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PREFACE

Modem astrophysics began near the turn of the century with the study of
stars grounded in fundamental understanding of the structure and behavior of
matter. Since then, astrophysical frontiers have been pushed simultaneously
in two opposite directions: toward larger and larger scales to understand what
we know as our universe, and toward smaller and smaller scales to understand
the formation of stars and planets. In some sense, astrophysics becomes a par-
ticularly humanistic endeavor as it pushes toward planets. Human beings are
peculiarly a planetary phenomenon; life itself is likely to be a planetary phe-
nomenon throughout the universe. Attempts to understand the mechanisms
of planet formation appeal to several deep human motivations: to understand
ourselves in relation to the universe of which we are part, and to grasp the
possibilities that the universe offers for planets and life elsewhere.

During the past several decades, the study of planetary-system formation
has occupied increasing attention and has advanced rapidly. A number of
developments have contributed to the florescence of this investigation. The
empirical basis of our understanding has expanded greatly over the past three
decades as aresult of complementary advances made in planetary science and
in traditional astrophysics. Exploration of the solar system by spacecraft has
brought previously remote planets within the reach of direct study with in-
struments capable of measurements not possible with astronomical methods
alone. Technological advances in measurement capabilities have provided
microscopically detailed information about solar system matter not available
in previous decades. Advances in the techniques and spectral ranges of astro-
nomical observations have vastly expanded our knowledge of the interstellar
medium, of stars and stellar birth, and of probable protoplanetary disks [see
Plate 7 for a possible example], as well of the planets in our own solar system.
Astronomical measurement capabilities are expanding at a rate that allows
us seriously to contemplate the possibility of discovering and studying nu-
merous other planetary systems in the next few decades. Finally, advances
in theoretical understanding facilitated in part by calculations feasible only
with modern high-speed computers have crystallized a conceptual basis for
thinking about the formation of planetary systems in relation to the formation
of stars.

Protostars & Planets 111 is the third in a series of books begun in 1978.
This series has tracked the development of our understanding of star and
planet-system formation, reflecting both impressive advances and continuing

[xi]



Xii PREFACE

ignorance over the past two decades. The endeavor to understand planetary
systems falls into the most modern of complex scientific categories. Planetary
systems are too complex to have been predicted a priori from the basic
equations of physics. It is unlikely that the formation of a star and planetary
system will ever be modeled completely from first principles, tracking the
evolution of some 107 atoms from a diffuse interstellar assemblage to the
highly structured state that is a star and planetary system. Instead, as in the
study of all complex systems, we can expect that it will be the close interaction
between observations, measurements, and theoretical investigations that fuels
the continuing advance of our understanding. In recent years, observations
have rendered the very cores of star-forming complexes open to astronomical
scrutiny, revealing disk-shaped assemblages of dust and gas, which look for
all the world like the precursors of planetary systems. New insights about
distinct mechanisms of star formation at the high and low ends of the stellar-
mass distribution have been gained through observations of molecular clouds.
Seven years ago, when Protostars & Planets II was published, the nature of
T-Tauri objects as forming stars with large amounts of surrounding gas and
dust was understood, but little else was known about these curious systems.
Today there is a whole taxonomy of T-Tauri stars (classical, weak, and naked),
the various members of which may represent different stages of accretion and
dissipation of the surrounding material. The “T-Tauri wind,” assumed in the
past to selectively sweep gas from early planetary atmospheres, now appears
to be part and parcel of the disk-accretion process itself; the wind’s role
in setting the properties of the star and the environment of the surrounding
planets remains unclear.

At the time of Protostars & Planets II, significant chemical and iso-
topic data on the solar system had already been accumulated, but little was
yet known chemically about objects in the outer reaches of the solar sys-
tem. Studies over the intervening seven years have produced inventories
of molecular species in comets, Pluto, and the atmospheres and moons of
Uranus and Neptune. Complementing these are increasingly sensitive obser-
vations of abundances in interstellar clouds including, for example, the first,
and long-awaited, identification of methane in molecular clouds. Continuing
accumulation of evidence about isotopic abundances and anomalies in mete-
orites (and, tentatively, in comets) has constrained further the timing of solar
system formation against the tapestry of other events in our parent molecular
cloud.

Multi-dimensional hydrodynamic and magnetohydrodynamic computer
codes have advanced rapidly since Protostars & Planets I1, facilitating calcu-
lations of molecular cloud dynamics, clump formation, cloud collapse, disk or
binary star formation, disk evolution and dissipation, wind mechanics, giant
planet formation through nucleated collapse of gas, grain and planetesimal
accretional dynamics, tidal effects on disks, energetic plasma processes in
disks, and impact-driven escape and evolution of atmospheres.

Close interaction between observations, measurements, theory, and nu-
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merical modeling is playing an important role in advancing our understanding.
Maps of temperature and density in molecular clouds constrain models of the
collapse of cloud clumps. Disk-temperature profiles, inferred spectroscop-
ically, challenge complex numerical simulations of the evolution of these
planet-forming structures. Of particular interest is how protoplanetary disks
transport mass and angular momentum; only recently have theorists tried to
face this issue from the point of view of two- and three-dimensional hydrody-
namical codes. Newly refined and detailed models of giant-planet interiors,
coupled with improved knowledge of atmospheric abundances, pose fresh
complications in the physics of planet formation. Models of molecular cloud
grain evolution now possess a rich complexity, driven by the need to explain
an impressive bulk of chemical and physical evidence. At the same time,
icy grains which became part of comets, and perhaps Pluto, may have been
spared some of the substantial processing associated with the grains captured
by objects closer to the center of our solar system; models explaining the cur-
rent composition of the outer-most objects in the solar system must therefore
account for a combination of molecular cloud and planetary disk processes.
Energetic processes in disks, ranging from those responsible for FU Orionis
phenomena to the elusive nebular lightning, have only recently been subjected
to theoretical study, and their role in planet formation remains unclear.

This volume summarizes a field in which progress has been substantial
since the publication of its predecessor. The book was generated in the usual
way for the Space Science Series, with a lively conference followed by a
special issue of /carus and writing of the chapters which follow. The chapters
were formatted by the Space Science Series editorial staff, with the TgXnical
assistance of Mark McCaughrean. Protostars and Planets 111 is the first Space
Science Series volume to be produced using TEX.

It is now almost unnecessary to point out the tight coupling between
the fields of astrophysics, observational astronomy, planetology and plasma
physics which characterizes the search to understand stellar and planetary
origins. The careful reader should come away from this book with an appre-
ciation for the variety and intricacy of processes which, in creating stars and
planets, drive much of the physical and chemical evolution of galaxies.

E. H. Levy
J. 1. Lunine
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THE COLLAPSE OF CLOUDS AND THE FORMATION
AND EVOLUTION OF STARS AND DISKS

FRANK SHU, JOAN NAJITA, DANIELE GALLI, EVE OSTRIKER
University of California, Berkeley

and

SUSANA LIZANO
Universidad Nacional Autonoma de Mexico

We consider the interrelationships among the structure of molecular clouds; the col-
lapse of rotating cloud cores; the formation of stars and disks; the origin of molecular
outflows, protostellar winds, and highly collimated jets; the birth of planetary and
binary systems; and the dynamics of star/disk/satellite interactions. Our discussion
interweaves theory with the results of observations that span from millimeter wave-
lengths to X-rays.

I. OVERVIEW

This chapter gives a status report on the current astrophysical problems that
confront the theory and observation of the collapse of clouds and the formation
and evolution of stars and disks. The assignment contains too vast a topic
to review in any detail in the allotted pages, and we have interpreted our
task accordingly as setting the context for some of the following chapters by
others. Parts of this review in essence can also be found in Shu (1991).

We start in Sec. II with the notion that two different modes seem to account
for the birth of most stars in the Galaxy: a “closely packed” mode characterized
by the more or less simultaneous formation of a tight group of many stars
from large dense clumps of molecular gas and dust (see Chapters by Blitz
and by Lada et al.), and a “loosely-aggregated” mode in which an unbound
association of individual systems (some of which may be binaries) forms
sporadically from well-separated, small, dense, cloud cores embedded within
a more rarefied common envelope. We introduce the working hypothesis,
adopted currently by many workers in the field, that the formation of sunlike
stars by the second mode occurs in nearby dark clouds like the Taurus region
in four conceptually distinct stages (Fig. 1).

Of the four stages a—d outlined in Fig. 1, the most surprising—the one
totally unanticipated by prior theoretical developments—is c, the bipolar
outflow phase. In Sec. III, we review the observational discoveries and

(3]



4 F. H. SHUET AL.

Figure 1. The four stages of star formation. (a) Cores form within molecular cloud
envelopes as magnetic and turbulent support is lost through ambipolar diffusion.
(b) Protostar with a surrounding nebular disk forms at the center of a cloud core
collapsing from inside-out. (c) A stellar wind breaks out along the rotational axis
of the system, creating a bipolar flow. (d) The infall terminates, revealing a newly
formed star with a circumstellar disk (figure from Shu et al. 19874).

interpretations that have led up to our current empirical understanding of this
fascinating phenomenon. We pay particular attention to those aspects that
set tight constraints on possible theories. In Sec. IV, we begin a theoretical
discussion that indicates why, in retrospect, we should perhaps have known
all along that the formation of stars would necessarily involve the heavy loss
of mass. Given the angular momentum difficulty likely to be faced by any
object which forms by contraction through many orders of magnitude from
an initially extended, rotating state, the birth of stars (and, perhaps, galactic
nuclei) through the accretion of matter from the surroundings may simply not
be possible without the simultaneous accompaniment of powerful outflows.
Under the working hypothesis, gas and dust in the first stage (Fig. la)
slowly contract under their own gravitation against the frictional support
provided by a background of ions and magnetic fields via the process of
ambipolar diffusion (see also Chapters by Heiles et al. and McKee et al.).
The principal feature in this stage involves a quasi-static evolution toward a
1/r? density configuration appropriate for a singular isothermal sphere. The
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relative statistics of cores with and without embedded infrared sources, as
well as the theory of ambipolar diffusion, suggests that the time scale over
which the configuration is observable as a quiescent ammonia core before
it enters dynamical collapse (i.e., before it contains an embedded infrared
source) should span about 10° yr.

When the contracting configuration becomes sufficiently centrally con-
centrated, it enters stage 2 (Sec. V; cf. Chapter by Tscharnuter and Boss),
wherein the cloud core gravitationally collapses from inside out. In such a
situation, the inner regions form an accreting but otherwise secularly evolving
protostar plus nebular disk. An infalling envelope of gas and dust that rains
down from the overlying (slowly rotating) molecular cloud core covers the
growing star plus disk. The visual extinction to the central star measures from
several tens to a thousand or more, so the embedded source during this stage
does not appear as an optically visible object, but must be studied principally
by means of the infrared, submillimeter, and millimeter radiation produced
by dust reprocessing in the surrounding envelope (see Chapter by Zinnecker
et al.).

At some point during this phase of the evolution (see Sec. VI), a powerful
wind breaks out along the rotational poles of the system, reversing the infall
and sweeping up the material over the poles into two outwardly expanding
shells of gas and dust. This stage (stage c) corresponds to the bipolar out-
Sflow phase observed spectroscopically at radio wavelengths by CO observers
(cf. Chapter by Fukui et al.). Theory suggests that this stage features com-
bined inflow (in the equatorial regions) and outflow (over the poles). Current
consensus in the field holds that magnetohydrodynamic forces drive the wind
sweeping up the molecular outflow. The main debate concerns whether the
wind originates from the star, or from the disk, or from their interface (see
Chapter by K6nigl and Ruden). From the mass infall rate as well as the statis-
tics of numbers of embedded sources compared to revealed ones (T Tauri
stars), we can estimate the combined time spent in stages b and ¢ (when the
system still gains mass in net) as roughly 10° yr, almost independent of mass.

As time proceeds, we envisage the angle occupied by the outflow to open
up (like an umbrella) from the rotation axes and to spread, halting even the
rain of infalling matter over the equator. At this point, stage d, the system
becomes visible, even at ultraviolet, optical, and near-infrared wavelengths
as a star plus disk to all outside observers (see Sec. VII; Chapter by Basri and
Bertout). The location of the star in the Hertzsprung-Russell diagram yields
a constraint on the accretion time scale (see Chapter by Stahler and Walter),
and the numbers estimated by this method agree well with the dynamical cal-
culations based on the concept of inside-out collapse from a molecular cloud
core modeled as a (rotating) singular isothermal sphere. The principal ques-
tions during this stage then concern the mechanisms by which mass, angular
momentum, and energy transport take place within the disk (see Chapter by
Adams and Lin), and the nature of any companions (stellar or planetary) that
may condense from such a disk (see Sec. VIII; Chapters by Bodenheimer et
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al., Weidenschilling and Cuzzi, Lissauer and Stewart). Intimately tied to these
issues are the estimates of disk masses that can be obtained from observational
measurements at submillimeter and millimeter wavelengths (see Chapter by
Beckwith and Sargent). Another important question concerns whether disk
accretion mainly occurs episodically during FU Orionis outbursts or during
the relatively quiescent (normal) states as well (see Chapter by Hartmann et
al.). FU Orionis outbursts may have important connections with the meteoritic
evidence for transiently high nebular temperatures (see Chapter by Palme and
Boynton); however, the empirical need to appeal to such outbursts for geo-
chemical peculiarities becomes less clear if nebular lightning truly offers a
solution for the origin of chondrules (see Chapter by Morfill et al.).

For the purposes of this book, we may append a fifth stage to the above
four: an epoch of disk clearing. The chapter by Strom et al. identifies this
phase with planet making and sets disk lifetimes at 10 to 107 yr. We can
usefully compare this astrophysical constraint with the models of giant planet
formation that do not begin to accrete large amounts of gas until a critical core
mass of solids has been reached (see Chapter by Podolak et al.). Edwards
et al. in their chapter argue persuasively that the presence of an inner disk
constitutes the crucial distinction between those T Tauri systems that drive
extraordinary winds (classical T Tauri stars) and those that do not (weak-line
or “naked” T Tauri stars). The absence of an absorbing wind (and inner disk)
makes the magnetic activity on the surfaces of the latter objects observable as
X-ray sources (cf. Chapter by Montmerle et al.). Spallation reactions driven by
energetic particle fluxes associated with the enhanced flaring activity observed
for these relatively gas-poor systems may help to explain some of the isotopic
anomalies seen in the meteoritic record. Surviving dust grains from the
protosolar core may have brought other anomalies intact into the solar nebula
(cf. Chapters by Cameron, Swindle, and Ott).

In Sec. IX, we recapitulate by discussing the question of the origin of
stellar and planetary masses. In particular, we emphasize the emerging view
that in environments where there exist more than enough material to form the
final condensed objects, stars and giant planets help, in part, to determine their
own masses: stars, by blowing powerful winds that shut off the continuing
infall from a molecular cloud; and giant planets, by opening up gaps that
turn off the continuing accumulation from a nebular disk (see also Chapter
by Lin and Papaloizou). A worrisome issue in the latter context concerns
how the solar system managed to clear the debris left over in the disk from
making the Sun and the planets. The Chapter by Duncan and Quinn makes
clear that within the region of the giant planets the solid debris could have
been cleared by gravitational interactions with the planetary bodies. The
observations of remnant particulate disks around main-sequence stars (see
Chapter by Backman and Paresce) demonstrate empirically, however, that
planetesimal dispersal mechanisms become inefficient at large distances from
the central star; such regions probably become the reservoir for (an inner belt
of) comets (see Chapter by Mumma et al.). The gas appears to pose a greater
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difficulty. The old view envisages nebular gas left over from planet building
to be dispersed by a T Tauri wind. The new view suggests that T Tauri winds
do not exist in the absence of (the inner portions of) nebular disks; thus,
Edwards et al. argue that the former cannot get rid of the latter (however, see
Sec. IX).

The above summary gives a sample of the rich diversity of physical
processes that confronts the research worker in the field of star and planet for-
mation. This variety arises for a simple and basic reason: the problem spans
physical conditions ranging from the depths of interstellar space to the interi-
ors of stars and planets, involving all the known states of matter and forces of
nature, with observational diagnostics available across practically the entire
electromagnetic spectrum, and experimental access to relevant primitive ma-
terials that has no parallel in any other branch of astronomy and astrophysics.
To attack its problems, the field has developed a broad range of technical
tools—observational, theoretical, and experimental; and the full exploitation
of this range of tools during the past decade has led to rapid and impressive
progress.

II. BIMODAL STAR FORMATION

The empirical notion that the birth of low- and high-mass stars may involve
separate mechanisms has a long and controversial history (Herbig 1962b;
Mezger and Smith 1977; Elmegreen and Lada 1977; Gusten and Mezger
1982; Larson 1986; Scalo 1986; Walter and Boyd 1991). The name “bimodal
star formation” usually attaches to this concept, but, more recently, the em-
phasis has changed from “low mass versus high mass” to “loosely aggregated
versus closely packed” (see Chapter by Lada et al.). The latter phrasing
roughly coincides with the older one of “associations versus clusters,” ex-
cept that it need not carry the connotation of “gravitationally unbound versus
gravitationally bound.”

The theoretical distinction between “loosely aggregated” and “closely
packed” refers to whether gravitational collapse occurs independently for
individual small cores to form single stars (or binaries); or whether it involves
a large piece of a giant molecular cloud to produce a tight group of stars
created more or less simultaneously. This tight group need not form a bound
cluster if the winds or other violent events that accompany the formation of
stars expel a large fraction of the gas not directly incorporated into stars (Lada
et al. 1984; Elmegreen and Clemens 1985).

The occurrence of two separate modes of star formation has a natural
theoretical explanation (Mestel 1985; Shu et al. 1987b) if we adopt the point
of view that magnetic fields provide the primary agent of support of molecular
clouds against their self-gravity (Mestel 1965a; Mouschovias 1976b; Nakano
1979; see also Chapters by Heiles et al. and McKee et al.). The inclusion
of a conserved magnetic flux ® threaded by an electrically conducting cloud
introduces a natural mass scale (cf. Mouschovias and Spitzer 1976; Tomisaka
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et al. 1988a,1989),
Mo =0.13G""d 8))

that is analogous to Chandrasekhar’s limit M ¢y, in the theory of white dwarfs.
A critical mass arises whenever we try to balance Newtonian self-gravity by
the internal pressure of a fluid which varies as the 4/3 power of the density
(because of ultrarelativistic electron degeneracy pressure in the case of a white
dwarf; because of the pressure of a frozen-in magnetic field in the case of a
molecular cloud). White dwarfs with masses M > M ¢, cannot be held up by
electron degeneracy pressure alone, but must suffer overall collapse to neutron
stars or black holes. Molecular clouds with masses M > M ¢ (supercritical
case) cannot be held up by magnetic fields alone (even if perfectly frozen into
the matter), but, in the absence of other substantial means of support, must
collapse as a whole to form a closely packed group of stars. The only trick in
this case concerns how to get a supercritical cloud or clump from an initially
subcritical assemblage (or they would have all collapsed by now). Theory and
observation both suggest a natural evolutionary course: the agglomeration,
with an increase of the mass-to-flux ratio, of the discrete cloud clumps that
comprise giant molecular complexes (Blitz and Shu 1980; Blitz 19875,1990;
Shu 1987; see also Chapters by Blitz and by Lada et al.).

The analogy between white dwarfs and molecular clumps breaks down
for the subcritical case. White dwarfs with M < M, can last forever as
uncollapsed degenerate objects (if nucleons and electrons are stable forms
of matter) because quantum principles never weaken. Magnetic clouds with
M < M 4 initially cannot last forever because magnetic fields do weaken, and
the local loss of magnetic flux from unrelated dense regions allows loosely
aggregated star formation. In particular, in a lightly ionized gas, the fields can
leak out of the neutral fraction by the process of ambipolar diffusion (Mestel
and Spitzer 1956; Nakano 1979; Mouschovias 1978; Shu 1983). In Sec. IV,
we shall examine in more detail the production of individual molecular cloud
cores by this process. For the present, we merely note that theory predicts that
self-gravitating cores sustained by magnetic fields will inevitably evolve to a
state of spontaneous gravitational collapse. This prediction seemingly flies
in the face of observations, which almost always find young stellar objects
associated with outflows rather than inflows.

III. THE BIPOLAR OUTFLOW PHASE: OBSERVATIONS

At the heart of the central paradox concerning star formation lies the problem
of bipolar outflows (for reviews, see Lada 1985; Welch et al. 1985; Bally 1987,
Snell 1987; Fukui 1989; Rodriguez 1990). Astronomical visionaries (see, e.g.,
the reminiscences of Ambartsumian 1980) have long worried that forming as-
tronomical systems frequently exhibit expansion, rather than the contraction
that would be naively predicted by gravitational theories. Astronomical con-
servatives have long persisted in ignoring such warnings, doggedly pursuing
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the theoretical holy grail that bound objects, such as stars and planetary sys-
tems, should form from more rarefied precursors by a process of gravitational
contraction. The reconciliation of this fundamental dichotomy remains the
central challenge facing theorists and observers alike (see the review by Lada
and Shu 1990).

In 1979, Cudworth and Herbig discovered that two H-H objects in a
nearby dark cloud L1551 (Lynds 1962) exhibit very high proper motions
(corresponding to ~150 km s~!) that trace back to an apparent point of origin
near the location of an embedded infrared source IRS 5 found by Strom et al.
(1976). Knapp et al. (1976) had earlier found that CO millimeter-wave spectra
in this region possess linewidths of the order 10 km s~', too large according
to Strom et al. to correspond to gravitational collapse. The latter authors
suggested instead that the disturbance in the ambient molecular cloud material
might be produced by a powerful outflow from IRS 5. Snell et al. (1980)
mapped the CO emission in the L1551 region and verified this conjecture
in a dramatic fashion. They found that the high-velocity CO surrounds the
tracks of the fast H-H objects, taking the form of two lobes of gas moving in
diametrically opposed directions from IRS 5 (see Fig. 2). Putting together all
of the empirical clues, Snell et al. made the prescient proposal (Fig. 3) that a
stellar wind must blow at 100 to 200 km s~! from IRS 5, in directions parallel
and anti-parallel to the rotation axis of a surrounding accretion disk, and that
this collimated wind sweeps up ambient molecular cloud material into two
thin shells, which manifest themselves as the observed bipolar lobes of CO
emission. The thin-shell nature of the CO lobes of L1551 has since received
empirical validation in the investigations of Snell and Schloerb (1985) and
Moriarty-Schieven and Snell (1988). Except for the further interpretation
that IRS 5 represents a protostar, which, apart from suffering mass loss in
the polar directions, accretes matter from infall occurring in the equatorial
regions (see panel ¢ in Fig. 1), the proposal of Snell et al. (1980) corresponds
in every detail to the theoretical model that we shall pursue in Sec. VI.

Shortly after the original suggestion, however, events moved to a different
interim conclusion. In common with the central source of several other bipolar
outflows (see reviews of Cohen 1984; Schwartz 1983), IRS 5 lies along a
chain of HH objects (Strom et al. 1974; Mundt and Fried 1983) that may just
constitute the brighter spots of a more or less continuous optical jet (Mundt
1985; Reipurth 1989c¢).

The emission knots probably arise as a result of the interactions of a
highly collimated ionized stellar wind with the surrounding medium (possibly
another [neutral] wind; see Stocke et al. [1988] and Shu et al. [1988]). The
free-free thermal emission from the ionized stellar wind resolves itself in VLA
radio-continuum measurements as a two-sided jet centered on IRS 5 (Bieging
et al. 1984). It was natural to suppose that this ionized wind represents the
driver for the bipolar molecular outflow. Unfortunately, the momentum input
provided by the ionized wind, integrated over the likely lifetime of the system,
falls below the value required to explain the moving CO lobes by one to two
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Figure 2. Contour map of the antenna temperature of the J = 1 — O transition of
12CO at high velocities, superposed on an optical photograph of the L1551 dark
cloud. The cross indicates the position of IRS 5; also shown are the directions of the
proper motions of two Herbig-Haro objects, HH 28 and HH 29 (figure from Snell
et al. 1980).

orders of magnitude (for the likely case of momentum-driven rather than
energy-driven flows), a conclusion that holds as well for all other well-studied
bipolar flow sources (Bally and Lada 1983; Levreault 1985). By comparing
the required momentum input to the photon luminosity divided by the speed
of light, the same authors argued persuasively against the possible importance
of radiation pressure in the outflow dynamics.

The claim by Kaifu et al. (1984) of the detection of an extended, rotating,
molecular disk encircling IRS 5, contributed to the puzzle. This result, and
the inability of ionized stellar winds to drive the observed molecular flows,
motivated Pudritz and Norman (1983,1986) and Uchida and Shibata (1985)
to suggest that bipolar outflows originate, not as shells of molecular cloud gas
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Figure 3. Schematic model for the bipolar flow in L1551 driven by a stellar wind
emanating from IRS 5. At the bottom is depicted expected CO line profiles for
different line of sights across the source (figure from Snell et al. 1980).

swept up by a stellar wind, but, following the work of Blandford (1976) and
Lovelace (1976), as gaseous material driven magneto-centrifugally directly
off large (~10" cm) and massive (~10° Mg) circumstellar disks. This
suggestion seemingly received support from reports that one limb of the
blueshifted lobe in L1551 exhibits rotation (Uchida et al. 1987a). However,
subsequent observational studies have failed to confirm the presence of large
and massive disks around young stellar objects with the properties required
by the theoretical models (see, e.g., Batrla and Menten 1985; Menten and
Walmsley 1985; Moriarty-Schieven and Snell 1988). Moreover, the claim
of rotation in the blueshifted lobe may have been contaminated by confusion
with another bipolar flow source in the same field of view (Moriarty-Schieven
and Wannier 1991). Finally, from a theoretical point of view, the original
large-disk models have severe energetic problems (Shu et al. 1987a; Pringle
1989a).
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Recently, a number of different groups have attempted to salvage the
disk model by postulating smaller and less massive disks, with the bulk of
the wind emerging from radii much closer to the central star. This revised
picture, however, suffers from the lack of a plausible injection mechanism.
The paper by Blandford and Payne (1982) illuminates the basic difficulty.

Blandford and Payne consider a thin disk threaded by a poloidal magnetic
field B in which rotation balances the radial component of gravity. If B has
sufficient strength and a proper orientation, it can fling to infinity electrically
conducting gas from the top and bottom surfaces of the disk. A freely sliding
bead on a rigid wire anchored at one end to a point @ in a disk rotating
at the angular velocity Qg () provides a useful analogy (Henriksen and
Rayburn 1971). In such an analogy, the termination of the wire at the free end
corresponds to the Alfvén surface, beyond which the magnetic field can no
longer enforce corotation, even approximately, and the super-Alfvénic fluid
motion becomes essentially ballistic. For the flinging effect to take place in a
Keplerian disk (one in which all of the gravitational attraction comes from a
central mass point), the poloidal field must enter or leave the disk at an angle
larger than 30° from the normal. (The component of the centrifugal force
parallel to the field {wire] in the meridional plane has no excess compared to
gravity if the field [wire] makes too small an angle with respect to the rotation
axis, e.g., if it points vertically through the disk.) However, the magnetic
field on the two sides of a disk cannot both bend outward by a nonzero angle
without generating a large kink across the midplane of the disk, one that would
result in a very large V x B, and which would yield, by Ampere’s law, a very
large current (infinitely large in a disk of infinitesimal thickness). The Lorentz
force per unit volume,

szi(VXB)XB (2)

needed to produce order-unity departures from Keplerian motion above the
disk (in order to drive a wind) must then have even bigger values inside the
disk. The tendency for the field lines to want to straighten vertically (thereby
shutting off the magneto-centrifugal acceleration) can be offset only by a
heavy radial inflow through the disk, maintained, for example, by ambipolar
diffusion in the presence of sub-Keplerian rotation inside the disk (Konigl
1989). Sub-Keplerian rotation everywhere in the disk necessitates the con-
tinuous removal of angular momentum from it (the role of the wind), but the
postulated deficit of centrifugal support in the disk then works against lift-off
of the gas in the first place. Indeed, no one has yet succeeded in constructing
a self-consistent cool model of this type, demonstrating a smooth connection
from the region of the sonic transition (near the disk surface) to the region of
the Alfvénic transition (far from the disk surface).

Blandford and Payne themselves adopt another strategy. They accept the
conclusion that the symmetry of a disk geometry naturally forces any poloidal
magnetic field to thread vertically through the midplane of the disk, from
where it gradually bows outward (see Fig. 4). To lift the material off the disk
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Figure 4. A schematic representation of a possible field geometry close to the disk
(figure from Blandford and Payne 1982).

to heights where the magnetic field bends over sufficiently for the magneto-
centrifugal mechanism to operate, they invoke the thermal pressure of a hot
corona above (and below) the disk. In other words, their final model starts
off as a thermally driven wind. A hot gas with thermal speeds comparable
to the virial speeds characteristic of the depth of the gravitational potential in
the inner parts of a protostellar disk, however, suffers tremendous radiative
losses at the injection densities needed to supply the observed mass outflows.
While astrophysical systems with highly luminous compact objects at their
centers, such as active galactic nuclei or binary X-ray sources, might well
provide sufficient energy to sustain analogous radiative losses, we cannot
expect the same bounty from the central machine of protostellar systems
(cf. the discussion of DeCampli [1981] that even the relatively low-powered
T Tauri winds cannot be thermally driven).

In summary, at radii 210!” cm, disks can maintain thermal speeds that
compete with the local virial speeds, but such regions lack enough rotational
energy to drive the observed flows. Greater centrifugal power exists at smaller
radii, but lift-off from the disk then requires an unidentified nonthermal injec-
tion mechanism. Compounding these difficulties is the unlikelihood of strong
magnetic fields in thin disks. Recall that the energy density of the field at
the Alfvén surface must equal the Kinetic energy density of a wind flowing
close to its terminal velocity. But magnetic buoyancy effects probably limit
the generation of fields by dynamo mechanisms acting within disks to energy
densities comparable to or less than the prevailing thermal values (Stella and
Rosner 1984). The inability of disks to retain large foroidal fields (Parker
1966; Matsumoto et al. 1988) limits the viability of mechanisms like those of
Lovelace et al. (1991) that rely on the pressure gradient of such fields in the
z-direction for the initial vertical acceleration of the gas.
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Other theoretical arguments suggest that disk fields must be weak. Ume-
bayashi and Nakano (1988) have computed the ionization state of a mini-
mum-mass solar nebula. The large nebular densities encountered even in a
minimum-mass model lead to very low ionization fractions, so low that mag-
netic fields would be safely decoupled by several orders of magnitude from
the nebular gas throughout the disk, except for the innermost and outermost
regions. Even in disks where Ohmic dissipation and ambipolar diffusion do
not present severe obstacles, difficulties exist in supposing that magnetic fields
acquire strengths sufficient to drive the observed outflows. For example, if
accretion disks owe their viscosity to the powerful MHD instability recently
discussed by Balbus and Hawley (1991) and Hawley and Balbus (1991), the
poloidal component of the field cannot have energy densities much higher
than thermal gas values. Indeed, the instability itself may serve as one of the
ingredients of a self-consistent dynamo mechanism responsible for generat-
ing the poloidal component of the disk field in the first place. In addition,
dynamically strong fields (energy densities comparable to that contained in
the rotation of the part of the disk supplying the matter for the outflow) cannot
have been dragged in and amplified by lightly ionized gas that collapsed from
interstellar dimensions by ambipolar diffusion (see Sec. IV below), because
mass infall at rates and speeds (free-fall) comparable to the inferred outflow
values had to overcome the interstellar field to form the disk in the first place.
Finally, even if we could surmount the above problems and drive a disk wind,
we would still be left with an angular-momentum problem for the accreting
central star (cf. the discussion in Sec. V). For all of these reasons, we believe
that Snell et al. (1980) intrinsically had the right idea when they speculated
that stellar winds must constitute the basic driver for bipolar outflows in young
stellar objects.

The issue then reverts to the original question: how can stellar winds
drive the observed molecular outflows when the ionized component lacks
the requisite power? Many researchers arrived independently at the obvious
answer: perhaps young stellar objects possess neutral winds that supply the
missing momentum input. Detection of fast neutral winds would require
the spectroscopic observation of broad and shallow radio emission lines, a
difficult task because so little mass resides within the telescope beam at any
particular time. Nevertheless, the search for atomic hydrogen winds has now
succeeded in at least three sources: HH 7-11, L1551, and T Tau (Lizano et al.
1988; Giovanardi et al., in preparation; Ruiz et al. 1991). Fast neutral winds
are also indicated through the detection of CO moving at velocities of +100
to 200 km s~! in HH 7-11 and several other sources (Koo 1989; Margulis
and Snell 1989; Masson et al. 1990; Bachiller and Cernicharo 1990; J. E.
Carlstrom, personal communication). The mass-loss rate measured in HH 7-
11 is especially impressive, My, & 3 x 107® My, yr™!, more than sufficient to
drive the known bipolar molecular outflow associated with this source. Thus,
the discovery of massive neutral winds from (low-mass) protostars solves one
of the principal remaining mysteries concerning bipolar outflows, namely, the
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ultimate source for their power. However, this empirical discovery pushes
to the fore another puzzling question: how and why are stars born by losing
mass at such tremendous rates?

