamic calculations of Gilden (1984); also the
shells are confined inertially from both sides so dynamical instability as dis-
cussed by Vishniac (1983) cannot occur. Because the shells will generally
collide obliquely, it is possible that the collision will cause shell breakup, but
it is difficult to imagine the formation of the small well-defined clumps envi-
sioned by Norman and Silk. The possibility of gravitational instability in a T
Tauri wind shell ¢ la B. G. Elmegreen and C. J. Lada (1977) has apparently
not been discussed. The second problem involves the coalescence of sub-
Jeans mass clumps. As shown by the two-dimensional hydrodynamic calcula-
tions of Gilden (1984), efficient shock cooling does not ensure coalescence.
For the collision of identical clumps, the criterion for coalescence is that the
velocity of reexpansion after the initial compression must be smaller than the
escape velocity from the combined system. Since the reexpansion is a rarefac-
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tion with velocity on the order of the sound speed, and because the escape
velocity is smaller than the sound speed for sub-Jeans clumps, it is unlikely
that coalescence of identical stable clumps can occur. For nonidentical stable
clumps, Gilden argues from momentum conservation that nondisruptive co-
alescence can only occur if the mass ratio of the colliding clumps exceeds the
Mach number of their relative collision velocity. Because the relative clump
velocities in the Norman and Silk model are fairly large, significant coales-
cence would require a flat mass spectrum extending over a large range of
masses (in order to get a significant probability of large mass ratio collisions),
unlike the rather narrow and steep mass spectrum preferred by Norman
and Silk.

Despite these difficulties, the general idea of the Norman and Silk model
is very attractive, especially since more recent observations have emphasized
the prevalence of protostellar outflows. The simulations of Bania and Lyon
suggest a resolution to these difficulties, because the wind-driven shells
around randomly positioned T Tauri stars are qualitatively similar to the situa-
tion studied by Bania and Lyon. The major modification would then be the
way in which the fragmentation structure is generated and evolves. Clouds
with a wide range of masses would be produced without the necessity of
coalescence and some fraction of these would be massive enough to collapse
and produce new T Tauri stars in the manner suggested by Norman and Silk.
Norman and Silk’s arguments that a mass spectrum flatter than y = —2 would
lead to bursts of star formation while a steeper mass spectrum leads to long-
lived self-sustaining star formation may still be valid. Bania’s (1981) simula-
tion of a similar scenario using OB stars suggests that the statistical properties
to the structure and the star formation rate can remain stable for long periods
of time.

Another interesting way in which stars can induce structure in the in-
terstellar gas is through purely gravitational interactions. Stars with a disper-
sion in velocity will induce velocity and density fluctuations in the gas, and if
the stellar and gaseous components have a relative velocity, the criterion for
gravitational stability is significantly altered. This problem has been discussed
by Niimi (1970) and more recently by Kegel and Volk (1983). Kegel and Volk
consider the behavior of linearized perturbations using the Vlasov equation for
the stars, the equations of continuity and momentum conservation for the gas,
the Poisson equation for the gravitational potential, and a polytropic equation
of state. For plane waves of wavelength X, if the drift velocity between gas
and stars in the direction of wave propagation is u,, then the condition for
gravitational stability is

o’

Nagla2la? + ¢ 2(c2—u )]V =1 (5)

where a, and a, are the Jeans lengths for the gas and stars alone and ¢, is the
adiabatic sound speed in the gas. This result shows that if the drift velocity
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approaches the sound speed, wavelengths much smaller than the Jeans length
can be unstable.

By considering a superposition of stable modes, Kegel and Volk are able
to derive expressions for the spatial autocorrelation functions of the induced
velocity and density fluctuations, assuming a cutoff at a wavelength equal to
the mean stellar separation, because the stellar distribution function is discon-
tinuous for smaller wavelengths. The correlation length for velocity fluctua-
tions turns out to be approximately the mean stellar separation, while for the
density fluctuations it is roughly the smaller of the mean stellar separation or
the Jeans length in the gas. For no drift between gas and stars, the rms-in-
duced fluctuations in velocity relative to ¢, and in density relative to the unper-
turbed gas density are both given, to order of magnitude, by

dvic, = dp/p, = (p,/p,)? o/c, ©6)

where p, is the unperturbed mass density of stars and o is the stellar velocity
dispersion (a Maxwellian velocity distribution was assumed). When the drift
velocity is comparable to ¢, the fluctuation amplitudes are much larger, but
then most wavelengths will be gravitationally unstable.

The above expression shows that significant fluctuations can occur in
cloud complexes. If we consider a 10 K cloud which has converted 10% of its
mass into protostars with a velocity dispersion of 1 km s—!, the velocity
fluctuations should be mildly supersonic and the relative density fluctuations
are > |. Larger fluctuations can be induced by the field stars which happen to
be moving within a cloud complex, because even though p_/p, is only
10=2 to 103 in that case, the velocity dispersion is ~ 30 km s—1. This
process may be an important cause of density and velocity fluctuations within
clouds, and deserves additional study. In particular, it may provide a long-
lasting source of supersonic velocity dispersions and cloud support even in the
presence of dissipation.

In summary, it appears likely that interactions with stars are an important
source of fragmentation structure, but the manner in which this occurs is still
quite uncertain. The I-S front sequential star formation model of B. G.
Elmegreen and C. J. Lada (1977) and B. G. Elmegreen and D. M. Elmegreen
(1978) is still an appealing source of induced star formation if other in-
stabilities do not intervene. A numerical study of the nonlinear evolution is
needed at this point. The magnetic shell instability discussed by Baierlein et
al. (1981) may be just as important if the enhanced magnetic field does not
prevent the survival of the fragments. Star-driven implosions as in Sandford et
al. (1982a) may also cause star formation, but require preexisting dense
clouds, and so do not actually cause fragmentation. The calculations may,
however, provide a means for destroying low-mass clumps and halting the
formation of low-mass stars once massive stars begin to form. The most sig-
nificant sources of fragmentation structure seem to be related to the effects of
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groups of stars on the gas: H Il regions as in Bania and Lyon (1980), T Tauri
winds as in C. A. Norman and J. Silk (1980), and gravitationally-induced
velocity and density fluctuations as in Kegel and Volk (1983). Further work on
these models should be able to predict a mass spectrum for the fragments and
the spatial correlation function of the velocity and density structure.

C. Turbulence and Fragmentation

It was remarked earlier that the evolution of numerical collapse models
may be extremely sensitive to initial conditions, as was demonstrated for
spherically symmetric collapse by Buff et al. (1979) and was indicated by
Boss’ (1980b) calculations of fragmentation in rotating clouds. This strongly
suggests that we can expect the nonlinear stages of gravitational instability,
whether or not in the presence of rotation (and probably magnetic fields), to
exhibit a transition to chaotic behavior or turbulence. The idea that such a
transition occurs and that the interstellar medium should be describable as a
turbulent process was apparent in early discussions by Hoyle, von Weizicker,
Chandrasekhar and Miinch, and others. In their discussion of the collapse of
pregalactic protoglobular clusters, Peebles and Dicke (1968,p. 902) remarked
intuitively: “It is not in fact very realistic to carry the integration much beyond
the point at which the center achieves free fall, because the free fall surely
generates turbulence.” While this evolution may be unpredictable, it is still
meaningful to discuss the resultant spatial structure of the density and velocity
fields and the probability distribution of these and other variables in terms of
ensemble averages over a number of independent realizations of the process.

Observations have also led to increasingly common interpretations in
terms of some sort of turbulence (see the chapter by Dickman, and below).
Although there is not even any agreement on what is meant by the word
turbulence as it applies to the interstellar medium, it is becoming clear that the
concept of fragmentation and star formation as a stochastic process may pro-
vide the basis for the next stage in our understanding of these phenomena. For
these reasons it is worthwhile to review some of the suggestions which have
been made recently concerning the nature of cloud turbulence. It should be
emphasized that all these arguments are extremely crude and speculative, ei-
ther assuming an analogy with incompressible turbulence or some conceptual
model for the structure of turbulent self-gravitating clouds. Remembering that
the turbulent behavior of even very simple nonlinear systems is not under-
stood, we should not expect that any quick intuitive arguments will be able to
represent the complicated processes which may occur in interstellar clouds.
However, the following discussion may contain some of the essential features
characterizing cloud turbulence, and will hopefully motivate more complete
and quantitative models. (I emphasize that the term turbulence is used in what
follows in a general sense, referring to chaotic nonlinear behavior which may
or may not be related to incompressible fluid turbulence.) Some discussion of
analytical weakly nonlinear calculations is given in Sec. IV.C.7. Ultimately
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the answers will come from large series’ of numerical models with a range of
initial conditions and improved spatial resolution.

1. Historical Perspective. Active discussions of the role of turbulence
in fragmentation and star formation have only regained prominence during the
last several years, after a long dormancy from the time of the classic paper by
von Weizécker and several intermittent attempts at resurrection. There were a
number of reasons for the hesitation to involve turbulence. The supersonic
line widths observed in both atomic and molecular gas were sometimes in-
terpreted in terms of small-scale random motions, but it was difficult to see
how such motions could persist for a significant time in the face of efficient
shock dissipation (see, e.g., Field 1978). Also, the line widths seemed com-
patible with free-fall collapse, at least for the molecular clouds, so it was not
clear that another process was required. Perhaps more fundamentally, there
was always the underlying knowledge that, once we admit that the interstellar
medium is turbulent, there is very little theoretical basis on which to proceed.
It remains true that, apart from essentially phenomenological arguments,
there is no quantitative theory which can account for the properties of even
fully-developed homogeneous isotropic incompressible turbulence, despite
the great variety of approaches which have been pursued. All published statis-
tical theories (see, e.g., Heisenberg, Kraichnen, etc.; for a good survey see
Beran [1968]) must assume a particular form for the nonlinear interaction
terms in order to obtain even rough agreement with the most basic empirical
results (like the Kolmogorov constant), and are incapable of predicting more
detailed properties. Numerical calculations with subgrid modeling for the
smaller scales have become increasingly successful in some respects, but
there are very few calculations which can reveal the actual transition to tur-
bulence, and these are all for small Reynolds numbers.

A number of developments have contributed to the renewed interest in
turbulent models for interstellar cloud structure.

a. Attempts to fit molecular-line profiles, line-intensity ratios, and the
radial distribution of line width, mean velocity, and density inferred from
molecular-line observations in clouds using pure collapse models were gener-
ally (with some exceptions) unsuccessful, and macroturbulent models or com-
bined turbulent core-collapsing envelope models were proposed as an alter-
native (see, e.g., Scoville and Wannier 1979, and references therein). Line
transfer is quite a difficult problem for such models, and simplified computa-
tions of line profiles for a turbulent model with finite correlation length are
only now becoming available (see the chapter by Dickman).

b. Observations continued to reveal density and velocity structure on all
scales (see Sec. 1I) giving support to the idea that small-scale clumping within
the beam is an important factor in controlling the line widths and line profiles.

¢. It has become increasingly evident since the paper by Zuckerman and
Evans (1974) that cloud lifetimes probably exceed their free-fall times by a
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significant margin, as outlined earlier (Sec. 1II), so some sort of support in
excess of thermal pressure seemed necessary, and random motions of clumps
(loosely “turbulent pressure”) were a prime candidate.

d. It also became recognized that the dissipation problem may not be as
disastrous for turbulence theories as was once thought, both because the dis-
sipation is relatively inefficient compared to early estimates and because fresh
sources of random kinetic energy, in the form of stellar winds and explosions,
collisions with other clouds, galactic rotation, and the gravitational potential
of the cloud, are available.

¢. Finally, recent work in a number of diverse nonastronomical fields has
demonstrated that chaotic, or turbulent, behavior can be expected to occur in a
wide variety of nonlinear systems, suggesting the plausibility of some sort of
turbulence in the highly nonlinear interstellar medium. The vigorous current
activity in the study of chaotic behavior cannot but cause some optimism that
an understanding of generalized turbulent behavior lies in the near future.