IV. ROTATING, MAGNETIZED, MOLECULAR CLOUD CORES

A major breakthrough occurred in the field when Myers and Benson (1983)
identified the sites for the birth of individual sunlike stars in the Taurus cloud
as small dense cores of dust and molecular gas that appear as especially dark
regions in the Palomar sky survey or as regions of NH; and CS emission (cf. the
references in Evans 1991). One theory for the formation of such cores begins
with the view that large molecular clouds are supported by a combination
of magnetic fields and turbulent motions (see Shu et al. 1987a; Myers and
Goodman 1988a, b). Because magnetic fields directly affect only the motions
of the charged particles, magnetic support of the neutral component against
its self-gravity arises only through the friction generated when neutrals slip
relative to the ions and field via the process of ambipolar diffusion (Mestel
and Spitzer 1956). This slippage occurs at enhanced rates in localized dense
pockets where the ionization fraction is especially low. As the field diffuses
out relative to the neutral gas, the Alfvén velocity B/(4mp)'/? drops, and
the turbulence must also decay if fluctuating fluid motions are to remain
sub-Alfvénic. Thus, both processes—field slippage relative to neutrals and
the lowering of turbulent line widths in regions of increasing mass-to-flux—
reinforce the tendency for quiet dense cores to separate from a more diffuse
common envelope.

Assuming axial symmetry (no ¢ dependence) in spherical polar coordi-
nates (r, 8, ¢) as well as reflection symmetry about the midplane 6§ = n /2,
Lizano and Shu (1989) performed detailed ambipolar diffusion computations,
using the ionization balance calculations of Elmegreen (1979b) and including
empirically the effects of turbulence with the scaling laws found by radio
observers (cf. Chapters by Blitz, by Lada et al. and by McKee at al.). They
find that the time to form NHj cores, ~10° to 107 yr, and the additional time
to proceed to gravitational collapse, a few times 10° yr, agree roughly with the
spread in ages of T Tauri stars in the Taurus dark cloud (Cohen and Kuhi 1979)
and with the statistics of cores with and without embedded infrared sources
(Fuller and Myers 1987). Toward the end of its quiescent life, a molecular
cloud core tends to acquire the density configuration of a (modified) singular
isothermal sphere:

2
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2aGr?

where a.sr is the effective isothermal sound speed, including the effects of a
quasi-static magnetic field By and (as modeled) an isotropic turbulent pressure.
The dimensionless function Q(6), >1 toward the magnetic equator and <1
toward the poles, yields the flattening that occurs because the magnetic field

p(r.0) = Q) 3
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contributes no support in the direction along By. We define Q(9) so that it
has a value equal to unity when averaged over all solid angles, i.e.,

/2
./0 Q@)sinfdo =1 4)

hence, a%; in Eq. (3) gives the angle-averaged contributions of thermal, tur-
bulent and magnetic support.

Myers et al. (1991a) have used statistical arguments to deduce that many
cloud cores have prolate, rather than oblate, shapes. They note that this result
poses difficulty for the above view that cloud cores represent quasi-equilibrium
structures in which quasi-static (poloidal) magnetic fields play an important
part in the support against self-gravitation (see also Bonnell and Bastien 1991).
Tomisaka (1991) points out that equilibrium clouds with prolate shapes be-
come possible if they possess toroidal magnetic fields of substantial strength.
Even without toroidal fields, oblate shapes represent a natural theoretical ex-
pectation only if we model the effects of molecular-cloud turbulence as an
isotropic pressure. If “turbulent” support arises, instead, from the propagation
and dissipation of nonlinear Alfvén waves in an inhomogeneous medium (see
Arons and Max [1975], as well as the discussion on pp. 36-37 of Shu et al.
[1987a]), then the largest amount of momentum transfer might well occur
parallel to the direction of the mean field By, rather than perpendicular to it.
For example, if ambipolar diffusion causes By to become nearly straight and
uniform, as occurs in the detailed calculations before collapse ensues, then the
mean field exerts little stress on average, and the anisotropic forces associated
with the fluctuating component §B in total B = By + 6B may actually cause
cloud cores to assume prolate instead of oblate shapes. This tendency for
condensations to stretch out along the direction of the mean field would only
be enhanced by tidal forces if cloud cores tend to form as individual links on
a magnetic “sausage” (cf. Elmegreen 1985a; Lizano and Shu 1989). Bastien
et al.’s (1991) study of the fragmentation of elongated cylindrical clouds into
such individual links differs from that of Lizano and Shu (1989) in that the for-
mer authors ignore magnetic effects and they assume that the core-formation
process occurs by dynamical collapse rather than by quasi-static contraction.

Apart from the delicate question of the sense of elongation of the shape
function Q(0), the prediction (Eq. 3) with regard to the radial variation
of p agrees reasonably well with observations of isolated cores and Bok
globules (see, e.g., Zhou et al. [1990b], who comment particularly that the
outer velocity fields are more representative of quasi-static contraction than
dynamical collapse). The solution as written represents an asymptotic result;
actual configurations become gravitationally unstable in their central regions
before a singular density cusp develops there. However, because the phase
of quasi-static contraction produces very high central concentrations in the
numerical models, the resulting dynamical behavior would probably closely
resemble the inside-out collapse known analytically for the (exact) singular
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isothermal sphere without rotation (Shu 1977). Such a collapse solution builds
up a central protostar at a rate,

Miggan = 097503/ G )

that remains constant in time as long as the external reservoir of molecular
cloud gas (with a r2 density distribution) continues to last. For L1551, where
degt ~ 0.35 km S_I,Minfa" =1x 1073 Mg yr‘l.

The solution requires modification in the presence of rotation. Because
ambipolar diffusion occurs relatively slowly, one might imagine that magnetic
braking has time to torque down the cloud core sufficiently during the quasi-
static condensation stage to allow even the direct formation of single stars,
without subsequent angular momentum difficulties (see, e.g., Mouschovias
1978). Realistic estimates yield a somewhat different picture. Before the
onset of dynamical collapse, magnetic braking can enforce more or less rigid
rotation of the core at the angular velocity 2 of its surroundings (Mestel
1965a,1985; Mouschovias and Palelogou 1981). Once dynamical collapse
starts, however, the infall velocities quickly become super-magnetosonic, and
any initial angular momentum possessed by a fluid element carries into the
interior. In the inside-out scenario presented above, dynamical collapse is
initiated while much of the mass still has an extended configuration. For
example, to contain | Mg, the wave of falling must typically engulf material
out to ~10'7 cm. Even if such a core were perfectly magnetically coupled
to its envelope before collapse, it would typically rotate at too large an initial
angular speed €2 to allow the formation of just a single star with a dimension
of ~10'! cm. The simplest solution to the core’s residual angular momentum
problem is to form a star plus a disk.

Probably as a consequence of cloud magnetic braking, Arquilla and Gold-
smith (1986) and Fuller and Myers (1987) find empirically that rotation does
not usually play a dynamically important role on scales of a molecular cloud
core and larger. This fact suggests the possibility of a perturbational analysis
for the dynamical collapse problem (Terebey et al. 1984), with core rotation at
an initially uniform rate €2 treatable as a small correction, in the outer parts, to
the spherical self-similar solution for the collapse of a singular isothermal con-
figuration. Large departures from sphericity occur only at radii comparable
to or smaller than a centrifugal radius,

GM3Q?

Rc =
¢ 16a3;

(6)

where M = Myt equals the total mass that has fallen in at time . Typical
combinations of a.f, 2, and M yield values for R ¢ ~ 10" cm.

For R, ~ 10" ¢cm << Rc ~ 10 cm, the bulk of the freely falling
matter (on parabolic streamlines because of the nonzero values of the specific
angular momentum) does not strike the star directly, but forms a disk of size
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~Rc that swirls around the protostar. Radiative transfer calculations for the
emergent spectral energy distribution in an infall model of this type give quite
good fits to the data for IRS 5 L1551, if we choose ae = 0.35 km s~!,
Q=1x10""rads™!, and M = 1 Mg, (Fig. 5).

Fermi is supposed to have remarked that with three free parameters, he
could fit an elephant. Figure 5 gives an empirical proof of this claim. Indeed,
one can readily discern a tail at millimeter frequencies, attached to a broad
back at far- and mid-infrared frequencies, with a 10 um silicate absorption
feature separating the shoulder from the head and a 3.1 um water-ice feature
defining a tusk. The trunk of the elephant emerges from the droop to optical
frequencies, although the models do not reproduce the slight raising of the
trunk seen in the data points because they do not properly account for the
presence of scattered near-infiared and optical light. By Fermi’s standards,
then, our failure to catch the trumpet call of the elephant, without the need to
introduce additional free parameters, prevents us from claiming a complete
victory.

However, we note that the three independent parameters that go into the
fits, aesr, 2, and M, represent an irreducible set from an a priori theory, which
have fundamental dynamical implications apart from the spectral energy fits.
For example, the value a. = 0.35 km s~! well describes the properties of the
core density distribution around L1551 (cf. Eq. [3] and the review of Evans
[1991]). The agreement between the size of the spatial maps at millimeter and
submillimeter wavelengths (Walker et al. 1990) and at infrared wavelengths
(Butner et al. 1991) with the predictions of the radiative-transfer calculations
of our model also bodes well for the values of a s and M, derived in the spectral
energy fits on the basis of providing the correct overall optical depth to the
central star and the absolute luminosity scale (from protostar theory). Finally,
the numerical value of €2, chosen to fit the depth of the silicate absorption
feature, yields a predicted size for the circumstellar disk, R¢c = 42 AU, which
compares well with the limits 45 & 20 AU deduced for this source by Keene
and Masson (1990) from radio interferometric measurements of the thermal
emission from dust grains in the putative disk. More recently, Goodman et al.
(1991; see also Menten and Walmsley 1985) report the detection of a velocity
gradient ~4 km s™! pc~!, localized to the core region of L1551, consistent in
magnitude with the model value 2 = 1 x 107! s~!, although the result may
have been contaminated by the velocity shear introduced by the outflow.

A similar modeling of the spectral energy distribution of HH 7-11 sug-
gests that this source also possesses infall at a rate My 2 1 x 107> Mg
yr~! (F. C. Adams, personal communication). Our ability to fit the spectral
energy distribution of famous outflow sources like L1551 and HH 7-11 with
pure inflow models bears directly on the fundamental paradox of Sec. IIL
Many of the observed embedded systems (those in stage ¢ of Fig. 1) must
possess both outflow and inflow, with the blowing off of a small polar cap in
deeply embedded sources making little difference for the problem of infrared
reprocessing in the rest of the infalling envelope. The challenge to observers
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Figure 5. Spectral energy distribution for the bipolar outflow source L1551. The
best fit for the data points (solid curve) results from choosing @, = 0.35 km s7!,

Q=10"8s",and M =0.975a%/G = 1 Mg (figure from Adams et al. 1987).

is to find spectroscopic evidence, in the low-luminosity sources, for the (ro-
tating) collapse along the equatorial directions in an analogous manner that
this task has been accomplished for high-luminosity protostars (see, e.g., Ho
and Haschick 1986; Keto et al. 1987; Welch et al. 1987; Rudolph et al. 1990).
In any case, here then lies a possible answer to the question: how can a star
(SVS 13, the driving source in HH 7-11) form if it loses mass (through a
neutral wind emerging from the poles) at the enormous rate My, =3 x 107°
Mg yr~!? Clearly, a net gain can still take place if the star is being “force-fed”
(through the equatorial regions) at a rate M nean which is 2 3 times larger yet.
This empirical finding answers the “how” of our original question, but it does
not address the question “why” a new-born star should be losing mass. A clue
to the resolution of the latter issue lies in an examination of the very different
way in which a star, in contrast to a disk, may deal with its angular momentum
legacy.
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V. PROTOSTAR FORMATION BY DISK ACCRETION

Notice that no mass scale that we can identify with stars emerges naturally
in the theoretical picture of infall summarized in the previous section. To
obtain a stellar mass M, ~ Minfaufintan from an object (a giant molecular
cloud typically), whose characteristic mass scale much exceeds anything that
we normally associate with stars, requires us to choose a small total duration
tinfanl (say, 10° yr) over which infall occurs. This duration might be set,
for example, by the time required for an incipient outflow from the star to
completely reverse the inflow. In spherical simulations of protostar formation
and evolution (Stahler et al. 1980; Palla and Stahler 1990), the only event of
significance to take place on such a time scale concerns the onset of deuterium
burning and the establishment of an outer convection zone at the bottom of
which the deuterium burns at a rate equal to that which accretion brings in a
fresh supply. In low-mass protostars (<2 Mg, i.e., precursors to T Tauri stars),
deuterium burning occurs only slightly off-center; in intermediate-mass stars
(2 to 8 Mg, i.e., precursors to Herbig Ae and Be stars), it occurs in a thin
shell. In either case, the important feature is that the process induces an outer
convection zone—a condition, when combined with rapid stellar rotation, that
Shu and Terebey (1984) speculated would be conducive to dynamo action and
to the appearance of strong magnetic fields on the surface of the star.

Calculations by Picklum and Shu (in preparation) demonstrate that accre-
tion through a disk rather than by spherical infall does not modify the above
conclusions appreciably, except to lower by a significant factor the emergent
photon luminosity for a given rate of mass accretion. The latter effect may
alleviate the discrepancies in time scales inferred for embedded protostars
and revealed pre-main-sequence stars noted by Kenyon et al. (1990; see also
Hartmann et al. 1991).

For star formation via the collapse of a cloud core modeled initially as
a uniformly rotating singular isothermal sphere, the fraction of mass that
suffers direct infall onto the star compared to that which first lands in the
disk equals 1.29 (R./Rc)'/ (Adams and Shu 1986). This expression yields a
small number (several percent) for stars with radii ~ a few R and disks with
radii ~10 to 100 AU. The small cross-sectional area of stars in comparison
with their disks leads us to expect generically that most of the mass from a
collapsing molecular cloud core, which eventually ends up inside the star,
must first make its way through the disk (an original point of view argued first
by Cameron [1962]; see also Mercer-Smith et al. [1984]).

The process of disk accretion is not well understood in any astrophys-
ical system. The most frequently invoked mechanism involves the inward
transport of mass and the outward transport of angular momentum by the
friction associated with some form of anomalous viscosity in a differentially
rotating disk (see, e.g., Lynden-Bell and Pringle 1974). In the case of the
nebular disks that surround young stellar objects, Lin and Papaloizou (1985;
see also Ruden and Lin 1986) identified thermal convection in the disk as a
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plausible source of the turbulent viscosity, and this may well hold for the op-
tically thick dusty disks believed to surround all classical T Tauri stars. More
recently, Balbus and Hawley (1991; see also Hawley and Balbus 1991) have
rediscovered a powerful magnetohydrodynamic instability (Chandrasekhar
1960,1965; Fricke 1969) that afflicts weakly magnetized differentially ro-
tating systems in which the angular velocity of rotation decreases outwards
(as occurs in all known astrophysical disks). These developments hold great
promise for providing a physical foundation for the central assumption of
standard accretion-disk theory that the viscosity has an anomalous magnitude
much higher than molecular values (for a review, see Pringle 1981).

However, in the most extreme cases (so-called “flat spectrum sources”;
see Sec. VII; the Chapter by Beckwith and Sargent), the far-infrared radiation
(relative to the near-infrared values) exceeds by a factor approaching 10°, the
value one would have naively predicted by the steady-state viscous model
(Adams et al. 1988). The observed disks also have masses, as estimated from
their submillimeter and millimeter emission, that compare favorably with
those contained in the central stars (Adams et al. 1990; Beckwith et al. 1990;
Keene and Masson 1990).

The above considerations suggest an interesting scenario for protostellar
disk accretion (see also Chapter by Adams and Lin). The overall time scale
for viscous transport of mass and angular momentum scales roughly as

tis ~ @ (R/H) oy (7

where (R/H) equals the aspect ratio of the disk (radius to vertical scale
height), t is the rotation period at the outer edge of the disk, and « is a di-
mensionless parameter in the so-called “alpha” prescription for the anomalous
viscosity. For application to nebular disks, typically, R/H 2 10, t,, ~ 10°
yr,and @ < 1 (e.g., @ ~ 1072 in the convection models of Ruden and Lin
[1986]); thus, ty;; > 10° yr. The statistics of disks around classical T Tauri
stars sets a lifetime of ~10° to 107 yr (see Chapter by Strom et al.). This rep-
resents only a lower limit for #,;s because the disappearance of near-infrared
radiation only implies the disappearance of small dust particles surrounding
the central star, and not necessarily the viscous transport of all of the material,
gas and dust, from the entire disk.

Suppose rotating infall piles matter into the disk faster than viscous
accretion can transfer it to the central star. (Models for the main accretion
phase of low-mass protostars suggest that M/M ~ 10° yr.) The disk would
then build up mass relative to the star until the disk becomes comparably
massive. At this point, strong gravitational instabilities (nonaxisymmetric
density waves) may develop in the disk that result, in the nonlinear regime, in
the inward transport of mass and the outward transport of angular momentum.
The energy dissipation associated with this “wave dredging” differs, however,
from the viscous mechanism, and we might expect to see a different resultant
radial distribution of temperature in the disk and a different emergent spectrum
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(see Sec. VII). In particular, for the transport to occur globally (as indicated
by the observations of flat-spectrum sources), from the star-disk interface to
the outer edge of the disk ~10* times larger, we can restrict our search of
unstable modes in nearly Keplerian disks to one-sided disturbances, in which
circular streamlines distort to elliptical ones with foci at the star (Adams et al.
1989).

Unless such instabilities run away catastrophically to form a companion
star (a possible origin for binary systems), we may speculate that they self-
regulate the amount of mass in the disk during the infall phases (Fig. 1/, and
c) so that it never consists of a large fraction of the total. Thus, we expect that
some appreciable fraction f of the total infall rate onto the system (mostly

onto the disk), Mnsa1, must make its way through the disk at an accretion rate

M 4., eventually to be deposited onto the star,
Macc =fIMinfall- (8)

As the detailed calculations of Adams et al. (1989) demonstrate, disks with
temperature profiles consistent with the observational requirements suffer a
strong one-armed spiral instability (see Fig. 6) if they have masses equal,
say, to one-half or one-fourth of the total; thus a reasonable estimate for f
ranges from 1/2 to 3/4. We emphasize that this estimate for f represents
a time-averaged value; the instantaneous rate at which mass from the disk
actually empties onto the star may suffer large fluctuations about an average
value. In particular, the arguments of Sec. VII suggest that disk accretion
induced by global gravitational instabilities may have intrinsic tendencies to
occur in a nonsteady manner.

V1. STELLAR WINDS AND BIPOLAR FLOWS: THEORY

The matter entering the protostar from the disk at the rate M, carries a
relatively large specific angular momentum. For example, compared to the
specific angular momentum of disk matter circling in orbit just outside of a
star’s equator, the angular momentum per unit mass of a uniformly rotating
polytrope of index 1.5 (a good model for a fully convective low-mass proto-
star) is a small number b = 0.136, even if the star were to rotate at the brink of
rupture (James 1964). Thus, the disk feeds material to the star that contains,
per gram, about ~! ~ 7 times more angular momentum than can be absorbed
dynamically by the star. Hence, once the star begins to accrete matter from
a centrifugally supported disk, it can increase its mass M, at most, only by
an additional small fraction b before it reaches breakup. In practice, the star
may be able to accept even less matter from the disk because even the matter
accumulated by the star through direct infall carries nonzero values of specific
angular momentum (see, e.g., Durisen et al. 19895).

As the mass that can be accumulated by a star through direct infall from
a realistically rotating molecular cloud core amounts to only several percent
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Figure 6. Contour plot of the lowest-order, growing, m = 1, mode in a star/disk
system where the disk’s mass equals the star’s mass, but the disk’s radius is 10
times larger than the star’s radius (figure from Adams et al. 1989).

of a solar mass, and as the additional amount that can be accreted from a disk
amounts to a small fraction of this tiny value, how do stars of sunlike masses
and larger ever form?

Paczynski (1991) and Popham and Narayan (1991) calculated star plus
disk models where the star, spun to (slightly faster than) breakup, can viscously
transport angular momentum to an adjoining disk, and thereby continue to
accrete an indefinite amount of mass. This model presumes the existence of
a sufficiently efficient viscous coupling between star and disk as to transport
away the excess specific angular momentum (above the fraction b) brought in
by disk accretion, an assumption that may not hold if the mechanism of disk
accretion is gravitational rather than viscous. In any case, their mechanism
of continuous outward angular-momentum transport cannot work for T Tauri
stars, which are observed to rotate at speeds significantly less than breakup.
Furthermore, the almost ubiquitous presence of energetic bipolar flows among
deeply embedded sources suggests that quiescient viscous torques do not
provide the primary source of relief for the angular momentum difficulty of
protostars in their main accretion phase.

Such objects evidently find a more spectacular way of shedding the excess
angular momentum brought in by disk accretion. Shu et al. (1988) proposed
that the protostar could fling off the excess in a powerful wind once the
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protostar gets spun to breakup by the disk, if the star possesses sufficiently
strong surface magnetic fields (see also Hartmann and MacGregor 1982).

Schematically, the process works as follows. Like other rotating stars
with outer convection zones, a protostar probably has a network of open and
closed magnetic field lines that protrude from its surface (Fig. 7). An ordinary
(ionized) stellar wind blows out along the open field lines; this O-wind may
have a higher intensity than that characteristic of a normal star of the same
spectral type, luminosity class, and rotation rate, because of the enhancement
of stellar dynamo action associated with circulation currents induced by the
disk through Ekman pumping (see Sec. VII).

ordinary
wind

P
D)

protostar rotating )
" at break-up

wind

thin accretion disk

Figure 7. Schematic model for heavy mass-loss driven magnetocentrifugally from
the equator of a protostar which is forced to rotate at breakup because of accretion
through a Keplerian disk. All streamlines to the right of the critical equipotential
(marked as a dashed curve) correspond to possible “downhill” paths for electrically
conducting gas attached to magnetic lines of force that rotate rigidly with the star.
The large slip velocities present in the interfaces between the X-wind and the O-
wind and between the X-wind and the disk may lead to turbulent mixing layers that
have observable radiative signatures (figure adapted from Shu et al. 1988).

If open field lines circulate into the equatorial regions of the protostar,
which spins at breakup by assumption, the O-wind may intensify even more
via the X-celerator mechanism (Shu et al. 1988) and become an extraordinary
wind. The magneto-centrifugal acceleration in the X-wind takes place much
as described in Sec. III on the Blandford-Payne mechanism for disk winds,
except that the geometry here no longer selects against field lines (equivalent
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to streamlines for a conducting gas) that emerge in the “downhill” directions
of the effective (corotating) potential. To carry away the requisite mass-
loss rate M., the sonic transition of the X-wind must occur typically in the
photosphere of the star, where the material, being cool, has a relatively low
ionization fraction. Thus, the X-wind is predominantly a neutral or lightly
ionized wind (Natta et al. 1988; Ruden et al. 1990).

Consider the quasi-steady state wherein spinup by disk accretion at a rate
M . is balanced by spin-down via a magnetized stellar wind at a rate M,
in such a way that at each stage of the process the star continues to rotate
exactly at breakup. Suppose the specific angular momentum carried away
in the X-wind, measured as an average over all mass-carrying streamlines,
equals some multiple J of the specific angular momentum of the material in
circular orbit at the equator of the star. If we further assume the equatorial
radius to be proportional to the stellar mass, as roughly true for a star actively
burning deuterium at its center, we find that the requisite mass-loss rate M.
equals some fraction f, of the disk accretion rate M e (cf. Eq. 1 of Shuet al.
1988):

My =fM with  f _ 1= )

w 2{M gee 2 J— _ b

where b = 0.136 is the pure number defined earlier. (If only the equator of the
protostar rotates near breakup, the effective value of b that appears in Eq. [9]
could be [much] smaller.) To derive the above expression for f,, we have
assumed that all of the excess angular momentum brought in by accretion
above that needed to keep the star exactly at breakup is carried away by the
wind, i.e., that none of it is viscously transported to the disk.

The extent by which J exceeds unity depends on the strength of the
stellar magnetic field in the neighborhood of the X-point of the equipotential.
For escaping streamlines to have a finite terminal velocity v,, at infinity, the
(rotating) magnetic field lines must exert sufficient torque as to make J exceed
3/2. For example, in order for the terminal velocity of the X-wind to have a
measured value equal to the breakup speed at the equator of the star (typically
~150 km s~! for low-mass protostars), / must have a value at least equal to
2. In fact, because some of the angular momentum is asymptotically carried
away by magnetic stresses rather than all by the fluid, detailed numerical
calculations suggest that the actual needed value of J ~3.6, implying a fiducial
value for f;~0.2. Combining Egs. (8) and (9), we now obtain a relationship
between inflow and outflow rates,

My = f Mintan (10)

with f=f f,~0.1 to 0.2 typically, in very rough agreement with the obser-
vations.

On the other hand, if the magnetic field emerging from the neighborhood
of the X-point of the effective potential had infinite strength, X-wind gas
would be flung to infinity in the entire sector from the equator to the critical
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equipotential surface (the dotted curve in Fig. 7). Because this equipotential
surface (the last rigid “wire” to which an attached bead could still slide
“downhill”’) bends up to turn asymptotically parallel to the rotation axis of the
star (at a radius = \/§Re), the strong X -wind could act to focus and collimate
an otherwise isotropic and more mild O-wind into an (ionized) optical jet
(one on each side of the equator).

STAR

X-POINT Sy

Figure 8. Spreading of streamlines for an X-celerator driven wind in the meridional
plane, computed in a frame that corotates with the star. The bottom-most streamline
has been constrained to flow horizontally across the surface of a perfectly flat disk;
the uppermost streamline has also been taken to be straight for sake of simplicity. In
a more realistic model, the slip interfaces between the X-wind and the O-wind and
between the X-wind and the disk surface are likely to be turbulent. A dashed curve
marks the Alfvén surface, where the magnetic stresses no longer dominate over the
gas inertia. The dotted curve marks the location of the critical equipotential surface
that, together with its counterpart in the lower half of the diagram (not drawn),
crosses the stellar surface at an X-point. (figure from Shu et al., in preparation).

For stellar magnetic fields of finite strength, the situation becomes more
complicated. The method of matched asymptotic expansions provides a
tractable approach to the resultant magnetohydrodynamic problem if we adopt
the assumption of axial symmetry (Shu et al. 1991). Figure 8 gives a sample
solution for a case with a dimensionless stellar field strength that produces
Alfvén crossing at a distance equal to one additional stellar radius from
the equator of the star. In this calculation, we have used upper and lower
boundary conditions that artificially constrain the limiting streamlines, ¥ = 0
and ¥ = 1, to be perfectly straight (see below). Interior to the Alfvén surface
defined by A = 0, where A is an Alfvén discriminant, the stream function v
satisfies an elliptic partial differential equation:

V- (AVY) = Q. (11)
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This equation has the formal structure of steady-state heat conduction; here,
however, we are concerned with the spreading of streamlines, and not the
spreading of heat. The source term Q responsible for streamline spreading in
the meridional plane equals a sum of three terms that are each proportional
to the derivatives (across streamlines) of quantities that are conserved along
streamlines: Bernoulli’s constant H (), the ratio of magnetic and mass fluxes
B(yr), and the specific angular momentum carried in both matter and field
J (). Smooth passage through the sonic transition near the X-point of the
effective potential yields H (y/); for the part of the problem much beyond the
immediate neighborhood of the X-point of the critical equipotential, H ()
goes to 0 in the limit of a cold flow. The requirement that the flow accelerates
smoothly through the Alfvén surface, A = 0, places a constraint on the normal
derivative of ¥, VA - Vi = Q, that determines the spatial location and shape
of the Alfvén surface and the functional form of J () if we are given 8(y).
In other words, the geometry of the problem is entirely determined if we know
the strength of the stellar magnetic field and the way that mass is loaded onto
the open field lines at the equatorial belt of the protostar.

For the dimensional parameters that approximately apply to HH 7-11
or L1551, we find that a poloidal speed of ~150 km s~! (corresponding to
J ~ 3.6) can be achieved at the Alfvén surface when the equator of the
protostar has open photospheric magnetic fields of the strength ~4 kilogauss.
Such fields appear reasonable if we extrapolate from the product of field
strength and filling factor, 1 to 2 kilogauss, inferred for weak-line T Tauri
stars by Basri and Marcy (1991) from the Zeeman broadening of spectral
lines with high Landé-g factors.

It may be informative to elucidate why we believe the X -celerator mech-
anism to work for a star, but not for a disk (Sec. III). To carry the observed
mass-loss rate, the density of the wind at the sonic surface must be large, close
to photospheric values. Thus, the sound speed is low, and the sonic transition
can occur only near X -points where the effective gravity vanishes, because in
a frame which corotates with the footpoint of the magnetic field, the magnetic
stresses cannot help the gas make a sonic transition (see Eq. [3] of Shu et
al, 1988). On the other hand, if the gas is to continue to accelerate to higher
speeds by magneto-centrifugal flinging after having made the sonic transition,
the Lorentz force must be able to overcome both inertia and gravity. Because
the densities are very high at the sonic surface, a smooth transition from a
gas-pressure driven flow to a magnetohydrodynamically driven flow requires
either the magnetic field B, or its curl, V x B, to be large, or both (cf. Eq. [2]).
The geometry of a thin disk requires V x B to be large, but to keep the gas
sub-Alfvénic in the post-sonic-transition region, B also has to be large. This
combination proves fatal, we believe, to disk-wind models in the protostellar
context.

An X-celerator driven wind from a protostar (or star-disk interface) fares
better, because we require only B to be large, and we can relatively easily
believe that magnetic fields rooted in the deep convection zones of a rapidly
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rotating star could achieve the requisite values. High-mass stars that lack
outer convection zones have greater theoretical difficulty generating surface
magnetic fields, although the instability mechanism discussed by Balbus and
Hawley (1991; see also Fricke [1969] for specific application to the case of
stars) offers a promising mechanism for such objects to generate moderate-
to-small magnetic fields provided only that they suffer differential rotation of
dynamical significance for the structure of the star (with §2 decreasing radially
outward). Indeed, X-celerator driven winds in such a situation may offer an
explanation why the terminal velocities of winds from high-mass protostars
have such low values (100 to 200 km s~!) in comparison with the high values
(1000 to 2000 km s~!) that characterize (probably radiation-driven) winds
from main-sequence and evolved stars of early spectral type (see, e.g., Chiosi
and Maeder 1986).

Figure 9. Field lines (dotted curves) and trajectory of a fluid element (dashed curve)
for an X-celerator driven wind in the equatorial plane of an inertial frame of ref-
erence. The protostar rotates in a counter-clockwise sense, so that open field lines
form spirals that trail in the sense of rotation. The dashed circle marks the loca-
tion of the Alfvén surface in a calculation where we have explicitly assumed axial
symmetry (figure from Najita et al., in preparation).

In Fig. 9, we plot magnetic field patterns and fluid trajectories of the
flow in the equatorial plane of our X -celerator model. In a frame that rotates
with the same angular speed as the star, streamlines and field lines coincide
(dotted curves). In a stationary frame, however, the trajectory of an element
of electrically conducting gas takes the form indicated by the dashed curve.
The fluid element starts by making a sonic crossing close to the photosphere
of the star. The acceleration to sonic speeds (7 or 8 km s~! typically) can
occur purely by the outward push of photospheric gas pressure in a small
equatorial belt where the effective gravity nearly vanishes because we have
assumed that the protostar rotates at breakup speeds. As the open magnetic
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line of force to which the gas is tied rotates in a counter-clockwise direction
with the star, the excess rotation (above local Keplerian values) enforced by
the field accelerates the gas along the field line (with negligible slip for the
typical degrees of ionization computed by Ruden et al. [1990]), until the gas
reaches the Alfvén velocity at the position of the dashed circle. At this point,
if the gas speed exceeds the local escape velocity by a significant margin,
the Alfvén speed will also typically equal a healthy fraction (say, ~90%) of
the final terminal speed. Because the magnetic field does not have infinite
strength, it cannot keep the gas corotating indefinitely with the star, and the
pattern of field lines (in either the rotating or inertial frame) form trailing
spirals. The field lines and streamlines form a similar lagging pattern at other
latitudes, except that they climb in the vertical direction (toward the rotational
poles) as the gas flows away from the protostar.

As already mentioned, the boundary conditions in Fig. 8 on the uppermost
and bottom-most streamlines have been taken to be perfectly straight so as
not to bias the results for the interior. When we do this, the intermediate
streamlines have a tendency also to remain straight, with the gas at higher
latitudes having larger densities and slower terminal speeds (for a magnetic
field distribution that starts off approximately uniform at the sonic surface).
We are currently trying to compute the amount of bending which takes place
when the shape of the upper streamline is left more realistically as a free
boundary (pressure balance between an X-wind and an O-wind). When such
a calculation becomes available, we will be able to estimate the degree of
collimation of the X -wind; in particular, we will be able to compute the angle
dependence P (6) of the rate of momentum injection (needed for any a priori
calculation of the shapes of the swept-up shells of molecular gas):

Muvw p 6. (12)
4

Even without detailed knowledge of P (6), a simple order of magnitude
estimate using the theory developed so far yields the velocity of the swept-up
bipolar lobes of molecular gas roughly as the geometrical mean between the
terminal speed of the wind v,, and the effective sound speed of the ambient
molecular cloud core a5 (Shu et al. 1991; see also Chapter by Konigl and
Ruden). For v,, measuring hundreds of km s71 and ae ranging from a
fraction of a km s~! (low-mass cores) to greater than 1 km s™! (high-mass
cores), we would then predict typical lobe speeds ~ (Vwdaeg)'/2 ~10 km s},
in rough agreement with the observations.

For well-collimated flows, P (6) will have values larger than unity for a
small range of angles 6 near the two poles, 0 and 7. Our previous discussion
leads us to suspect that younger sources, which may have stronger magnetic
fields, possess more highly collimated outflows. We speculate that as the
sources age, their rotation speeds progressively fall below the critical rate (see
Sec. VII), their magnetic fields weaken, and their outflows fan out more in
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polar angle and sweep out an increasingly greater solid angle of the overlying
envelope of gas and dust. In this fashion may the protostars in stage ¢ of Fig. 1
become optically revealed as the T Tauri stars of stage d.

VII. REVEALED T TAURI STARS

The ability to study T Tauri stars at optical and near-infrared wavelengths has
yielded tremendous observational dividends. Foremost in importance among
the discoveries of the past decade has been the realization that many of the
photometric and spectroscopic peculiarities (variability, strong emission lines,
infrared and ultraviolet excesses, strong outflows) long known to characterize
these systems (cf. the reviews of Herbig 1962h; Kuhi 1978; Cohen 1984;
Imhoff and Appenzeller 1987; Bertout 1986,1989; Appenzeller and Mundt
1991) may owe their explanation to the presence of circumstellar disks. Sev-
eral independent lines of evidence lead to the conclusion that circumstellar
disks surround many young stellar objects, e.g., the large polarizations often
seen in these sources (Elsasser and Staude 1978; Bastien and Menard 1988;
Bastien et al. 1989), or the asymmetry of forbidden O I line profiles (Ap-
penzeller et al. 1984; Edwards et al. 1987), or the motions of SiO masers
(Plambeck et al. 1990). Here, however, we shall concentrate on the nature
and implications of the infrared and ultraviolet excesses in T Tauri stars.

We begin with the ultraviolet excess (Kuhi 1974; Herbig and Goodrich
1986), which has been plausibly linked by Hartmann and Kenyon (1987a),
and Bertout et al. (1988) to the action of a boundary layer between the star and
the disk (see also Chapter by Basri and Bertout). For a conventional boundary
layer to arise (gas heated to high temperatures by the frictional rubbing of a
rapidly rotating disk against a slowly rotating star), a disk must abut the star.

Cabrit et al. (1990; see also Chapter by Edwards et al.) find an interesting
correlation between the strength of the near-infrared excess (a measure of
the amount of disk just beyond the boundary layer) and the strength of He
emission (a measure of T Tauri wind power). Systems inferred to be missing
inner disks (radii equal to a few stellar radii) exhibit relatively little wind
power (weak-line T Tauri stars), whereas systems with appreciable inner
disks have relatively strong winds (classical T Tauri stars). As millimeter
and submillimeter investigations reveal no strong biases with respect to the
question of whether weak-line and classical T Tauri stars possess outer disks
(radii equal to thousands of stellar radii), Edwards and her colleagues interpret
their finding to imply that pre-main-sequence and protostellar winds are driven
by disk accretion (one that extends virtually right up to the surface of the star).
At first sight, this interpretation seems to bode well for the X -celerator theory,
which pinpoints the interface between star and disk as the source of the wind.
In particular, theories that use self-similar solutions for disk winds (Blandford
and Payne 1982; Konigl 1989) have a difficult time explaining why missing
just a small portion (the innermost part) of a disk should completely change
the nature of the solution. However, a deeper probing of the T Tauri results
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shows that they also pose a severe problem, potentially fatal, for X-celerator
models.

For the X-celerator model of Sec. VI to work, we need to posit that the
equator of the star, to which the open magnetic field lines are tied, rotates at
breakup. The very fact that T Tauri stars possess boundary layers (if this is the
correct interpretation for the ultraviolet excess) demonstrates, however, that
their equatorial regions are not rotating at breakup. Even more damaging,
direct spectroscopic investigation shows that most T Tauri stars rotate at
speeds about an order of magnitude slower than breakup (Vogel and Kuhi
1981; Bouvier et al. 1986a; Hartmann et al. 1987; see the review of Bouvier
1991). Yet, Edwards et al. (see also Chapter by Hartmann et al.) deduce that
T Tauri stars also satisfy an inflow-outflow relationship of the form of Eq. (9),
M, = f oM yee, With f2 numerically not very different from the value that we
have deduced from X-celerator theory (f, ~ 0.2).

How can we resolve the discrepancy? Galli and Shu (in preparation)
propose that a partial solution may be found by asking how an accretion disk
actually tries to spin up a slowly rotating star. Their answer involves, not
the inward diffusion of vorticity as in the models of Paczynski (1991) and
Popham and Narayan (1991), but Ekman pumping. The mathematics for
Ekman pumping is fairly involved; however, the basic physics is simple, and
easily explained by analogy to spinup in a cup of tea.

Suppose we place a cup of tea on a turntable spinning at angular speed €2,
and we ask how long it takes for the liquid, initially at rest, to spin up to the
same angular speed as the boundaries of the cup. If spinup occurred by the
diffusion of vorticity from the boundary layer to the interior, the theoretical
answer, in order of magnitude, would be given by the familiar formula:

taigg ~ L*/v (13)

where L represents the typical dimension of the cup, and v gives the kinematic
viscosity of tea. Putting in characteristic numbers, we would deduce t4; ~
tens of minutes. In fact, the actual spinup time empirically measures more
in the neighborhood of tens of seconds, and is theoretically given as the
geometric mean between the viscous diffusive time scale Eq. (13) and the
overturn time scale Q™!

topinup ~ (taisi/ 2)'/2. (14)

The formula (14) represents essentially the time that it takes tea to cir-
culate from the interior of the cup to the boundaries, where it can quickly
match its rotational speed to that of the cup (Fig. 10a). In other words, Ekman
pumping sets up a secondary circulation that brings the tea to the boundary
layer rather than waiting for the effects of the accelerating agent to diffuse to
the interior. Because the bottom of the cup speeds up the tea in contact with
it relative to the tea in the interior, the pressure gradient needed to balance
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Figure 10.  (a) Ekman pumping in a teacup (schematic). A thin Ekman layer 8gx
forms above the bounding surface perpendicular to the axis of rotation. (b) Ekman
pumping in a T Tauri star modeled via the spinup of a (uniformly rotating) polytrope
of index 1.5 with turbulent viscosity estimated by convective mixing-length theory.
A secondary circulation pattern sets up in the meridional plane when the star is
subjected to a shear stress at its surface that is highly concentrated toward the
equatorial plane. The velocity scale corresponds to a model in which M, = 0.8
Mg, R, = 3Ry, Q,R, =20km s}, and v = 10" cm? s~!. The radial scale from
0.9 R, t0 1.0 R, has been expanded for clarity of display (figure from Galli 1990).

the centrifugal force of rotation differs in the two regions. The difference in
pressure distribution outside and inside the boundary layer then pumps the
fluid from the former to the latter in such a way as to set up the secondary
circulation depicted in Fig. 10a.

We believe an analogous situation to hold for the case of T Tauri stars,
except that gravity, in addition to pressure and inertial terms, enters the equa-
tion for force balance. Schematically, the presence of an abutting disk tries
to spin up the equatorial regions of a star faster than its poles. The excess of
centrifugal support in the equatorial regions necessitates less vertical pressure
support against gravity there than elsewhere. As a consequence, the unbal-
anced horizontal pressure gradients will push gas from the surface layers of
the rest of the star toward the equator. Continuity requires those streamlines
converging onto the equator of the star that do not blow outwards in a wind to



CLOUDS, STARS, AND DISKS 33

resubmerge into the interior of the star, establishing a circulation pattern that
looks as depicted in Fig. 10b.

Figure 10b represents a detailed calculation from Galli’s (1990) doctoral
thesis of Ekman pumping in a polytrope of index 1.5 (to represent a fully
convective star). The calculation, however, contains only one of two possible
effects that can lead to a secondary circulation: the barotropic response
to the spinup induced by the frictional torque of an adjacent disk highly
concentrated toward the equatorial regions. The rotational evolution, with
d€2/dr > 0, is assumed to proceed keeping the zeroth-order rotation spatially
uniform, which leads to perturbations in the angular speed of the stellar
interior that are stratified across cylinders. If the true surfaces of constant
in T Tauri stars correspond—as they do in the case of the convection zone of
the Sun (Dziembowski et al. 1989)—not to cylinders, but to radial cones, a
second effect can arise because the surfaces of constant pressure do not then
correspond to surfaces of constant density. In this situation, the baroclinic
generation and maintenance of meridional mass flow may compete with or
even dominate over the barotropic part. In other words, the meridional flows
induced by a quasi-steady balance between spinup through a disk and spin-
down via a wind may make the application of Fig. 10b to actual T Tauri stars
somewhat oversimplified.

Nevertheless, Fig. 10b shows a robust qualitative feature of great impor-
tance to our current discussion: the circulation of matter in the photospheric
and subphotospheric layers toward the equator. If such layers carry stellar
magnetic field lines along with them, then we can easily visualize how open
field lines of kilogauss strength might be brought from the rest of the star
that rotates slowly (as required to satisfy the spectroscopic observations of
T Tauri stars) to an equatorial band that rotates quite rapidly (by definition, at
“breakup” when we enter the disk proper). Conceivably, the Doppler imaging
(Vogt 1981) of classical T Tauri stars could test whether circulation currents
of this geometry cause starspots to migrate toward the equator on time scales
(radius of star divided by photospheric circulation speed) of weeks to months.
If so, the resulting ejection of matter in a powerful magnetocentrifugal wind
along open field lines might then qualitatively proceed, more or less, as we
described in Sec. VI for an X -celerator-driven flow. As it takes on the order of
a day for circulation-driven, inhomogeneous, magnetic structures to migrate
through the sonic surface of a wind originating from an equatorial belt equal
to a few percent of the radius of the T Tauri star, we can now understand why
optical spectral lines believed to be wind diagnostics (in contrast to general
photospheric diagnostics) should show profiles that vary wildly on that sort
of time scale (G. Basri, personal communication).

The above speculation, that T Tauri winds originate basically in a highly
magnetized and rapidly rotating boundary layer, amounts essentially to a
compromise solution between a stellar-driven wind and a disk-driven wind.
In this compromise, we make use of the known ability of a star to hold onto
very strong magnetic fields, and we take advantage of the natural tendency
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for disks to possess very rapid rotation. More work, however, needs to be
done on this problem before we can claim that we can safely import to this
complex situation the main features of the solutions for more simple models.

We should note, however, that closed field lines may play a competing
role to open ones. If stellar circulation currents force closed field lines of
sufficient strength to thread through the disk (a process made easier at a late
stage when the disk accretion rate onto the star drops to small values), and if the
star becomes magnetically coupled largely to those parts of the disk that rotate
fairly slowly, then we might have another explanation as to why T Tauri stars
have projected rotational speeds vsini < 15 km s~! (see Konigl [1991]).
For this braking mechanism to work, however, the same magnetic torques
associated with fields threading the gaseous disk need to empty out much
of the rapidly rotating inner portions of the disk, which would otherwise act
to spin up the star, rather than spin it down. Weak-line T Tauri stars may
represent (evolved) systems missing such inner disks, and it is interesting to
note that they do not possess the powerful (X-celerator-driven) winds that
classical T Tauri stars do.

We turn now to the dynamics of the disk proper, and the origin of the
infrared excesses of T Tauri stars. Since the pioneering work of Mendoza
(1966,1968), astronomers have known that T Tauri stars emit significantly
more infrared radiation than other stars of their spectral type (typically K sub-
giants). From the start, thermal emission from circumstellar dust has been
suspected as the culprit; however, the geometry of the dust distribution re-
mained obscure until Lynden-Bell and Pringle (1974) suggested that it might
lie within a viscous accretion disk. In particular, Lynden-Bell and Pringle
pointed out that an optically thick disk, vertically thin but spatially extended
in distance @ from the rotation axis over several orders of magnitude, and
possessing a power-law distribution of temperature,

Tp & @ P (15)

would exhibit a power-law infrared energy distribution,

vF, o v" where n=4-— (16)

2
p
Viscous accretion-disk theory for a system in quasi-steady state predicts p =
3/4,1.e.,n=4/3.

Rucinski (1985) examined the observational evidence and he conclud-
ed that, while the infrared excesses of T Tauri stars did well approximate
a power-law distribution, the mean value of n is appreciably smaller than
4/3 (see also Rydgren and Zak 1987). Adams et al. (1987) noted that the
presence of considerable infrared emission without a correspondingly large
visual extinction of the central star implies that the circumstellar distribution
of dust must exist in orbit in virtually a single plane about the star. In
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such a situation, a non-accreting, optically thick, flat, and radially extended
disk would intercept 25% of the starlight and reprocess it to near- to far-
infrared wavelengths, with disk-temperature and spectral-energy distributions
also very nearly satisfying Eqgs. (15) and (16), except that the coefficient of
proportionality would be exactly known. Unshielded large dust particles at a
distance r from a star would, of course, have a temperature distribution that
satisfies Tp o r~!/2. However, astronomers believe that young nebular disks
are completely thick at optical wavelengths even vertically through the disk, so
that starlight cannot shine directly on dust particles by propagating through the
midplane, but must come at oblique angles from near the limbs of a star of size
R.. This effect introduces an extra geometrical factor of essentially R,/ r into
the relation between absorbed starlight (o [R,/r]r2) and emitted infrared
radiation (o T}3), which makes the reprocessing temperature law Tp oc r~3/4
rather than r~!/2. To remind ourselves of this important difference between
the reprocessing in an opaque flat disk with faces perpendicular to the z
direction and in an airless planetary surface with projected area perpendicular
to r, we write the former law as Tp x @~/

Adams et al. (1987) also demonstrated that the few cases of T Tauri sys-
tems that did show the canonical value n = 4/3 could indeed be explained in
terms of passive or reprocessing disks; whereas, those disks that have the most
extreme infrared excesses and, therefore, exhibit the most quantitative evi-
dence for a nonstellar contribution to the intrinsic luminosity, correspond, not
to n = 4/3, but to n = 0 (Adams et al. 1988; see Fig. 11a,b). Flat-spectrum
sources with n = 0 require p = 1/2, i.e.,, Tp &« @ /2. A comprehensive
survey by Beckwith et al. (1990; see also Chapter by Beckwith and Sargent)
fitted temperature power-laws to the infrared excesses of classical T Tauri
stars, and found that the derived values for the exponent p range from the ex-
tremes p = 3 /4 (steep-spectrum sources) to p = 1/2 (flat-spectrum sources),
with more sources having the latter value than the former. Strom claims,
however (see his chapter in this volume), that the “flatness” of the spectra of
many of the sources disappears if one uses long-wavelength measurements
with smaller beams than the IRAS measurements.

Kenyon and Hartmann (1987) proposed that geometric flaring in purely
reprocessing disks could flatten out the spectral energy distributions of the
spatially flat models that predict n = 4/3, and thereby remove much of
the discrepancy between theory and observation. A greater interception and
scattering of stellar photons would also better account for the relatively large
fractional polarization detected for some T Tauri stars (Bastien et al. 1989).
In contrast, Hartmann and Kenyon (1988) note that the source FU Orionis,
which may be undergoing enhanced accretion through a disk (for a dissenting
view, see Herbig 1989a), does show the canonical value n = 4/3 (see also
Adams et al. 1987), and they conclude that nebular disks may transfer much,
if not most, of their mass onto the central stars through such recurrent episodic
outbursts. Finally, Kenyon and Hartmann (1991) conclude that, as a class,
many of the FU Orionis variables may still be surrounded, not by flared disks,
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Figure 11.  (a) A steep-spectrum T Tauri star, SR 9. The dashed curve shows the

expected spectrum for a star alone; the solid, for a star plus a spatially flat, but
radially extended, disk that locally reprocesses the starlight that falls on it (figure
from Adams et al. 1987) . (b) A flat-spectrum T Tauri star, T Tau itself. The
curves show models (from Adams et al. 1988) for a star plus a spatially flat disk,
with the latter heated by stellar photons as well as possessing an intrinsic source
of luminosity with a temperature distribution, Tp o< @ ~?, where p = 0.515. The
disk extends from the stellar surface to a radius Rp = 120 AU, the minimum value
needed to fit the extent of the flat portion of the infrared data points (triangles). The
actual size also cannot be much larger before suffering truncation by the companion.
(The system corresponds to a binary, but the model is insensitive to which star has
the flat-spectrum disk, or even if both stars have disks.) The disk model in the solid
curve has infinite mass and is optically thick at all frequencies; the dotted curves
that turn over progressively toward higher frequencies because of declining optical
depth have disk masses, respectively, of 1, 0.1, and 0.01 Mg. Measurements at
submillimeter and millimeter frequencies (data points with error bars) can establish
the disk mass, provided the dust opacities in the disk correspond with those of the
model (figure from Adams et al. 1990).
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but by dusty (infalling?) envelopes that contribute significant amounts of
far-infrared emission through the reprocessing of starlight.

There exists a difficulty with explaining the most extreme flat-spectrum
T Tauri stars (which includes some of the most famous examples in the
class: T Tauri itself, HL Tau, DG Tau, etc.) as passive, geometrically flared
disks. To reprocess the starlight into the observed amounts of infrared excess
would require unrealistic ratios of the dust photospheric height H to disk
radius . Appendix B of Ruden and Pollack (1991; see also Kusaka et al.
1970) gives the temperature of a flared disk illuminated by a central star of
radius R, and effective temperature T, (at a radius @ >> R,) as

3 2 1/4
To(w) =T. [i (&) +1(&) (i) (dlnH - 1)} . an
3In \w 2\ w dlno

~3/4

Notice that the canonical law Tp X @ dominates at small radii zr (where
H << R\,), while shallower temperature gradients can arise at larger radii if H
varies as a power of r with an exponent s greater than unity (a geometrically
flared disk). If the dust does not settle to the midplane but remains suspended
in the gas (an inconsistent assumption if reprocessing disks are not turbulent),
vertical hydrostatic equilibrium requires H Q"TI;/ 2 sothat s = 9/7
and p = 3/7 in the outer parts of a self-consistent, Keplerian, reprocessing
disk. Such a disk typically requires H /@ = 1/3 at large @ to produce an
appreciable departure from the canonical case (Kenyon and Hartmann 1987).
A circumstellar layer of dust with such an aspect ratio would conflict, however,
with the observed fact that unobscured T Tauri stars are an order of magnitude
more numerous than heavily extincted sources (in the Taurus molecular cloud).
Moreover, for sources not seen through the disk, since n = +4/3 forp =3/4
but n = —2/3 for p = 3/7, the spectrum would fall from the near- to
mid-infrared but then rise toward the far infrared. Reprocessing of starlight
in either flared disks or warped disks cannot generally reproduce the single
power-law index, n = 0 from the near infrared to the far infrared, observed
for the most extreme flat-spectrum sources.

Binarity is known to add complications in the case of T Tauri, and
other sources of confusion may contribute to the observed departure from
the expected spectral slope of n = 4/3. Taking the point of view, however,
that physical significance could be assigned to the frequent occurrence of
the single exponent n = 0, which neither viscous accretion nor passive
reprocessing adequately explains, Adams et al. (1988) speculated that the
flat-spectrum T Tauri stars must have active disks where the processes of
transport of mass (inward) and angular momentum (outward) involve nonlocal
mechanisms. Adams et al. (1989; see also Chapter by Adams and Lin) worked
out one such mechanism: the generation of one-armed spiral density waves
(m = 1 disturbances) by eccentric gravitational instabilities that involve the
displacement of both star and disk from the center of mass of the system.
Shu et al. (1990) gave an analytic demonstration, under a restrictive set of
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circumstances, that such modal eccentric instabilities would arise whenever
the disk mass as a fraction of the whole (star plus disk) exceeds 3/4r ~ 0.24.
They also pointed out that the temperature law T, o @ ~!/2 plays a special role
in the linear theory of m = 1 disturbances in that this distribution keeps the
fractional amplitude of the wave (ratio of disturbance to unperturbed surface
densities) constant throughout much of the disk. As the fractional amplitude
in a full theory provides a measure of the nonlinearity of the wave, Shu et
al. (1990) speculated that nonlinear propagation and dissipation of excited
m = 1 waves would provide the feedback that accounts for the temperature
law Tp o @ /2 in the first place. Ostriker and Shu (work in progress)
are pursuing the correct nonlinear derivation of this result, and they are also
investigating the possibility that stellar companions in binary systems may
provide an alternative source for the excitation of m = 1 density waves.

We find it informative to comment on the basic reason why either low-
freqeuncy unstable normal modes or fairly distant companions can provide,
in principle, a redistribution of mass and angular momentum of a different
qualitative nature than viscous accretion. A disturbance which rotates at a
uniform angular speed €2, (see Sec. VIII) contains excess energy E wave and
angular momentum J 4. above the unperturbed values. These are related to
each other by the formula (cf. Lynden-Bell and Kalnajs 1972),

Ewave = ijwave- (18)

The same proportionality applies /ocally to the wave energy densities Eyave
and angular-momentum densities Jwave (per unit area),

gwave = Qp Jwave (19)

if the spiral waves are tightly wrapped (Lin and Shu 1964; Toomre 1969; Shu
1970), as they inevitably are for disturbances in most of a radially extended
nebular disk (cf. Adams et al. 1989; Shu et al. 1990). Moreover, Eyave and
Jwave are both positive or both negative depending on whether the wave rotates
faster or slower than the matter; i.e., Ewave and Juave >0 outside corotation,
Q, > Q, whereas Eyave and Juave <O inside corotation, Q, < €2, where
Q2 () represents the local angular speed of the disk.

On the other hand, in order for a gas element to remain in circular orbits
when some external torque changes its angular momentum at a rate J, its
energy must change at a rate

Ecirc = Q] (20)

When spiral density waves inside (outside) corotation dissipate they give a
negative (positive) amount of angular momentum to the local gas, causing
that gas to move to a radially smaller (larger) orbit. However, the energy lost
(gained) by the gas element (a factor of €2, times the angular momentum lost
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[gained]) in the process of damping the wave will generally be inappropriate
for the gas to remain in a circular orbit with the modified angular momentum.
The excess orbital energy will be converted to heat at a rate

H=(Q,—QJ 1

when the orbit of the gas element circularizes by hydrodynamic dissipative
mechanisms.

Note that as the gas loses (gains) angular momentum inside (outside)
corotation, the rate of conversion of energy into heat, H, is everywhere
positive. Note also that deep inside the disk where 2 >> €, the rate of
heat gain is very large per unit rate of angular momentum transferred. In
other words, although a slowly rotating disturbance in the outer part of the
disk (either a normal mode or a companion star) cannot directly supply much
energy to the inner disk (only a factor 2, x J), it potentially comprises a
huge reservoir for dumping the angular momentum of the system. Removing
angular momentum from the part of the disk inside of corotation (by direct
near-resonant coupling in m = 1 density waves) results in accretion. When
the basic orbits cannot become very noncircular (because tightly wrapped
waves cannot yield highly eccentric orbits without producing either radiative
damping or streamline crossing and dissipative shocks), the heat released by
this nonviscous form of accretion will provide, we believe, the luminosity
excess that one sees in the flat-spectrum T Tauri stars.

In the inner portions of the disk, where £ >> €, but still much beyond
the star-disk boundary layer, we note that Eq. (21) for the disk heat input
differs only by a factor of 3 from the corresponding formula given by viscous
accretion-disk theory. (A much bigger difference exists beyond the corotation
circle, where 2, >> £, but the physical dimensions of realistic disks may not
extend to regions where the wave energy much dominates over the accretion
energy.) The ability of wave transport (perhaps) to produce flat-spectrum
sources may then depend critically on the fact that m = 1 wave dissipation
yields a nonuniform rate of local disk accretion M., with M .. & @ needed
to produce a flat-spectrum source.

It might be argued that viscous-accretion disk models could also accomo-
date flat-spectrum sources if we allow ourselves the luxury of assuming M ;..
& @ . Hartmann and Kenyon (1988) dismissed this possibility on the grounds
that it would require mass accretion rates in the outermost parts of a disk three
or more orders of magnitude higher than the innermost regions. Compare the
required behavior with theoretical models of viscous accretion. Independent
of the details for the specification of the viscosity, the diffusive nature of the
viscous process (if stable) inevitably yields in the relevant portions of the
disk, a long-term evolution that satisfies the approximate condition, M. = a
spatial constant {(cf. Ruden and Lin 1986; Ruden and Pollack 1991). The same
result need not apply to accretion disks driven by global instabilities. Indeed,
the dynamics of quasi-steady wave generation, propagation, and dissipation
will generally not correspond to the condition of steady-state accretion.
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The implication that the (self-gravitating) disks in flat-spectrum T Tauri
stars have much larger accretion rates in their outermost parts (say, ~107>
Mg yr~!) than their innermost parts (say, 1073 to 10~7 Mg yr~!) may have
important observational consequences. In particular, the tendency to pile up
matter at a bottle-neck at the smallest radii leads, for a temperature distribution
fixed by wave dissipation independent of the surface density distribution (see
Shu et al. 1990), to a local lowering of Toomre’s (1964) Q parameter. If
Q falls sufficiently, violent m > | gravitational instabilities may make an
appearance (see, €.g., Papaloizou and Savonije 1991; Tohline and Hachisu
1990). Such modes act over a much more restricted radial range than m = 1
modes, but they may induce a sudden release of the piled-up material onto
the central star. Two very different gravitational modes of mass transport
may therefore act: m = | waves, driven by distant orbiting companions or
mild instabilities characteristic of the outer disk; and m > 1 instabilities with
high growth rates characteristic of the inner disk. The relative ineffectiveness
of the first mechanism for inducing mass transport at small @ leads to large
amounts of matter caught in the “throat”; the clearing of this material by the
second mechanism may then yield the sporadic “coughs” that Hartmann et
al. identify in their chapter as FU Orionis outbursts. Much more work would
have to be performed on this scenario, however, before we could characterize
it as more than an interesting speculation.

VIII. BINARY STARS AND PLANETARY SYSTEMS

In their studies, Adams et al. (1989) and Shu et al. (1990) suggested that
the existence of binary systems among the T Tauri stars may itself represent
a manifestation of the prior action of m = 1 gravitational instabilities (see
Chapters by Bodenheimer et al., and by Adams and Lin). Recent numer-
ical simulations using smooth-particle-hydrodynamics codes (Lattanzio and
Monaghan 1991; Bastien et al. 1991; F. C. Adams and W. Benz, personal
communication) indicate that the formation of companion objects by non-
axisymmetric disturbances (in particular, m = 1) in massive nebular disks
may indeed be a viable physical process. Nevertheless, because the actual
accumulation of mass occurs, at least in some systems, via gradual infall of a
single molecular cloud core (cf. Secs. IV and V), we should not directly apply
the results of simulations of fully accumulated stars plus disks to the actual
binary-formation process. We believe it much more likely that both stars start
off small (perhaps as the result of a runaway m = 1 gravitational instability),
that the two protostars separately acquire inner accretion disks, that they may
also jointly acquire a circumbinary disk, and that buildup of the entire system
occurs substantially while the system lies deeply embedded within a common
infalling envelope. Haro 6-10 and IRAS 16293-2422 may represent exam-
ples of such systems (see Zinnecker 1989a; G. A. Blake and J. E. Carlstrom,
personal communication; for a review of alternative formation scenarios, see
Pringle 1991).
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An interesting aspect of the realization that binary-star formation may
occur in the presence of circumstellar, or even circumbinary, disks concerns
the eccentricity of the resulting orbits. Duquennoy and Mayor (1991) and,
especially, Mathieu et al. (1989) have emphasized the important observational
point that most binaries are probably born with eccentric orbits, and that the
shorter-period ones only later become circularized by stellar tidal processes.
This state of affairs should be contrasted with that applicable to planetary sys-
tems, where current belief holds that most planets are born with nearly circular
orbits. How do we reconcile this difference if we believe that companion stars
and planets are both born from disks?

A qualitative answer to this question may come from the work of Gol-
dreich and Tremaine (1980) on the interactions of satellites and disks (see
also Ward 1986; Chapter by Lin and Papaloizou). For satellite orbits of small
eccentricity e and inclination i, a Fourier expansion of the potential associated
with the satellite’s gravity introduces a series of disturbances that have wave
frequency w given by (cf., e.g., Shu 1984)

w=mQstnc; £pu, 22)

where m, n, and p are positive integers, with « s and 15 being the epicyclic and
vertical oscillation frequencies, respectively, when we expand the satellite’s
eccentric and inclined orbit about the circular orbit with angular rotation speed
Q. The integer m yields the angular dependence o e ~/"*% of the disturbance
potential, whereas n and p represent the number of powers of e and sin i that
enter the coefficient of the specific term in the series expansion. We refer to
the terms corresponding to n = p = 0, which can arise even if the satellite
orbit is circular, as being of lowest order; higher-order terms depend on the
orbit having nonzero eccentricity e or inclination i.

As the time dependence of the disturbance potential o« ¢/“f and the angular
dependence ox e~/™¢, the pattern speed of the disturbance equals

Qp = w/m. (23)

In a steady state (including dissipation), the satellite potential excites a density
response in the disk that remains stationary in a frame that rotates at the pattern
speed €2,. This response achieves its highest values at various resonance
locations. Corotation resonances occur at radii @ where

Q) =, (24)
Lindblad resonances occur where
Qo) £ %K(w) = £ 25)
and vertical resonances occur where

1
Qo) + -”;;L(CD') =Q, (26)
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with Q(w), k(w), and u(w) representing, respectively, the circular, epi-
cyclic, and vertical oscillation frequencies of the local gas. Inner resonances
occur where the minus sign is chosen in Egs. (25) and (26); outer resonances,
where the plus sign is chosen. For a nonaxisymmetric disturbance with given
pattern speed €2, we generally encounter in succession an inner resonance,
a corotation circle, and an outer resonance, as we move radially outwards
through the disk. For a Keplerian disk, all three frequencies are equal, Q2 =
x = u, and special significance attaches to m = 1 disturbances because the
entire disk can be in near-inner Lindblad or vertical resonance with a distant
companion (where £,~0).

Consider now the gravitational back-reaction of the density response in
the disk on the exciting satellite. The gravitational potential associated with
the density response, being nonaxisymmetric and time dependent in an inertial
frame (but time independent in a frame that rotates at ), conserves neither
the orbital angular momentum J, nor the orbital energy E of the satellite;
however, the combination £, — €,Js = Jacobi’s constant is conserved. As
a consequence, the back-reaction from the disk pumps energy and angular
momentum into the orbit of the satellite in the ratio Qp, E, = QpJ;, with J;
equal to minus the torque on the disk. For the strongest resonances (corotation
or Lindblad), where n = p = 0, Eqgs. (22) and (23) state that 2, = Q; con-
sequently to zeroth order in e (and sini), these strong resonances contribute
energy and angular momentum to the satellite in a ratio as to keep circular
orbits circular. To linear order in €2, however, the stron gest resonances change
the satellite’s eccentricity at rates comparable to the weaker resonances that
have n = 1 and p = 0. The former always lead to eccentricity damping
(growth) for inner (outer) Lindblad resonances; the latter contribute to eccen-
tricity changes depending on the sign in €, = € & «;/m and on whether the
Lindblad resonances are inner or outer ones. The torque exerted by corotation
resonances {and therefore their contribution to eccentricity changes) depends
on the sign of the gradient of the vorticity divided by the surface density.