In addition, turbulence has been advocated as an explanation for the ran-
dom orientations of angular momentum vectors in stars, binaries, and clouds
(Fleck and Clark 1981), and as a means to explain observed carbon abun-
dances in clouds by cycling material through the outer relatively transparent
layers where ultraviolet radiation can penetrate (Boland and de Jong 1982,
1984). The renewed interest in turbulent clouds has resulted in a number of
heuristic models which try to account for certain observed features.

2. Kolmogorov Revisited. 'The conceptual approaches to turbulent be-
havior in the interstellar medium which have been discussed in the literature
can basically be divided into a few viewpoints. The first, tracing back to von
Weizicker, pictures interstellar turbulence as resembling incompressible tur-
bulence, and then uses phenomenological scaling arguments based on
Kolmogorov’s ideas concerning the existence of a dissipationless energy cas-
cade, or inertial subrange, modified to account for compressibility and other
effects, to derive density-size and velocity-size relations and even an initial
mass function (Fleck 1980,1981,1982a,b,19834, also Arny 1971). The large
Reynolds numbers (~ 107 to 10°) and very small Kolmogorov microscales (=
1012 ¢cm) at which viscous dissipation is important in the interstellar medium
are suggestive of an inertial subrange, and the hierarchical structure of the
interstellar medium is certainly reminiscent of descriptions of incompressible
turbulence as “whirls within whirls” or a “self-similar cascade.” Moreover,
differential galactic rotation may provide a long-lasting source of energy at the
largest size scales (see Fleck 1980,1981).

In this picture, the ultimate source of the turbulence is a shear instability
associated with differential galactic rotation, which injects energy at large
sizes. These large eddies are assumed to generate smaller-scale structure
through some sort of dissipationless vorticity stretching, as is often invoked
for incompressible turbulence. In this model, gravity and dissipation are only
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important insofar as they affect the compressibility of the motion. Fleck and
Clark (1981) point out that in this model one expects random directions for the
angular momentum vectors of clouds on smaller scales, and present a number
of lines of evidence concerning the distribution of observed cloud and stellar
rotational axes and binary star orbital axes which agree with this expectation.
It should be pointed out, however, that the same sort of random orientations
could be produced by tidal torques among fragments, for which there is some
numerical evidence (Roczycska 1983), or direct collisions between fragments,
and might be a general feature of any turbulent model.

This Kolmogorov-type picture tries to account for the observed scaling
relations by assuming virial equilibrium (the support mechanism is unspec-
ified) in the form L/v, ~ p~ 2, and constant kinetic energy density transfer
rate at every scale, pv,3/L = constant, giving v, ~ L¥3, p o L=43 close to
that which is observed. One could also abandon the virial assumption and just
introduce a parameter such as the density enhancement at each scale, as was
done long ago by von Weizicker and Von Hoerner (see Fleck 1980,1981).
Fleck (1983b) pointed out that the constancy of the volume rate of kinetic
energy transfer of ~ pv3/L leads to v « (L/p)¥/2, so an inverse relation be-
tween density and size could give a reasonable velocity-size relation without
invoking virial equilibrium. A similar model that explicitly treats the hier-
archical nature of this scenario is given in Ferrini et al. (1984). However, these
models do not offer any physical explanation of just how the energy is sup-
posed to be transferred to smaller scales; why the energy transfer time scale is
supposed to be L/v; why the structure is in virial equilibrium at all scales; or
how the smaller-scale structure can remain supersonic without shock dissipa-
tion, unless magnetic fields are important, in which case the scaling argu-
ments are inappropriate. The time scale discussed by Fleck (1981) is just the
time over which the energy injection at the largest scale would slow down the
rotation of the entire galaxy, and is not relevant to the dissipation of the small-
er-scale structure. With dissipation, the smaller structure would possess essen-
tially no random motion even if galactic rotation continually pumps in new
kinetic energy at the large scales. Nevertheless, the availability of galactic
rotational energy remains an attractive source for the initial large-scale in-
stability, although a more quantitative examination of the problem along the
lines of Goldreich and Lynden-Bell (1965a,b) and J. H. Hunter and T. Horak
(1983) is lacking.

3. Rotational Collapse Revisited. Henriksen and Turner (1984) have
recently discussed how the tendency for gravitational contraction to be coun-
teracted by rotation might lead to a hierarchical structure with properties like
those observed. At the largest scale, the energy source is assumed to be galac-
tic differential rotation, as proposed by Fleck. At each smaller scale the two
forces attempt to achieve balance, leading to virial equilibrium and a transfer
of angular momentum flux to larger scales. The plausibility of such gravita-
tional torquing has been recently emphasized by Larson (1984) and Boss
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(1985), and may be due to tidal effects or the growth of nonaxisymmetric
trailing perturbations. Assuming a constant rate of change of angular mo-
mentum density, which is p, v, L/7 in this model, and virial equilibrium, one
obtains v ~ LY2, p, ~ €71, again close to the observed relations. (This
model was first used by Arny [1971} in a discussion of the IMF produced by
turbulence.) Henriksen and Turner also give some interesting implications for
the termination of the self-similar process at stellar masses and the stellar
IMF.

As discussed in Sec. IV.A, numerical collapse calculations are nearly
unanimous in concluding that initially-uniform rotating clouds do evolve to a
quasi-equilibirum disk, ring, or bar in which rotation tries to balance gravity,
and that these configurations rapidly break up into a few fragments. Further-
more, the observations of Heiles Cloud 2 by Schloerb and Snell (1984)
strongly suggest that some clouds do evolve in this manner. Although
Henriksen and Turner make no mention of how fragmentation occurs in their
model, it seems that if it is rotationally induced, then the model is just basical-
ly the hierarchical model discussed by Bodenheimer (1978). Henriksen and
Turner have therefore essentially extended Bodenheimer’s model to show that,
if the angular momentum source rate is constant at all levels of the hierarchy,
then the observed density-size and velocity-size relations follow directly.
Without fragmentation, the model would require rotational support at every
scale, definitely not an observed feature of interstellar structure. A possible
problem, as with Bodenheimer’s scenario, is that the model implies a com-
mon rotational axis on all scales, which is not observed. However, tidal in-
teractions and direct collisions may be capable of randomizing the angular
momentum vectors on each scale.

One may justifiably question the use of the term turbulence for the model
just described. Bodenheimer’s model is certainly not usually considered as a
turbulent model. Henriksen and Turner apparently use the term to refer to any
self-similar hierarchical structure, not necessarily a stochastic process. In this
sense all theories of hierarchical nonlinear fragmentation (and hierarchical
galaxy clustering) should be considered turbulence theories; I believe this is a
useful point of view. In addition, the process may possess a sensitivity to
initial conditions which is similar to turbulent processes.

Besides this semantic consideration, the model encounters practical diffi-
culties when confronted with observations of cloud structure. There is very
little evidence that the virialized state of most observed structures is related to
rotation, although rotation seems definitely important in some small fraction
of small dark clouds. Also, the prevalence of filamentary structure, the fact
that the Taurus complex is probably prolate and rotating at a dynamically
insignificant speed about the long axis, and the arguments of Schneider and
Elmegreen that most dark filaments are prolate and easily fragmented do not
seem to fit in with the picture evoked by the rotational model. (The same
remarks apply to Fleck’s model.) The model also predicts that a significant
fraction of clouds on all scales should be in nearly free-fall collapse, because
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the time to break up the quasi-equilibrium structure into fragments is not long
compared to the initial cloud free-fall time. These criticisms are meant to
motivate more quantitative studies of gravitational-rotational hierarchies
which can address these questions.

4. Gravitational Virialization. A very different approach to conceptual
turbulence models was motivated more by the question of energy dissipation
than any analogies with incompressible flows. Here it is recognized from the
outset that interstellar turbulence is unlikely to resemble Kolmogorov’s picture
of freely-decaying incompressible turbulence because of the importance of
dissipation and energy injection over a range of different size scales, and the
fact that the observed density fluctuations are extremely nonlinear, with dp/p
= 10. Because the line widths are supersonic, and cannot be accounted for
solely by collapse or rotation, it is difficult to see how dissipation can be
avoided unless the magnetic field is dynamically important. The importance
of dissipation was recognized in the apparently never-completed program of
Von Hoerner’s group (see Von Hoerner 1958) to model cloud turbulence as a
field of interacting shock waves. This was the major argument against tur-
bulent models, and cannot be easily dismissed. The problem, then, is: How
does a system of supersonic density fluctuations in a cloud maintain its ran-
dom kinetic energy over a time scale longer than the dynamical time scale of
the cloud?

One suggestion (Scalo and Pumphrey 1982) is that the fragments con-
tinually extract energy from the gravitational field of their parent cloud. As the
parent cloud collapses, the change in potential energy can be channeled into
the random motions of density fluctuations until a quasi-virialized state is
attained in which the fragments move at the circular velocity. The system
slowly contracts at a rate set by the rate of dissipation due to clump collisions
and drag. This idea of gravitational virialization by direct collisions was inde-
pendently suggested long ago by Hoyle, Odgers and Stewart, and Woolfsen
and later mentioned by Larson, McCrea, and Mestel. Scalo and Pumphrey
suggested that, by accounting for the inefficiency of noncentral collisions in
dissipating energy, the dissipation and hence contraction time can exceed the
free-fall time by a significant margin, especially if the fragments are centrally
condensed. N-cloud simulations (Pumphrey and Scalo 1984) show that such a
quasi-virialized state can be attained in an unstable cloud, but only if the
clump collisions involve sufficient transverse momentum transfer to impart
some randomization to the clump velocity vectors, and if the clumps are inter-
nally supported for a time in excess of their own free-fall times. The ran-
domization requirement may not be too severe, but improved multidimen-
sional cloud collision calculations are needed to test this point. However, the
internal support requirement seems contrived; if rotational support is invoked,
then there arises the same inconsistency with observations encountered above.
A system of fragments in a cloud may acquire and maintain some part of their
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random velocities through interaction with the gravitational potential, but
some additional source of energy, or of new density and velocity fluctuations,
seems necessary to maintain the motions for times in excess of the free-fall
time if the fragments themselves are not internally supported.

A recently reported numerical calculation of rotating cloud collapse
using a particle method by Benz (1985) apparently supports the idea of grav-
itational virialization. Benz finds that turbulent motions are generated from
the input of gravitational energy, and that the turbulence greatly slows down
the collapse.

5. Energy Sources. There are a number of potentially important
sources of turbulent energy. As discussed in Sec. IV, OB star winds and
ionization fronts can generate considerable density and velocity structure and
perhaps trigger star formation through I-S gravitational instability and shock
compression of dense preexisting clumps. However, this process can only
occur in complexes where OB stars have already formed, unless field OB stars
are numerous enough, which seems unlikely. The calculations of Kegel and
Volk (1983) suggest that the gravitational field of passing field stars alone may
provide a continual supply of density and velocity fluctuations in cloud com-
plexes, as described in Sec. 1V.B.

Bash et al. (1982) have argued that energy is supplied to large clouds
through random collisions with smaller clouds. The problem here lies in the
existence of these dense small clouds outside of complexes and the question of
why the collision rate should be such as to just keep the complex supported
against gravity for longer than a dynamical time scale; if the collision rate is
too large (small), the large cloud will expand (contract) and the increased
(decreased) cross section will further accelerate its dispersal (collapse) unless
the large cloud encounters variations in the small-cloud number density on
time scales of =< 10° yr. Nevertheless, fragments within complexes probably
encounter and coalesce with smaller fragments, and if the mean collision time
is less than the fragment free-fall time, the collisions might provide a means
of preventing collapse (see Pumphrey and Scalo 1984). However, numerical
simulations of such collisions (Gilden 1984) show that most of the kinetic
energy lost by the small cloud as it plows through a larger cloud is radiated
away through a bow shock. Support of a large cloud by intrusions of small
clouds might therefore require that many small clouds be in the process of
penetration at all times.