In an untruncated Keplerian disk of uniform surface density, Goldreich
and Tremaine (1980) demonstrate that the sum of the effects of all res-
onances has a slight dominance of eccentricity-damping resonances over
eccentricity-exciting ones (see also Ward 1986 for estimates of the effects
of surface-density gradients). This presumably explains why planets embed-
ded in nebular disks acquire nearly circular orbits, although gap opening adds
to uncertainties (see Lin and Papaloizou 19864, b). The ability of strong
resonances to open gaps is observed in the Saturnian ring-moonlet system
(see the discussion of Cuzzi et al. 1984). For a massive companion such as
another star, however, not only may the companion be born with an initial
eccentricity, but wide gaps opened up on either side of the secondary star may
lead to the disappearance of the strongest m # 1 resonances. The remaining
resonances may amplify orbital eccenticities under some circumstances; for
example, Artymowicz et al. (1991) find eccentricity growth in a numerical
simulation of a binary surrounded by a circumbinary disk that is dominated
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by a m = 2 outer-Lindblad resonance with 2, = £; — «;/2. On the other
hand, the system GW Ori appears to be a binary with a circular orbit and
with circumstellar and circumbinary disks (Mathieu et al. 1991). The inferred
gap surrounding the companion eliminates the stronger m # | resonances; if
true, the circumstellar disk may provide a circularizing influence on the binary
orbit through the action of m = 1 inner-Lindblad near-resonances (Ostriker
et al. 1991). In any case, if a companion star acquires large eccenticities, it
may have a high efficiency for sweeping up the matter of the disk in which it
is embedded.

In summary, the orbital characteristics of newly formed planets and com-
panion stars might qualitatively differ from one another because the two types
of objects originate by completely different processes (cf. Pringle [1991] for
this point of view). On the other hand, even if they both descend from disks,
we sec that good mechanistic reasons exist why binary stars might acquire
appreciably eccentric orbits, whereas planets usually do not. The difference in
outcomes—binary stars or planets—might then depend on differences in ini-
tial conditions, namely, the total amount of angular momentum J, contained
in the collapsing system. If J,, is small, a substantial central mass could accu-
mulate by direct infall before disk formation occurs. The stabilizing influence
of a massive center of attraction may then prevent any runaway gravitational
instabilties in the disk, leaving only the possibility of planetary condensation
by chemical or physical means. If J is large, the ratio of disk to star mass
may reach order unity before the central object has grown sufficiently to pre-
vent the gravitational fragmentation of the disk to form another body on an
eccentric orbit. In this case, continued infall builds up a binary-star system.

IX. THE ORIGIN OF STELLAR AND PLANETARY MASSES

As the primary transformers of the simple elements that emerge from the
big bang, stars constitute the fundamental agents of change in the visible
universe. Of all its properties, a star’s mass most affects its main-sequence
appearance and later evolution. Given that giant molecular clouds, the raw
material for forming stars, contain much more mass than required to make
the final products, the most basic problem posed for theories of stellar origin
concemns, then, how these objects acquire the masses that they do. At one
time, astronomers sought for an answer to this important question in terms of
a picture of hierarchical fragmentation, but severe doubt about this possibility
has been cast by the realization that giant molecular clouds are not collapsing
dynamically and have, in fact, generally a very low efficiency for stellar
genesis (Zuckerman and Evans 1974).

The discovery that massive outflows ubiquitously accompany the birth
pangs of stars has led to an alternative explanation, that forming stars might
help to define their own masses. From this point of view, star formation
represents basically an accretion process (a theoretical point of view with
modern origins in the work of Larson [1969]), with the mass of the star
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continuing to build up until a powerful enough wind tumns on to reverse the
infall (first, over the poles, and later, even in the equatorial directions) and shut
off the accretion. Indeed, given the basic angular-momentum difficulty faced
by any condensing and rotating object which needs to contract by several
orders of magnitude in linear scale, perhaps theorists should have anticipated
all along that stars would not be able to form without simultaneously suffering
tremendous mass loss. As it is, however, theorists from Laplace onwards
managed to predict, in one form or another, only three of the four stages of
star formation depicted schematically in Fig. 1.

A parallel situation holds for the issue of planetary masses, which we
know today probably also results from a process of accumulation. At one
time theorists sought to skirt the issue by postulating that the primitive solar
nebula had only the amount of mass, when reconstituted to solar composition,
needed to build the known planets. The planets then incorporated the masses
that they did, essentially because that was all the material there was. (We
exaggerate the degree to which “input equals output” in the so-called “mini-
mum-mass model” because theorists still had the chore of explaining why the
solar system formed with nine major planets, and not one, or a hundred.)

The modern view suggests that the birth of a star must indeed almost
always proceed with the accompanying appearance of a disk. However, it
also claims that the masses of the growing star and disk are unlikely to have
a ratio of anything like 100 to 1. In the early stages, at least, the solar nebula
may have had a comparable mass to the proto-Sun. Such a situation places
sharp focus on the question how planets acquire the masses that they do if
most disks have available more mass than needed to make the known planets.

A partial answer may have been supplied by the suggestion by Lin and
Papaloizou (1985,1986a; see also their Chapter) that tidal truncation limits
the maximum amount of mass acquirable by a giant planet. Tidal truncation
works because a circularly orbiting body has a basic tendency to want to speed
up more slowly rotating material exterior to its own orbit, and to slow down
more rapidly rotating material interior to it. This tendency to give angular
momentum to the matter on the outside and to remove it from matter on the
inside (as already discussed for resonant interactions in Sec. VIII) secularly
pushes gas on either side of a protoplanet away from its radial position,
opening up a gap centered on the body’s orbit. Viscous diffusion tends to fill
in this gap, and for a true gap to form, the tidal torques have to dominate,
leading, for a given level of turbulent viscosity, to a minimum protoplanetary
mass that can open up a gap larger than its own physical size. (See Chapter
by Lin and Papaloizou on the additional criterion that arises in a gaseous disk
because the gap width must also exceed the vertical pressure scale-height, if
gas pressure is not to close the gap.)

The observational knowledge that the tidal force of moonlets can clear
analogous gaps in planetary rings (see, e.g., Showalter 1991) shows that this
mechanism does have empirical validity; however, the simplest formulations
of gap opening and shepherding theories do not yet yield good quantitative
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comparisons with observations of planetary rings and their moonlets (see,
e.g., Goldreich and Porco 1987). Moreover, this mechanism applied to the
solar nebula will not work to define the masses of the terrestrial planets, nor
does it explain what happens to the excess disk material that does not go into
planets. As already discussed in Sec. I, the fate of the solid debris may not
pose a great problem given the demonstration that most of the space between
the major planets yields secularly unstable orbits (see Chapter by Duncan and
Quinn); however, the dispersal of the remnant gaseous component remains
a serious problem, especially if massive protostellar and pre-main-sequence
winds are driven by disk accretion.

A possible resolution of the problem may rest with Elmegreen’s (1978b,-
1979c¢) proposal that stellar winds erode disks, not by blowing the gas away
(Cameron 1973), but by inducing turbulence in the wind-disk interface that en-
hances the inward viscous transport of matter. If, in turn, disk accretion drives
powerful stellar winds, the process could continue to operate, in principle, un-
til the disk has completely emptied onto the star. Indeed, the existence of
a feedback loop—disk accretion drives wind — wind drives disk accretion,
etc.—together with time delays, leads to the possibility of instabilities and
limit cycles (see Bell et al. [1991] for an example of a negative feedback cycle
leading to chaotic oscillations). Such feedback loops—modulated perhaps by
magnetic cycles on the star itself—yield yet another possible mechanism for
FU Orionis outbursts.

Finally, we note that disk accretion can be dammed by the formation of
giant planets and the appearance of gaps across which matter does not flow.
The removal of the gas from the outer regions of dammed disks may then
require slow evaporation by ultraviolet radiation (Sekiya et al. 1980a; Hayashi
et al. 1985; see review of Ohtsuki and Nakagawa 1988). The abundance of
possibilities regarding the dispersal of the remnant gas in nebular disks yields
a specific demonstration that we still possess ample problems to wrestle with
before Protostars and Planets IV is written.
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Discussions are given of the stellar nucleosynthesis sites of several extinct nuclides:
W] OFe, 135Cs, %*Mn, 92Nb, 197Pd, 1%, 46Sm, '82Hf and 2**Pu. The mean lives
of these nuclides range over 2 orders of magnitude, from 1.07 to 149 Myr. These
are interpreted to include 1 equilibrium process product, 2 r-process products, 2 p-
process products, 1 product of hot hydrogen burning, and 4 s-process products. It is
shown that their abundances in the early solar system are consistent with the following
postulated local history of the Galaxy. About 130 Myr before the formation of the solar
system an OB Association was formed in a nearby molecular cloud, and the ultraviolet
radiation from the more massive O stars destroyed the cloud, caused very large-scale
mixing in the interstellar medium, and created new molecular cloud complexes. In
the nearest of these, roughly 25 Myr before the formation of the solar system, a new
OB Association again caused large-scale mixing and formed new molecular cloud
complexes, including the one in which the solar system would be born. An AGB star
in the last stages of its evolution wandered into our cloud shortly after its formation;
its planetary nebula stage triggered a chain of formation of new stars that propagated
through strong stellar wind and bipolar ejection processes occurring in the new stars
themselves.

I. INTRODUCTION

The solar system, when formed, possessed interesting amounts of now-extinct
radioactivities whose abundances have been preserved as isotopic anomalies
in some phases of meteorites. If we know how a nuclide was made and what
kind of stellar scenario was involved, then in principle we can date the interval
between the last event or few events making the nuclide and the formation
of the solar system. This chapter constitutes an attempt to do that, within
a rather generalized model of the interstellar medium and of the molecular
cloud complexes formed within it.

There is no significant body of literature on this subject. Papers announc-
ing the discovery of various extinct nuclides have usually included an estimate
of the production rate of the nuclide relative to some reference nuclide during
the course of stellar nucleosynthesis, and have noted the time implied by the
radioactive decay interval needed to reduce the isotope production ratio down
to the observed value of the isotope ratio. But such estimates rarely include
a serious attempt to deal with an appropriate astrophysical scenario in which
the decay could have occurred. Thus, when the editors of this book asked

(47]



48 A. G. W. CAMERON

me to write on this subject, in effect they challenged me to bring together
information about the interstellar medium, star formation, stellar evolution,
and nucleosynthesis to create a general scenario in which all of these ages
would become meaningful. This chapter is my attempt to do this; my effort
has extended over the past two years as interesting new information and new
ideas have come to the fore. The relevant fields of research are very active,
and it is hoped that the general scenario derived here will be useful to others
as they test various parts of it and make appropriate modifications.

Table I shows the extinct radioactivities that have been measured in
primitive solar system material, the comparison isotope (normally stable)
used as a measure of the abundance of the extinct nuclide, and the ratios of the
decay products measured in primitive material to their comparison isotopes.
It also shows the mechanism of stellar nucleosynthesis which appears to have
been primarily responsible for the production of the nuclide, at least in the
general scenario adopted in this chapter. Most of the data has been taken from
the review by Wasserburg (1985), but the data for *6Sm is from Prinzhofer et
al. (1989), the data for *Mn is from Birck and Allégre (1987), and the data for
%Fe is a tentative detection by Birck and Lugmair (1988). Very new data from
Harper et al. (1991a, b, ¢, d) on the radioactivities '32Hf, 133Cs and °’Nb has
contributed in an important way to the analysis given in this chapter. There is a
considerable range of uncertainty in the observed abundance of #2Hf, mostly
due to uncertainties in the corrections that must be made; Harper prefers an
abundance near the lower end of this range; the upper limit is from Ireland
(1991) as interpreted by Harper (personal communication). The detections
of 1*3Cs and 2Nb are also tentative and require confirmation. See also the
Chapter by Swindle.

During the last few years there has been an intensive investigation of
star formation taking place in dense molecular cloud complexes, primarily by
collapse of denser cores which form in such clouds. The shorter-lived extinct
radioactivities give some information about these events. However, typical
lifetimes that have been estimated for these cloud complexes are usually in
the range between 10 and 200 Myr (see, e.g., Myers 1990). The longer-lived
extinct radioactivities have mean lives in this general range, and they thus
tend to give information about the state of the interstellar medium prior to the
formation of a molecular cloud complex in which it is hypothesized that the
solar system was born. If the picture that we attempt to put together does not
produce a self-consistent scenario, then we would be forced to conclude that
the solar system was formed in some other, much rarer, way. It is likely that
several of these alternative paths exist and are responsible for a small part of
the star formation in the Galaxy.

II. FORMATION AND DESTRUCTION OF CLOUDS

It is generally accepted that a molecular cloud complex is formed through
an extensive flow of interstellar gas along the magnetic field lines. The
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classical mechanism proposed for this process is known as the Parker (1968)
mechanism; while the details of this mechanism are not considered today to
be correct (see Chapter by Elmegreen), it makes a good conceptual starting
point for our discussion. In this mechanism it is assumed that a section of
the magnetic field lines lying in the galactic disk becomes elevated above
the plane. The matter on the field lines is tied to them, at least on dynamic
time scales, and feels a force tending to pull it toward the galactic plane. It
responds by sliding down the field lines toward the plane. In this way, it is
expected that molecular cloud complexes will be formed in the areas where
the field lines rejoin the plane. The time required to form a molecular cloud
complex is of the order of 20 Myr (Parker 1968). The mean number density
of matter in the interstellar medium is about 1 cm™3, and in a molecular cloud
the mean density is usually in the range 10% to 10* cm™; it can be smaller
in diffuse clouds and parts of giant molecular clouds (Myers 1990). Thus the
characteristic distance through a cloud complex with a mass in the range 10*
to 10® Mg, is from 5 to 70 pc.

It requires an energetic event to dissipate a molecular cloud. This event
probably involves the formation of a number of O and B stars, which will
flood their surroundings with ultraviolet radiation, thus ionizing the nearby
gas. This will raise the temperature of the gas from 10 K to about 10* K,
thus raising the thermal pressure by a similar factor above the mean in the
interstellar medium. Under steady-state conditions around a typical O star,
a Stromgren sphere of ionized hydrogen would be formed with a radius of
0.1 to 1 pc (Stromgren 1939). But the major pressure imbalance produced
by the heating will cause the region to expand. Under steady-state conditions
at a density of 1 cm~3, the radius of the Stromgren sphere would become
100 times larger and it would ionize 1000 times as much material. Thus as
the overheated gas expands more material becomes ionized. The dynamics
of the process involves the propagation of an ionization front (Vandervoort
1963). Thus O stars with a range of masses would ionize anywhere from
102 to 10® Mg, of material in a cloud. The lower-mass O stars would disrupt
star formation in a part of the cloud, and the higher mass ones would disrupt
the cloud completely. Strong winds from O and B stars are also locally quite
disruptive.

The disruption of the cloud would certainly be complete if star formation
in it has produced an OB Association, as this would contain at least a few
stars in the higher-mass range. In such a case, the cloud must respond by
exploding. The expansion velocity will be comparable to sound speed at
10* K, or 10 km s~!. Assuming momentum conservation, the expanding
gases will slow to 1 km s~! or less, thus mixing with at least ten times the
mass of the molecular cloud. In the later stages of the expansion, when the
overpressure is not too great, it should be expected that the galactic magnetic
field will resist compression perpendicular to the field lines, and so there will
be a preferential expansion along the direction of the field lines. The field
lines also tend to inhibit actual mixing in the transverse direction, but the field
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lines can intermingle with one another and then mixing can occur by relatively
short-range diffusion.

If the cloud mass was as much as 10° Mg, and if the total mass of the
interstellar medium is about 4 x 10° Mg, then this one energetic event will
have mixed 0.025% of the interstellar medium. Such events are undoubtedly
the primary causes of large-scale mixing in the interstellar medium. The time
interval between these events is probably comparable to the lifetimes of cloud
complexes themselves, or one to two hundred Myr, or possibly less.

The most massive stars have main sequence lifetimes of about 3 Myr;
in these stars the luminosity is proportional to the stellar mass and the mass
fraction that burns hydrogen into helium on the main sequence is approxi-
mately constant (see, e.g., Shapiro and Teukolsky 1983). For stellar masses
of about 10 Mg, the main sequence lifetime has increased to about 107 yr.
But by that time the massive stars will have evolved to the end-points of their
evolution; this means that most of them will have become Type II super-
novae. To the high pressures generated by ionizing hydrogen will be added
the “mechanical luminosity” of the supernovae. This causes a rapid inflation
of the volume containing the supernovae ejecta and the embedded magnetic
field lines. Hydrodynamic studies of this event have been carried out by
Tomisaka (1990), and more recently by M. Norman and his colleagues (per-
sonal communication), who describe the inflated region as a superbubble in
the interstellar medium. Tomisaka (1990) estimates the duration of the event
as about 25 Myr, including the time for the beginning of the inflation.

The general expansion accompanying this energetic event will not only
lift many field lines above the plane, but will also cause a substantial sidewards
displacement of the magnetic field lines, thus causing the pinched field to
squirt the embedded gas along the field lines, unless these field lines are quite
tangled, in which case star formation may be forced in the small cloud that
is thus formed. The gas on the elevated field lines will fall down the lines
due to the gravitational attraction of the plane. This scenario is a substantial
modification of the original Parker instability scenario. There is thus a variety
of ways in which the gas flow along the field lines can lead to the formation
of molecular cloud complexes. Because the field lines act as individuals, the
actual processes involved are bound to be very complex, and twisting and
crossing of the field lines can lead to mixing in the resulting clouds (Chapter
by Elmegreen).

Because stars in OB Associations are generally observed to be expanding
from a common point in space, it is likely that the stars in an Association were
formed within a short period of time well after the formation of their cloud
complex. Because some giant clouds have cores as massive as 10* M, (Myers
1990), the collapse of these cores is likely to form an unbound cluster, many
members of which are quite massive. In such a case the stars in the cluster
are born at essentially the same time, and we shall so assume. Therefore
the formation of the superbubble, the large-scale interstellar mixing, and the
formation of new molecular cloud complexes all should be well under way
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before stars in the OB Association of 10 Mg and below have evolved off the
main sequence. This has profound consequences for nucleosynthesis. Studies
of the r-process and related nucleochronology (see, e.g., Cowan et al. 1991)
have found that r-process elements do not appear in the most ancient stars
until the abundance ratio of iron to hydrogen has risen to 1073 of the present
value, and s-process elements do not appear until the ratio has increased by a
further factor of 10. Mathews and Cowan (1990) have attempted to compare
these trends with a variety of galactic nucleosynthesis models, and they find
that they cannot fit the trends by assuming that all supernovae contribute to the
r-process, but they can get a reasonable fit if they assume that only the lower
mass supernovae contribute to the r-process. The upper limit to the mass
range producing the r-process is roughly 10 My. The shortest evolutionary
time in which the r-process can be produced is thus about 10 Myr. It follows
that the creation of the superbubble and the formation of new molecular clouds
incorporates the products of the massive supemovae, including the products
of the equilibrium process, but it does not incorporate the products of the r-
process. The latter products will be blown off from lower mass supermovae in
due course, but there will be only relatively local mixing processes available
to distribute these products until the next large-scale mixing event occurs,
probably 100 to 200 Myr later.

The most detailed recent estimate (Kennicutt 1984) is that main-sequence
stars with masses below 8 Mg, lose enough mass so that they will end their
lives by forming a white dwarf remnant (see discussion of AGB stars in
Secs. VI and VII). Thus the spread in stellar mass that appears to contribute to
the r-process is quite small. From the point of view of time scales, an 8 Mg
star has a main sequence lifetime of about 25 Myr (Shapiro and Teukolsky
1983), with subsequent evolution taking only a relatively short time, and thus
this would be the longest period of time over which the r-process would take
place following the formation of an OB Association.

III. >*Mn

With a mean life of 5.3 Myr, 53Mn is the fourth shortest lived of the extinct
radioactivities. It is a product of what is called the equilibrium process, in
which stellar material is processed at temperatures of 4 x 10° K or higher
to a condition of nuclear statistical equilibrium. (Woosley et al. 1973). This
processing occurs explosively, which means that the >*Mn is a product of
a supernova explosion. Such stellar material starts with a near equality of
the numbers of neutrons and protons in the nuclei, and in the thermonuclear
runaway there is not sufficient time for any significant number of beta decays
to take place. Under these circumstances, the most abundant nucleus is Ni,
which subsequently decays to 3®Co and Fe, thereby releasing the energy
that appears in the supernova lightcurve. Mass number 53 is produced as 3*Fe
and **Mn, and the mass number 55, leading to the reference nuclide >*Mn is
produced as *Co and *Fe.
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Because of the equilibrium character of the resulting abundances, the
relative production ratios (after beta decay) of **Mn, *Mn and *Fe are
determined by their abundances in solar matter. The >*Mn abundance comes
from the abundance of its decay product, >>Cr. These give a production ratio
of 3Mn/%Mn of 0.13. The latest abundance compilation of Anders and
Grevesse (1989) gives two values for the iron abundance, one derived from
solar spectrum lines, and the other lower value derived from carbonaceous
meteorites. I prefer to use the meteoritic value, giving a >*Mn/*Fe ratio of
0.00147 and a >Mn/>®Fe ratio of 0.0113.

Because of the short lifetime of >*Mn, we are only interested in processes
that transfer it quickly from production sites to the site of formation of the
solar system. The prompt supernovae resulting from the massive stars in the
OB Association that inflated the superbubble and formed the molecular cloud
in which the solar system would be born are thus suitable production sites.
The supernova explosions contributing to the interstellar superbubble should
all take place within about a mean life of *Mn. These massive stars are each
expected to produce about 0.1 Mg of iron-peak elements (for a discussion of
these iron masses see Thielemann et al. [1992]). If we assume that there were
40 such supernova explosions contributing to the superbubble (the number
assumed by Norman and his colleagues in their simulations), then about 4 Mg,
of fresh iron peak material would be contained in the superbubble, along with
0.045 Mg, of 3Mn.

The 3*Mn/3Mn abundance ratio observed to have been present in me-
teorites in the early solar system is 4.4 x 1075, This is but one of several
quantities that we need to know in order to characterize the scenario unam-
biguously, so we must assume some of them in order to derive the remainder.
Assume that there was a time delay of 25 Myr between the Type II supernovae
formed by the massive stars from the OB Association and the formation of
the solar system, utilizing the time scales associated with a Parker instability
and found for the hydrodynamics of an interstellar superbubble by Norman,
as discussed in the previous section. During this interval, the *Mn would
have decayed by a factor 112, meaning that the initial >*Mn/>*Mn ratio
would be 0.0049 as geometrically diluted by mixing into cloud material but
without any radioactive decay. The first geometric dilution factor is then
0.13/0.0049 = 26.

The second geometric dilution factor consists of the ratio of the amount
of 3Mn produced by the supernovae to the amount of this nuclide in 1 Mg, or
0.045/1.92 x 10~% = 2350. The product of these two factors gives 6.2 x 10*
M, for the amount of material into which the supernovae ejecta is mixed.
If the interstellar superbubble formed two molecular cloud complexes at the
two ends of the lines of force of the magnetic field threading the superbubble,
then each cloud complex would have a mass of at least 3 x 10* M. Because
the radioactive debris can mix across lines of force only with difficulty, the
actual masses of the cloud complexes could be considerably larger. What
we get from this calculation is only the radioactively contaminated mass in
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the clouds. The calculation assumed that the solar system formed very soon
after the cloud complex in which it was situated was formed. If there was
a significant delay in this event, then further decay of the >*Mn would have
occurred, and the early solar system abundance could then only be obtained
by reducing the amount of mass subject to radioactive contamination.

IV. r-PROCESS NUCLIDES

244Py is a product of the r-process. Because it is an actinide element, it
cannot be produced by some relatively weak source of neutrons; a large
source of neutrons is required. Studies by the author (unpublished) have
shown that in order to produce many tens to more than one hundred neutrons
per seed nucleus in the r-process production region, the source material must
be compressed to about 10'> g cm™3, where the neutrons are produced by
electron capture, or to about 10'° g cm™3 at much higher temperatures. But
studies of the supernova explosion mechanism have indicated that the “mass
cut,” which marks the point of separation between ejected matter and that
which falls back onto the forming neutron star, has been compressed only to
about 10'° g cm~3 (Mayle and Wilson 1988). The implication of this is that
nuclei like >**Pu must be formed in a small amount of matter asymmetrically
ejected in the form of a jet if from high densities below the normal mass
cut, or in a small amount of matter in a shell at the mass cut for very high
temperatures; this is consistent with the r-process material requirements in
the Galaxy which are satisfied if the average supernova ejects about 1073 Mg,
of r-process material. The mechanism by which either of these events might
happen are not known, but the empirical fact that the r-process occurs only in
stars of mass less than about 10 My, mentioned above, should be an important
clue.

The following section on p-process nuclides describes a continuous pro-
duction method for estimating the yields of the radioactivities that are long
enough lived so that averaging procedures can be applied. But we have seen
above that r-process nuclei are produced in a narrow range of stellar masses,
8 to 10 Mg, during a period of 10 to 25 Myr after formation of the OB Associ-
ation. Then there will be a delay of order 10® yr before the next major mixing
event occurs driven by a new OB Association. Thus in a local region of the
Galaxy the r-process production is better represented by a series of spikes of
production. Such a spike model for making abundance estimates will be used
here.

There is no stable isotope of plutonium relative to which the abundance
of 2Pu can be measured. Therefore the usual reference isotope is 28U,
which, while not stable, is at least long-lived, with a mean life a little longer
than the age of the solar system (6.5 Gyr). Wasserburg (1985) recommends a
value for the ratio of 2*4Pu/?*U of 7 x 1073 at the time of formation of the
solar system. This is close to the expected average value at that time in the
interstellar medium. However, the relative formation rates of >**Pu and 2*U
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are not very well known, except that they must be within a factor of a few
of unity. Each of these nuclides has several progenitors which decay to it by
emitting a-particles. If the r-process yields are strongly peaked at or beyond
mass 244, then the >**Pu and 28U yields would be similar, but if the peak is
well below mass 244, or if the yield curve is quite uniform, then 2**Pu would
have a lower abundance. The value obtained in the author’s unpublished r-
process calculations for the 2**Pu/2*®U production ratio is 0.7, and this value
will be used here.

The mean life of ***Pu is 1.18 x 10® yr. A simple spike model would
assume a constant rate of production of the nuclide (and also of its reference
nuclide 28U) for a period of 10'© yr; this has been spike approximated by
taking 100 spikes at 10® yr intervals and determining how much of the 2*Pu
and 28U that have ever been produced remain after the last spike. In a
second modified spike model, the production rate has been multiplied by
the weighting factor exp(—t/10'%), where ¢ is the time since the start of
production, and a third modified model used the square of this weighting
factor. Using the relative production ratio given above, at the time of the
last spike the 2**Pu/?38U ratio is found to lie in the range 0.0166 to 0.0238
due to variations in the weighting factors. The observed 2**Pu/?**U ratio for
the solar sysem is 0.007. To reach this value primarily by >**Pu decay thus
requires some 99 to 122 Myr, depending on which of the above two values
of the post-spike abundance ratio is chosen. This decay interval has some
further uncertainty owing to uncertainties in the production ratio of the two
nuclides.

Four of the extinct radioactivities, '%/Pd, '#I, 133Cs and !32Hf, are can-
didates to be made by the r-process, because they lie on the neutron-rich
side of the s-process capture path and would not be traversed by an s-process
event taking place with a relatively small neutron number density. However,
the s-process at a high neutron number density would make large amounts of
these nuclides. Here we first consider whether they can be r-process products.

Let us first make the hypothesis that the '?°I present in the early solar
system was primarily made by the galactic r-process. This nuclide sits on
top of the large r-process abundance peak associated with the 82 neutron
closed shell, as does its comparison isotope '?’I (Cameron 1982). Thus we
can consider r-process production of '?°I on the same basis as 2**Pu. The
23.1 Myr mean life of '®I is shorter than the expected interval between
large-scale mixing events in the interstellar medium that we have discussed.
Because both the mixing and the formation of new cloud complexes appear to
be triggered by the formation of the same OB Association, it appears that the
mixing event will sweep up the r-process products formed after the previous
large-scale mixing event.

Again we use the spike method, but owing to the shortness of the mean life
of 11, we need to consider only the '2°I made in the last spike. Because we
take 7' to be 10'® yr with spike intervals of 108 yr, the last spike would produce
0.01 of all the '*’I ever made. Estimating the production ratio of '2°1/'?"I to be
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1.27 from observed r-process abundances, we obtain a !2°I/ 1¥'I ratio of 0.0127
after the last spike. This would decay to the early solar system observed level
of 10™* in 4.8 mean lives of '*’I, or 110 Myr. This is remarkably consistent
with the decay interval for 2*4Pu, which was independently estimated above.

Next consider '82Hf. Here the mean life is 13 Myr. This radioactivity has
only recently been discovered (Harper et al. 1991a), and with the abundance
known only to be in the range 8 to 80 x 10~° relative to '3°Hf (these numbers
include an uncertain correction factor of 3), it might seem too uncertain to be
of much use. However, despite this uncertainty, this nuclide can be used to
make a decisive test of the r-process origin of both itself and of '*°I.

The r-process is comparable in abundance to the s-process at mass 182.
Using the periodic spike method mentioned above, some 110 Myr prior
to the solar system 0.01 of all the '®2Hf ever made was present, making
the 182Hf/ '8OHf ratio at that time 2.1 x 10~3 (using the r-process abundance
estimates of Képpeler et al. [1989]). If, in parallel to the considerations
for 12°1, the 182Hf is now allowed to decay for 110 Myr, the '82Hf/ 180Hf ratio
is decreased to 4.4 x 1077, The lower limit on the '82Hf/'*°Hf is a factor
of 20 higher. Therefore it appears that the r-process can only make a minor
contribution to the '32Hf in the early solar system.

It is clear from this calculation that the radioactivities which are shorter-
lived than '"82Hf cannot have received significant contributions from the r-
process.

As we have noted above, the r-process starts about 10 Myr after the
formation of an OB Association and continues until about 25 Myr after the
formation of the Association. '2°I decayed for an additional period of 110
Myr before formation of the solar system. This would then place the time
interval between formation of the two OB Associations also to be 110 Myr,
with the solar system being formed about 140 Myr after formation of the first
OB Association.

The tentative conclusion to be reached at this point in the discussion is
that '’ may be formed primarily as an r-process product, but that the shorter-
lived radioactivities can receive only a minor contribution from the r-process
at best.

V. THE p-PROCESS RADIOACTIVITIES

There are two p-process nuclides among the extinct radioactivities, '*¢Sm
and %2Nb, the latter newly discovered by Harper et al. (19915). We consider
these in turn.

The p-process products are formed by the photodisintegration of heavy
elements that have previously been built up by neutron capture. The term
“p-process” was originally coined to denote an unspecified mechanism that
would make nuclei on the proton-rich side of the valley of beta stability, but
an alternative term “gamma-process’” has recently been used to indicate the
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photodisintegrations specifically as distinct from proton capture. However,
throughout this chapter we use the original term.

Because of the extreme environmental conditions required for nuclear
photodisintegrations, the p-process nuclei must be products of supernova
explosions (Woosley and Howard 1978). The photodisintegrations take place
on heavy nuclei that have been built up to substantial abundances by the prior
operation of the s-process in the presupernova star. A heavy element like
samarium (the same would be marginally true of niobium) will only be built
up significantly in an s-process using a '*C neutron source in an asymptotic
giant branch star (AGB star, to be described in more detail in Secs. VI and
VII) (Hollowell and Iben 1989). These stars have relatively low masses (up
to 2 Mg, or perhaps a little more) which do not ordinarily undergo supernova
explosions unless (in some cases) they are in binary stellar systems.

The mean lives of the p-process nuclides are long enough so that we
can use an averaging method to estimate their abundances in the interstellar
medium. As long as the medium has not been isolated from the mixing
currents in the interstellar medium (as in a molecular cloud complex), the
average amount present in the medium relative to the total amount ever made
is the ratio of the mean life 7 to the total period T in which the radionuclide has
been manufactured (roughly the age of the Galaxy) (Cameron 1962). Such an
estimate assumes continuous nucleosynthesis at a constant rate, whereas it is
evident that nucleosynthesis occurred at a more rapid rate near the birth of the
Galaxy than at the time of formation of the solar system. To compensate for
this, we take T to be a little too high, about 10 Gyr at the formation of the solar
system. Because a supernova explosion would disrupt a molecular cloud, we
must consider p-process products to be injected into the general interstellar
medium and later introduced into a molecular cloud when it is formed.

Howard et al. (1991) have suggested that the p-process products in the
vicinity of mass number 90 may also be built up by proton-capture reactions
using protons released by carbon-burning at temperatures of about 3 x 10°
K in Type la supernovae. These reactions would compete comparably with
photodisintegrations under such conditions in Type Ia supernovae.

146Sm is the longest lived of the extinct radioactivities discussed here,
with a mean life of 149 Myr. Its reference isotope is '**Sm, and Prinzhofer
et al. (1989) have estimated the '#°Sm/!*Sm ratio at the time of formation
of the solar system as about 0.015; Swindle (see his Chapter) estimates that
this could be as much as a factor of three smaller. The latter estimate is
in agreement with that of G. Lugmair (personal communication), who gives
the ratio as 0.006 to 0.007 with an error of +0.0015. Woosley and Howard
(1990) have estimated the production ratio of *°Sm/**Sm to lie in the range
0.01 to 0.4. F.-K. Thielemann (personal communication) has also made a
preliminary estimate of this ratio which is about 20 times as large as that
obtained by Woosley and Howard with the same range of uncertainties.

If we adopt the continuous nucleosynthesis procedure of estimating the
abundance of '*Sm in the interstellar medium, with the Woosley and Howard
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production ratio, we obtain a value in the range 1.5 x 10~* to 0.006 relative
to '*Sm, which slightly overlaps the observed value range of 0.005 to 0.015.
If we apply Thielemann’s correction, the range becomes 3 x 1073 t0 0.12. The
observed values lie entirely within this range. The uncertainties emphasize
the need for further work to clarify the nuclear physics involved as well as the
need for more experimental measurements.

For *2Nb the mean life is about 50 Myr. The continuous nucleosynthesis
model predicts that 0.005 of all the Nb ever made would be present at
the time of formation of the solar system. However, we can only guess at
the *2Nb/**Nb production ratio. An extremely crude estimate can be made
from systematics of p-process abundances. In the neighborhood of mass 92,
the normal p-process abundances (of nuclei having even numbers of protons
and neutrons) lie near 10 % of the even-even s-process products (however,
they are considerably higher than this very close to *>Nb because of the
vicinity to the closed shell at 50 neutrons). In the heavier mass number
range, the p-process abundances are roughly 3% of the s-process even-even
products. There are only two stable odd-odd p-process nuclei, '*8La (very
near a closed neutron shell) and '8Ta, and these have abundances of 10% and
1%, respectively, of neighboring even-even p-process nuclides. However, the
observed long-lived '80Ta is only an isomeric state and its abundance would
be abnormally low. Therefore we take the abundances of odd-odd p-process
nuclei to be about 10% of the even-even ones. Thus from systematics alone,
with very large errors, we estimate that “?Nb/°3Nb production ratio would be
about 0.01.

The continuous nucleosynthesis model predicts that the observed *2Nb/-
?3Nb ratio should be about 5 x 107>, compared to the observed value of
2 x 1075, In view of the large errors involved, and the tendency of the con-
tinuous nucleosynthesis model to predict somewhat high abundances, these
two numbers are in essential agreement.

VI. THE MOLECULAR CLOUD ENVIRONMENT

To set the stage for the following discussion, it is useful to write down a
few numbers characteristic of the molecular cloud environment. As noted
previously, the average density of particles in the interstellar medium is about
one particle per cubic centimeter. The average density in a molecular cloud
is about 102 to 10> cm~3. Cores form inside the cloud complex and have
characteristic densities of in the range 10* to 103 cm~3 (Myers 1990). Small
cores in massive clouds can have densities in the range 10° to 107 cm™3. It is
difficult to define the mass of a core because there is a smooth transition from
the background density of the cloud to that in the interior of the core. The
cores themselves have a fairly large range of masses, although there seems
to be a smaller range within a given part of a cloud complex than the total
range in general. We shall consider a nominal core mass of about 1 M, for the
central part of a core. The temperature within the cloud complex appears to be
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a surprisingly uniform 10 K. The Doppler broadening of spectral lines emitted
from core material corresponds to about Mach 0.7, or about 0.2 km s},

Nevertheless, Doppler shifts from material outside the cores typically
reveal radial velocities of about 0.5 to 1 km s~! and therefore the velocities
are characteristically supersonic (Myers 1990; Myers et al. 1991b). Such
supersonic motions are strongly dissipative through shocks, and therefore they
cannot persist for very long without being frequently and strongly driven by
disturbances in the gas which effectively act like supersonic pistons. Because
the effect is so widespread, the source of the supersonic turbulence must
also be widespread, and in order for the turbulence to be persistent, very
large amounts of mass must be set into motion. Possible sources for this
include large-scale generation of hydromagnetic waves by gas motions in the
cloud complex which are rapidly dissipated into the sub-Alfvénic velocity
range, and the motion of the background stars that are embedded in the cloud
and move with random velocities of 10 to 20 km s™! relative to it. The
accelerations impulsively given to the cloud gas by the passages of these stars
(like the stellar acceleration of comets in the Oort Cloud) appear to be of the
right order. The nonthermal behavior is some superposition of supersonic
turbulence from these and other pervasive and widespread sources. We shall
discuss several potential sources of much larger disturbances in the following
paragraphs.

A major question of great relevance to us is the mechanism of formation
of the cores. One possibility, discussed extensively by Shu (1983), is that the
cores arise from density fluctuations within the cloud that attract surrounding
material, which flows very slowly inwards to form the core by ambipolar
diffusion, in which the matter slowly diffuses across the magnetic field lines.
This generally requires the conditions to be rather quiescent. The character-
istic radius of a core is about 0.1 pc. Thus the ambipolar diffusion needs
to concentrate the gas from a sphere of radius about 1 pc. The ambipolar
diffusion time is probably a few Myr (Shu 1983).

Cores can be formed much faster if the motion of the gas can be primarily
along the field lines rather than across them. This would require the action
of some disturbing event within the cloud that would accelerate the gas to a
substantial velocity, followed by a channeling effect due to the surrounding
magnetic pressure perpendicular to the field lines in the local flux tube. The
radius of the affected part of the flux tube would be larger than 0.1 pc and
smaller than 1 pc. As mass moves along the flux tube away from the point
of the disturbance, the mass it encounters becomes swept up into a density
enhancement traveling along the tube, but progressively more slowly as the
amount of mass increases. Also, as the mass increases, some gravitational
compression of it becomes likely, leading to a pinching together of the local
field lines. In this picture there may well be two cores formed, one in each
of the two directions along the flux tube from the point of the disturbance.
The time taken for this longitudinal compression may typically be < 1 Myr
(Cameron 1984).
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These two pictures may well be extremes, with the truth most likely lying
in between them. Thus, longitudinal compression may produce a substantial
density enhancement, followed by ambipolar diffusion in the final stage of
the core formation. Certainly, when a core becomes sufficiently concentrated
to go into gravitational collapse, the field lines will be diffusing out all the
time, although the net effect of the collapse will be a substantial enhancement
in the magnetic field strength.

There can be a variety of disturbing events within the interior of a cloud
complex. A star may come to the end of its active lifetime and eject material.
Such events depend upon the accidental presence of a star within the cloud
complex when its eruption takes place. But because star formation is an in-
trinsic process of the cloud complex itself, by far the most abundant disturbing
events are likely to be those associated with star formation.

A typical star in the galactic plane moves relative to a molecular cloud
with a velocity of 10 to 20 km s~!. A typical path through such a cloud has
a length of order 15 pc. Therefore the typical star takes about 4 to 8 x 10* yr
to traverse the cloud. However, stars formed within the cloud will normally
have only a small velocity relative to it, and their residence time within it will
be much longer.

Ordinary main-sequence stars have rather little effect on a molecular
cloud when they pass through, unless they have a high mass. A star like the
Sun emits sufficiently little ultraviolet radiation that only that part of the cloud
within a small fraction of a parsec becomes ionized, too little to produce a
significant perturbation to the cloud parameters. The most massive stars will
destroy the cloud, as noted previously. Stars of intermediate mass may not
destroy the cloud, but they are certainly likely to disrupt it locally, probably
interfering with star-formation processes close to the intermediate mass star,
but possibly enhancing it farther away due to induced compression within
the cloud gas. Most observations of star formation in molecular clouds are
associated with environments not containing these intermediate and massive
stars, so we shall concentrate our discussion on them.

Stars of one up to a few solar masses produce the most interesting ef-
fects within a molecular cloud when they approach the ends of their post-
main-sequence lifetimes. These stars are called asymptotic giant branch
(AGB) stars. They have evolved through their hydrogen and helium burning
stages, they have ascended the giant branch in their color-magnitude diagrams
for the second time, and they end their active lifetimes near the tip of the giant
branch where they eject typically a few tenths of a solar mass of envelope
material as a planetary nebula, leaving a white dwarf remnant (Hollowell and
Iben 1989). Prior to this, they will be the sources of strong stellar winds.

Thus the AGB star creates quite a disturbance within the molecular cloud
during the final stage of its evolutionary lifetime. Consider only the final
episode in which 0.1 or 0.2 Mg, is expelled to form a planetary nebula. This
material is typically ejected with a velocity of several tens of km s~!. This
acts like a point explosion within the molecular cloud. An oversimplified
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picture of the resulting events is the following one. The ejected material can
move freely along the direction of the lines of force of the local magnetic
field, but the motion perpendicular to the field lines compresses the field,
which rebounds to redirect the ejecta along the field lines. In this way, the
point explosion generates two pistons moving in opposite directions along
the field lines, sweeping mass before them as they slow down. By the
time the pistons have slowed to local sound speed, they will have swept up
roughly 100 times their original mass, or of order 5 to 10 M for each piston
(considering only momentum conservation). This is precisely the picture
described above as required to form molecular cloud cores that will become
unstable to gravitational collapse. Thus the final eruption of the AGB star
is expected to act as a trigger for star formation within the cloud (Cameron
1984). With magnetic field entanglements and other variations in the field
structure, a more realistic picture of what happens may differ significantly
from this description.

Now consider the disturbances that originate from newly formed stars.
These are observed to be of two kinds. Such newly formed stars are known
by a variety of names; we shall call them young stellar objects (YSO) when
they are very new and usually at least partly obscured, and at a later stage we
shall call them T Tauri stars. The YSO are observed to emit very strong stellar
winds. They are also observed to emit jets of material in opposite directions, a
process called bipolar ejection. Within broad observational uncertainties, the
amount of momentum in these jets is comparable to the amount of momentum
in the ejection of a planetary nebula from an AGB star. Similar considerations
apply, and thus it appears probable that newly formed stars can act as triggers
to form yet another pair of new stars. If conditions were ideal, a cascade
would develop from the original AGB trigger that would double the rate of
star formation in each generation (Cameron 1984). Conditions are unlikely
to be sufficiently ideal for that, but nevertheless a great deal of star formation
can ensue.

Self-propagating star formation has been suggested before in a variety of
contexts (see Elmegreen [1987b] for a list of these proposals). Most of the
proposals involve considerably more energetic events than those discussed
here, and the effects are expected to act over greater distances than the rather
local processes with which we are concerned.

Let us make a crude estimate of the mixing induced by star formation
within the molecular cloud. There is of order 10° Mg, of gas in molecular
clouds in the Galaxy, and in this gas about one star is formed per year, or
about 107 stars per solar mass of gas per year. Because the mass outflow
from a young star has an ejection velocity of order 100 km s~!, then it follows
that this ejecta will mix with about 100 times as much material in the cloud
when the material is slowed to typical turbulent velocities of order 1 kms™! in
the cloud, again considering only momentum conservation. Thus something
like 1077 of the gas is mixed per year, for an interval between mixings of
10 Myr. However, since there are regions in which the star-formation activity
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is concentrated, clearly the deduced mixing interval has a large dispersion.
The turbulent velocities themselves will produce a diffusive mixing, but this
will not rapidly spread the boundaries of a region that has been seeded with
some radioactivity.

Another form of cloud disruption can occur because of a nova eruption.
In this case hydrogen accretes onto a white dwarf component of a binary
system. Thermonuclear ignition occurs in a thin shell near the surface of the
white dwarf, heating and greatly expanding the upper layers of the envelope,
which then initiates a substantial blowoff of mass. However, only a small
fraction of the total stellar mass is ejected in the eruption, of order 10~ to
1073 of a solar mass. However, these eruptions are observed to repeat for the
less energetic novae, and it is likely that all novae repeat as long as the material
transferred onto them from their binary companions remains available. In a
given eruption, the fraction of the ejected mass containing °Al is likely to
be small. According to Weiss and Truran (1990), a nova in which hydrogen
burning occurs only in solar composition material should eject material with
a contaminated mass fraction of 1076 to 104, as is also true of a star with
carbon and oxygen mixed into the burning material, but a star whose burning
layer is contaminated with underlying oxygen-neon-magnesium may eject a
mass fraction of 107* to 5 x 1073, This last amount probably occurs in about
25% of all novae.

When the nova eruption occurs, about 10* erg of ultraviolet radiation
is produced, a fair fraction of it above the hydrogen ionization threshold,
so that something approaching 10°¢ hydrogen atoms will be ionized within
roughly a parsec. At molecular cloud densities this hydrogen will recombine
in about 100 yr. The speed of sound in the ionized hydrogen (at 10* K) is
10 km s~!, and a sound wave will traverse 10~3 pc during the recombination
time. Thus an organized spherical expansion does not have time to become
established during the recombination time. Following recombination, hy-
drogen molecules can form again on grain surfaces. The time to do this is
roughly the same as the time for a random hydrogen atom to collide with a
grain, or 3 x 10* yr. In this time, ordinary gas cooling processes will bring the
temperature down to 100 K or somewhat less. But some hydrogen molecules
will form relatively quickly and provide a more efficient cooling. Thus the
net effect of the nova explosion is to heat a region of order 1 pc in radius
which will undergo significant expansion in a time of order 10° yr.

As the nova eruptions recur, a series of these heating episodes will take
place along the track of the binary system in which the nova episodes are
taking place. If the random velocity of the binary relative to the cloud is 10
km ™!, then a cylindrical length of order 10 pc will be heated and will expand.
This is substantially disruptive to the molecular cloud, and it is not consistent
with the conditions observed in which the core collapses take place. Whether
it can lead to star formation by a different mechanism is a separate question
that will not be considered here.
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VIL. %Al

The mean life of 2°Al is 1.07 Myr, the shortest lived of the extinct radioac-
tivities. We therefore expect that we should look for a stellar source within
a cloud complex. There are a number of ways in which 2°Al can be made
in stars, all of them involving the capture of a proton on *Mg, in the reac-
tion % Mg(p,y)zGAl. This reaction occurs at slow stellar evolution rates at a
temperature of 5 x 107 K, and it occurs very rapidly at temperatures higher
by a factor of 4 or more (Champagne et al. 1984).

A supernova is expected to produce a 26Al/?’Al ratio of order 1073
(Truran and Cameron 1978; Amett and Wefel 1978; Woosley and Weaver
1980; Arnould et al. 1980). This ratio will be reduced to the observed
meteoritic value in not more than 5 mean lives, or about 5 Myr. Because a
supernova explosion will eject a good fraction of 1 M, (or more) of material
at velocities of several thousand km s~!, it would be highly destructive to a
molecular cloud environment, and only a different scenario which utilizes the
violence of the explosion, such as the supernova trigger hypothesis (Cameron
and Truran 1977), might be consistent with solar system 2°Al. However, this
scenario does not quantitatively support the production of the other extinct
radioactivities.

% Al is also expected to be formed in a nova eruption (Truran 1982). As
is discussed above, relatively little material is ejected in such an eruption, and
this material is not mixed efficiently into the surrounding mass that is briefly
ionized following the eruption. Thus novae are not expected to be important
sources of any extinct radioactivity in the solar system. Yet another class of
objects in which 2%Al can be produced is that of the AGB stars. In the giant
phase of their evolution they will have (periodically) a hydrogen-burning shell
in which the temperature is at least 5 x 107 K, so that 26Al will be produced
in this shell region (Cameron 1984). In such giant stars, the outer convective
region extends down from the surface to great depths. As the star approaches
the planetary nebula ejection stage, it is expected that the outer convection
zone will extend all the way down to the hydrogen-burning shell (Norgaard
1980), at which point it has been called a “hot bottom” configuration. Then
the 2°Al produced in the shell can be mixed efficiently to the surface and
hence expelled in a stellar wind. Important new insights are developing from
the examination of meteoritic graphite and silicon carbide grains which are
believed to have been formed in AGB stars (Zinner et al. 1991a). Large
numbers of these grains show evidence for the one-time presence of 26Al
with 26Al/27Al ratios of order 1072 or 10~*. However, a few of the grains
show much larger amounts of 26Al; in one SiC grain the 26Al/27Al ratio
is 0.2; this same grain is depleted in '3C relative to '2C, enriched in '*N
relative to N, and depleted in 2°Si and *Si relative to 2Si. In a second,
larger, grain the *°Al/?7 Al ratio is 0.23 (Zinner et al. 1991b), and the other
depletion and enhancement patterns are similar. In addition, the isotope **Ca
is anomalously large. In the following paragraph, the suggestion is made that
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these are signatures of the hot bottom stage of the AGB star.

Before the hot bottom stage, there will have been a number of small
mass exchanges between the hydrogen envelope and the helium layer; in
the course of these, the hydrogen envelope will have been mixed with the
products formed in the hydrogen-buming shell, including 2°Al, and most
grains formed and expelled at this time will have small 2°Al/?7Al ratios.
In the hot bottom stage, the entire hydrogen envelope circulates through the
hydrogen-buming shell, so that much of the Mg will be converted to 26 Al by
proton capture. Because this shell is relatively close to the surface in the late
evolutionary stage, its temperature will be quite high, probably about 7 x 10’ K
or more. 2°Si and 3°Si are much more rapidly destroyed by proton capture
than 28Si (Woosley and Hoffman 1986). Also at such a high temperature SN
is destroyed less rapidly relative to '*N than is true at lower temperatures,
and so >N will become enriched. From time to time, material will be mixed
in from below as the hydrogen-burning shell is shut down, and if the grains
are ejected at such times, then, as discussed later, 12C formed in the helium
layer will be enriched, and it is possible that enough neutron-produced “Ca
can be brought up from below to become visible as an anomaly (this is
further discussed in the following section). The 26Al/?” Al ratio may become
significantly higher than 0.23, but we must await more experimental evidence
to be sure of this. Zinner’s two highly anomalous grains are unusually large,
and they are thus candidates to have been made during the final AGB star
stage in which the planetary nebula was expelled; under such circumstances
the relative gas expansion rate is smaller than in a wind, and grains would
have an opportunity to grow for a longer period of time after nucleation.

The winds are strong in high-luminosity red giant stars. A rough estimate
is that 0.5 Mg will be expelled in the 1 Myr prior to the planetary nebula
ejection from an average star operating with a '3C neutron source (discussed
below), which assumes that the average such star has an initial mass of order
1.5 M. Inthe planetary nebula itself, another 0.1 or 0.2 Mg, is expelled which
will also contain 25Al. If such a star also has a velocity relative to the cloud
of about 10 km s~!, then it will travel 10 pc in this last 1 Myr, a good fraction
of typical cloud dimensions. If the wind has a velocity of order 100 km s !,
then the 0.5 Mg, of material ejected in the wind will mix into about 50 Mg
of material (considering only momentum conservation) before being slowed
down to typical cloud turbulent velocities. If the 2°Al abundance is about
equal to 0.25 of the abundance of 2’ Al (from Zinner’s measurements), then
the 26A1/?7 Al ratio in this mixed material will probably be about 2.5 x 1073,
This is a factor of 50 higher than the ratio observed in the solar system. Thus
some 3.9 mean lives of 26 Al would be necessary to bring the 2° Al abundance
down to the solar system level. This AGB source of 2°Al seems the most
plausible of the possible sources of this radionuclide in the early solar system.
We now consider the frequency of such contamination in a molecular cloud.

Under steady-state conditions in the Galaxy, about one star is formed per
year, primarily in molecular clouds, and therefore one star comes to the end
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of its life every year, most of these being AGB stars in the lower-mass range.
The end points of stellar evolution can be reached at arbitrary points in space.
If we assume that one-quarter of the galactic mass is in molecular clouds,
then the fractional volume within the galactic disk occupied by molecular
clouds is about 2.5 x 1074, and this number is also the number of AGB stars
that end their lives within a molecular cloud per year. If the ejecta from the
terminal stage of an AGB star contaminates 50 Mg, of material in its vicinity,
as discussed above, then 0.012 Mg, of molecular gas is contaminated per year
in the Galaxy. In a mean life of 6Al, 1.3 x 10* Mg, of material will be directly
contaminated by AGB ejecta. This is small compared to the amount of mass
that goes into new stars.

The net effect is that only a small part of the material within molecular
clouds would be contaminated with 26Al. If this were the entire story, then one
would conclude that the probability of having the solar system emerge from
average star formation within a molecular cloud complex is very small. But
there is an escape clause. The possibility was mentioned above that events
like the AGB stars and the bipolar ejecta from young stars can themselves
trigger the formation of additional stars, leading to the formation of the close
groups commonly seen in these clouds (Myers and Benson 1983). For pur-
poses of illustration consider an oversimplified and ideal model. If the star
formation events triggered by AGB stars should go through 12 generations,
each generation doubling the number of star formation sites, then 4096 stars
would be formed. Because the average stellar mass is considerably less than
one Mg, these 4096 stars would have something like 10> Mg, of material
in them, which is an order of magnitude larger than the estimated amount
of material that would be contaminated by a single AGB star event. The
postulated chain of star formation would clearly induce some further mixing
in the cloud. With this additional geometric dilution, the 2°Al abundance in
the contaminated material would start out up to an order of magnitude higher
than the solar system level, but this can be in error by a substantial factor. In
Cameron (1984) it was estimated that the time required to complete a step in
the above ideal star-formation chain would be about 5 x 10° yr. The full chain
would thus take about 6 Myr. The early steps in the chain would produce
stars with an ° Al abundance higher than that in the solar system, but in the
majority of them the 2°Al abundance level would be lower than in the solar
system by a modest factor.

In summary, it appears that the local molecular cloud in the vicinity of
the path of the AGB star would become contaminated with the 2Al/?7 Al ratio
initially at a leve] about 1 order of magnitude above that found in the early
solar system. Some combination of mixing and decay would reduce this ratio
to the solar system level. If the reduction were entirely due to decay, then
about 1 or 2 Myr would pass between the time the material was ejected from
the AGB star and the formation of the solar system.

It is necessary to caution that many quite isolated new stars appear in
molecular clouds, and these may have been formed by some other kind of
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triggering process or even by a spontaneous core formation and collapse, so
that they need not have any contamination by ejecta from an AGB star in its
final phases. For the solar system, the evidence is that this contamination
occurred.

VIII. s-PROCESS RADIOACTIVITIES

Previously (Sec. IV) we considered whether the observed abundances of
the nuclides '97Pd, %1, 135Cs and '®?Hf could have been produced by the
galactic r-process, and we concluded that only '?°I could have been obtained
in this way. The other nuclides have shorter mean lives and hence would
have decayed to too low a level to fit the solar system abundances. The %1
identification was only tentative, however, and it remains to be determined
whether all four of these nuclides can have been provided to the solar system
as a result of the s-process taking place in the helium layer of the AGB star
which provided the Al from the hydrogen envelope.

It appears that the main contributions to the s-process in nature are made
in an AGB star of 1 to 2 Mg (Hollowell and Iben 1989). Such a star has been
through both hydrogen and helium burning in its central regions, and it there-
fore possesses hydrogen and helium shell burning sources. However, these
shell sources are not active simultaneously, owing to the high-temperature
sensitivity of the helium buming shell. After a period of hydrogen shell burn-
ing, the helium shell will undergo a thermonuclear runaway, leading to an
extensive convection zone in the helium region that extends for a time to the
lower boundary of the hydrogen envelope. After this outburst, the helium shell
burning gradually dies away and the helium shell becomes dormant. Shortly
thereafter the hydrogen bumning shell is regenerated; the outer convection zone
extends all the way down to the hydrogen bumning shell, and some penetrative
mixing into the top of the underlying helium zone occurs. This has two impor-
tant effects: it mixes the products of the neutron capture in the helium layer out
to the surface of the star, and it provides via the admixed hydrogen additional
fuel for neutron production. The mixing brings together '>C made in helium
burning with the hydrogen, and the sequence 2C(p,y) *N(8*v)!3C(a,n)!%0
then creates the neutrons as the mixture of hydrogen and carbon is swept down
to the base of the helium layer during the next helium flash. The optimum
mixing ratio is 1 proton to 10 carbons, so that very little '*N neutron absorbing
poison is produced by the proton capture, and this mixing ratio appears close
to that achieved in the AGB star.

The AGB star evolves through a series of these helium shell flashes, dur-
ing which time carbon and oxygen formed in the helium region are deposited
on the core below the helium-carbon boundary, and fresh helium is added to
the helium region at the top as a result of the hydrogen burning. Thus in each
flash, the helium region has been somewhat diluted by fresh material that has
not been exposed to neutrons before, and which thus maintains a supply of
seed nuclei in the vicinity of the iron abundance peak. It has been found that
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this type of behavior is required so that the material in the helium zone can
have been exposed to a roughly exponential distribution of neutron fluences,
in accord with the observational inference.

More massive AGB stars can produce neutrons by purely helium reac-
tions: as in "“N(a,y ) F(8v)'80(a,y)**Ne(a,n)>Mg. However, the total
number of neutrons generated per iron seed nucleus in this way is smaller than
in the lower-mass AGB star case, because the neutron source material is not
renewable. Thus it is unlikely that the more massive stars can be as effective
in producing '%’Pd as the lower-mass ones.

Analyses of the s-process abundance yields have shown that a neutron
number density of 3 x 108 cm™> characterizes the final abundances produced
by the process (Kdppeler et al. 1990). It should be noted that this conclusion
is particularly sensitive to the lower neutron densities in a distribution of
such densities, because lower densities allow the formation of nuclides in
“protected” positions close to the valley of beta stability, whereas the neutron
capture path does not traverse such nuclei if the neutron density is high. Bazan
(1991) has concluded that this “freezing neutron density” is 3 x 107 cm™3.
Bazan has also found that in the course of a helium shell flash, under a wide
range of conditions, the neutron number density reaches a peak value close
to 1 x 10'° cm™3. Also, during the course of a flash, the amount of material
in the helium region convective zone increases while the neutron density is
increasing, but it reaches its maximum extent after the neutron number density
has abruptly dropped to a very low value. While the convection zone is near
its maximum extent, the low neutron number density can regenerate nuclear
abundances in protected positions near the valley of beta stability, but there is
no substantial destruction of the abundance patterns established at maximum
neutron number density. This means that the material left closest to the
hydrogen boundary, which will be dredged up later, will be that characteristic
of the highest neutron densities, or 3 x 10° to 1 x 10'® cm™3, even though
an analysis of the Képpeler et al. (1990) type would indicate a much lower
density (Hollowell and Iben 1990; Iben, personal communication).

The importance of this consideration may be seen from the following.
I have calculated a steady-flow s-process through nuclei near the valley of
beta stability, using an r-process network in which these nuclei were included
(a similar r-process steady-flow calculation was reported by Cameron et al.
[1983]). These calculations used nuclear data assembled by F.-K. Thielemann
and J. J. Cowan (unpublished). The ratios of the four potential s-process
extinct radioactivities relative to their reference nuclei are shown for several
values of the neutron number density in Table II. Also shown in Table II
are the effective production ratios in which the reference nuclide abundances
are multiplied by the normal s-process abundance and divided by the sum of
the s- and r-process abundances. This correction factor used the separation
of nuclide abundances into s- and r-process components by Képpeler et al.
(1989). Finally, Table II also shows the ratios of the corrected production
ratios to the observed ones.
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It should be noted that we had concluded from the 26Al discussion that
the interval between ejection of material from this unique AGB star, that
has contributed very short-lived radioactivities to the solar system, and the
formation of the primitive solar nebula, is very short, probably not more than
2 Myr. Hence the correction to the abundances in Table II for decay during
this interval is small and no correction is made here. Therefore the production
ratios shown in the last set of rows of Table II should be proportional to
the abundances of the three extinct radioactivities, all other factors being the
same.

The numbers obtained in the last set of rows of Table II should correspond
to a common factor which is the geometric dilution needed to bring the
production ratios of the extinct radioactivities down to the level observed
in the early solar system, provided that the assumption is correct that these
four nuclides are products of the s-process in the AGB star. Another hidden
assumption here is that the shape of the s-process abundance curve for the
AGB star is the same as that in the solar system abundance distribution
generally, which is probably a quite good assumption. From the earlier
discussion of the AGB star neutron production environment, it should be
expected that the best fit to a common geometric dilution factor should be for
a neutron number density of 3 x 10° to 10'® cm™3.

First, it should be noted that the s-process production of '*I is much
too small relative to the other nuclides. This confirms the previous tentative
assignment of this nuclide to the galactic r-process.

Considering the substantial errors in making all of these estimates, the
other three nuclides are consistent with a common production by the s-process
with a neutron number density in the expected range. They could not be made
at the lowest or highest neutron number densities shown in Table II. The
common geometric dilution factor is roughly 4000. This favors an abundance
of '82Hf near the upper end of its range of uncertainty.

In the preceding section, it was estimated that the geometric dilution that
occurred after 26 Al was ejected from the AGB star was about a factor of 100.
If this is correct, the total geometric dilution of a factor 4,000 implies that the
material from the helium region of the AGB star is geometrically diluted by
a factor of 40 by mixing into the hydrogen envelope as a result of dredge-up
toward the end of the AGB active lifetime. This 2.5% percent admixture from
the helium layer is consistent with estimates that have been made from other
considerations (Bazan 1991).

Thus we confirm that '97Pd, '3Cs and '*?Hf are primarily the products
of the s-process operating in the AGB star that we postulate to have triggered
a chain of star formation that included formation of the solar system.

Although %°Fe has been listed in Table I as an extinct radionuclide, it
should be kept in mind that the reality of its existence in the early solar system
is not firmly established. With its mean life of 2.2 Myr, it is the second shortest
lived of the extinct radioactivities. It can be made by both s- and r-processes,
but from our earlier discussions it is evident that any r-process component of
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the abundance would long since have decayed before the solar system was
formed. However, it can be formed by the s-process in the same AGB star
that we have been discussing here.

The abundance of %Fe relative to *Fe cannot be estimated by the method
of steady-flow neutron capture in the manner done above. **Fe is the principal
seed nucleus for the s-process, and in any one pulse of neutron capture in the
AGB star, the Fe will capture enough neutrons to become quite depleted;
when hydrogen burns to helium and deposits material on the top of the helium
layer, the 3Fe that accompanies the converted hydrogen provides a fresh
source of seed nuclei for the next pulse. Thus the amount of ®Fe remaining
after a pulse depends upon the detailed history of the pulse. In the steady-
flow calculations for neutron capture that were described above, the neutron
capture path is centered at ®Fe for neutron number densities of 3 x 10° and
10! cm~3, Thus neutron capture on *°Fe can be expected to lead straight
to °Fe. As the neutrons are captured, the material initially present as *°Fe
forms an abundance peak that moves upward in mass number and spreads out
as it goes. An initial guess is that the ®“Fe/*Fe abundance ratio is roughly of
order 1072 during the neutron capture phases. If the material is now subjected
to a geometric dilution by a factor of 4000, as indicated above, the order of
magnitude of the ®*Fe/*Fe ratio at the time of formation of the solar system is
about 2.5 x 107, This will be further diminished by a little less than a mean
life of radioactive decay of the ®Fe, making the abundance ratio compatible
with the observed value of 1.6 x 1076, within large uncertainties.

Let us return briefly to the question of the abundances in the two large
SiC grains analyzed by Zinner and his colleagues, described in the preceding
section. The excesses of '*C and *““Ca were postulated to be introduced
into the hydrogen envelope by mixing from the helium layer. Of course,
the 12C is a main product of the helium burning that takes place at the base of
the helium layer. In the author’s steady-flow neutron capture calculations at
neutron number densities of 3 x 10° and 10'° cm ™3, the neutron capture path is
centered on the calcium isotopes with mass numbers 42 through 46, including
44, The calculated cross section for capture on ““Ca is lower than those for the
other calcium isotopes, but not by a large enough factor to account for the Ca
peak observed by Zinner and his colleagues. However, the level spacing at
the neutron binding energy in the **Ca compound nucleus is comparable to
the mean thermal energy at which the capture takes place, indicating that the
usual calculational method of estimating neutron capture cross sections, which
averages over the expected resonances, is highly unreliable here; therefore
the cross section for capture on **Ca could be very much less than estimated.
It will be so postulated here. Then the situation would be similar to that
of ®Fe discussed above; the highly abundant seed nucleus “°Ca would feed
into the neutron capture path at “>Ca, and its abundance would be periodically
refreshed as hydrogen is converted into helium and added to the helium layer.
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IX. UNOBSERVED EXTINCT RADIOACTIVITIES

The above analyses provide a crude basis for making some predictions about
the expected abundance levels in the early solar system for several extinct
radionuclides with reasonably long mean lives, some of which have been
looked for in meteorites. In the above analyses, an estimate has been made of
the production and dilution of the radionuclide into the surrounding medium,
followed by a period of decay which would be required in order to bring the
estimated diluted abundance down to observed solar system levels. There
can be substantial errors in these estimates. In applying the resulting methods
to make predictions of early solar system abundances for additional radionu-
clides, one can get led astray by these errors, and so the derived numbers for
the abundances given below should be taken as just crude indications of the
order of magnitude to be expected. The radionuclides are discussed in order
of increasing mean life.