On small scales, protostellar winds are probably capable of sustaining
the observed line widths for long periods of time (Norman and Silk 1980; see
Sec. IV.B). In this model the turbulence consists of randomly moving interact-
ing clumps which are continually generated by the collision and breakup of
wind-driven shells. The rapidly accumulating evidence for high-velocity mo-
lecular outflows around protostellar objects has provided strong support for
this idea, although the details may differ somewhat from the original Norman
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and Silk model (see Sec. IV.B). One potential problem is that the required
mass loss rates and/or protostellar number densities may be larger than al-
lowed by observation.

Silk (1985) has shown how the breakup of momentum-conserving shells
can account for the observed density-size scale relation if virial equilibrium is
assumed, but the cause of the internal support is left unspecified.

In a variation of this model, Franco (1983) has argued that the dissipation
of excess protostellar rotational energy by rotationally-driven winds (see also
L. Hartmann and K. B. MacGregor [19824] and, for a more detailed model,
Pudritz and Norman [1983]) can be an important source of turbulence and
heating in clouds. Unlike the Norman and Silk model, this model requires a
rather small number density of protostars. Another possibility is that the
winds are generated by the transformation of the protostellar rotational energy
into magnetic energy, and hence pressure, by the twisting of field lines
(Draine 1983). A recent discussion of these various mechanisms is given by
Franco (1984). Evidently there is no paucity of models to explain the observed
protostellar energy input; unfortunately this diversity means that we cannot
confidently estimate the turbulent energy injection rate as a function of time,
or its effect on further star formation.

If internal stellar objects are important sources of turbulent energy in
cloud complexes, then it is obvious that the turbulence cannot possibly be
modeled by analogy with the idea of a Kolmogorov cascade. Instead of injec-
tion at large scales with cascade to smaller scales, the process would be
powered by essentially microscopic explosions (Dickey 1984) with dissipa-
tion important at intermediate scales. This description may suggest some
useful phenomenological approaches to the problem of cloud turbulence
powered by internal stellar sources. It may also be relevant to the development
of turbulent structure in clusters and superclusters of protogalaxies powered
by protogalactic winds.

Although protostellar winds undoubtedly do inject energy into clouds, it
is still unclear whether they are the dominant source of turbulent motions in
most clouds. One test is provided by observations of complexes which contain
very few protostars. The best-known example is the Southern Coalsack. The
line widths of H 1, CO, and H,CO are all definitely supersonic even though no
protostellar sources have been found within the complex (see T. J. Jones et al.
1980; Bowers et al. 1980, and references therein) and there is no evidence for
collapse (T. J. Jones et al. 1984a). A similar result is obtained for the northern
complex Khav 141, in which there is little evidence for star formation (see
Saito et al. 1981). This indicates that, whatever the nature of the turbulence, it
can persist without the presence of protostars.

In reality, the true nature of turbulence in cloud structures probably in-
volves, to various unknown degrees, injection of energy by rotational shear at
large scales; gravitational fragmentation influenced by rotation and magnetic
fields leading to a sort of cascade (rot dissipationless); the constant excitation
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Fig. 26. Schematic illustration of the contrast between the Kolmogorov dissipationless cascade
model and the processes suspected of being important in real interstellar turbulence.

of density and velocity fluctuations by field stars; energy injection at the mi-
croscopic scale by internal star formation activity; and dissipation at all scales
due to the interaction of protostellar winds with the ambient medium, frag-
ment interactions, and the motion of fragments through the interfragment me-
dium. The contrast with the Kolmogorov cascade for incompressible tur-
bulence is illustrated schematically in Fig. 26. Evidently, if we are to under-
stand interstellar turbulence by means of a phenomenological model, the es-
sential feature will be a description of the balances and transfers of mass,
momentum, energy, and angular momentum between these various processes.
This statement also suggests that models which concentrate on a single pro-
cess and/or ignore the range of scales involved (this includes nearly all the
studies reviewed here) should be viewed with caution.

6. Magnetohydrodynamic Waves. Another possibility is that the clouds
of all sizes are supported by a magnetic field and that turbulence which broad-
ens lines is a spectrum of MHD waves. A recent discussion of this problem by
Zweibel and Josaffetson (1983) indicates that the damping time may be rea-
sonably large. These linear wave modes are expected to be incompressible, so
the observed clumpiness would probably have to be attributed to gravity, al-
though the nonlinear wave interactions might also lead to substantial density
fluctuations. Because the detailed evolution of the wave spectrum and the
resulting velocity field are unknown, it is not possible to compare this model
directly with observations. However, the observed line widths imply virial
balance at all size scales, and, if the line widths represent the Alfvén speed, it
may be quite difficult to construct a model which involves a hierarchy of



278 J. M. SCALO

magnetically limited gravitational fragmentation (see Mestel 1977; chapter by
Mestel; Nakano 1985) and which at the same time reproduces the observed
line width-size relation. Related to this problem is the possibility that fluid
turbulence can be the driving force for MHD waves, as discussed by Eilik and
Henriksen (1984). A detailed discussion of MHD turbulence and its possibie
relevance to the small-scale structure of the interstellar medium has been re-
cently given by Higdon (1985; see also Grappin et al. 1982).

It is also possible that the observed supersonic line widths in clouds are
due not to MHD waves but complex nonradial oscillations of the clouds. This
topic has not been addressed in the literature (see, however, S. V. Weber
1976), and so will not be discussed further here; it merely emphasizes the
wide range of problems which still require investigation before we can claim
any understanding of turbulence in the interstellar medium.

The above discussion does not exhaust the possible sources of energy or
initial fluctuations for fragmentation. For example, Fleck (1984) has in-
terpreted the four main fragments in the Corona Australis complex (see Fig. 4)
as due to a Kelvin-Helmholtz instability at the boundary layer of the complex
produced as the complex fell into the galactic plane. While this process is not
strictly an energy-injection mechanism, it is certainly well known that the
nonlinear stages of the Kelvin-Helmholtz instability are turbulent so we may
add another possible process to our list of processes which may trigger turbu-
lence.

7. Studies of Weak Nonlinearities. There is a middle way between the
order-of-magnitude conceptual approaches to the nonlinear fragmentation-tur-
bulence problem, which may be too simplistic or founded on linearized re-
sults, and numerical calculations which in principle could solve the complete
problem but which in practice are stymied by their lack of spatial resolution
and the problem of understanding the results. This intermediate approach is
the realm of quantitative analytical treatments of turbulence. There are a stag-
gering number of papers and approaches in this area in the fluid dynamics
literature, but so far none of these has attained predictive power, and most
have not been able to account, even after the fact, for fundamental empirical
results, like the Kolmogorov constant, for isotropic homogeneous incompres-
sible turbulence, without a disturbing amount of twiddling. Most of these
approaches are statistical in the sense that they only attempt to follow the low-
order moments of the two-point probability distribution of fluctuations, such
as the autocorrelation function. As with all such problems, there is a severe
difficulty with closure of the moment equations, and the various theories differ
mostly in the nature of their closure assumptions. In addition, these theories
often assume that the turbulence is weak in some sense, i.e., not too nonlinear.

There have only been a few attempts to apply these techniques to astro-
physical problems relevant to fragmentation, and even these have been largely
ignored in the astronomical literature, perhaps because of the formidable
mathematical appearance of the theories. However, the apparent complexity
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usually masks some very simple fundamental assumptions, and the results,
even though based on questionable closure hypotheses, can still shed light on
the physical nature of the problem, and for that reason a few of these papers
are reviewed briefly here. The discussion is confined to studies which are
directly relevant to the problem of hierarchical fragmentation.

Olson and Sachs (1973) extended the classic work of Proudman and Reid
on the statistical evolution of vorticity to include expanding or contracting
background states. Although they were concerned with the evolution of tur-
bulence in the early expanding universe, their basic result is relevant to con-
tracting interstellar clouds. A differential equation for the mean-square vor-
ticity can be derived by using the “fourth-order cumulant discard” closure
assumption, which basically assumes that fourth-order velocity correlations
can be decomposed to products of second-order correlations as if the fluctua-
tions were a joint-Gaussian process. The equations also assume that the tur-
bulence is incompressible, isotropic, and homogeneous. Their calculations
indicate that vorticity increases during contraction of a turbulent cloud; ne-
glecting molecular viscosity, the vorticity becomes infinite in a finite time.
While the fourth-order cumulant discard closure method is now known to give
nonphysical results for long times (for a review of a fairly successful modifi-
cation including magnetic field, see Poquet [1979]), this basic conclusion may
still be valid. One may be tempted to interpret the vorticity increase in a
contracting medium as an obvious consequence of angular momentum conser-
vation. However, the important point is that if vorticity is an essential feature
of interstellar turbulence and fragmentation, this turbulence should become
stronger during gravitational contraction, a result which may be related to the
support of the bound interstellar structures by turbulent pressure. Because the
calculation was for an incompressible medium, it remains to be seen how the
result may be altered by the nonlinear interaction of density fluctuations (com-
pressible modes) and vorticity fluctuations (solenoidal modes).

The work by J. H. Hunter and K. S. Schweiker (1981) and J. H. Hunter
and T. Horak (1983) on the behavior of rotational and irrotational perturba-
tions in a shear flow is related to the above problem. These authors find that in
many cases the vorticity modes grow while the density modes damp, suggest-
ing a possible origin for the vorticity fluctuations which would be amplified
during contraction.

An important but neglected paper by Sasao (1973) investigates quan-
titatively the nature of density fluctuations excited by purely vortical tur-
bulence in an isothermal self-gravitating medium. The source of the initial
rotational velocity fluctuations is not specified. A number of possible sources
of fluctuations associated with newly-formed or field stars were discussed in
Sec. IV.B, but these are unlikely to be purely rotational. For this reason
Sasao’s work should be viewed simply as an illustration of how the rotational
part of the velocity field can generate density fluctuations. J. H. Hunter and K.
S. Schweiker (1981) have shown how vorticity modes may grow in the pres-
ence of shear.



280 J. M. SCALO

The coupling between the compressible and vortical modes is intrin-
sically nonlinear. Sasao obtains and solves the equations for correlation func-
tions by an expansion to first order in the fluctuations in density and potential
velocity, and to second order in the rotational velocity component. He closes
the moment equations by use of the fourth-order cumulant discard assump-
tion. A unique feature of Sasao’s treatment is that the moment equations are
derived from the equation for the characteristic functional (essentially the
joint probability function of all Fourier components of the density and velocity
fluctuations; see Beran [1968]), including compressibility and self-gravita-
tion. The final equations describe the time evolution of the wavenumber spec-
trum of density and potential velocity fluctuations induced by the rotational
incompressible turbulence, and the evolution of the nonlinear source terms
which feed the irrotational (compressible) modes. Sasao solves these equa-
tions for three assumed forms of the irrotational energy spectrum: a delta
function in wavenumber k, a k* spectrum cutoff by a Gaussian, and a Kolmo-
gorov spectrum.

While these calculations are only valid for weakly nonlinear turbulence,
several interesting results emerge which may be relevant to an understanding
of the manner in which the observed very nonlinear structure arose. First, the
behavior of the induced density fluctuations is in some ways very similar to
the classical Jeans result; that is, for wavelengths much smaller than the initial
Jeans length, the induced fluctuations quickly become sound waves with rms
density amplitude dp/p < (u/c,)? (where u is the rms solenoidal velocity fluc-
tuation amplitude and c_ is the sound speed), while wavelengths larger than
the Jeans wavelength grow rapidly. The second result concerns the dominant
wavelength of the growing modes. If the initial velocity perturbations span a
range of wavelengths, as for the Kolmogorov energy spectrum, then the peak
of the spectrum of induced density fluctuations is comparable to the Jeans
wavelength, whether or not the cloud is contracting. This supports and ex-
tends R. B. Larson’s (1984) contention that the ordinary (thermal) Jeans
length plays a fundamental role in fragmentation, even when rotation and
magnetic fields are significant. However, an initial turbulent energy spectrum
which is sharply peaked at some wavelength produces a density spectrum with
a peak at the same wavelength, at least for noncontracting clouds.

Third, the shape of the density fluctuations spectrum is the same as that
of the initial turbulent spectrum. This prediction could be tested by estimating
power spectra for densities and velocities in real interstellar clouds. Finally,
the growth of the relative rms density fluctuation is found to be very rapid in a
contracting cloud. Because the induced density fluctuations depend on the
square of the vortical velocity component, the result of Olson and Sachs
(1973) that vorticity increases in a contracting cloud further accentuates the
growth of density fluctuations.

It is often claimed that turbulence can control the effective Jeans mass.
This conclusion stems from the inclusion of a turbulent pressure, for example,
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in the virial theorem. Such a turbulent pressure would not only affect the
critical mass for gravitational instability, but would inhibit the growth of den-
sity fluctuations in much the same way that ordinary pressure is found to
inhibit fragmentation in numerical collapse calculations (Sec. IV.A). Howev-
er, it is important to realize that all published estimates of the effects of tur-
bulent pressure on gravitational instability which essentially compare tur-
bulent and gravitational energies completely neglect third-order correlations
(e.g., <dpuu;>), and these correlations enhance fragmentation through the
coupling of rotational and compressible modes. As explained by Sasao, it is
likely that the growth by third-order correlations dominates the damping by
turbulent pressure; this is why the dominant unstable wavelength is closer to
the thermal Jeans mass than the turbulent Jeans mass. Turbulent pressure may
support a cloud against collapse without preventing its fragmentation. For this
reason, arguments that rely on a turbulent Jeans mass, such as the estimates of
mass distributions by Arny (1971) and Fleck (1982b) must be considered
tentative at best.

The work of Olson and Sachs (1973) and Sasao (1973) cannot tell us
anything about the strongly nonlinear effects involved in fragmentation. How-
ever, together they suggest a physical picture in which turbulence in a self-
gravitating interstellar cloud promotes fragmentation because of the coupling
between vorticity and density fluctuations, both of which increase with time in
a contracting turbulent cloud. It is easy to imagine that these processes may
result in hierarchical fragmentation, but such a speculation cannot yet be dis-
cussed profitably because the theoretical work can only treat the effects of
weak nonlinearities. Nevertheless, it is interesting to note that this picture
essentially represents a synthesis of the early ideas of Hoyle (1953) and von
Weizicker (1951). Hoyle ignored vortical turbulence and thus considered that
density fluctuations grew rapidly through gravitational effects alone. Von
Weizicker, on the other hand, emphasized turbulent cascade by analogy with
incompressible turbulence, but only considered the effects of compressibility
on fragmentation in a very qualitative way, based on earlier work by von
Hoerner, and suggested that large density fluctuations arise because of shocks,
not because of ordinary gravitational instability. In general terms, the idea that
the interaction between gravitational and rotational effects is a dominant pro-
cess in fragmentation is similar to several more recent theoretical studies
which were discussed earlier.

Space precludes discussion of additional studies which may be relevant
to turbulence in the interstellar medium. For example, the work of S. S. Ag-
garwal and G. L. Kalra (1984) suggests that nonlinear wave-wave interactions
may trigger gravitational instability at wavelengths smaller than the Jeans
length. Vithal and Vats (1983a¢) show that wave-wave interactions lead to
cascading of energy to smaller wavelengths in a compressible medium, al-
though dissipation and self-gravitation are not included in the analysis (see
Bhatia and Kalra [1980] and Vithal and Vats [1983b]).
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Further quantitative calculations of the statistical properties of turbulence
in contracting clouds along the lines of Olson and Sachs (1973) and Sasao
(1973) are highly desirable at the present time. The quasi-normal closure as-
sumption made by these authors is known to give nonphysical results for large
Reynolds numbers and/or late stages of the flow development, but these defi-
ciencies are now understood in terms of excessive memory in the model sys-
tem. A remedy for this problem is the eddy-damped quasi-normal Markov
approximation, which has been applied with some success even for MHD
turbulence (see Poquet 1979). An application of this method to an astro-
physical problem involving turbulent amplification of magnetic fields in radio
sources can be found in DeYoung (1980). The method must be extended to the
compressible case.

V. FORMATION OF LARGE-SCALE (0.1 TO 1 kpc) STRUCTURES
A. Gravitational Instability

The most straightforward mechanism for the formation of the kpc-scale
reddening - H I structures is gravitational instability of the galactic disk. The
classical Jeans criterion for instability in a gas with ratio of specific heats
equal to y is

ye2 k2 = 4wGp > 0 (7

where ¢ is the velocity dispersion, k the wavenumber, and p the average densi-
ty. If we consider the gaseous disk to consist of clouds with velocity disper-
sion ¢, in units of 10 km s ~ ! and smeared out particle number density ., the
growth time scale (in yr) and critical wavelength (in kpc) can be expressed as

T, =3 % 107 n,~ 12 (8)

N, =1n,7 "¢y (9)

and so A, is comparable to the sizes of the observed structures. However, this
result assumes an infinite medium (Jeans swindle), and neglects rotation,
magnetic fields, dissipation, and coalescence.

The pure gravitational instability of a differentially rotating isothermal
disk to the growth of cylindrically symmetric perturbations can only occur if
(Toomre 1964; Goldreich and Lynden-Bell 1965a,b)

C

Q=x3356 = !

(10)

where k = [4B(B—A)]'/? is the epicyclic frequency (~3 X 108 yr—! in the
solar neighborhood), C is the gas velocity dispersion, and w is the gaseous
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surface density. As emphasized by Jog and Solomon (1984a), this criterion
predicts that the gas disk of our Galaxy should be stable, although by a small
margin. Jog and Solomon (19844, b, see also Niimi 1970) show that when the
disk is treated as a two-fluid system, the gravitational interaction between the
gas fluid and star fluid can lead to instability, even when each fluid would be
stable by itself. The relative contribution of each component to the instability
is proportional to its surface density weighted by the inverse of its velocity
dispersion; because the gas velocity dispersion is much smaller than for the
stars, the gas component makes a substantial contribution to the instability
even if its surface density is much smaller than that of the stars. By using
values of the relevant parameters appropriate to our Galaxy, Jog and Solomon
find that the wavelength and growth time of the fastest growing mode are
typically A ~ 2 to 3 kpc, T ~ 2 to 4 X 107 yr, containing a mass of 4 to 10 X
107 M. Jog and Solomon (1984b) suggest that the growth of this two-fluid
instability will increase the gas density above the limit required for gravita-
tional instability of the gas fluid alone, giving clusters of large structures with
sizes of ~ 400 pc and masses of ~ 107 M,. This suggestion is rather spec-
ulative because it depends on the nonlinear behavior of the original two-fluid
instability. It is also not clear why the density increase required for the one-
fluid instability could not be obtained simply by compression in spiral density
wave shocks.

Thus in this picture a two-fluid gravitational instability initiates the evo-
lution of interstellar cloud fragmentation with the growth of very large struc-
tures, and the density increase within these structures promotes a one-fluid
gravitational fragmentation.

It is important to note that Jog and Solomon’s two-fluid analysis was
partially motivated by the apparent result that the one-fluid interstellar medi-
um is marginally stable according to the Q criterion given by Eq. (10). How-
ever, as pointed out by B. G. Elmegreen and D. M. Elmegreen (1983), the
presence of a small azimuthal galactic magnetic field results in a stability
criterion for a rotating medium which is nearly the same as that for a nonrotat-
ing, nonmagnetic medium (Lynden-Bell 1966), independent of Q. This occurs
because magnetic forces oppose the Coriolis forces (Chandrasekhar 1954; see
Stephenson [1961] for an extension including viscosity). The value of O only
affects the growth time scale, not the unstable wavelength. If this is correct,
then the arguments of Jog and Solomon, including their stability analysis for
the two-fluid case, would require modification. The two-fluid case would then
boil down to the criteria presented by Niimi (1970) and Kegel and Volk (1983)
discussed in Sec. IV.B above. For no relative velocity between the stars and
gas, the unstable wavelength is just the ordinary Jeans wavelength for the gas
multiplied by a factor (< 1) which depends on the ratio of velocity dispersions
and mass densities of stars and gas; for our Galaxy this factor is not much less
than unity, so the one-fluid Jeans wavelength is recovered even in the two-
fluid case. However, the analysis also shows that the existence of a drift ve-
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locity between gas and star fluids, an effect not considered by Jog and Sol-
omon, can reduce the critical wavelength much below the Jeans wavelength
because the drift velocity is comparable to the gas sound speed. For these
reasons it is not at all clear that the two-fluid critical wavelengths and masses
derived by Jog and Solomon are relevant to the real interstellar medium, nor
that they are comparable to the scales of observed superclouds.

B. G. Elmegreen (1982a,¢) has presented a very detailed analysts of the
linearized perturbation equations for the combined Parker-Jeans instability of
a self-gravitating, isothermal exponential gas layer, neglecting rotation.
Elmegreen shows that at lower densities, n, =< 1 cm~3, the Parker instability
dominates gravitational instability, and the dominant cloud mass decreases
with decreasing density. For example, at n, = 0.3 cm~3 the cloud mass is
only about 2 X 10* M. These masses are comparable to those estimated for
clouds in which optical polarization suggests the operation of Parker in-
stability (see Appenzeller 1974; Vrba 1977; Vrba et al. 1981). At larger initial
densities, however, Parker instability is unimportant and gravitational in-
stability produces clouds with final masses of ~ 10° M, approximately inde-
pendent of density, with growth time essentially equal to 7,. Note that this
final mass for the fastest growing wavelength is much smaller than found by
Jog and Solomon, even for the one-fluid case at enhanced densities. This
discrepancy only reflects the fact that estimated masses associated with unsta-
ble wavelengths depends on the assumed geometry; for different assumed
elongations, Elmegreen’s (1982¢) masses can exceed 107 M (Elmegreen,
personal communication). Elmegreen suggests that the essential feature pro-
moting the compression required for the gravitational formation of these
clouds is a spiral density wave, explaining why large cloud complexes and
giant H Il regions appear in the spiral arms of galaxies (see also B. G.
Elmegreen [1979a] for a more general discussion of the collapse and fragmen-
tation of dust lanes). We see that Elmegreen’s picture of disk instability is
much different than that proposed by Jog and Solomon. Jog and Solomon
neglected the effect of a magnetic field in opposing the Coriolis force while
Elmegreen neglected the effect of the presence of stars.

Both of the studies discussed above assume an isothermal cloud fluid,
and so it is interesting to consider the effects of dissipation. Struck-Marcell
and Scalo (1984) have examined the linear stability of a cloud system when
cloud collisional dissipation, coalescence, and energy input due to star forma-
tion are included. However, the effects of stellar gravitation are not included.
The results show that the classical Jeans mode can be suppressed when the
cloud collision time scale is smaller than 7, However, an unstable modified
isentropic Jeans mode always exists for wavelengths A = A,/2; when colli-
sions are important the growth time scale is somewhat larger than 7,, but the
effect is not large. It seems plausible, therefore, that the isentropic Jeans mode
may preserve the general conclusions of Elmegreen and Jog and Solomon,
even when dissipation and coalescence are important in suppressing the ordi-
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nary Jeans instability (although this suggestion needs to be examined in
detail).

B. Thermal Instability of a Cloud Fluid

If we consider the interstellar medium to be composed of a large number
of clouds which interact collisionally and which acquire energy through stellar
explosions, winds, etc., then the system of clouds may be subject to a thermal
instability if the energy injection rate does not depend on the number density
of clouds, n,.