“Ca: t ~ 1.9 x 10° yr. This nuclide is normally made as part of the
oxygen or silicon burning processes, so it is primarily a product of supernova
explosions. The closest supernova events would be those producing >*Mn,
with a decay time of roughly 25 Myr. After this decay time, the ' Ca abun-
dance would be completely unobservable. It can also be made by neutron
capture in *°Ca in the neutron production stage of an AGB star; here the
above discussion concerning *Ca is relevant. If we estimate the abundance
of #!Ca to be very roughly maintained at 0.01 of the *°Ca, then the helium
layer 4! Ca/*!K abundance ratio would become about 2.5. After dilution by a
factor of 4000, this ratio becomes 6 x 10™*. For every million years of subse-
quent decay, the abundance ratio decreases by a factor of 200. The observed
upper limit is 8 x 10~° (Hutcheon et al. 1984). The estimated abundance
would decay to the observed upper limit in 2.1 Myr. As the initial abundance
was just a guess, this seems roughly compatible with the decay period found
for 2°Al, and it would appear that searching for this extinct nuclide remains a
worthwhile goal.

"Cm: v ~ 22.5 Myr. This is an r-process product which decays
to 233U, which should thus be regarded as the reference isotope. The fraction
of all ?’Cm ever made that was present at the time of origin of the solar
system was about 7 x 107>, making this estimate by the method of periodic
spikes and allowing 110 Myr of decay after the last spike. The 2°U has a
mean life of 1 Gyr, so the fraction of it that was ever made at the time of
origin of the solar system is 0.1, with negligible subsequent decay. This gives
a prediction for *’Cm/ 233U of about 7 x 10~*, to be multiplied by a relative
production factor. If the r-process yields peak around mass number 250, then
the production factor is nearly unity, but if it peaks around mass number 235
or is fairly flat, then the production factor found in the author’s could be as
low as 0.1. The production factor that I find in my r-process calculations
varies in the range between 0.4 and 0.7. Thus is estimated the probable solar
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system 247Cm/?*U abundance ratio to be about 4 x 10~*. The measured
upper limit to 2#’Cm/?*U is 4 x 1073 (Chen and Wasserburg 19814, b).

X. DISCUSSION

In this survey of the ten extinct radionuclides, we have found a variety of
responsible nucleosynthesis mechanisms. These include high temperature
hydrogen-burning, the s-process (four times), the equilibrium process, the
r-process (twice), and the p-process (twice). We concluded that five of the
radioactivities were likely to be due to an AGB star reaching the final stages of
its active evolutionary lifetime within the molecular cloud in which the solar
system would form, and that the other five were due to supernova explosions
taking place in the interstellar medium prior to the formation of the molecular
cloud complex (in some cases, long before).

We also concluded that the probability was low of inheriting nucleosyn-
thesis products from an AGB star contaminating a rather small part of the
molecular cloud complex unless that star also triggered a chain of star for-
mation that would be propagated by energetic events accompanying the star
formation process itself. We cited some physical reasons for expecting that
such triggering should occur.

The great majority of star formation currently observed to occur in the
Galaxy takes place in molecular cloud complexes. One of the major objectives
of this survey has been to see whether the extinct radioactivities found to have
been present in primitive solar system matter could have been introduced in
a timely manner into a core within such a molecular cloud complex. Our
analyses were necessarily very crude due to some poorly known numbers,
but we did conclude that the observed solar system extinct radionuclides
were consistent with the formation of the Sun in such a molecular cloud
environment.

The discussion given here of the abundances of now-extinct radioactiv-
ities in the early solar system was developed with the following postulated
local history of the Galaxy, with which the abundances appear to be consis-
tent. We consider the times to be relative to the time of formation of the solar
system, and all of them will be before the solar system (BSS).

1. 130 or 140 Myr BSS. An OB Association formed in a local “great grand-
parent” molecular cloud. The cloud was destroyed and a large-scale
mixing event took place in nearby space, leading to the formation of a
new local “grandparent” cloud.

2. 110 to 120 Myr BSS. The OB Association stars in the range 8 to 10 Mg
produced r-process nuclides. These remained rather localized to the sites
of production. We obtained '2°I and >**Pu from this event.

3. Prior to about 25 Myr BSS. There was a continuing production of p-
process nuclides from imploding supernovae in suitable binary systems.
These nuclides were also rather localized to the sites of production. We
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obtained >Nb and '**Sm from these events.

4. 25 Myr BSS. An OB Association formed in the grandparent cloud. This
was destroyed with large-scale mixing and a new “parent” cloud was
formed. The mixing brought in all locally produced r-process and p-
process nuclides. *Mn produced in the highest mass O stars in the OB
Association was also mixed into the parent cloud.

5. About 2 Myr BSS. A relatively low-mass AGB star, accidentally located
in the parent cloud, came to the end of its active lifetime and triggered a
chain of star formation that led to the formation of the solar system. We
obtained 20Al, ®Fe, '97pd, 135Cs and '82Hf from this event.

There is rather little redundancy in this set of interpretations. It has
been necessary to draw extensively on information from the fields of nu-
cleosynthesis, stellar evolution and supernova explosions, and the theory of
the interstellar medium and its structure, as well as meteoritics and plane-
tary sciences. Further work can and should test several aspects of this set of
scenarios.
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ties needed for nucleosynthesis estimates. I am also indebted to J. Wasser-
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Classical novae, explosions that result from thermonuclear runaways on the surfaces
of white dwarfs accreting matter in close binary systems, are sporadically injecting
material processed by explosive nucleosynthesis into the interstellar medium. Al-
though novae probably have processed less than ~0.3% of the interstellar matter in
the Galaxy, there is theoretical and observational evidence suggesting that they may
be important sources of the nuclides "Li, *C, ’N, 170, as well as of *?Na and %Al
The latter nuclides are astrophysically important radioactive isotopes that could have
been involved in the production of the 2*Ne (Ne-E) and 2®Mg enrichments in mete-
oritic inclusions believed to contain important clues about the chemical and mineral
contents of the primitive solar nebula. These inclusions may be partially composed of
dust condensed in nova outbursts. We review theoretical results predicting yields of
these various isotopes in nova outbursts, and conclude that most of the heavy isotope
anomalies are produced by the approximately 25% of novae that occur in systems con-
taining massive (>1.2 M) O-Ne-Mg white dwarfs. Ultraviolet, optical and infrared
emission line spectra of classical novae reveal the abundances of some of the gas-phase
elements present in the ejecta. Recent studies show that the ejecta in some novae can be
strongly cooled by near- and mid-infrared radiation from forbidden-line radiation from
highly ionized atomic states. We compare the abundances deduced from observations
with the theoretical predictions, and suggest that future studies of infrared coronal
emission lines may provide additional key information. Novae produce only ~0.1%
of the galactic “stardust” (dust condensed in stellar outflows), but it may be some of
the most interesting dust. Novae appear capable of producing astrophysical dust of
every known chemical and mineral composition. We summarize the dust-production
scenario for novae, and argue that explosions on O-Ne-Mg white dwarfs may lead
to the formation of dust grains that carry the Ne-E and Mg anomalies. Finally,
we attempt to place quantitative constraints on the degree to which classical novae
participate in the production of chemical anomalies, both in the primitive solar system
and on a galactic scale. Diffuse galactic gamma-ray fluxes are especially useful for
assessing the 2?Na and 26Al yields from novae.

(75]
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I. INTRODUCTION

Infrared observations support a picture of galactic chemical evolution in which
grains condensed in the ejecta of stars may be a significant reservoir for
the transportation of metals in the galactic ecosystem. Metals produced
during the advanced stages of nucleosynthesis can be condensed into grains
in circumstellar shells during late stages of stellar evolution, and injected
into the interstellar medium (ISM) where they are processed and eventually
incorporated into new stellar and planetary systems. Once in the ISM, these
grains may be further processed by supernova shocks and in molecular clouds,
before being incorporated into young stars and planetary systems during star
formation in the clouds. Solids that may be remnants of the formation phase
are found in our own solar system and around some other main sequence stars.
Wolf-Rayet stars, novae and supernovae may also be capable of injecting
copious amounts of gas-phase condensibles into the ISM, where they are later
processed onto grains in the cores of dense molecular clouds.

Grains in circumstellar shells, the ISM and the solar system are similar
in general mineral content. The same four basic mineral types—amorphous
carbon (iron?), silicates, silicon carbide and hydrocarbons—are present in
all three environments. There are important differences between the grains
in these diverse environments (see Gehrz 1989b). ISM grains appear to be
smaller than their circumstellar counterparts, and grains in some comets were
apparently annealed at high temperature. Nonetheless, several properties of
cometary dust and meteorite inclusions suggest that dust made in circumstellar
shells (stardust) was incorporated directly into solid bodies in the primitive
solar nebula. For example, some meteorites contain small dust inclusions
with chemical abundance anomalies that strongly suggest that these grains
condensed in the immediate ejecta of nova and supernova eruptions. This
would imply that some grains may have survived from the circumstellar to
the solar environments relatively unchanged. On the other hand, it has been
argued that it is difficult for stardust to survive destruction by supernova
shocks in the ISM and by high temperatures during the early evolution of
young stellar objects.

Nucleation and growth of stardust in a circumstellar environment has been
confirmed by infrared studies of classical novae. Although they contribute
only a small amount of stardust to the ISM of a galaxy, classical novae
are the only objects in which it has been possible to observe the process
of circumstellar dust formation directly. Observations have shown that the
infrared development of a nova outburst is governed by the evolution of the
grains in the outflow, and have defined the conditions under which grains
nucleate and grow as they are expelled into the ISM.

In this review, we concentrate specifically on the stardust and gas-phase
chemical anomalies that may be contributed to the galactic ISM by classical
novae. Novae are concentrated toward the center of the Galaxy, where they
suffer obscuration. Therefore, some of their global properties have only
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recently been estimated from studies of nearby galaxies. It is clear that they
are associated with the old stellar population in galaxies, in that both the
spatial distribution and the relative frequency of novae are well correlated
with the infrared K-band luminosity (Ciardullo et al. 1990). Although the
distribution of novae near the Sun suggests a concentration toward the disk
of the Galaxy, the majority of novae belong to the halo or at least to a thick
disk population (Warner 1989). The influence of nova ejecta on the ISM is
therefore global. Roughly 30 novae per year occur in the Galaxy (Arp 1956;
Capaccioli et al. 1989), and they all have in common the fact that they eject
material at high velocities during outburst, with this material usually enriched
in elements heavier than He.

II. NATURE OF THE OUTBURST

The theory of classical nova outbursts has advanced at a significant pace over
the past two decades. Two factors contributing to these rapid developments are
progress in theoretical modeling of the outbursts and, particularly, a growing
body of observational data describing novae in outburst. Indeed, observations
of novae are now available in virtually all interesting wavelength ranges
(Starrfield 1989a). Recent observations have served both to constrain the
theoretical models and to provide a quantitative measure of the influence of
classical nova explosions on the surrounding ISM.

It is now commonly understood that a nova outburst results from a ther-
monuclear runaway on the surface of a white dwarf accreting matter in a close
binary system. The companion stars in these “cataclysmic variable” systems
are observed to be late-type stars that are filling their Roche lobes and passing
matter through the inner Lagrangian point, via a disk, onto the surface of the
white dwarf. Accumulation of a hydrogen-rich envelope on the white dwarf
continues until a critical pressure is achieved at the base of the accreted enve-
lope, and a thermonuclear runaway ensues. There follows: (1) a rapid rise of
the luminosity to a maximum value that approaches (and sometimes exceeds)
the Eddington limit; (2) a period over which the rekindled hydrogen burning
shell powers the system at approximately constant bolometric luminosity;
and (3) a gradual return of the system to its pre-outburst state. The detailed
features of such outbursts have been reviewed by a number of authors (Truran
1982; Gehrz 1988; Starrfield 1989b).

Hot gas expelled in the explosion is initially seen as an expanding pseu-
dophotosphere, but free-free and line emission are observed when the expand-
ing fireball becomes optically thin. A dust condensation phase, characterized
by rising infrared emission and sudden visible absorption occurs in many
novae within 30 to 80 days following the eruption. Novae produce silicates,
silicon carbide, carbon and hydrocarbons. Several have condensed all four
types of grains in a single eruption, suggesting that novae may have a complex
temperature, density and abundance structure in their ejecta.
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Spectroscopy of infrared coronal emission lines in classical novae has
provided new insight into the physics of the nova phenomenon. Abundance
information implies that some novae may condense anomalous grains similar
to those found in meteorite inclusions and has provided constraints on models
of the progenitor stars of nova systems. One recent suggestion to explain these
observations is that a substantial fraction of observed nova binary systems
may contain O-Ne-Mg white dwarfs that are the predicted end product of the
evolution of some intermediate-mass stars.

We are specifically concerned in these proceedings with the contributions
of novae to the ISM. These contributions can be examined by considering the
nature of the contributions from an individual “average” nova event. The
critical parameter is the white-dwarf mass. Truran and Livio (1986,1989) re-
cently pointed out that the typical masses of the white dwarfs in nova systems
observed in outburst are significantly higher than the 0.6 to 0.7 Mg range
characteristic of single white dwarfs. This is understood to be a consequence
of selection effects, favoring massive white dwarfs that require significantly
less accreted matter to trigger a thermonuclear runaway and therefore expe-
rience recurring outbursts on much shorter time scales. Truran and Livio
estimate the average white dwarf mass in observed classical nova systems
to be approximately 1.1 to 1.2 Mg; a comparable value has recently been
determined by Politano et al. (1990). The relative frequencies of occurrence
of white-dwarf masses f(W D) from these two references are presented in
Table I, together with an estimate of the (accreted) envelope mass required to
initiate runaway (column 3), and an approximate determination of the recur-
rence time scale (column 4) based on the assumption that all systems have an
accretion rate of ~107° Mg yr~! (King 1989).

The mean envelope mass required to initiate a runaway that follows from
the frequency estimates is approximately 2 x 107* Mg (note that this is
slightly larger than the envelope mass of 5 x 10~ M, required for a white
dwarf of the mean mass 1.1 to 1.2 Mg). The theoretical models and general
energy considerations indicate that most of the accreted matter is ultimately
ejected in the outburst and thus returned to the ISM . The mean mass returned
by a nova outburst to the ISM is thus of the order of 2 x 107* Mg. If we
assume that the nova rate of ~30 per year for M31 in Andromeda (Arp 1956;
Capaccioli et al. 1989) can be applied to our Galaxy, it follows that novae
introduce approximately 6 x 1073 Mg, yr~! of processed matter into the ISM.
Supernovae, occurring at a rate of 1 per 50 yr and ejecting approximately 3
Mg, per event, introduce roughly 0.06 Mg yr~! of processed matter into the
ISM. Therefore, if novae are to contribute significantly to nucleosynthesis,
the levels of overproduction of heavy elements in novae must be on the order
of 10 times the levels characteristic of supernova ejecta. This crucial question
of the global contribution of novae will be emphasized several times in the
discussions that follow.

The mass estimate provided here also allows us to determine the energy
contributions of individual nova events to the ISM. Velocity determinations
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TABLEI
Mean Properties of Classical Nova White Dwarfs

Mass  fr (WD) AM TREC frirw(WD)
Mo) Mo) (829)

0.6 0.103 13x 1078 1.3 x10° 0.035
0.7 0.053 73 x 1074 7.3 x10° 0.087
0.8 0.042 42 x 107 42 x 103 0.076
0.9 0.040 2.4 x 107* 2.4 x 10° 0.060
1.0 0.046 1.3 x 107# 1.3 x 10° 0.058
1.2 0.100 2.8 x 107 6.4 x 10* 0.098
1.3 0.232 9.0x 107® 9.0 x 10 0.212
1.35 0.322 40x 107  4.0x10° 0.306

for the principal ejecta of novae lie in the range 400 to 2000 km s~', although

some of the material appears to be ejected at velocities as high as 10 km s~ .
This implies that the typical output kinetic energies will fall in the range
10 to 10% erg, well below values typical of supernovae, and that novae
do not constitute a significant source of energy for the heating of the ISM.
Spectroscopic studies of classical novae have revealed two very important
features:

(1) The presence of extremely large concentrations of C, N and O nuclei and,
more recently, of O, Ne and Mg nuclei in the ejecta;
(2) The formation of grains in a substantial number of the slower novae.

The issue of grain formation and its implications is addressed in Sec. V.
It is appropriate at this stage, however, to examine briefly the theoretical
implications of the heavy-element enrichments.

III THERMONUCLEAR PRODUCTION OF HEAVY NUCLIDES

Nucleosynthesis associated with nova events is limited to the effects of the
proton-induced reactions that can proceed at the temperatures of 1.8 x 10% to
3 x 108 K typically achieved in their hydrogen burning shells. CNO cycle
hydrogen burning will, of course, act to redistribute these nuclei and thereby
alter the concentrations of the isotopes of carbon, nitrogen and oxygen. The
observational situation regarding the abundances of these and heavier nuclei
in nova ejecta is reviewed in the next section, and the implications of the
observed enrichments of heavy elements is addressed. In this section, we
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review the possible role of novae in the synthesis of ’Li and in the generation
of significant abundances of the radioactive nuclei 2°Al and *Na.

It is important to recognize in advance that the relative contribution of
novae to nucleosynthesis is small, and that detailed predictions regarding their
contributions are quite uncertain. We do not know with confidence either the
rate of nova outbursts as a function of time over the history of our Galaxy or the
average mass ejected per outburst. Nonetheless, the total amount of processed
matter contributed by novae to the ISM may be roughly estimated by assuming
that (1) the current rate of nova events is 30 yr ! (Arp 1956; Capaccioli et
al. 1989); (2) the rate has remained constant over the lifetime ~10'0 yr of the
galactic disk; and (3) the average mass ejected per nova event is ~ 2 x 107*
M. This implies a total mass processed by novae of ~ 6 x 10’ Mg. By
comparison, supernovae occurring at a rate of 1 per 50 yr and ejecting ~3 Mg
per event would have processed 6 x 10 Mg, during the same period. As the
mass processed through novae represents only a fraction <1/150 of the mass
of interstellar matter (~10'0 Mg) in our Galaxy, it follows that significant
contributions require enrichments, relative to solar system abundances, in
nova ejecta of factors of >150. This would apparently rule out the possibility
that novae are important contributors to galactic abundances of the dominant
isotopes of carbon and oxygen, and probably of nitrogen as well. Novae may,
however, produce important amounts of the rarer isotopes '3C, >N and '7O.

We have seen that classical nova outbursts provide an environment in
which hydrogen-burning reactions proceed on carbon, nitrogen and oxygen
(CNO) nuclei, and heavier nuclei, at high temperatures and densities on a
dynamic time scale. For such conditions, the production of potentially inter-
esting and detectable abundance levels of the radioactive isotopes 2’Na and
26 Al can also occur, and novae are believed by many to be potentially important
nucleosynthesis sites for these elements. Weiss and Truran (1990) recently
modeled the nucleosynthesis accompanying nova explosions for representa-
tive temperature histories extracted from hydrodynamic models, utilizing a
significantly expanded nuclear reaction network (see Nofar et al. 1991). Their
results confirm the earlier findings of Hillebrandt and Thielemann (1982) and
Wiescher et al. (1986) that extremely low levels of both ??Na and 2°Al are
expected to form in nova envelopes of initial heavy-element composition
comparable to that of solar system matter. This implies both that we should
not expect to find detectable levels of *’Na in the ejecta of slow novae (e.g.,
novae with relatively low heavy-element concentrations) and that such novae
do not contribute significantly to the abundance of Al in the Galaxy. More-
over, enriched CNO concentrations alone do not guarantee any significantly
increased 2Na and Al production. The calculations by Weiss and Truran
(1990) predict low concentrations of 2*Na and 26 Al even with the assumption
of matter enriched to a level Zcno = 0.25. The conclusions drawn above
to the effect that these systems characterized by solar abundances of CNO
elements can neither produce detectable levels of 22Na nor contribute signif-
icantly to the abundance of 2°Al in galactic matter are equally appropriate to
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the case of novae with moderate CNO enrichments.

As anticipated, greatly increased **Na and 2°Al production results for
envelopes characterized by substantial initial enrichments of elements in the
range from neon to aluminum. Because these abundance enrichments are
presumed to arise as a consequence of the dredge-up of core matter (see,
e.g., Livio and Truran 1990), it follows that such systems involve more
massive O-Ne-Mg white dwarfs. Theoretical estimates (Truran and Livio
1986; Truran 1990) and spectroscopic analyses of the ejecta of recent novae
(Table I) indicate that such neon rich novae comprise approximately 1/4 to 1/3
of all observed classical nova outbursts. For these cases, burning by means
of the neon-sodium and magnesium-aluminum hydrogen burning sequences
can yield substantial concentrations of *?Na and °Al. Specifically, for the
choice of an initial composition consisting of matter enriched to a level Z =
0.25 in the products of stellar carbon burning (Amett and Truran 1969), the
calculations of Weiss and Truran (1990) predict that the abundance levels of
22Na and 26Al formed can be 1 to 2 orders of magnitude larger than for the
case of matter of initial solar composition. They conclude that such neon-rich
novae may represent an important source of °Al in our Milky Way Galaxy.
Future observations of the distribution of 2°Al in the Galaxy may provide
constraints upon the progenitors and, perhaps, indicate whether red giants,
novae, or supernovae represent the dominant source.

The concentrations of **Na predicted for the ejecta of novae involving
O-Ne-Mg white dwarfs are sufficiently high that we may also expect relatively
nearby novae to produce detectable flux levels of ’Na decay gamma rays.
Weiss and Truran (1990) estimated that a nova known to be both enriched in
neon and magnesium and at a distance of 500 pc may yield a gamma ray flux at
alevelof ~ 6x 107 cm~2? s~!. Such novae shouid be considered as promising
targets for the Gamma Ray Observatory. (Note that, in contrast, neither slow
novae nor fast novae enriched only in carbon, nitrogen and oxygen are likely
to produce detectable fluxes.) Livio et al. (1990) also argued that the Compton
degraded gamma rays from 22Na decay might contribute to the observed X-ray
fluxes from several recent novae (Ogelman et al. 1987).

We have emphasized the importance of the detection of ??Na gamma
rays from novae as a means of imposing important constraints on theoretical
models of nova outbursts and their role in galactic nucleosynthesis. In this
context, however, it is important to recognize that the ?Na concentrations
produced in novae are quite generally insufficient to account for the observed
abundance of its decay product **Ne in the Galaxy. Truran and Hillebrandt
(1986) showed that the observational upper limit on the gamma-ray flux
(Mahoney et al. 1982,1984) is such that the total amount of ?2Na ever formed
constitutes less than ~1% of the mass of 2’Ne in the Galaxy today. While
novae and other astrophysical events may make interesting amounts of **Na
with respect, for example, to the generation of Ne-E anomalies in meteorites,
most of the mass of 2?Ne in the Galaxy is actually incorporated into the ISM
directly as 2Ne. The relative levels of overproduction of 22Na and Al in
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novae, as predicted by recent calculations, are consistent with the conclusion
that novae may contribute to galactic nucleosynthesis of 2°Al but not to that
of 2 Ne.

Significant production of "Li can also occur in the thermonuclear run-
aways that define the outbursts of classical novae (Armmould and Norgaard
1975; Starrfield et al. 1978). The mode of "Li production here is similar to
that in red giants: "Be is carried outward by convection to cooler regions of
the envelope on a sufficiently rapid time scale to ensure that it will not be de-
stroyed via "Be (p,y) ®B. The total mass of "Li ejected is a sensitive function
of the conditions achieved in the outburst and may therefore be expected to
vary from event to event. Model calculations (Starrfield et al. 1978) predict
that "Li enrichments of factors of up to ~102 to 10® may characterize the
ejecta of novae under some circumstances. The critical dependencies with
regard to "Li production are on the temperature history of the matter and the
convective character of the envelope over the course of the runaway (both
of which may be a function of the speed class of the nova); the initial *He
concentration of the envelope matter is also of interest, as much of the 3He
may be converted readily to "Be.

The integrated contributions of classical novae to the abundance of Li in
galactic matter cannot be estimated very reliably because of uncertainties in
our knowledge of the properties of the progenitors of classical nova systems
and of their rate of formation over the past history of the Galaxy. Nevertheless,
a statement regarding production of "Li in novae is possible. The theoretical
models by Starrfield et al. (1978) predict average enrichment factors for the
rare isotopes '*C and '°N that are ~10 times that of "Li. If these relative
production ratios are representative of classical nova systems, it must follow
that novae can account at best for only ~10% of the "Li in the Galaxy (when
one assumes that '3C and >N have their origin entirely in nova events).
Further detailed calculations of nucleosynthesis coupled to hydrodynamic
models of novae are required to clarify the situation for "Li.

IV. ULTRAVIOLET/INFRARED SPECTRA OBSERVATIONS
OF HEAVY NUCLIDES

A. Gas-Phase Abundances

The study of nova ejecta is central to the understanding of the nature of the
outburst. Gaseous shells having a range of mass from M ~ 1077 to 107> Mg,
are ejected with velocities of 4 x 10? to 10* km s~! from each outburst, and
this material may be an important nucleosynthesis source for certain elements
and/or isotopes in the ISM. The fact that some novae form considerable
quantities of dust soon after outburst may also have consequences for star
formation in the galactic disk. The relative fraction of the ejected mass that
precipitates out of the gas into grains is difficult to ascertain but, judging from
the sudden decrease in the line emission from certain elements at the time that
dust condensation occurs, it is substantial for some novae.
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Elemental abundances in nova ejecta can, in principal, be determined by
two entirely different procedures. For several days following the outburst,
some nova envelopes exhibit an absorption spectrum from an expanding
pseudophotosphere, that can be analyzed in the same manner as a stellar
atmosphere. Because of the high lack of equilibrium and rapidly changing
environment of the envelope, most of the normal atmospheric techniques
are not valid, and they have produced inconsistent results (Williams 1977).
Consequently, few such studies were attempted in the last decade.

A more effective approach to determining element abundances is to ana-
lyze the emission spectrum of the ejecta that typically appears within a week
of the outburst. This spectrum shows many similarities to the spectra of
nebulae and emission line galaxies. Although the conditions giving rise to
the emission lines are very complicated immediately after outburst, in a short
time a statistical equilibrium is established and the lines become optically
thin, greatly simplifying the radiative transfer.

All emission line fluxes depend directly on the ion abundance and another
parameter: either N,, T,, or the continuum radiation intensity, depending
upon the particular excitation mechanism. Relatively few lines are excited by
radiative excitation, especially when the radiation field weakens more than a
few weeks after outburst, and if one considers the relative strengths of other
lines; i.e., for those formed by collisional excitation and recombination, the
dependence on N, cancels, leaving T, as the only remaining parameter. Thus,
the line ratios of most lines will directly yield ion abundances if the electron
temperature is known. One can even avoid a dependence of line ratios on
T, if one selects lines originating from similar ionization potentials. Fairly
reliable abundances can therefore be determined for some ions. Reliable
element abundance determinations require that one account for all of the
ions of each element, even though many of the ions do not have observable
lines in accessible regions of the spectrum. One is therefore forced to compare
relative abundances of ions having similar ionization potentials, and to assume
that these ion ratios reflect the relative element abundances. An alternative
to this is to try to build a complete ionization model for the ejecta and to
make theoretical corrections for unobserved ionization stages. As the post-
outburst geometry of the ejecta is poorly known, but obviously complicated,
reliance on models for these corrections is inadvisable. Thus, the operative
procedure has been to take several ionization stages in elements in which
the ionization potentials are similar and to equate the element abundances to
those of the ions, i.e., to assume that N/O = (N IIl + N IV)/(O III + O 1V),
for example. If the above procedure can be applied to collisionally excited
lines with similar excitation potentials, there is little dependence on T,, and
the resulting abundances are less uncertain.

B. Infrared Fine-Structure Lines

Many novae develop infrared emission lines from transitions among the fine-
structure levels of the ground states of ions of the heavy elements. Although
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lines such as [Ne II] A12.8 um do occur, and can be dominant sources of
cooling of the ejecta in some novae (see Gehrz et al. 1985,1986), it is more
common that higher ionization stages predominate in the infrared spectra,
e.g., [Mg VIII]A3.02 yum and [Si IX]A3.92 um (Grasdalen and Joyce 1976;
Greenhouse et al. 1988,1990).

Because of the very low excitation potentials of the infrared lines, kT, >
x12 for all such transitions, and therefore the line intensities do not have a
dependence upon T,. Relative strengths of the infrared lines yield reliable ion
abundances, since they are probably all collisionally dominated, leading to
the same dependence upon density. Intercomparison of these lines produces
relative abundances of Mg, Na, Al and Si.

C. Physics of the Infrared Coronal Phase

Infrared spectroscopic observations of infrared forbidden-line-structure lines
were identified in the six recent novae V1500 Cyg 1975, Cyg 1986, QU Vul
1984, OS And 1986, V827 Her 1987 and V2214 Oph (Grasdalen and Joyce
1976; Gehrz et al. 1985; Greenhouse et al. 1988,1990; Benjamin and Din-
erstein 1990) confirming a theoretical prediction by Ferland and Shields
(1978a, b) that such emission could be an important source of cooling in
nova shells. The strongest of these lines was 12.8m [Ne II] emission from
QU Vul (Gehrz et al. 1985). These data showed that infrared spectroscopic
information can be important for the identification of, and the estimation of
abundances of atomic species in nova ejecta. Greenhouse et al. (1988,1990)
established the importance of the infrared coronal emission phase in classical
novae for estimating physical conditions in the ejecta, and for determining im-
portant chemical abundances related both to nucleosynthesis associated with
the nova progenitor and to nucleosynthesis occurring in the thermonuclear
runaway during the nova eruption. While the infrared transitions themselves
are collisionally excited, the ionization states responsible for the transitions
must be largely radiatively excited (Benjamin and Dinerstein 1990; Williams
1991). In some cases, it seems possible that a collisional excitation compo-
nent may be required to explain the ionization structure (see Greenhouse et
al. 1990). Temperature conditions associated with the coronal emission are
not fully understood. On one hand, excitation temperatures inferred for the
photoionization of the coronal states are as high as 5 x 10° to 10® K. On
the other hand, the absence of certain lines that would be expected to occur
suggests temperatures well below this. Infrared speckle interferometric mea-
surements show that the coronal emission occurs in the principal ejecta rather
than close to the central engine. High-resolution near-infrared spectroscopy
shows that the velocity widths of coronal lines are likewise consistent with
their production in the principal ejecta.

Analyses of the abundances of the coronal species show that the ejecta
of many novae are rich in O, Ne and Mg. For example, the infrared coronal
emission lines in QU Vul (Gehrz et al. 1985; Greenhouse et al. 1988) lead
to the conclusion that some novae may be overabundant in neon and silicon
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(Gehrz et al. 1984,1986; Gehrz et al. 1985; Williams et al. 1985; Gehrz et
al. 1988). Starrfield et al. (1985b) and Truran and Livio (1986) argued that
these novae result from accretion of matter onto O-Ne-Mg white dwarfs that
are the evolutionary endproduct of intermediate-mass (8 to 12 M) stars. The
nucleosynthesis associated with such nova explosions can produce signifi-
cant quantities of the radioactive isotopes ?Na and 2°Al that positron decay
to 22Ne (2.7 yr) and Mg (3 x 10° yr). These materials could be trapped
in grains during the dust formation phase of novae. Grain inclusions with
significant overabundances of ?’Ne and 2°Mg have been discovered in solar
system meteorites. The inference is that these meteoritic inclusions could
have been produced by the condensation of grain materials in the immediate
vicinity of sources of explosive nucleosynthesis, such as novae or supernovae
(see Clayton 1982; Truran 1985,1990; Gehrz 1988; Weiss and Truran 1990).
Theoretical studies suggest that these abundances may reveal important infor-
mation about nucleosynthesis during both the outburst and or the evolution of
the progenitor.

D. Gas Abundances in Nova Ejecta

There are now a number of novae that have experienced outbursts in the last
decade, for which post-outburst abundances were determined by the methods
described above (Snijders et al. 1987; Williams 1985; Snijders 1990). Because
such studies are based on emission-line fluxes, they sample only the gas, and
not the dust. The relative dust/gas ratio is difficult to determine, and therefore
the gaseous depletion of certain elements from the gas phase by condensation
into dust is unknown. In some novae that form optically thick dust shells,
the evolution of the emission spectra of certain elements suggests that a
substantial fraction of some elements may precipitate into dust in the months
after outburst. The gas-phase abundances may therefore not reflect the actual
distribution produced by the outburst and injected into the ISM. It is usually
the case, however, that thermal emission from dust is absent from the infrared
spectra of novae when infrared forbidden-line emission is important, so that
one can presume that the emission line phase refers to an epoch when the
condensible elements are still mainly in the gas phase. Nonetheless, because
evidence for extensive dust formation occurs in only ~1/3 of all novae, the
gaseous abundances of a sample of many novae should, in fact, characterize
the true ejecta abundances rather well. A compilation is given in Tables II
and III of gas-phase abundances for those novae whose emission spectra were
analyzed in the past 15 yr. In spite of the uncertainties associated with the
results for individual objects, certain features are clear that may be taken to
be general characteristics of nova outbursts:

1. Heis generally enhanced with respect to H in the ejecta; i.e., H is depleted.
2. The CNO nuclei are highly enriched, with N typically being the most
abundant of these elements.
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3. Perhaps as many as 33% of the novae show a strong enrichment of neon.
These “neon’ novae usually also show enhancements of elements with
Z > 10,e.g., Mg and Si.