Cowie (1980) pointed out that the effective pressure-density relation in
an equilibrium cloud fluid can be obtained by equating the collisional dissipa-
tion rate of ~ n2¢3 to the energy input. If the energy input is constant, then the
pressure nc?/3 will vary as (nc) ~ !, which decreases during compression. A
compression therefore leads to a pressure deficit, which causes collapse. How-
ever, Cowie neglected the effect of coalescence, which reduces n during the
compression. A linear perturbation analysis of model cloud fluid equations
(Struck-Marcell and Scalo 1984) confirms Cowie’s suggestion: An isobaric
thermal instability occurs as long as the efficiency of dissipation is not much
smaller than that of coalescence, which is plausible. The instability is entirely
analogous to the isobaric mode encountered in studies of a nonadiabatic
chemically reacting interstellar gas. The critical wavenumber is given by k_
=(512¢%/9)~ 2 where 7T is the mean cloud collision time scale. The corre-
sponding wavelength, which is about 9 times the cloud mean free path, can be
written (in kpc)

Ao = 4 (/105 M) (n,,/100 cm=3)23 = ! (11)

where 11 is the mean cloud mass, n;, is the average internal particle number
density of the clouds, and n_ is the smeared-out particle number density. The
unstable wavelengths must be smaller than A so that collapse, communicated
by pressure waves in the cloud fluid, can proceed more quickly than
dissipation.

The growth time for this instability is essentially the cloud collision time
7. Relative to the classical Jeans growth time 7, one finds

T/7, = 3 (n,,/ 100)3 A/ 1053 0~ 12¢ 7 L (12)

This expression shows that the thermal instability will proceed faster than
gravitational instability for small cloud masses and/or internal densities, or in
shock-compressed regions of the interstellar medium where n, and ¢ are large.
In particular, this thermal instability could dominate gravitational instability in
regions which have passed through a spiral density wave. The instability
would lead to a two-phase cloud fluid: a low-density, large-velocity dispersion
phase, and a high-density, low-velocity dispersion phase; the latter phase
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would correspond to the gathering of small clouds into large complexes with
sizes of ~ 0.2 to 2 kpc, depending on the parameters. The model requires the
prior existence of relatively low-mass clouds; perhaps these are formed by the
Parker instability as found by Elmegreen (1982¢). The instability also depends
crucially on the assumption that the energy injection rate is independent of the
number density of clouds. For example, the instability does not occur in the
standard Oort model in which energy input is due to disruption of massive
clouds (Struck-Marcell and Scalo 1984); energy injection due to winds and
explosions of field stars, as in the model of Bania and Lyon (1980) is required.

C. Collisional Buildup: The Oort Model

The idea that massive (~ 10° to 106 M) star-forming interstellar clouds
form by means of collisional coalescence of smaller clouds has a long and
venerable history. The most commonly discussed model, the Oort model
(Oort 1954), assumes that small clouds are formed when massive clouds are
disrupted by internal stellar activity such as expanding H II regions, winds, or
supernova explosions. These small clouds are supposed to collide and co-
alesce, eventually creating a new generation of massive star-forming clouds
which disrupt, and so on. The Oort model is appealing because estimates for
the mean collision time scale for diffuse clouds, based on statistics of H I
emission and absorption, optical interstellar lines, and reddening, is estimated
to be only around 107 yr, assuming that clouds are randomly distributed, and
because the efficiency of radiative shock dissipation in cloud collisions sug-
gests that collisions should lead to coalescence.

The basic kinetic equation governing the evolution of the mass distribu-
tion has been expounded in a large number of papers, and the reader is re-
ferred to Kwan (1979), Cowie (1980), and Pumphrey and Scalo (1983) for
earlier references. Refinements include an allowance for a finite time lag be-
tween the formation of massive star-forming clouds and their disruption, the
evaporation of clouds and other processes related to interactions with super-
nova remnants (Chieze and Lazareff 1980), and the effects of spiral density
waves. The kinetic equation can only be solved analytically for a very re-
stricted set of assumptions concerning the form of the collision cross section
and the cloud velocity distribution, but more recent N-body simulations have
included more realism (see, ¢.g., Hausman 1982). The linear stability of a
hydrodynamic description of the Oort model (and other models for interstellar
cloud evolution including the Oort model) is discussed in Struck-Marcel and
Scalo (1984a). The Oort model is very stable to both linear and nonlinear
perturbations when time lags are ignored, but a finite lag between massive
cloud formation and cloud disruption leads to limit cycles, chaotic behavior,
and strong bursts of star formation (Scalo and Struck-Marcell 1985).

There are two basic problems with the Oort model which have received
recent attention. The first is that it may be difficult to form clouds as massive
as GMC’s (~ 103 to 10° M) unless these clouds have lifetimes at least as
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long as a few times 108 yr (Scoville and Hersh 1979; Kwan 1979), which now
seems unlikely. Furthermore, the time required to build massive clouds is so
long that it is difficult to understand why star formation occurs preferentially
in spiral arms. Casoli and Combes (1982) showed that, if the density enhance-
ment of clouds in spiral arms is a factor of 5 or more, the resulting increase in
the collision rate can result in GMC’s concentrated in spiral arms, even if the
massive cloud lifetime is as small as 4 X 107 yr. However, the density en-
hancement was an assumed parameter. Kwan and Valdez (1983) and Tomi-
saka (1984) have presented N-body simulations of the Oort model which self-
consistently follow the cloud collisional evolution in a spiral gravitational po-
tential. Kwan and Valdez (1983) show that the rate of cloud growth is in-
creased by a factor of 3 to 6 in the arms because of the effect of the potential
minimum in increasing the space density of clouds. However, the model still
required ~ 108 yr to form massive clouds. Tomisaka (1984) performed similar
calculations, but finds that the model can give a sizable percentage of the total
gas mass in the form of GMC’s with masses > 10° M, even if the massive
cloud lifetime is ~ 4 X 107 yr. The massive cloud lifetime which is required
to explain the observed (and uncertain) CO cloud mass distribution is still too
large (~ 2 X 10% yr) if the internal densities are as large as 300 cm 3,
however, Tomisaka suggests that lifetimes =< 4 X 107 yr can be obtained if the
internal densities are about a factor of 5 smaller, or if the observed mass
distribution refers mostly to the molecular ring at a galactocentric radius of ~
5 kpc. It thus appears that the Oort model may be consistent with GMC life-
times of ~ 3 X 107 yr when the effects of a spiral density wave are consid-
ered. However, none of these calculations include the effects of collisional
fragmentation, which may be quite important according to Hausman (1981,
1982).

The second problem is that a collisional model which assumes mo-
mentum conservation in collisions predicts a velocity dispersion-mass relation
of the form v(m) o« m ~ /2, which is not observed, as pointed out by Kwan and
Valdez (1983). A recent study of the kinematics of local molecular clouds by
Stark (1984) indicates a velocity dispersion of about 9.0 km s~ ! for low-mass
(102 to 10* M) clouds and 6.6 km s — ' for moderate-mass (10% to 10°-> M)
clouds. Kinetic energy is not constant for m < 105 M, although there is a
tendency for equipartition at larger masses.

A discussion of this problem was given by Hausman (1982), who finds
from Monte-Carlo simulations that any model which gives a roughly constant
v(m) as observed, gives a cloud mass spectrum which is too steep compared to
observations; this result is due to the effects of collisional fragmentation. Cas-
oli and Combes (1982) find, however, that v(m) « m~9-! or so, with a satis-
factory mass distribution, even though collisional fragmentation was in-
cluded. They claim that the flat v(m) occurs because there is not enough time
to establish the m ~ /2 relation. The N-body calculations of Tomisaka (1984)
give a similarly flat v(m), but in this work the larger velocity dispersion of
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massive clouds is apparently due to their acceleration and deceleration near
the potential minimum; however, collisional fragmentation was again not in-
cluded. It therefore seems possible, though not firmly established, that the
observed relatively flat v(:m) may not be a devastating blow to the Oort model,
but the physical processes involved still need to be clarified.

There are additional, perhaps more fundamental, issues which need to be
addressed. First, there is as yet only weak observational evidence that massive
clouds disrupt into a number of small clouds which can remain as coherent
objects at least until they collide with other clouds. A recent study of CO
towards a large number of young clusters by Leisawitz (1985, in preparation)
gives support to this picture. It is suggested below that the optical and H 1
shell structures observed in our Galaxy and the Large Magellanic Cloud may
break up into the clouds required by the Oort model.

Secondly, it is not at all clear that collisional growth can yield the type of
hierarchical spatial structure which was described in Sec. II. The observed
hierarchical structure at mass m would have to be interpreted as a frozen
history of all the cloud collisions which occurred during the buildup of a cloud
of mass m. The smaller cloud involved in a coalescent collision can probably
only retain its identity as a fragment within the larger cloud for a time on the
order of L/c,, where L is the size of the smaller cloud and ¢, is the sound
speed, as suggested by the two-dimensional cloud collision calculations of
Gilden (1984). This time must exceed the growth time of the most massive
clouds if we are to observe hierarchical internal structure. The model is fur-
thermore restricted by the fact that the observed structure seems to contain
perhaps 3 to 5 fragments per level of hierarchy, so that at least 3 to 5 collisions
with smaller clouds must occur before the cloud itself meets a larger cloud,
because once it is swallowed there is little chance that it could later consume a
still smaller cloud. This should impose a constraint on the cloud mass spec-
trum. However, even then it is difficult to reconcile this idea with the rather
subjective impression that fragments within any scale seem to have similar
sizes and regular spacings. (Similar remarks apply to the GMC model of Bash
et al. (1981) which requires collisions with small clouds to power the ob-
served supersonic internal motions and support the GMC’s.)

A possible answer to these objections is simply that the internal structure
resulting from cloud collisions is in fact erased on a short time scale, so that
the observed structure represents fragmentation processes which occur subse-
quent to the buildup of a GMC. In this case the collisional buildup determines
the appropriate initial conditions for true fragmentation processes. Also, one
might expect very small rotational velocities for the GMC’s because the an-
gular momenta of the clouds involved in a coalescent collision should be
randomized and because rotational energy may be efficiently converted into
internal energy, in analogy with numerical calculations of galaxy mergers.

Another problem concerns the existence of the reddening-H I complexes
with masses of ~ 107 M. It is not possible for collisions to build up such a
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large structure in a reasonable amount of time. If extinction-molecule com-
plexes are actually fragments within the larger diffuse complexes (discussed
earlier), then one must appeal to a separate mechanism, like gravitational
instability of the disk, to form the largest structures. This suggests an interest-
ing variant of the Oort model in which the galactic disk is replaced by the
interior of a reddening-H I complex as the volume in which the coalescence-
disruption cycle operates. The idea is attractive because within the diffuse
complex the cloud number density and total mass density are larger than in the
galactic disk scenario, so that less time is required to build up successive
generations of GMC-sized clouds.

One must also question the assumption that cloud collisions will gener-
ally lead to coalescence. While it is true that shock radiation dissipates rela-
tive kinetic energy efficiently, there is still a large amount of momentum de-
posited, which may be sufficient to disrupt the large clump. This point is
discussed quantitatively by Hausman (1982), Pumphrey and Scalo (1984), and
Gilden (1984). Gilden shows that in order for the collision of two Jeans-stable
clouds to resist disruption, the mass ratio must exceed the Mach number of the
collision. Because the appropriate Mach number is large (= 10), a system of
interacting Jeans-stable clouds is likely to resist coalescence unless the cloud
mass distribution is very flat, so that collisions with large mass ratios can
occur with sufficient probability. One can show that for a power law differen-
tial mass spectrum of the form f(m) « m~7, the fraction of collisions in
which the mass ratio m,/m, (= 1) exceeds a given value is approximately
equal to (m,/m,)¥ !, for y > 1, and for a lower-mass limit much smaller than
the upper-mass limit. If y = 1.7 as found by many investigations of the Oort
model, then only about 20% of Mach 10 collisions should lead to coales-
cence.

Gilden (1984) also points out that, in a collision of two clouds with
different sizes, the larger cloud can entrap the smaller cloud, giving coales-
cence, only if the column density of the large cloud exceeds that of the small
cloud. However, as pointed out earlier, observations of dark clouds indicate
that column density decreases somewhat with increasing size, making coales-
cence unlikely. It is possible that the inelasticity of cloud collisions can still
lead to the clustering of clouds into large structures within a spiral gravita-
tional potential, even without coalescence, as shown by the recent N-body
simulations of W. W. Roberts and M. A. Hausman (1984) and Hausman and
Roberts (1984).