The first two of these characteristics can, in principle, derive in part (e.g.,
H depletion and high N) from the outburst phenomenon, as these features can
follow naturally from the proton-capture reactions that occur in the thermonu-
clear runaway. The high-neon abundance is difficult to produce in normal
outburst models on CO white dwarfs, and is believed to result from material
mixed from O-Ne-Mg white dwarfs in those novae (Starrfield et al. 1986;
Truran and Livio 1986). Moreover, the high-CNO abundance enrichments
also demand outward mixing of core matter (Truran 1990; Livio and Truran
1990).

Spectroscopy of the emission lines from ions does not enable isotopic
abundances to be determined; the isotope shifts are too small to be detected.
Thus, the neon could be 2Ne or 2Ne, and the aluminum could be 2°Al or
2’Al. Any isotopic information must be deduced from theory or, perhaps, as
in the case of >’Na, from gamma-ray observations of novae after outburst.
The direct evidence for the gaseous contribution of novae to the element
abundances of the ISM is limited to the information in Tables II and III
Gas of this composition is ejected into the Galaxy by roughly 30 novae per
year, each of which contributes about 2 x 107> Mg, of gas at velocities (see
Table 1V) usually exceeding the escape velocity of the Galaxy (~300 km s™!
for a galactocentric distance of 10 kpc). Thus, the ejecta must interact with a
greater mass of ambient gas if they are to be confined to the Galaxy, eventually
settling into the ISM.

V. INFRARED OBSERVATIONS OF DUST FORMED FROM
HEAVY NUCLIDES

The most convincing cases for transient circumstellar dust formation are those
based upon infrared observations of the temporal development of classical
nova systems; see Bode 1988,1989; Bode and Evans 1989; Gehrz 1988;
Starrfield 1989a for reviews of these observations. Their infrared temporal
development progresses in several identifiable stages (Gehrz 1988). The
initial eruption results from a thermonuclear runaway on the surface of a
white dwarf that has been accreting matter from a companion star through the
inner Lagrangian point in a close binary system. The hot gas expelled in the
explosion is initially seen as an expanding pseudophotosphere, or “fireball.”
Free-free and line emission are observed when the expanding fireball becomes
optically thin. A dust condensation phase, characterized by declining visual
light and rising infrared emission, occurs in many novae within 50 to 200 days
following the eruption. The infrared emission continues to rise as the grains
grow to a maximum radius of 0.2 to 0.3 m within a few hundred days after
their condensation, and then falls as the mature grains are dispersed by the
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TABLE III
Helium and Heavy-Element Abundances in Novae
Nova He/H Z Ref.”  Enriched
Fraction

T Aur 1891 0.21 0.13 2 0.36
R Pic 1925  0.20 0.039 1 0.28
DQ Her 1934  0.08 0.56 1 0.55
CP Lac 1936 0.11 £0.02 — 1 0.08
RR Tel 1946  0.19 — 1 0.24
DK Lac 1950 0.22+0.04 — 1 0.30
V446 Her 1960 0.19+0.03 — 1 0.24
V553 Her 1963  0.18 £0.03 — 1 0.23
HR Del 1967 0.23£0.05 0.077 1 0.35
V1500Cyg 1975 0.11+£0.01 0.30 1 0.34
V1668 Cyg 1978  0.12 0.32 3 0.38
V693 Cr A 1981  0.28 0.38 4 0.61
V1370 Aql 1982 0.40 0.86 5 0.93
GQ Mus 1983 0.29 0.42 6 0.64
PW Vul 1984  0.09 0.067 7

V1819Cyg 1986 0.19 — 8 0.24

¢ 1: Ferland 1979; 2: Gallagher et al. 1980; 3: Stickland et al. 1981; 4:
Williams 1985; Williams et al. 1985; 5: Snijders et al. 1987; 6: Hassal
et al. 1990; 7: Salzar et al. 1990; 8: Whitney and Clayton 1989.

outflow into the ISM (Gehrz et al. 1980a, b). Thus, nova grains initially grow
much larger than interstellar grains, which typically have radii in the range
from 0.01 to 0.12 um (see Greenberg 1989a). However, the rate of decline
of the infrared radiation and the relatively slow cooling rate of the grains in
the outflow suggest that the grains begin to decrease in radius again shortly
after having grown to their maximum size. The observations are consistent
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with the hypothesis that the nova grains could be processed to interstellar
grain sizes by evaporation or sputtering before they eventually reach the ISM.
About 1078 to 107® M, of dust forms in each episode.

Although most novae produce carbon (possibly iron?) dust, recent ob-
servations suggest that nova explosions can produce every other type of as-
trophysical grain, including silicates, silicon carbide (SiC), and hydrocarbons
(see Gehrz 1988,1989a, b; Hyland and MacGregor 1989). Recently, it has
been shown that nova shells can be strongly cooled by infrared fine structure
forbidden-line emission (Gehrz et. al. 1985).

A. Abundances from Observations of Dust

Table IV summarizes our knowledge of outburst and shell parameters for
21 recent novae from optical/infrared observations. The mass of gas in
the ejecta can be measured using the energy distribution, as determined by
infrared techniques. As the pseudophotosphere begins to become optically
thin, the energy distribution deviates slightly from that of a blackbody, but the
ejecta are still hot enough that the Thomson (electron) scattering opacity «,
dominates radiative transfer in the shell. In this case, the shell mass is given
by M = R 2K;l where the shell radius R = ¢V, and ¢t is the time since
outburst. Later, when the ejecta cool sufficiently that thermal Bremstrahlung
dominates the shell opacity, the shell mass of a shell of depth £ pc and electron
density n, cm~* can be determined through the relationships n?A2/ = 10'® and
M ~ aR%In,H where A, is the cutoff wavelength in um at which free-free
self-absorption becomes important, and H is the mass of the nucleon. The
mass of dust can be inferred from the dust shell opacity required to produce
the observed visual extinction for novae that produce optically thick shells.
Opacities for carbon, SiC, silicates and iron are given by Gilman (19744, b)
and Draine (19856). The gas to dust ratios calculated in this way imply
overabundances of carbon and silicate materials in a few cases.

B. Mineral Composition of the Grains

Although most novae condense carbon or iron dust, there is evidence that as-
trophysical dust of every known chemical and mineral composition can con-
dense in nova ejecta. QU Vul 1984, V842 Cen 1986 and QV Vul 1987 (Gehrz
1990) formed silicate grains; V1301 Aql 1975 may have formed SiC or a com-
bination of SiC and silicates (Gehrz et al. 1984), and V842 Cen 1986 (Hyland
and Macgregor 1989) and QV Vul 1987 (Greenhouse et al. 1988,1990) appar-
ently formed hydrocarbons. The hard radiation from the nova remnant may
provide the ultraviolet radiation that is believed to be important in creating
hydrocarbons from amorphous carbon (Allamandola 1984; Allamandola et
al. 1987).

The formation of more than one type of grain has now been recorded for
at least three novae (Gehrz 1990). Both V842 Cen 1986 and QV Vul 1987
apparently formed carbon and silicates dust, and hydrocarbons. Itis difficult to
understand how both silicate grains and carbon grains can form co-spatially
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in the ejecta if silicate grain condensation requires an environment where
C < O and carbon grain condensation requires an environment with C > O
(Hackwell 1971,1972). One possibility is that there are significant abundance,
temperature and density gradients within the ejecta. Perhaps the polar plumes
and equatorial ring that are believed to be produced in the explosion (Gallagher
and Starrfield 1978) have different properties.

C. Continuum Emission from Dust

Most dust-producing novae condense dust that emits a gray or black, smooth
1 to 25 pwm continuum that is devoid of emission features. Both carbon and
iron grains can produce this spectral signature (Gilman 1974a, b). Because a
similar continuum is characteristic of the circumstellar emission from carbon
rich stars (see, e.g., Gehrz and Hackwell 1976), it has generally been assumed
that this continuum in classical nova systems is produced by amorphous
carbon grains (see Gehrz 1989a). The genesis of the argument that smooth
infrared continua result from circumstellar carbon dust in carbon stars is an
equilibrium condensation calculation showing that carbon grains condense
if C > O and silicate grains condense if O > C (Gaustad 1963, Hackwell
1971,1972). A fundamental problem with the carbon grain hypothesis for
novae is that it is unlikely that C > O can occur in nova ejecta that result from
thermonuclear reactions on CO and O-NE-Mg white dwarfs (Truran 1990);
theoretical models generally predict that C < O for runaways on both CO and
O-Ne-Mg white dwarfs. If this is the case, the formation of carbon grains
seems improbable, unless the condensation of carbon proceeds in a rather
different manner than is predicted by the equilibrium calculation.

An alternative explanation for the continuum dust emission in novae is
that the grains are iron. We can use the opacities and Planck mean cross
sections given by Gilman (1974a, b) to estimate the mass of iron dust that
would be required to produce the observed visual extinction in a typical
optically thick nova shell. As an example, we consider NQ Vul 1976, a nova
that formed a shell with a visual optical depth of 7, = 4.6 about 80 days after
the eruption; the shell involved 10~* Mg, of gas expanding at 750 km s~!.
In this case, the observational parameters require a dust mass of 107® M,
of iron or 1.4 x 1077 Mg, of carbon, leading to gas-to-dust ratios of 100 and
700 for iron and carbon, respectively. The gas-to-dust ratios for iron and
carbon in solar material are 670 and 250, respectively. We conclude that
NQ Vul’s ejecta would have had to have been enhanced in iron by at least a
factor of 7, if the dust were all iron grains. The ejecta of one dust forming
nova, V1370 Aql 1982, may have been enhanced in iron by a factor of 4 (see
Tables II and III), although there is no obvious way to account for such an
iron enrichment in the context of the standard thermonuclear runaway model.
No enhancement of carbon is implied by the visual extinction in NQ Vul,
but at least one dust forming nova, LW Ser 1978, would require a carbon
enhancement of a factor of >5 over solar. We conclude that the existing
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evidence suggests that the dust responsible for the continuum radiation in
novae is most likely carbon.

D. THE CONDENSATION PROCESS

A significant question is how can grains nucleate and grow in the hard radi-
ation field of the central engine. It is generally accepted that the dust must
form in clumps of material that shield the grains from extreme-ultraviolet
radiation (see Rawlings 1988; Martin 1989; Bode and Evans 1989). The
visual lightcurve of V842 Cen 1986 provided some interesting circumstantial
evidence for clumps in the ejecta. The very deep and short-lived minimum
during the transition phase of that nova could have been caused by a dense
dust knot that obscured the line of sight for a very short time (Gehrz 1990). If
clumps are the major sites of dust production, the abundances derived above
may be significantly in error. Albinson and Evans (1987) argued that car-
bine whiskers can form under some conditions. Perhaps iron is at least an
important factor in producing seed nuclei, as suggested by Lewis and Ney
(1979).

A novel suggestion by Matese et al. (1989) is that the outburst can release
a significant amount of pre-existing dust from comet nuclei in a cometesimal
disk and that this material provides seed nuclei that then accrete material in
the ejecta. Stern and Shull (1990) determined that up to 10~ M, of dust may
return to the ISM per year from this source. Dust released from planetesimals
in sufficient quantities could cause a sudden obscuration of the visible light
from the remnant; it can be shown that the opacity of a given circumstellar
mass of solid planetesimals increases as a~' where a is the radius of the
average planetesimal (Gehrz 198956).

VI. ABUNDANCES OF HEAVY NUCLIDES AND COMPARISON
WITH THEORY

Theoretical studies show that Li, CNO and Ne-Na-Mg-Al are expected to be
enhanced by substantial factors over solar abundances in runaways on CNO
and O-Mg-Ne white dwarfs, as discussed in Sec. III. Elemental abundance
data are now becoming increasingly available for a number of classical nova
systems (for reviews, see Truran 1985; Truran and Livio 1986; Williams
1985; Truran 1990). The abundance data concerning hydrogen, helium and
some heavy elements are summarized in Tables II and III. Table II presents,
specifically, the mass fractions (where known) in the form of the elements
hydrogen, helium, carbon, nitrogen, oxygen, neon, sodium, magnesium, alu-
minum, silicon, sulphur and iron, adapted from the indicated references.
Table III provides helium-to-hydrogen ratios for a somewhat larger sample
of novae. Here again, where known, the total mass fractions Z in the form
of heavy elements are also tabulated. For purposes of comparison, we note
that solar system matter is characterized by a helium-to-hydrogen ratio by
number He/H = 0.08 and a heavy-element mass fraction Z solar = 0.019 (see



CLASSICAL NOVAE 93

Cameron 1982,1992). The column labeled enriched fraction in Table III gives
the total mass fraction of enriched matter in the form of both helium and heavy
elements.

It is apparent that all classical novae with relatively reliable abundance de-
terminations show enrichments relative to solar composition in helium and/or
heavy elements. This statement is fairly secure even when the large uncer-
tainties in the abundance determinations are taken into account. We conclude
that envelope enrichment in classical novae is a very general phenomenon.
Truran and Livio (1986) argued that it is extremely unlikely that the source
of these enrichments is either the mass transfer from the secondary star or
nuclear transformations accompanying the outburst, and concluded that the
abundance patterns suggest that some fraction of the envelope is dredged up
from the underlying white dwarf. Given the presence of large concentra-
tions of neon and heavier elements in the ejecta of several recent novae (e.g.,
V693 CrA 1981 and V1370 Aql 1982), it is interesting to note that this con-
clusion has the consequence that massive O-Ne-Mg white dwarfs (as opposed
to CO white dwarfs) occur quite frequently in classical nova systems.

The important question that immediately arises is what is the mechanism
that is responsible for the mixing between the accreted envelope and the
white dwarf core? This was addressed in the recent paper by Livio and
Truran (1990). Four possible mechanisms were suggested: (1) diffusion
induced convection; (2) shear mixing; (3) convective overshoot-induced flame
propagation; and (4) convection-induced shear mixing. Livio and Truran
(1990) discuss each of these mechanisms, pointing out their strengths and
weaknesses, and attempt to identify critical observations that will help to
determine which mixing mechanism is most likely to dominate.

VII. INTEGRATED CONTRIBUTIONS ON LOCAL AND
GALACTIC SCALES

Estimates of the enrichment of ISM material by classical nova ejecta are
important for understanding possible inputs to the primitive solar nebula. We
discuss below the general concept of ISM enhancement by ejections from
novae, and review specific theoretical predictions for the capability of novae
to produce enhancements of specific nuclides.

A. Global Processing of ISM Material by Classical Novae

Recent optical/infrared spectral observations and theoretical studies support
the proposition that thermonuclear runaways on massive (1.1 to 1.3 Mg) O-
Ne-Mg white dwarfs accreting matter in close binary systems account for
~25% of the 30 classical novae that occur each year in our Galaxy. Assuming
that each of these novae ejects ~ 3 x 107> M, per eruption, and that the Galaxy
has an age of ~10'° yr, we find that ~10” M, has been processed through
nova eruptions of these massive novae during the lifetime of the Galaxy which
is only ~0.3% of the 3 x 10° M, of gas estimated to be in the present ISM.
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We conclude that nova eruptions must give a yield of 100 to 300 times solar
abundance of any given nuclide if they are to be a significant source of that
nuclide on a galactic scale. It is, of course, possible that nova eruptions could
be significant sources of overabundances of certain nuclides associated with
star formation on a local scale where the ejecta could be concentrated into a
molecular cloud shortly before a star formation event within the cloud (see,
e.g., Cameron 1984). We show below that theoretical predictions suggest that
novae can produce significant abundance anomalies if the eruptions occur on
0O-Ne-Mg white dwarfs.

B. Contributions to Specific Anomalies

The Ne-E and Mg anomalies found in meteorites are especially interesting
in the context of classical novae in view of the large amounts of 2>Na, and
26 Al that can be produced in runaways on O-Ne-Mg white dwarfs (Weiss and
Truran 1990). /. Ne-E. *2Na positron decays to 2’Ne via the reaction 2>Na
—2Ne + e* + y + v, leading to the emission of 1275 KeV gamma rays that
can be detected from Earth. The mean life of the reaction is only 3.9 yr, so
that novae will be short-lived sources of gamma rays from 2*Na decay, and
the galactic background should be very anisotropic, with strong peaks in the
direction of the most recent novae. This short mean life also implies that
22Ne trapped in grains probably requires that the parent 2*Na was trapped in
the grains very shortly after their formation, probably at the site of formation.
No detections of 1275 KeV gamma rays have been made to this date, but
several upper limits were placed on the diffuse galactic emission and specific
nova events. Leventhal et al. (1977) found that V1500 Cyg 1975 must have
produced <107% Mg of ?Na. Truran and Hillebrandt (1986) argued that
the observational upper limit on the gamma-ray flux (Mahoney et al. 1982,
1984) is such that the total amount of 2Na ever formed constitutes less than
approximately 1 % of the mass of ?Ne in the Galaxy today. Higdon and
Fowler (1987) concluded that limits to the diffuse galactic 1275 KeV flux
suggested a production of less than 6 x 10~7 Mg, of Na per nova event.
The calculations of Weiss and Truran (1990) discussed in Sec. III predict that
the average yield of ?Na per O-Ne-Mg outburst should be between 10~ and
1077 M. Under these conditions, the galactic background will be difficult to
detect with current technologies, but NASA’s Gamma Ray Observatory may
be able to detect individual novae within 0.5 to 1 kpc of Earth.

2. 24/, Classical novae appear to be a promising source of 26Al, at least
on local scales. There is chemical evidence that the 2°Al that produced the
26Mg anomaly in meteorites was alive in the primitive solar system, implying
that the parent nova (if a nova and not a red giant was, indeed, the source)
was relatively nearby (see, e.g., the discussion by Cameron [1984]). Gamma
radiation at 1809 KeV will be produced via the decay of Al to Mg by the
reaction 2°Al — 2®Mg + e* + y + v that has a mean life of 10° yr. This long
mean life would enable ejecta from many eruptions of a single nova system
to inject live 2%Al into the primitive solar system during its formation. The
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long mean life also implies that the galactic background at 1809 KeV from
novae should be fairly isotropic, with components from disk and halo nova
populations. Assuming that approximately 10 novae per year are O-Ne-Mg
novae capable of injecting into the ISM 3 x 1073 M, of material with a fraction
by mass of 22Al of 2 x 1073, the steady-state galactic mass of 2° Al from novae
is about 0.4 Mg,. The measured 1809 KeV background implies that there is
~3.3 M, of Al in the galactic ISM (see Higdon and Fowler 1989). Although
novae therefore do not appear to be a dominant source of 2 Al on a galactic
scale, they may contribute significantly to the 2 Al concentration on a local
scale in the ISM.
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FORMATION OF INTERSTELLAR
CLOUDS AND STRUCTURE
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Cloud formation is discussed for an interstellar medium that is clumpy, supersonic and
magnetic. Two types of clouds, diffuse and self-gravitating, are distinguished by a
dimensionless ratio of pressure to self-gravity. Diffuse clouds probably form by ther-
mal instabilities and pressurized accumulation of low-density gas, and self-gravitating
clouds probably form by condensation in dense regions, such as shells and spiral arms.
Unbound clouds are a third structural type. Superclouds and cloud associations are the
largest part of the hierarchy of cloud structures. They apparently form by coalescence,
condensation and fragmentation in spiral arms, and then follow a standard sequence of
events in which dissipation and collapse lead to star formation, disruption forms shells
and giant bubbles, and then shell collapse forms more molecular clouds and stars.
Eventually the gas disperses somewhere in the interarm region, after ~100 Myr of
activity. The generally supersonic and supervirial velocities between clouds imply that
most collisions are shattering if they occur at the full random speed. In this case the
coagulation of small clouds into large complexes will be driven by collision-induced
cooling instabilities and self-gravity in the cloud fluid rather than sticky collisions.If
the mean collision speed scales with cloud mass, then random coalescence could be
more important. Magnetic fields affect cloud formation by limiting the random mo-
tions of individual clouds, by transferring linear momentum between clouds without
physical contact, by removing angular momentum from growing condensations, and
by directly pushing, shocking and twisting the gas in nonlinear waves. Differences
between astrophysical and laboratory turbulence are summarized.

I. DEFINING THE PROBLEM OF CLOUD FORMATION

Theories of interstellar cloud formation generally follow the available ob-
servations. When optical absorption lines in the 1930s to 1950s showed an
average of eight interstellar features per kiloparsec (Blaauw 1952), the gas
that caused this absorption was described as originating in well-separated
clouds, sometimes assumed to be spherical, moving in a more or less ballistic
fashion until they collided with other clouds (see, e.g., Oort 1954). Cloud
formation was then viewed as a random coagulation process, with star for-
mation disrupting the largest clouds to reform the smallest clouds. When the
highest velocity features were found to have anomalous metallicities (Rout-
ley and Spitzer 1952), and to exceed in abundance the extrapolation from a
gaussian velocity distribution (Munch 1957), as well as the extrapolation to
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large heights above the galactic plane based on an isotropic velocity distribu-
tion (Munch and Zirin 1961), a second model for their origin was proposed,
involving expansion and shock fronts around early-type stars and supernova
remnants (Spitzer 1968b; Siluk and Silk 1974).

These early theories became increasingly refined as the observations
grew more detailed, first with the discovery of a warm, neutral intercloud
medium (Clark 1965) leading to two-phase models based on thermal instabil-
ities (Field et al. 1969) and cloud coagulation (Field and Saslaw 1965), and
then with the discovery of the ionized (Reynolds et al. 1974) and hot (Jenkins
and Meloy 1974; Burstein et al. 1976) intercloud phases, leading to frothy
models (Brand and Zealey 1975) in which clouds form in swept-up shells
around H Il regions (Hills 1972; Bania and Lyon 1980) and supernovae (Cox
and Smith 1974; Salpeter 1976; McKee and Ostriker 1977). At the same
time, various large-scale instabilities in the interstellar gas (Goldreich and
Lynden Bell 19654a; Parker 1966) were offered as explanations for the largest
clouds and spiral-like features observed locally and in other galaxies. Similar
formation theories involving random coagulation (Kwan 1979; Norman and
Silk 1980b), pressurized shells (Tenorio-Tagle 1981; Olano 1982; Elmegreen
1982a; Franco et al. 19884), and various instabilities (Elmegreen 1979; Blitz
and Shu 1980; Cowie 1981) followed the discovery of giant molecular clouds
in the mid-1970s. Reviews of the history of these theories, and of the many
observations that stimulated them, can be found in Elmegreen (19874,1990a),
Kwan (1988), Larson (1988), Tenorio-Tagle and Bodenheimer (1989), Balbus
(1990), and Franco (1990).

Observations of the interstellar gas now present a very different problem
to solve. We see that the gas is highly textured (Low et al. 1984; Perault
et al. 1985; Bally et al. 1987; Loren 19894, b; Stutzki and Gusten 1990;
Dickman et al. 1990; Falgarone et al. 1991) and although most of the mass
is in the form of amorphous density concentrations that can still be named
clouds or clumps, the geometries and juxtapositions of these concentrations
defy mathematical description. According to Scalo (1990), the gas is not just
a collection of isolated spheres, filaments and shells, as we formerly thought,
but an interconnected network that has only been made to look like spheres,
filaments and shells by inadequate resolution, undersampling, and line-of-
sight overlaps (see also Deul and Burton 1990). This revision implies that
the coagulation theories no longer have their isolated objects to coagulate, the
shell theories have lost their uniform preshock media to compress, and the
instability theories have been using an oversimplified equation of state.

We also know now that thermal motions are usually negligible compared
to cloud line widths and the cloud-to-cloud dispersion (Blaauw 1952; Barrett et
al. 1964; Radhakrishnan and Goss 1972; Myers and Benson 1983; Stark 1984),
in which case the thermal instability, which requires thermal pressures to be
important, may be relevant on small scales only in cold gas (Yoshii and Sabano
1980; Gilden 1984) and in the cooling regions behind shock fronts (Avedisova
1974; Mufson 1975; McCray and Stein 1975), and perhaps on large scales in



FORMATION OF CLOUDS AND STRUCTURE 99

the tenuous warm (Parravano 1987; Heiles 1989; Lioure and Chieze 1990) and
hot (Bregman 1980; Lepp et al. 1985) phases of the intercloud medium (see
review in Begelman 1990). Modifications of the thermal instability may have
other applications, however, if stirring from supernovae and other sources
is considered as a type of heating mechanism for bulk cloud motions, and if
cloud collisions, shocks and other nonlinear magnetohydrodynamic processes
are considered as macroscopic cooling mechanisms for these motions (Struck-
Marcell and Scalo 1984; Tomisaka 1987; Elmegreen 1989d).

Evidently the first problems to solve, before detailed studies can be de-
voted to cloud formation, are to find mathematical descriptions for the distribu-
tion and motion of the interstellar gas, and to assess the relative importance of
the various forces that regulate these motions, such as magnetic, gravitational,
thermal pressure and inertial forces (i.e, the ram pressure from supersonic col-
lisions or the v -V v term in turbulence theory). Then models using the proper
balance of forces can be tuned to match the descriptions of gas in various
environments. Unfortunately, finding a description for the structure does not
appear to be very simple, and finding an explanation for the origin of what is
eventually described may be more difficult than describing it.

This chapter takes the point of view that the study of cloud formation
can be divided into two parts, and that we have made progress in only one of
these parts. These two parts are (1) the identification of physical processes
that cause rarefied, generally clumpy gas to condense into big cloudy objects,
and (2) the mathematical description of the structure of the condensations
that form by these processes. The first of these parts has several reasonable
solutions, but the second has hardly been approached.

A good example of how cloud formation can be understood in terms of
a condensation theory but not in terms of a theory for the origin of structure
arises for terrestrial clouds. There the formation process is known to involve
the condensation of water droplets in convection cells that rise to where the
temperature falls below the dew point. But the origin of the structure inside
these clouds, the convoluted boundaries and wisps, is not understood in detail,
and may be more a result of droplet segregation in a turbulent medium than
droplet formation (Lovejoy 1982). Similarly, in the interstellar medium,
the growth of various instabilities and ether condensation processes can be
described using reasonable assumptions about heating, cooling and magnetic
effects, but these theories alone do not predict the structures of the resulting
density enhancements, even if the statistical mass distribution function for the
condensations and their idealized shapes (e.g., clumps, filaments, etc.) can be
determined from first principles. Understanding the structure and dynamics
together seems to require computer models in which the instabilities are
followed in time with a resolution comparable to that of the observations.
Such models are in progress for cosmological studies (see, e.g., Park 1990),
but not yet for interstellar theory.

The purpose of this review is to summarize the condensation and coag-
ulation theories for interstellar cloud formation, which is the first part of the
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division suggested above, and, for the second part of the division, to discuss
briefly the connection between interstellar structure and laboratory turbulence.
One hopes that these two parts are eventually made indistinguishable by one
comprehensive theory.

Section II begins by highlighting the physical differences between diffuse
and self-gravitating interstellar clouds, based on the dimensionless ratio of ex-
ternal pressure to internal gravitational binding-energy density, and suggests a
difference in their formation routes. This section also notes that diffuse clouds
are not always atomic and self-gravitating clouds are not always molecular,
even though this correspondence usually appears in the solar neighborhood.

The subsequent sections summarize various implications for cloud for-
mation theories that follow from three observed features: the apparent hier-
archical structure of the gas (Sec. III), the prevalence of supersonic motions
(Sec. 1V), and the ubiquitous magnetic field (Sec. V). Section VI then dis-
cusses scenarios for cloud and star formation. All of these scenarios are made
very uncertain by the supersonic and magnetic nature of the interstellar gas
and by the role of spiral density waves.

The exact nature of the random motions, or “astrophysical” turbulence,
that is observed, is also unknown, as discussed in Sec. VII. It seems likely
that the bulk of the interstellar medium is turbulent, but not in the same way
as a laboratory fluid because strong magnetic fields limit vorticity and the
random diffusion of clumps, because there are no hard boundaries as in a
laboratory, and because the kinetic energy is applied and dissipated on all
scales, without a clear cascade from large to small scales as in Kolmogorov
turbulence. Gravity and embedded energy sources such as stars are also much
more influential in astrophysical turbulence than in the laboratory.

II. DEFINING THE STRUCTURE OF CLOUDS

A. Three Structural Types

For the purposesof this discussion, interstellar clouds will be categorized into
three structural types: diffuse, self-gravitating and unbound. The difference
between the first two depends on the relative importance of pressure and self-
gravity for confinement. Unbound clouds are not confined by either pressure
or gravity, and are presumably in the process of dispersing. This distinction
between structural types is convenient for studies of cloud formation be-
cause the diffuse and self-gravitating types probably have different formation
mechanisms. Structurally diffuse clouds should form by processes in which
pressure is important, such as shock accumulation and thermal instabilities.
Self-gravitating clouds should form where gravity is important, as in galactic
spiral arms, dense shells and diffuse regions that have become cold or quies-
cent as a result of dissipation. Unbound clouds may form in the same way
as diffuse clouds, by the pressurized accumulation of gas, for example, but
the high pressure that formed them must have disappeared very recently. All
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of these cloud types can presumably grow by coagulation of other clouds too
(Sec. IV).

A single dimensionless parameter is used to distinguish between diffuse
and self-gravitating clouds. This parameter involves the pressure P external
to the cloud, and the average mass column density inside the cloud o.. The
origin of the external pressure is unknown, but it is probably a combination
of thermal pressure and ram pressure from external flows; it may be highly
variable with time and position. The column density is also poorly defined
because it depends on an arbitrary choice of cloud boundaries. Even with
these uncertainties, the dimensionless ratio P / Goc2 is a convenient measure
of the relative importance of gravity and external pressure in binding a cloud
together. If P/ GUCZ is much larger than 1, then self-gravity is relatively unim-
portant for a cloud and the shape and size should be governed primarily by
external flows and pressure gradients. Such clouds should also have a more
or less uniform average density inside their boundaries (although with clumps
and filaments), and a structureless, or diffuse shape. A “standard cloud” for
example (Spitzer 1978) has a value of P/Go? ~ 30. Interstellar conden-
sations with small values of P /Go? may be significantly self-gravitating (if
they are not unbound), and consequently stratified by internal pressure and
average-density gradients. Most molecular clouds in our Galaxy are probably
of this latter type, having values of P /Go? between 0.01 and 0.1. Because of
the importance of self-gravity, these are the clouds where stars form. We refer
to them here as self-gravitating clouds (not molecular clouds) to emphasize
their physical (not chemical) state.

Most likely, real clouds span a wide range of P /Go? with no bimodal
separation between diffuse and self-gravitating types. Indeed, Dickey and
Garwood (1989) find a continuous mass spectrum for clouds, with only a
slight change in slope to indicate the transition from diffuse to self-gravitating
types.

Our definition of diffuse clouds differs from the operational one in which
they are taken to be any cool objects observed in absorption. For example,
the CS absorbing clouds on the line of sight to W49A were labeled diffuse
by Miyawaki et al. 1988, even though these clouds are rather dense (100
cm™?) and may be self-gravitating. Similar dense clouds were studied in
absorption by Cardelli et al. (1990). Diffuse clouds that are more opaque
than those commonly observed at 21 cm and in the ultraviolet are sometimes
called translucent (van Dishoeck and Black 1989). If these clouds are also
influenced more by external pressures than internal gravity, then our structural
classification system still places them in the diffuse category, although they
may be transition cases (P /Go? ~ 1). The distinction between diffuse and
dark molecular clouds made by Myers (1989) is analogous to our distinction
between diffuse and self-gravitating clouds, although Myers considers only
low-mass clouds (< 10* M), which generally look dark when they are self-
gravitating. Extremely high mass clouds (107 Mg) can be self-gravitating
too, but virtually invisible in extinction studies and also primarily atomic
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(Sec. I1.B). Thus the structural distinction based on P /Go? is more useful
for clouds in general, and also more illustrative of possible formation routes,
than distinctions based on opacity or molecular abundance alone.