More generally, the entire kinetic equation approach to the cloud evolu-
tion problem may be questioned because of its overly simplistic parameteriza-
tion of the outcome of collisions, even when these parametrized treatments
appear complex, as in Hausman (1983) and Pumphrey and Scalo (1984). Lat-
tanzio et al. (1985) have emphasized this problem in their detailed three-
dimensional simulations of interstellar cloud collisions.

Finally, if interstellar clouds are linked magnetically to the external medi-
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um, it may be that clouds rarely undergo physical collisions at all (Clifford
and Elmegreen 1983).

We have not discussed the possibility that cloud collisions can induce
internal fragmentation and star formation. Some such considerations are dis-
cussed in Gilden (1984). If fragmentation and star formation are viewed as a
phase transition occurring within clouds, then it is interesting to note the sim-
ilarity to recent models for intense rainfall induced by the collisional coales-
cence of cumulus clouds (see Bennetts et al. 1982).

D. Expanding Shells

The morphology of interstellar structures provides valuable clues to the
physical processes responsible for their formation and internal substructure.
There is substantial evidence that at least some part of the large-scale structure
is in the form of expanding shells. For example, the local extinction-molecule
complexes such as Taurus and Orion are part of a large (~ kpc) expanding
ring of material, probably associated with Gould’s belt (Lindblad 1967), sug-
gesting that shell fragmentation is an important process at large scales. Cowie
et al. (1981) found shells with sizes of ~ 100 pc around 2 of 13 OB associa-
tions using International Ultraviolet Explorer (IUE) data. Shell structures can
be clearly seen in intermediate-latitude H I emission surveys of our Galaxy (an
example is shown in Fig. 27). The fact that some shells are so large (~ 40°)
that they could be seen at large distances led Heiles (1979; see also Hu 1981)
to examine the Weaver and Williams (1973) low-latitude H I survey for the
presence of shells. Heiles tabulates estimated parameters for some 63 H 1
shells with a large range in sizes (~ 10 pc to 1.2 kpc) and masses (~ 103 to
103 M) Heiles (1984) has recently given a new discussion of the H I shells
and reemphasizes that the subjective nature of the shell identifications makes
these lists of shell structures unsuitable for statistical purposes. Heiles also
points out that there appears to be no unique relationship between shells and
any particular astronomical object. While some shells can be associated with
supernovae or young clusters, not all supernovae and clusters have shells, and
most shells are not associated with any known astronomical object.

Similar shells, mostly around OB associations, are seen optically in the
Large Magellanic Cloud (LMC) (see, e.g., Meaburn 1980; Braunsfurth and
Feitzinger 1983, and references therein) and M31 (Brinks 1981; Brinks and
Bajaja 1983). Two photographs of the LMC structure in Ha + [NII] are pre-
sented in Figs. 28 and 29. Georgelin et al. (1983) have investigated the varia-
tions of the [SI1]6716/Ha line ratio in and among 43 LMC shell structures
with sizes =< 200 pc. They concluded that the large shells appear intermediate
between classical H 1I regions and supernova remnants, both in their mor-
phology and their internal motions and line ratios. The large internal ve-
locities found in many of these shells may be taken as some support for cyclic
interstellar medium models like the Oort model.

Interpretations of these shells include the combined effects of H II re-
gions, stellar winds, and supernova explosions in a star cluster (see, e.g.,
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Fig. 28. Ha+[N II] photograph of the LMC showing shell structures (figure from Davies et al.
1976). The largest structures are the 30 Doradus supergiant shells with a diameter of 1.3 kpc;
the core of 30 Dor has a size of about 300 pc.

Weaver 1979; Bruhweiler et al. 1980; Elmegreen 19815), large high-velocity
clouds falling through the galactic disk (Tenorio-Tagle 1980,1981), and
runaway expansion of shells driven by radiation pressure from field stars (B.
G. Elmegreen and W.-H. Chiang 1982). A good review of the attributes and
failings of these models is given by Heiles (1984). It may also be possible to
explain some of these shells as resulting from Parker instability, as in the case
of Barnard’s Loop in Orion (Appenteller 1974). Because many (but not all) of
the observed galactic shells seem to be expanding, we can probably reject the
idea that they are the result of a coalescence event, the currently popular
explanation for shells around some elliptical galaxies (see Schweizer 1983;
Quinn 1983).

An appealing theory for kpc-sized shells, which may be related to the
reddening - H I superclouds discussed in Sec. II, is the radiation-pressure
mechanism examined by Elmegreen and Chiang (1982). The basic idea is that
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Fig. 29. A portion of the plate shown in Fig. 28 (near the top of Fig. 28 north of the 30 Dor
complex), enhanced by unsharp masking and high contrast printing, revealing new supergiant
shells comparable in size to the 30 Dor shells (figure from Meaburn 1980).

if an initial event, such as stellar winds or explosions, clears a small cavity, the
lack of absorption in the cavity makes the net radiation flux from field stars
anisotropic. External pressure attempts to keep the shell from expanding, but
the net radiation force of the field stars and the cluster radiation force can
overcome this confinement for a reasonable value of the relevant parameters.
The radiation force from the cluster decreases as R ~2 as the shell expands, but
the field star contribution depends on #n /R? « R, where n, is the number
density of field stars, and so increases as the shell expands, leading to
runaway expansion. Elmegreen and Chiang show that a shell can grow from
102 pc to 103 pc in about 10% yr, and suggest several possible mechanisms for
the eventual breakup of the shell. First, galactic shear may distort the shell
into spiral-like picces with sizes of ~ 1 kpc. Second, when the shell size
exceeds the Jeans length in the galactic disk (~ 1 kpc), the shell may collapse
and fragment. Finally, when the optical depth through the shell exceeds unity,
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the radiation force is only exerted on the inner surface, leading to breakup by
the Rayleigh-Taylor instability. These large-shell breakup mechanisms de-
serve a detailed investigation.

A problem with the B. G. Elmegreen and W.-H. Chiang model (Heiles
1984) is that the runaway expansion can only occur for a preexisting shell
having a radius and expansion velocity greater than some critical value, which
may be so large as to make it difficult to understand energetically how such a
preexisting shell could form. A possible way out of this difficulty, as pointed
out by Heiles, is to assume that the ambient material swept up by the shell is
in the form of clouds, so that the effective external pressure would be very
small. Elmegreen and Chiang show that in such a case runaway expansion
should occur for any shell within radius > 100 to 300 pc, which may not be
unreasonable.

Another attractive idea for explaining the extremely large energies infer-
red for some supershells is collisions of high-velocity clouds with the galactic
disk, as modeled by Tenorio-Tagle (1980,1981). Heiles (1984) gives three
arguments, based on his observational study of H I shells, which support this
model:

1. The large energy requirements for supershells preclude a supernova/OB
cluster wind source, while the infalling cloud model can account for the
inferred energies;

2. The association of some supershells with high-velocity gas, and espe-
cially;

3. The fact that, for the most energetic expanding supershells, and most of all
the shells, only one hemisphere is visible, a direct prediction of the theory.

If such expanding supershells can lead to star formation, perhaps as in the
local Lindbland ring, and if the infalling clouds are identified with the
Magellanic Stream, then the above remarks suggest one way in which tidal
encounters between galaxies can induce star formation, a phenomenon which
is well established observationally.

Combining these ideas with theories for sequential star formation by
ionization-shock fronts discussed earlier (Sec. IV.B), one can imagine a whole
hierarchy of fragmented shell structures covering the range of 10 to 1000 pc.
A similar bootstrapping of shell structures has been proposed as a model for
galaxy formation (Ostriker and Cowie 1981). For the interstellar medium it is
clear that shells on the requisite scales do exist, along with plausible, though
rather qualitative, theories for their formation. However, it remains to be es-
tablished whether these shells are the dominant structures initiating fragmen-
tation and star formation on large scales, in view of the number of other
mechanisms which have been proposed. It is also important to study the inter-
nal density and velocity structure of the smaller shells, not only because they
show how gas is ejected from star-forming regions, but also because they may
provide constraints on the masses and injection velocities of the small clouds
postulated in the Oort model.
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VI. CONCLUDING REMARKS

This review has emphasized two major themes: the fact that the observed
structure of the interstellar medium is hierarchical, and the diversity of phys-
ical processes which may be responsible for this structure. On the observa-
tional side, there is a need for quantification of the structural characteristics
over a broad range of spatial scales which will only be achieved by a coordi-
nated deployment of the data available from observational techniques sen-
sitive to different ranges of column density. The most effective future pro-
grams for this purpose are likely to be large-scale extinction and reddening
studies. Wide-field CCD images can yield accurate star counts down to at
least 26" magnitude, and can probe regions with visual extinctions between
about 1 and 10 mag with an angular resolution approaching ! arcsec. While a
large fraction of the sky cannot be studied in this fashion, the nearby complex-
es could in principal be structurally analyzed in column density over a range
of ~10% to 10° in spatial scales. Reddening statistics can be used at smaller
column densities although the angular resolution will be much poorer because
of the brighter limiting magnitude imposed by the necessity of spectroscopic
observations.

Neither extinction nor reddening give any information on the velocity
structure; this must come from molecular lines (!3CO or '¥CO) at large col-
umn densities and H I or optical interstellar lines at smaller column densities.
The important point is that, if we are to quantify interstellar velocity structure,
the observations must sample a very large number (= 10%) of positions; be-
cause good signal-to-noise and velocity resolution are essential in such a
study, this will be a laborious feat with current-generation equipment. Howev-
er, determination of velocity structure over a range of scales is necessary to
distinguish between various fragmentation mechanisms, such as gravitational
contraction controlled by either rotational or magnetic effects.

Theoretically, the major problems again involve the ability to examine
the coupling between processes which occur over a range of spatial scales. In
particular, current numerical hydrodynamic techniques are incapable of fol-
lowing more than one level of fragmentation. Furthermore, the results of the
available hydrodynamic studies reviewed above are highly dependent on the
initial conditions and other assumptions. Not only are the calculations sen-
sitive to the initial partitioning of gravitational, thermal, rotational, and mag-
netic energies, but to the presence of initial fluctuations in density and ve-
locity, which are likely to be significant, and the possible importance of
turbulent viscosity and other poorly understood phenomena. In addition, the
dynamical range of current numerical calculations is too small to reveal what
may prove to be the most important feature of the problem: the tendency of
nonlinear systems to exhibit chaotic, or turbulent, behavior. The associated
sensitivity of the evolution to initial conditions, which is already suggested by
existing numerical experiments, remains to be explored.
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Finally, a good deal of theoretical and observational work strongly sug-
gests that the formation of stars affects the subsequent evolution of the cloud
structure, whether by wind-driven turbulence, fragmentation of expanding
shells, or implosion or disruption of preexisting fragments. It will not be
possible to include these effects rigorously in hydrodynamic calculations in
the forseeable future, but it certainly seems worthwhile to consider an approx-
imate modeling of the stellar effects within the framework of a hydrodynamic
calculation, in much the same way that small-scale processes are included in
subgrid modeling techniques common in numerical studies of incompressible
turbulence studies which suffer from the same deficiency in range. The simu-
lations of Bania and Lyon (1980) may be considered as prototypes of this
approach.

These comments should not be taken as some sort of vilification of pre-
vious theoretical and observational work, which has pushed fruitfully against
existing computational and instrumental limitations, but rather to underline
the exigency for coordinated activity between observers and theoreticians, in
preparation for the rapid expansion in computational and instrumental ca-
pabilities which should occur in the next few years.

In summary, the study of fragmentation must be regarded as an attempt
to understand relationships between the scales of stars and galaxies. Indeed,
one of the only clear impressions which emerges from the mass of existing
theoretical and observational work is that the entire range of scales is coupled
in a nonlinear manner. It is in this fundamental sense that fragmentation is a
form of turbulence, and, just as in all such studies of turbulent nonlinear
systems, the ultimate goal is an understanding of the wonderful order which
appears amidst a welter of forms.
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Recent theoretical and observational studies of the formation of bound and un-
bound stellar systems are reviewed. Current observational and theoretical evi-
dence appears to favor the hypothesis that both gravitationally unbound
associations and bound clusters form initially in bound molecular clouds.
Whether or not a stellar system will remain bound after formation depends
primarily on the efficiency of conversion of gas to stars in a cloud, the manner in
which gas not used up in star formation is dispersed from the system and, to a
lesser extent, on the initial mass density of the protostellar cloud. Associations
are a result of the global star formation process in a giant molecular cloud
(GMC). Observations indicate that the overall efficiency of star formation in
GMCs is small; only about 0.2 to 5% of the total gaseous mass is ever converted
to stars in such clouds. Consequently, the inevitable destruction of a GMC by H
II regions, stellar winds, and supernovae which accompany the formation of
new stars, results in the dispersal of the majority of the initial binding mass of
the star-forming complex. Therefore, an unbound system of stars is left behind,
expanding into the field with a velocity on the order of a few km s—1, charac-
teristic of the velocity dispersion in the original molecular cloud. Open clusters
appear to form as a result of enhanced star formation efficiency in a small,
localized region or core of high gas density within a GMC. Theoretical consid-
erations suggest that star formation efficiencies of at least 30% are required to
produce clusters similar to the Pleiades from typical molecular cloud cores. It is
not yet clear from observations whether the galactic star formation process can
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produce efficiencies as high as 50%, but if such efficiencies cannot be attained
then gas removal from protocluster systems must occur over periods of at least a
Sfew million years. Observational techniques used in the identification of young
dust-embedded clusters and the results of recent studies of young star-forming
regions are discussed in terms of their likelihood of forming bound systems.
Finally, the utility of infrared observations to determine the luminosity functions
of dust-embedded stellar populations is discussed in the context of recent obser-
vations of the p Ophiuchi dark cloud.

The observed presence of long-lived open clusters in the disk of our
Galaxy is clear evidence that stars form in gravitationally bound systems.
However, we understand very little about the processes by which these bound
clusters are formed. Only about 10% of the field stars in the solar neigh-
borhood can be accounted for from the dissipation of bound stellar systems
and the remaining 90% are believed to have formed in unbound associations
(M. S. Roberts 1957; G. E. Miller and J. M. Scalo 1978). Therefore, the star
formation process in our Galaxy would appear to favor the formation of un-
bound associations. What special conditions in molecular clouds lead to the
formation of bound clusters as opposed to unbound associations? What obser-
vational procedures are best suited for locating and studying these dense
stellar aggregates?

The identification of young dust-embedded clusters is critical for our
understanding of low-mass star formation. These high-density stellar groups
provide a unique laboratory in which to investigate the formation and early
evolution of solar-mass type stars. Another major motivation for studying
young embedded clusters is the unique opportunity to explore how the mass
function of a cluster evolves from its earliest stages of formation. Despite the
basic similarity of the initial mass functions of open clusters for M > 3 M,
(see, e.g., Scalo 1985a), there is good evidence that not only do cluster-
forming clouds produce stars over a significant fraction of the lifetime of
clusters (see, e.g., Herbig 1962a; Landolt 1979; Stauffer 1980; W. Herbst and
G. E. Miller 1982) but this star formation process may proceed sequentially
in mass (e.g., NGC 2264 [M. T. Adams et al. 1983]). Hence, investigations
into how the cluster initial mass function (IMF) evolves will give us insight
into the actual process by which protostellar fragments are created and how
they produce an IMF whose form is apparently common to all clusters.

In this chapter, we will review the properties of visible associations and
open clusters and discuss what these properties infer about the processes by
which these stellar aggregates are formed. To assist in the identification of
young embedded clusters, we will discuss the required efficiency of conver-
sion of gas into stars and the molecular cloud environment necessary to pro-
duce bound clusters. Quantitative estimates for the final star formation effi-
ciency in bound systems will be presented from both analytic and numerical
studies. Observational techniques which are used to identify regions forming
groups of young stellar objects (YSOs) will be reviewed. Existing observa-
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tions of young stellar groups will be presented and compared to the proposed
scenarios for association and cluster formation. A preliminary study of the
luminosity function of the young dust-embedded cluster in the p Ophiuchi
dark cloud will be presented.

I. FORMATION OF CLUSTERS AND ASSOCIATIONS

A. Review of Optical Properties

Associations are low-density stellar aggregates consisting of stars of the
same physical type which are enhanced relative to the field population; see
Blaauw (1964) for detailed review. Associations can be collections of massive
stars (OB), reflection nebulae (R) or emission-line stars (T). Stellar densities
in associations are usually < 0.1 M, pc ™3 making them unstable to disrup-
tion by galactic tides (p.;, > 0.1 Mg, pc—3 for stability [Bok 1934; Mineur
1939]) and passing interstellar clouds (p . > 1 M, pc 3 for stability over
average cluster lifetime of 200 X 106 yr [Spitzer 1958]). Therefore, it is not
surprising to find that such low-density collections of stars are young (< 10 X
108 yr old).

Open clusters are high-density stellar aggregates composed of stars over
a wide range of mass. This mass distribution varies little from cluster to clus-
ter and closely resembles the field star IMF (see Scalo 1985a). Stellar densities
in open clusters are typically > 1 Mg, pc~?2 allowing them to be relatively
stable against external disruptive forces. Open clusters are found to be long-
lived; 50% of observed open clusters reach an age of 200 X 106 yr (Wielen
1971).

From these observed properties of associations and open clusters, it ap-
pears that associations are gravitationally unbound. Supporting their unbound
nature is the observation of the low efficiency with which associations form
from molecular clouds. A comparison of the stellar mass of OB associations
with the gaseous mass of the giant molecular clouds (GMCs) from which they
formed suggests that only 0.2% to 5.0% of the total mass of a GMC is ever
converted into stars (Blitz 1978; Duerr et al. 1982). Thus, as first suggested by
von Hoerner (1968), the dispersal of an association-forming cloud will re-
move the majority of the initial binding mass of the system and result in an
unbound, expanding association. Conversely, open clusters owe their longev-
ity to their formation as gravitationally bound systems which are stable against
disruption from external forces. Apparently, the conversion of gas into stars
during cluster formation is sufficiently great such that the new stellar system
retains a substantial fraction of the initial binding mass of the cloud.

B. Models for Association Formation

Observations of unbound associations first led astronomers to the as-
sumption that these associations, unlike open clusters, formed in unbound
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molecular clouds. This initial expansion of molecular clouds from which asso-
ciations were formed was proposed to have been driven by a variety of mecha-
nisms. Opik (1953) suggested that expanding shells from a supernova explo-
sion could sweep up and compress molecular material from which new stars
are formed. These newly formed stars would retain the outward motion of the
supernova shell and form an unbound association which was expanding away
from the original site of the supernova explosion.

Oort (1954) proposed a similar scenario for association formation based
upon the expansion of the H II region into neutral cloud material. The ob-
served concentration of young stellar groups within regions of ionized gas led
Ambartsumian (1955) to propose an alternative model in which associations
arise from the breakup and expansion of a single, massive protostar which
subsequently forms a trapezium-like system.

Observations of the velocity dispersions in molecular clouds and young
associations do not support the concept of associations forming in unbound
molecular clouds. First, the velocity dispersions observed in molecular clouds
are consistent with the clouds being gravitationally bound and approximately
in virial equilibrium (R. B. Larson 1981). This observation holds for clouds
over a wide range of mass (1-10° M) and includes clouds forming massive
OB stars. Second, young stars in associations are observed to acquire the same
velocity dispersion as the molecular gas from which they form. Hence, the new
system of stars appears to form in equilibrium with the bound molecular cloud.
For example, the velocity dispersion of emission-line stars in the Taurus-Auriga
T association is measured to be 1 to 2 km s~ ! and resembles the velocity
dispersion of the Taurus molecular cloud (Dieter 1976; B. F. Jones and G. H.
Herbig 1979). The velocity dispersion for members of the A Ori OB T associa-
tion is also about 2 km s — ! (Mathieu and Latham, preprint). Even though this
association is no longer confined by the gas from which it formed, it displays
motions characteristic of the molecular gas in the nearby B 30 and B 35 clouds
which border the association (Lada and Black 1976; Deurr et al. 1982).

In summary, recent study of the velocity dispersions in molecular clouds
and of their associated stars have shown that stars, both in associations and in
open clusters, must form in bound molecular clouds. Upon their formation,
these stars acquire the velocity dispersion of their associated molecular gas. If
the efficiency of conversion of gas to stars is low, then the removal of the gas
from the system will also remove the majority of the initial binding mass. As a
result, the velocity dispersion of the association will be greater than the escape
velocity from the naked system of stars, and the association will diffuse into
the general background population in < 107 yr. Conversely, if the star forma-
tion process in clouds results in a high efficiency of conversion of gas into
stars, then the dispersal of the cloud will remove only a small fraction of the
initial binding mass of the system. In this case, the velocity dispersion of this
bare stellar group will be much less than the escape velocity from the system
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and allow the group to remain gravitationally bound until evaporation and
external forces disperse the cluster after several hundred million years.

C. Star Formation Efficiency

In order to quantify the efficiency with which gas must be converted into
stars to produce gravitationally bound systems, the parameter m, called the
star formation efficiency, has been introduced. This parameter is defined as

M =M My + My (N

stars stars

and is a time-dependent quantity related to the total mass of stars present
(M ,r,) as compared to the initial cloud mass (M, + M,,). This quantity m
will slowly increase over the star-forming lifetime of a molecular cloud.

Predictions for the final value of v in a bound cluster depend critically on
how fast the gas is removed from the system of stars and gas. The dependence
on 7 on the gas release time has been considered by analytic studies for two
limiting cases; the gas release time is rapid (much shorter) or slow (much
longer) compared to the crossing time for a system in virial equilibrium. Nu-
merical studies of the star formation efficiency in bound clusters have the
advantage of being able to consider the entire range of possible gas release
times and attach realistic values to the time scales for the slow (adiabactic)
removal of gas.

1. Analytic Studies.  Various methods have been used to investigate the
final star formation efficiency necessary to produce a bound cluster in the
limiting cases of rapid and slow gas release. In the case of rapid gas release,
the gas is removed in much less than a crossing time such that the gas-free
cluster initially has the same radius R, and velocity dispersion as the system of
gas and stars. However, the sudden drop in cluster binding mass results in a
large number of stars having great enough velocities to escape the system. The
remaining cluster expands and revirializes reaching a final radius R, given by

R, m

R, 2q—1

i

(n > 0.5). (2)

(see, e.g., Hills 1980). In the case of slow gas release, the gas mass loss from
the system occurs on a time scale much greater than the crossing time and
allows the system to readjust and remain in virial equilibrium. The final
cluster radius is given by the adiabactic invariant

R, _ 1
K-
R~ 3

(see, e.g., Hills 1980). The initial and final cluster radii can be expressed in
terms of either velocity dispersions (using the virial theorem) or densities



302 B. A. WILKING AND C. J. LADA

(assuming a simple geometry). By comparing the observed properties of visi-
ble (gas-free) open clusters (cluster radius, stellar density, velocity dispersion
of stars) to conditions present in cluster-forming molecular clouds (cloud radi-
us, gas density, velocity dispersion of gas), we can infer the final values of m
which were necessary to form a bound stellar system.

B. G. Elmegreen (1983c¢) has compared the observed stellar densities in
open clusters to typical gas spatial densities in star-forming cloud cores [n(H,)
= 10* cm~3]. From this comparison he derives values for the star formation
efficiency of 27% or 59% depending upon whether the cloud disruption is
slow or rapid. Mathieu (1983) used three independent techniques to derive
values for 1 in open clusters. He considered the changes in the velocity dis-
persion, mass density, and radius of clusters as the gas from these systems is
released. All three techniques gave similar results; the star formation efficien-
cy in open clusters must reach 30% or 55% for the slow or rapid dispersal of
gas, respectively.

While these analytic methods have the advantage of requiring knowledge
of only the initial and final states of young clusters, they cannot reveal the
dependence of the star formation on the gas release time apart from two limit-
ing cases. In addition, these analytic studies cannot properly account for the
relaxation and evaporation of the cluster as the cloud is disrupted. Realistic
time scales for the adiabactic removal of gas are not available from analytic
methods. Many of the shortcomings of analytic studies of the star formation
efficiency are remediated by numerical calculations of the evolution of young
clusters.

2. Numerical Studies. Numerical simulations of the dynamical evolu-
tion of clusters as the residual star-forming gas is removed from the system
have been performed by Lada et al. (1984). Their models were performed for
protocluster systems of 50 or 100 stars for various values of the star formation
efficiency (just prior to gas dispersal) and the gas release time. By varying
these parameters, it is possible to explore what combinations of the star for-
mation efficiency and gas release time produce bound clusters.

The protocluster systems were modeled with a N-body code in which
stars were simulated as point masses and the gas was represented by an addi-
tional term in gravitational potential function determining stellar motion. The
stellar mass distribution was chosen to mimic the field star IMF (which also
closely resembles the composite cluster IMF) which can be approximated as a
power law in the mass with a spectral index of 2.5 (G. E. Millerand J. A. Scalo
1979). The gas was assumed to be initially in virial equilibrium and in a state
where the kinetic energy of turbulent clumps of gas support the molecular cloud
against gravitational collapse.

An example of one such model is shown in Fig. 1 for a cluster of 50 stars
with a star formation efficiency of 40% and a gas release time of 3 crossing
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times (about 3 X 10° yr). As characteristic of all models, the cluster expands
in response to the release of gas and a significant number of stars escape from
the protocluster (as indicated by circles). Following the dynamical evolution
of this cluster to 40 initial crossing times results in a bound cluster comprised
of about 80% of the original protocluster.

The results of these N-body calculations are summarized in Fig. 2 in a
graph of the gas release time (in units of the crossing time) versus the star
formation efficiency for an initially virialized protocluster. The stability crite-
rion for the formation of a bound cluster requires the final stellar density of the
cluster to exceed 0.1 M, pc~3, i.e., that density which is stable against shear
from galactic tides. For a gas release time which is rapid (1, < 10 yr), a star
formation efficiency of at least 50% is necessary to form a bound cluster. For a
gas release time in excess of 4 to 5 crossing times (corresponding to 4 to 5 X
106 yr), the models are reduced to the analytic models for adiabactic gas
release and efficiencies of only 20 to 30% are required to result in bound
stellar systems. Thus, as shown in Fig. 2, these model calculations are in
agreement with the aforementioned analytic models in the limits of the slow
and rapid removal of gas and permit the accurate interpolation of star forma-
tion efficiencies for bound systems for intermediate gas release times.

D. Molecular Cloud Environment for Bound Clusters

The molecular material which is found associated with OB associations
is usually in the form of giant molecular clouds. These GMCs have masses of
~105 M, average spatial densities of 300 cm~3 and often extend for over
100 pc (see, e.g., Blitz 1978). Similarly, T associations are found to lie in
large extended molecular cloud complexes with no well-defined cloud center
such as the Taurus-Auriga dark cloud complex (see, e.g., B. F. Jones and G.
H. Herbig 1979).

From simple considerations of the observed properties of open clusters
and the final values for the star formation efficiency necessary to produce
bound clusters, we can determine the initial properties of the molecular clouds
or cloud cores which bear these clusters. The radius of an open cluster in-
creases slowly over time as the cluster emerges from its cloud and relaxes
(see, e.g., Spitzer and Harm 1958). Typical radii of 2 to 3 pc for relaxed
clusters imply that cluster-forming cloud cores should be fairly compact (r <
2 pc) and much smaller than association-forming complexes. The total stellar
mass of an open cluster is usually about 500 M, when the mass in stars which
have escaped from the cluster or remain undetected are accounted for. For
example, the well-studied Pleiades cluster has about 460 M, in stars (B. F.
Jones 1970) and the Hyades cluster about 300 M, (Pels et al. 1975). These
cluster masses imply an initial cloud mass on the order of 1000 M, if the
cluster formed with n ~ 50%.
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More precise limits for the initial conditions present in clouds forming
bound clusters are available from theoretical studies by B. G. Elmegreen
(1983b,¢) and Lada et al. (1984). Elmegreen has modeled the star formation
process in clouds as one where the stars appear at random time intervals with a
frequency weighted by their relative distribution given by the IMF (see, e.g.,
Scalo 1985a). Hence, low-mass stars have the highest probability of formation
and are the predominant stellar component in a low-mass molecular cloud.
Considering only radiation pressure from newly formed stars as the disruptive
force in these clouds, Elmegreen’s models predict the maximum mass for a
molecular cloud or cloud core which forms a bound cluster to be a few times
103 Mg,. Later models of cluster formation and cloud disruption described by
B. G. Elmegreen (1983b) show that the majority of these lower-mass clouds
may in fact form unbound stellar systems. The N-body code of Lada et al.
(1984) can be used to place constraints on the size and density of cloud cores
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Fig. 2. Plot of gas removal time 7, (in units of the initial system crossing time) versus star
formation efficiency. This plot represents the full range of models run by Lada et al. (1984)
(shown as black dots) which bridges the gap between analytic studies which can only consider
either rapid or slow gas release. This plot is separated into two regions by the dot-dashed lines.
To the right of the lines, final clusters have densities > 0.1 M, pc —* and are consequently
stable to the shear resulting from galactic tides. To the left of the lines, the clusters are unstable
to this shear. Since the final cluster densities are dependent upon how the models are scaled, the
lines dividing the two regions are presented for a range of initial system densities which span
two orders of magnitude. In the limit of very long gas removal, the lines asymptote to the
analytic results of Mathieu (1983). For 1, << 47, the lines are placed on the plot by approximate

interpolation between models. As shown, the models are relatively insensitive to the initial
cluster density.

which form bound clusters. By scaling the final mass densities produced by
their models to those typical of open clusters such as the Pleiades (~2 M
pc~3 [B. F. Jones 1970]), they find that the initial mass densities can range
from n(H,) = 103 to 10° cm ~ 3 for initial half-mass core radii of 0.7 t0 0.1 pc.

The molecular cloud environment most conducive to the formation of a
bound cluster is one in which massive stars are absent. From his model for
cluster formation, B. G. Elmegreen (1983¢) views this absence as a result of
long delay times for the formation of massive stars in low-mass clouds. The
absence of massive stars insures that the continuous production of low-mass
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stars can proceed uninterrupted and the release of gas from the system is slow.
As aresult, the efficiency of conversion of gas to stars need not be as high as in
the presence of massive stars forming bound clusters (see Sec. 1.C). There-
fore, cool, quiescent clouds displaying low-velocity dispersions in the mo-
lecular gas (1-2 km s~ ) are most favorable for the formation of the bound
stellar systems. Clearly, at some point in the formation of a cluster, massive
stars may form and, through their disruptive influence, actually mark the end
of cluster formation and the beginning of the cluster’s emergence from the
cloud as suggested by Herbig (1962a). But due to the rapid dispersal of gas
which is likely to occur with H II regions and stellar winds associated with
massive stars (see, e.g., Mazurek 1980), such regions should display very
high star formation efficiencies ( > 50%) if they are to remain bound.

II. OBSERVATIONAL STUDIES OF YOUNG CLUSTERS AND
ASSOCIATIONS

In the preceding sections, we have outlined specific characteristics of
young star-forming regions which may point to their participation in the for-
mation of a bound cluster such as high star formation efficiencies, slow gas
release times, and cool, quiescent, and compact molecular clouds or cloud
cores. Additional considerations might include a cloud’s association with high
concentrations of infrared sources, emission-line stars, or reflection
nebulae. In the following section, we discuss the observational procedures
available for the identification of young dust-embedded clusters and review the
properties of several candidate clouds. The observational studies presented
will favor the study of clouds within several hundred parsecs of the Sun which
allow the detection of the most deeply embedded or lowest luminosity objects
in the cloud. In addition, nearby clouds have the advantage of a minimum of
foreground star confusion and of high spatial resolution in the cloud.

A. Observational Procedures

The observational procedures chosen must be designed to include cluster
stars over a wide range of luminosity and evolutionary states. Thus, the broad-
est wavelength coverage possible (i.e., optical to far-infrared) is desired to
study these young stars from the unobscured outer-cloud regions as well as
from the dense cloud cores. However, it should be emphasized that because of
the high stellar densities involved, high spatial resolution must be preserved in
a multi-wavelength study of individual sources.

1. Cluster Membership. Distinguishing between background field
stars and those stars associated with the molecular cloud is of the greatest
importance in establishing the existence of an embedded cluster. This was first
seriously considered for embedded infrared sources by Elias (1978a,b,c¢) who
compared the observed density of 2 pwm point sources to those in nearby unob-
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scured regions and to models for the galactic stellar distribution (see, e.g.,
Elias 1978a; T. J. Jones et al. 1981). In addition, Elias used the fact that the
majority of field stars were K and M giants and performed narrowband pho-
tometry to search for the 2.3 wm CO absorption feature which would most
likely be absent or obscured by dust emission in the young cluster stars.

A variety of methods have been used to detect the presence of circum-
stellar gas and dust which is expected to be found around young embedded
stars. Hydrogen emission lines in the optical and infrared are used as indica-
tors of circumstellar gas (see, e.g., Hyland et al. 1982). Continuum emission
from circumstellar gas is often evident through the presence of an ultraviolet
excess or veiling of optical absorption lines in the blue region of the spectrum
(Walker 1972). Broadband near-infrared colors can be used to indicate the
existence of excess emission association with hot circumstellar dust (see, €.g.,
M. Cohen and L. V. Kuhi 1979). Near-infrared color-color diagrams (i.e., J-H
vs. H-K) have been used effectively to identify sources with excess emission
(see Hyland [1981] for a review of this method).

Other methods used to differentiate cluster stars from field stars toward
star-forming clouds include: radial velocity or proper motion surveys (see,
e.g., Walker 1983), variability (M. T. Adams et al. 1983; Sellgren 1983), the
superposition of sources on regions of high column density (Wilking and Lada
1983), and the orientation of polarization position angles with respect to the
general field direction (Wilking et al. 1979). More recently, it has become
possible to use X-ray emission and far-infrared emission to locate the posi-
tions of young low-mass stars; however, these lower-resolution observations
are often difficult to compare with the higher-resolution optical and near-in-
frared observations (see, e.g., Montmerle et al. 1983; Wilking et al. 1984aq).
Clearly, one should use as many of the available methods as possible to obtain
an unbiased sample of cluster member stars and to serve as a consistency
check between methods.

2. Star Formation Efficiency. The star formation efficiency is a difficult
quantity to compute because of the large uncertainties involved in deriving
stellar masses and the coexistent mass of molecular gas. If the cluster mem-
bers are visible, then it is possible to measure both the bolometric luminosity
and effective temperature of each star and estimate their mass from their posi-
tion on the HR diagram. If the stars lie above the main sequence, these mass
estimates will rely on the validity of the pre-main sequence evolutionary
tracks which are adopted (see M. Cohen and L. V. Kuhi 1979). If the cluster
members are still deeply embedded, then only their bolometric luminosities
are accessable and only upper limits to the star’s mass can be derived because,
for stars with M > | M, they approach the main sequence from a constant or
higher-luminosity regime (Iben 1965; Stahler et al. 1980a).

The mass of star-forming gas is most directly computed from observa-
tions of optically thin molecular emission lines (usually 1*CO or C'80) and
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the gas excitation temperature (as derived from '2CO emission lines). From
these we can calculate a column density assuming local thermodynamic equi-
librium (LTE) and convert this to a hydrogen column density via a relation,
for example, between '*CO column density and visual extinction and a gas-to-
dust ratio (Dickman 1978). However, summing the hydrogen column densi-
ties over the areal extent of the cloud yields an estimate for the mass which
inherently carries a factor of two uncertainty. In addition, the relations neces-
sary to convert '3CO column density to hydrogen colum