Unbound clouds are difficult to recognize unless the recent history of
external pressure is known. This pressure includes both the uniform thermal
pressure from surrounding gases and the nonuniform, time-averaged pres-
sure from external flows, cloud collisions, magnetic waves and other variable
sources. The cloud is unbound if two conditions are satisfied: Pjy,/ Gac2 >> 1
and Pi, >> P for internal pressure P;,. Note that a non-self-gravitating
cloud with a low external pressure at the present time can still be pressure
bound if the time-averaged external pressure, including pressure fluctuations
in the past and future, is large enough to bind it on average. Such stochastic
binding requires that the frequency of pressure fluctuations exceed the cloud
expansion rate. Stochastic pressure binding may be applicable to most diffuse
clouds because the external pressure environment of all clouds is likely to
be highly variable with random supernovae, passing bright stars, and mag-
netic and physical cloud collisions. Clumpy regions that are swept up by a
shock front should also have a variable post-shock pressure (including clump
motions) that satisfies the global shock conditions only on average; large
transients should occur as each new clump joins the front (Elmegreen 1988a).

The dimensionless pressure P /Go? may also be useful as a tracer for
diffuse and self-gravitating regions in large maps of interstellar gas. The
boundaries of these regions are usually ambiguous if only the molecular
emission line contours are used to delineate them, but if contours of P /Go?
are used instead, then some of the complicated structures that are likely
to be present could become more clear. For example, it is possible that a
cloud is structurally diffuse on one scale, where P and o, locally satisfy
P /Go? >> 1, but that it contains self-gravitating pieces where P /Go? < |
on a smaller scale, and at the same time is part of a larger cloud that is
also self-gravitating (P /Go? < 1) at a larger boundary. This would be the
case for a giant self-gravitating cloud complex that has diffuse cloud pieces
on its periphery (see, e.g., Federman and Willson 1982), where the pressure
may be high because of a history of supernova explosions, and which also
has dense, self-gravitating clumps inside of the diffuse pieces, as observed,
for example, by Stacy et al. (1989). Other combinations are possible too.
In practice, one might try to measure the density p, density gradient kp
and velocity dispersion ¢ everywhere in a three-dimensional region, and then
determine the local value of P /Go? ~ k%c?/Gp as an indicator of the relative
importance of pressure and self-gravity at each location. A contour map of
this quantity should distinguish between self-gravitating “objects,” which
have some structural integrity, and diffuse material, which is amorphous and
poorly defined by other means. In such a map, the contours enclosing low
values of k2c?/Gp would designate the self-gravitating objects. The actual
threshold for “strong” self-gravity could be adjusted, but once chosen, the
mapping procedure becomes objective and potentially informative.
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B. Two Chemical Subtypes

The distinction between molecular and atomic clouds is based on a different
combination of cloud properties than the distinction between diffuse and self-
gravitating clouds. This difference took a while to recognize. The first decade
of CO observations taught us that most dark clouds are also molecular, and
that most molecular clouds are strongly self-gravitating. We also learned that
most atomic clouds, like the diffuse clouds studied with optical and ultraviolet
absorption, are not strongly self-gravitating. A change occurred when giant
dust complexes and star-forming regions in irregular galaxies were found to
emit very little CO radiation (Elmegreen et al. 1980; see review in Thronson
1988), when giant H I clouds in our Galaxy and other galaxies were discovered
to be virialized (Elmegreen and Elmegreen 1987), and when diffuse-looking,
non-self-gravitating, possibly unbound clouds at high galactic latitude were
observed to emit CO (Magnani et al. 1985). We also have examples now of
clouds that are primarily composed of H, molecules but which have very low
column densities of CO (Blitz et al. 1990); this may also be the case for some
of the giant cloud complexes in irregular (Israel et al. 1986) and other galaxies
(Israel et al. 1990).

Evidently both diffuse and self-gravitating clouds can be either atomic or
molecular. We refer here to four basic types of bound clouds: molecular self-
gravitating, molecular diffuse, atomic self-gravitating, and atomic diffuse,
and give below the expected conditions for each type and observed examples.
The molecular nature of a cloud is assumed for this discussion to be based on
the relative fraction of Hj, but the discussion could refer to CO instead if the
CO formation criterion were used (see, e.g., van Dishoeck and Black 1988b;
Federman et al. 1990).

Molecular hydrogen begins to appear in great abundance when the H;
formation rate on dust balances the photodissociation rate from line absorption
of background starlight. Jura (1974) and Federman et al. (1979) calibrated
this condition from ultraviolet observations. Their results for diffuse clouds
can be approximated by the criterion that molecular hydrogen appears when
the path integral of the hydrogen-grain collision rate, which is proportional
to n2DZ ~ nNZ, exceeds the absorbed incident ultraviolet flux, which is
proportional to ~ ¢N /3. Here, n is the rms density of H nucleons, D is
the cloud size, N = <n?> D /<n> is the effective column density through
the cloud, considering clumpiness, Z is the grain surface area per atom,
which is written here as a metallicity, and ¢ is the radiation field. The
factor N1/3 is an approximation (Elmegreen 19894) to the column density
dependence in Federman et al. (1979), which arises because clouds with
higher column densities absorb more dissociative radiation in the line wings;
one could also use a Voigt function. Under most conditions, the absorption
of photodissociative radiation arises in the molecular line transitions, not in
dust, although extinction is still important in the ultraviolet. This implies that
the molecular fraction depends on ambient pressure (through 7) and not just
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extinction (through N), i.e., that clouds with low extinction can be molecular
if the pressure is high enough.

The numerical calibration suggested by Federman et al. (1979) gives a
condition for a high H; fraction in diffuse clouds:

_ n N Bz
5= (60cm—3) (5 x 1020cm—2> <¢/¢o> >>1 )

where S is a shielding function and Z_ and ¢_ are values in the solar neigh-
borhood. Small values of S presumably correspond to predominantly atomic
clouds. If we also write the dimensionless pressure P /Go?2 in terms of the
same parameter values, using, for convenience, the cloud-averaged (instead
of surface) pressure P = pc? and the column density 0. = m(H )N, then

P _1s ( n ) c 2 N -2 @
Go? T \60cm~?/ \1kms~'/ \5x10®%m2/

Now the conditions for each of the four cloud types can be determined.
Generally, when N is low and all of the other parameters are typical for the
solar neighborhood, S will be small and P/ Gaf will be large, so the cloud
is an atomic diffuse cloud. When N is large and the other parameters are
typical, S will be large and P /Go 2 will be small, so the cloud is molecular
and strongly self-gravitating. These two cases include most of the clouds in
the solar neighborhood, which span the range from atomic to molecular as the
column density increases. A less typical case arises when n is large and N
is small, as in a small region or thin shell that is exposed to a high pressure.
Then both S and P /Ga? can be large and the cloud can be both molecular
and diffuse (with the exception of some shock fronts and other regions too hot
or young to form molecules). The other unusual case is when » is small and
N is large, which implies that the radius and mass are large (107 M_). Then
S and P /Go? are both small and the cloud can be mostly atomic but still
self-gravitating (with the exception of extremely low-density objects, which
can become unbound by galactic tidal forces). Variations in ¢ and Z give
odd cases too. Regions with large ¢ or low Z, for example, can have mostly
atomic self-gravitating clouds, even with a relatively large N. This latter
situation presumably occurs in irregular galaxies (see, e.g., Skillman 1987).

Real clouds are more complicated than this four-part classification scheme
would suggest because they can have subparts that are a different type than the
main clouds, all depending on local values of n, ¢, N, ¢ and Z. For example,
atomic self-gravitating clouds often have molecular self-gravitating cores
(Sec. III), and molecular self-gravitating clouds can have molecular diffuse
wisps and clumps inside of them (see, e.g., Falgarone and Perault 1988).
Molecular self-gravitating clouds can also have atomic clumps (diffuse or
self-gravitating) inside if ¢ is large there from an embedded star (van der
Werf and Goss 1990).
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Specific examples of diffuse molecular clouds, some of which may be
unbound, include (1) local high latitude clouds and their pieces (Magnani et
al. 1985,1989,1990a; Lada and Blitz 1988; Mebold 1989), which may have a
large P / Go 2 because of high pressures from the Sco-Cen OB association; (2)
uniform-density molecular clouds in various stages of disruption around star
clusters (Leisawitz et al. 1989,1990), which may have large P from the clus-
ters, and (3) non-self-gravitating molecular clumps along the peripheries of
dense HII regions, such as NGC 7538 (Pratap et al. 1990), which are presum-
ably pressurized by the nebulae. Maloney (1990b) suggests that essentially all
molecular clouds are of this type, i.e., bound more by external pressure than
self-gravity, and Issa et al. (1990) suggest that the largest molecular clouds are
not virialized but defined instead by artificial boundaries in crowded regions.
Evidently, it is difficult to know if some clouds are virialized or not, but in
general one expects true diffuse clouds to contain very little star formation
(see, e.g., Magnani et al. 1990b).

Diffuse molecular emission is also evident on a galactic scale. Parts of
the molecular dust lanes in galaxies (Kaufman et al. 1989) could be non-
self-gravitating because of the high ram pressure from the convergent flow.
Diffuse molecular clouds in the inner part of our Galaxy were discussed by
Polk et al. (1988), in the interarm regions of M83 by Wiklind et al. (1990),
and in NGC 6946 by Casoli et al (1990). Warm CO emission from optically
thin gas in IC 342 (Eckart et al. 1990; Wall and Jaffee 1990) may be diffuse
also.

Examples of atomic self-gravitating clouds are the giant HI emission
features in star-forming regions of irregular galaxies, where the metallicity is
low (Skillman 1987; Viallefond 1988), and the largest self-gravitating clouds
in our Galaxy (Elmegreen and Elmegreen 1987). Some of the atomic gas
downstream from the dust lanes in M83 (Allen et al. 1986) and M51 (Tilanus
and Allen 1989) could be in this category too, because of the high radiation
fields.

Examples of truly unbound clouds are difficult to recognize because of the
possibility that continuous pressure fluctuations occur, and that current pres-
sures are only temporarily low. Nevertheless, high-latitude clouds that appear
to be unbound have been studied by Pound et al. (1990) and Meyerdierks
et al. (1990), who suggest that supernovae shocks compressed them recently
and then cooled, bringing their environments to a low pressure. Support for
this idea comes from Verschuur (1990), who suggests that two intermediate
velocity HI clouds were recently stripped and displaced from their former
molecular cores (which are still observed) by passing supernova shocks. The
entire Ophiuchus cloud complex could be unbound as well, as a result of
disruptive pressures from the nearby Sco-Cen OB association (de Geus et al.
1990), although many of the cores and clumps could still be bound internally.

In addition to this simple distinction between clouds that are primarily
atomic or primarily molecular, all molecular clouds should also have pho-
todissociated surfaces that are largely atomic. Examples of atomic surface
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layers were discussed by Chromey et al. (1989), Anderson et al. (1990) and
Pound et al. (1990). Such atomic shielding layers may, in some cases, be diffi-
cult to distinguish, both morphologically and physically, from self-gravitating
atomic cloud entities that happen to have dense molecular cores. Presumably
the difference between these two types of atomic regions can be determined
from the self-gravitational binding of the atomic part alone. A simple shield-
ing layer should be bound to the whole cloud but not to itself, unlike a giant
HI cloud complex. Thus the line width of the HI envelope in the case of
simple shielding should not satisfy the virial theorem given the total HI mass
and the radius of the cloud, but the line width of a giant HI complex should
satisfy the virial theorem. Using this criterion, the HI around the Orion cloud,
which is bound to the whole complex but not to itself (Chromey et al. 1989),
is a simple shielding layer for the enclosed molecular gas, and the giant HI
complexes in the inner Galaxy, which are wholly virialized (Elmegreen and
Elmegreen 1987), are distinct entities that happen to have dense molecular
cores (e.g., M17).

ITII. CLOUD FORMATION AND HIERARCHICAL STRUCTURE

Numerous observations suggest that most of the gas in the interstellar medium
is a combination of clumps, filaments, holes, tunnels and various other struc-
tures in a more or less connected magnetic network. This structure is evident
in projection against the sky on maps that have a sufficiently large ratio of
survey area to resolution size (Low et al. 1984; Bally et al. 1987; Scalo 1990).
What is remarkable about the structure is that in some regions, it appears
to extend in an approximately self-similar fashion, with no obvious break in
structural properties, from giant spiral arm clouds and shells, hundreds of
parsecs in size, to tiny clouds, clumps, filaments and holes that are less than
0.1 pc in size (Scalo 1985; Falgarone and Perault 1987,1988; Efremov 1989).
Such self-similarity is very uncertain, however, and it may not be ubiquitous.
For example, Perault et al. (1985) suggested that the substructure in one par-
ticular cloud has a lower length scale of ~1 pc, below which the gas is more
uniform. Also, on a larger scale, many of the giant clouds and holes seen in
high-resolution maps of other galaxies (Casoli et al. 1990; Brinks and Bajaja
1986) have a structure distinctly different than the clumps, wisps and holes
observed in nearby clouds, presumably because of the influence of stellar
density waves and galactic shear on the large scale.

The origin of the apparent hierarchy is an important unsolved problem,
not unrelated to cloud formation. Observations on the largest scale may offer
a partial solution. The largest clouds in our Galaxy appear in the spiral arms
as H1 emission regions containing 107 M, of neutral hydrogen at an average
density of ~10 cm™? (McGee and Milton 1964). These clouds, along with
similar clouds in other galaxies (Viallefond et al. 1982), are apparently dense
enough to be bound against galactic tidal forces (Elmegreen 1987b; Waller
and Hodge 1991), which are particularly low in the arms (Elmegreen 19874),
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and their internal 21-cm velocity dispersions make them appear virialized
(Elmegreen and Elmegreen 1987). Thus, many are well-defined objects,
sometimes referred to as “superclouds,” in analogy with the “superassocia-
tions” of Ambartsumian et al. (1963). Lo et al. (1987) and Rand and Kulkarni
(1990) find similar clouds in the spiral arms of M51, but because M51 is gen-
erally more molecular than other galaxies (perhaps it has a higher pressure; see
Sec. II), these largest clouds are mostly molecular. Rand and Kulkarni (1990)
refer to them as “giant molecular associations.” The common appearance of
such giant clouds in the main spiral arms of our Galaxy and other galaxies
makes it likely that they were formed by processes related to compression in a
density wave. They may be the first generation of clouds that form in a region
after such a wave passes by. Detailed studies of their properties may elucidate
the mechanisms by which spiral arms trigger cloud and star formation.

The denser regions of superclouds, which contribute to the impression
that there is hierarchical structure in the interstellar medium (Scalo 1985;
Efremov 1989), often show up as giant molecular clouds. Such a hierarchy
is illustrated for the Carina arm by Grabelsky et al. (1987), for the Sagittarius
arm by Elmegreen and Elmegreen (1987), and for a 3-kpc region around the
solar neighborhood by Efremov and Sitnik (1988). Similar structures have
been resolved in other galaxies too, including spiral arm complexes in M31
(Lada et al. 1988a) and NGC 6946 (Casoli et al. 1990). In fact, many of the
star-forming clouds in spiral arms could be the cores of much larger, low-
density complexes. In the Carina arm, for example, nearly every observed
molecular cloud (Grabelsky et al. 1987) is associated with one of the 107 Mg
HI clouds found by McGee and Milton (1964). In M101 (Viallefond et al.
1982) and M33 (Viallefond et al. 1986) the bright HII regions also tend to be
associated with giant HI clouds. It follows that most giant molecular clouds in
the main spiral arms of galaxies could be the dense, strongly self-gravitating
fragments of larger cloud complexes that were directly triggered by the stellar
wave (Elmegreen and Elmegreen 1983).

Not all giant molecular clouds are parts of obvious superclouds, however,
and this may be an important clue to the mechanisms of cloud formation.
Several other well-studied molecular clouds in our Galaxy, such as those
associated with giant shells or those in the interarm regions (Solomon et al.
1985) apparently have no well-defined superclouds associated with them. For
example, the local clouds in Orion, Sco-Cen, Monoceros and Perseus are
relatively bare molecular clouds. They all have HI envelopes (Chromey et
al. 1989; Strauss et al. 1979; Puchalsky et al., in preparation; Sancisi et al.
1974), but unlike the main spiral arm clouds that are inside superclouds (e.g.,
M17), the envelopes of the local clouds are relatively small, having an HI
mass only comparable to or less than the molecular mass (see, e.g., Efremov
and Sitnik 1988). Thus the HI around bare molecular clouds is probably only
a photodissociated surface layer and not a distinct self-bound entity (although
it is probably bound to the molecular cloud; cf. Sec. I1.B).

A second clue along these lines is that several of the local bare molecular
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clouds appear to be part of Lindblad’s expanding ring (Olano 1982; Elmegreen
1982a), in which case they probably formed in a giant pressurized shell (e.g.,
see also Franco et al. 1988). Moreover, the region is not young, as if it were
a first generation of star formation, because most of the star formation in the
solar neighborhood, which is in Gould’s Belt, began its present activity some
60 Myr ago (Stothers and Frogel 1974; Palous 1986). In addition, the local
clouds are not in a main spiral arm (they appear to be in only a spur; Blaauw
1985), but if we extrapolate the position of the solar neighborhood back for
this 60 Myr, using the spiral pattern speed for our Galaxy given by Yuan
(1969), then the gas would be at the position of the Carina arm, which is a
main arm. The Sirius supercluster of stars in the solar neighborhood has also
been traced back to an origin in the Carina arm (Palous and Houck 1986).

These observations suggest a scenario for cloud and star formation in
the solar neighborhood that may be representative of other regions too. The
local star-forming activity began 60 Myr ago when the Carina arm passed
through the local gas. The triggering process was probably one of collection
of this local gas into one or more superclouds, which fragmented into a first
generation of molecular clouds and star formation. One of the associations
that formed at that time, the now dispersed Cas-Tau association (Blaauw
1984), blew a giant bubble that made Lindblad’s ring today (this association
is in the center of the ring and it has the right age; for an even larger-scale
expansion, see Palous [1987]). When the ring fragmented some 20 Myr ago,
the nearest giant molecular clouds in Orion, Sco-Cen and Perseus formed as
a second generation, and more recently, the Ophiuchus and Taurus (Olano
and Poppel 1987) clouds may have formed or been compressed as a third
generation. The original low-density supercloud probably was dispersed by
this time.

This scenario is largely speculative, but it fits the observed distribution
and ages of the nearest clouds and star clusters in the solar neighborhood, and
it is consistent with cloud- and star-formation processes observed elsewhere
(Elmegreen and Elmegreen 1983; Efremov 1989). If true, it suggests that
the largest scales in the hiesarchy of gas structure, the superclouds and the
embedded giant molecular clouds, form by pressurization, condensation and
fragmentation of gas in spiral density waves. The densest cores of the giant
molecular clouds, where the stars actually form, and other smaller steps in
the structural hierarchy, could be a continuation of this fragmentation process.
But the scenario also suggests that not all molecular clouds form this way, that
they are not all part of a self-similar hierarchical structure extending to larger
scales. Some molecular clouds are parts of rings and shells, which are not
structurally similar to superclouds, and other molecular clouds are probably
bare, the largest objects in their hierarchies. In this latter case, the extended
gas that was formerly involved in the formation of the molecular clouds,
and which may have once connected them to other dense clouds, has been
dispersed or ionized so that it is currently unrecognizable. The associated H I
envelopes are then simple shielding layers.
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Hierarchical structure on smaller scales, as in low-mass molecular clouds
and diffuse clouds, could also result from fragmentation and cooling after the
main cloud forms. This might involve thermal instabilities if gravity is not
important. But there are alternative possibilities (which also apply to larger
clouds although they were not discussed above). For example, the pieces of
a cloud could have existed prior to the cloud’s formation and been brought
into the cloud during the mass accumulation process, which may include
shock accumulation of the ambient clumpy medium, random coagulation
of formerly independent clouds, or large-scale instabilities. Some of the
substructure could also grow behind shocks inside the cloud, as a result
of spontaneous steepening of magnetosonic waves (Zweibel and Josafatsson
1983; Elmegreen 1990b), or in shells around embedded stars (Norman and Silk
1980a). Hierarchical and fractal structures could also result from collisional
fragmentation of clumps inside the cloud (see, e.g., Nozakura 1990). These
processes are discussed in more detail in Sec. VI.

There is no reason to think that the hierarchy of density structures is
not accompanied by an analogous hierarchy of clump and cloud formation
processes, which structure the interiors of clouds in the same way as they
structure the general interstellar medium, but scaled down in size. Bally
(1989), for example, suggests that much of the substructure in molecular
clouds results from agitation by local stars, which is a structuring process
similar to that in the general interstellar medium.

IV. CLOUD FORMATION AND SUPERSONIC MOTIONS

The independent motions of individual clouds and clumps appear to be some-
what random, giving broad and nearly gaussian spectral lines whenever sev-
eral clouds or clumps are unresolved in a telescope beam (Perault et al. 1985;
Kwan and Sanders 1986; Tauber and Goldsmith 1990). This randomness
may also persist on larger scales in the hierarchy of cloud structures, as in
the correlated motions of clusters of clouds which may be random with re-
spect to each other. Such random motions are the likely result of cloud or
cloud-cluster interactions of a gravitational or magnetic nature, analogous to
two-body scattering or turbulence, just as the random motions of atoms in a
gas result from collisions.

Deviations from purely gaussian motions appear in the form of broad and
faint-line wings. These line wings sometimes occur in regions that are far
from obvious embedded stars, and so presumably originate with purely hy-
drodynamic processes. Proposed explanations are that the high-velocity gas
is an unbound interclump medium (Blitz and Stark 1986), that the wings re-
sult from high-speed clump collisions (Keto and Lattanzio 1989) or turbulent
intermittency (Falgarone and Phillips 1990), or that they arise in nonlinear
Alfvén waves (a form of turbulence) on the periphery of the dense cores,
where the Alfvén velocity is expected to exceed the cloud’s virial velocity
because of the lower average density (Elmegreen 19905). Observations of the
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distribution and average density of the wing-emitting regions could presum-
ably determine the origin of this gas. Magnani et al. (1990a), for example,
suggest that in some sources this emission comes from the periphery of the
cores, where the gas has a density of ~0.1 times the peak value, and Falgarone
et al. (1991) find that the excitation density of the wing-emitting gas is the
same as the excitation density in the line-core. These observations can be
mutually consistent if both the line-core and the line-wing emission come
from equally dense clumps which have a filling factor 10 times higher for
the line-core emission than for the wing emission. This contrast in average
density is consistent with the predictions of the wave theory, and the observed
relative positions of the core and wing-emitting regions are consistent with
the collision theory (the cores are then the shocked gas that is at rest between
the colliding clumps). Unfortunately, the line wings in interstellar clouds are
very weak and at the present time can be observed only by adding together
many spectra. Then, there is a possibility that some of the wing emission is
associated with stellar winds and other forced motions instead of turbulence
(see, e.g., Margulis et al. 1986,1988).

The motion of interstellar gas also has a systematic component wher-
ever gravity or magnetism exert significant long range forces, acting on many
clumps simultaneously, or where the pressures from stars or cloud-cloud col-
lisions sweep up large regions in a type of shock, or cloud-collision front.
Such systematic motions occur on a variety of scales, ranging from contract-
ing envelopes, rotating disks and bipolar expansions around protostars, to the
formation, condensation and disruption of whole clouds, to the rotation, shear
and spiral flows of a galaxy. The importance of systematic flows for cloud for-
mation arises when large-scale shock fronts compress the gas in bulk, forming
shells and other cloudy structures, and when Kelvin-Helmholtz instabilities
form clouds in shearing regions. Hunter and Whitaker (1989), for example,
suggest that some of the clumps and small-scale structures observed in clouds
result from Kelvin-Helmholtz instabilities, and Fleck (1989) attributes cloud
rotation to them. Other systematic motions, such as linear and torsional waves
that are probably magnetic in nature were discussed by Shuter et al. (1987),
Heiles (1988) and Uchida et al. (1990), and wave-like motions, in general,
were fitted to molecular line profiles by Stenholm (1990).

One of the most important characteristics of the random motion of clumps
is their high speed relative to both their internal thermal speed and their internal
velocity dispersion. These high speeds imply that most clump collisions
are supersonic, and if one identifies the internal velocity dispersion with
an Alfvén velocity for magnetic waves, then the motions are probably also
super-Alfvénic (see, e.g., Heiles 1989). In that case, clump collisions lead to
shocks and significant energy dissipation. Such dissipation makes the large-
scale properties of the interstellar gas, taken as an interconnected network of
clumps or tiny shocks, for example, qualitatively different from the large-scale
properties of a conventional fluid, taken as a system of atoms or molecules.
Because of the dissipation, a better analogy may be with a molecular fluid
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where the thermal energy greatly exceeds the binding energy of the molecules.
Such a fluid is not in equilibrium, but will quickly dissociate its molecules and
cool. Similarly, the interstellar fluid may rarely find a stable equilibrium, but
may always be in a state of rapid dissipation following constant or sporadic
agitation by stellar energy sources, gravitational interactions, inertial forces
from collisions or ram pressure, and various types of sonic and magnetic
waves and shocks.

It follows that the adiabatic equation of state, P o< p¥, which has often
been used for interstellar gas dynamics, is largely irrelevant for the interstellar
fluid, even if y is taken to be much less than 1. In fact, the effective value of
y, if one is to be defined, should depend on the rate of change of the density,
in addition to the density and the relevant cooling and heating rates. An
effective value of y was given by Elmegreen (1991a) for a particular model
of large-scale cloud formation by combined instabilities:

_yw—w((2l+s—m—2r) 3)
Veff = ©+ w.(m —3)

where y = 5/3 for purely translational cloud motions, @ is the rate of
condensation into a cloud, w, = (y — 1)A¢/(2P) is the cooling rate, and /,
s, m, r are powers in the cooling and heating rates, given by A o p'c™ and
I' o« p"c* for density p and interstellar velocity dispersion c; Ay is the value
of A in equilibrium. For typical large-scale instabilities with cloud collisional
cooling (! = 2, m = 3), yerr ~ 0.3, which is comparable to the average value
of din P/ dIn p ~ 0.25 obtained from Myers’ (1978) compilation of cloud
properties. If r < 0.5(1 + s), then y.¢ < O for some values of w and there is
an instability analogous to the thermal instability at constant pressure.
Supersonic motions also imply that sticking collisions between separate
clouds should be rare. The individual velocities of diffuse clouds, for example,
are so large compared with their internal dispersions and temperatures that
direct hits between them should be destructive or shredding (Hausman 1981).
Self-gravitating clouds should also disperse upon collision, unless they are
either very massive or the relative velocity decreases with decreasing mass.
Calculations suggest that if the relative cloud velocity exceeds approximately
2 or 3 times the escape velocity of the largest cloud, then the nonoverlapping
and overlapping pieces will not be gravitationally bound to each other after
the collision ends, and the clouds will fragment or explode upon impact
instead of coalesce (Vazquez and Scalo 1989; Elmegreen 1990a; Lattanzio
and Elmegreen 1991). Such high velocities may be common, considering
that the relative velocity between two clouds is, on average, 6°° = 2.4
times the observed one-dimensional dispersion. This dispersion has a random
component between 3 km s~! (Clemens 1985; Alvarez et al. 1990) and ~7 km
s~! (Stark and Brand 1989), so the relative cloud velocity is between 7 km s~
and 17 km s~!, nearly independent of cloud mass for all but the largest clouds.
If the coalescence limit is 2 times the escape speed for a typical collision, then
only clouds larger than 0.1 x 10° Mg, to 4 x 10° M, can stick to each other
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after a random collision, considering the two dispersions, respectively. These
numbers assume that the escape velocity for a cloud of mass M in solar masses
equals 0.34 M %% km s~ !, from the scaling relations in Solomon et al. (1987).

These limiting masses for coalescence allow giant molecular clouds such
as the Orion cloud to coalesce after a low speed impact, and this includes at
least half of the molecular mass in the Galaxy considering the M ~!-3 cloud
spectrum, but the limiting mass is too large for a complete Oort cycle of cloud
coalescence from the smallest to the largest molecular clouds. Coalescence
is possible above these limits if the clouds are self-gravitating so they stick,
but then the geometric cross section for collisions should scale with the
cloud-mass, as observed for molecular clouds (Solomon et al. 1987), and
the resulting cloud mass spectrum should vary as M 2 in the Oort model
(Elmegreen 1989¢) instead of the observed M ~!5 (Dickey and Garwood
1989).

The coalescence model of cloud formation works better when the veloc-
ities, masses and separations between clouds are correlated in the sense that
low-mass clouds move slower relative to each other than high-mass clouds.
This might be the case in a turbulent, fractal fluid where small neighborhoods
have small-scale structure and low relative velocities (see, e.g., Falgarone and
Phillips 1991). Then both high and low-mass clouds can hit each other at low
enough velocities relative to their escape speeds to allow coalescence as often
as fragmentation. The turbulent nature of the interstellar fluid might even be
based on this condition, that cloud masses and positions take on a distribution
such that the fragmentation probability equals the coalescence probability for
the given amount of kinetic energy density. Indeed, fractal structures have
been shown to result from cloud interactions (Nozakura 1990).

Can magnetic fields make cloud collisions more sticky? A naive answer
is no: during a collision between two clouds on different magnetic flux tubes,
the magnetic field lines that connect each cloud to the ambient medium should
be distorted by the other cloud, producing a magnetic force that is generally
repulsive. But a more subtle answer to this question may be affirmative if the
magnetic field diffuses or reconnects significantly during the interaction. The
outcome of such a magnetic collision has never been modeled, but it seems
possible that the field can diffuse or reconnect to a geometry that eventually
helps bind the clouds together gravitationally in the direction parallel to the
field. Obviously, if two clouds start on the same flux tube, their collision
should be somewhat sticky, but such collisions probably represent only a
small fraction of cloud interactions. However, diffusion or reconnection
could mix parts of their flux tubes and have the same effect.

The sticking problem with the random coagulation model of cloud growth
calls into question some of the assumptions made for computer simulations of
cloud dynamics, which show substantial cloud coagulation in spiral arms even
though the collision velocities in the spiral arm streams are large. Most of
these simulations assume that the cloud particles live forever, drifting freely
between collisions, but magnetic fields and internal star formation would
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seem to prevent such prolonged drifting in real galaxies. Many models also
assume that some of the clouds stick upon impact, or that they lose relative
energy after a bounce but do not destroy each other. Then coagulation is
more likely. But the real situation may be very different, with the interarm
clouds getting shattered and destroyed after colliding with clouds in the arms,
producing a more diffuse type of gas (dust lanes?) instead of discrete cloud
complexes. The statistical nature of the cloud distribution can also give the
appearance of groupings and complexes for those interarm clouds that do not
disperse in the arms (Adler and Roberts 1988), but such random groupings are
transient and do not generally produce virialized objects like the molecular
clouds (Lee et al. 1990) or superclouds in our Galaxy. Computer models also
do not indicate why the cloud particles coalesce into complexes. If the cloud
particles bounce off of each other with a reduced velocity after the collision, as
is sometimes assumed for cloud cooling, then the simulated condensation into
giant complexes cannot result directly from sticky coagulation, but probably
results instead from cooling instabilities, in which the internal pressure in an
incipient complex decreases rapidly because the component clouds dissipate
their relative energy, and then continued collisions with fast-moving external
clouds compress the complex to a high density. Such a cloud-formation
process may look like sticky coalescence in a computer simulation, but it is
really an instability related to the classical thermal instability.

Supersonic motions also imply that the length scale at which random
kinetic energy is dissipated spans the entire range over which these motions
are observed, occurring at shock fronts between any two colliding eddies
or clouds, and in pervasive nonlinear magnetic waves. This differs from
subsonic turbulence in laboratory fluids, for which the dissipation is thought
to occur at the end of a swirling energy cascade to small scales. The kinematic
energy may also be put into the interstellar fluid on all scales, in the form of
wind or radiation pressure-driven bubbles or explosions from stars with a
variety of luminosities, or in gravitational scatterings between clumps that are
magnetically or viscously tied to the rest of the gas.

V. CLOUD FORMATION AND MAGNETIC FIELDS

Another important characteristic of the interstellar gas is the pervasive mag-
netic field. In the general interstellar medium, this field has a uniform compo-
nent of ~1.6 pgauss and a seemingly random component of ~5 pgauss (Rand
and Kulkarni 1989; see also Beck et al. 1989; Beck 1991). The relatively
large value of this random component suggests that the random and expansive
motions of the gas push the field around significantly, with a short time scale,
but the general uniformity of the average field direction (Mathewson and
Ford 1970) implies that such pushing does not completely control the field
line structure. The field should respond with a restoring force from B - VB
tension that ultimately controls the gas on large scales.
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In dense regions, the field is often so strong that the magnetic pressure
is comparable to or larger than the kinematic pressure from random motions
(Heiles 1989; Myers and Goodman 1988a). This implies that the field should
influence these motions, which is probably the case in many regions, especially
at low densities (see, e.g., Heyer et al. 1987). However, the orientation of
the field in general seems to be independent of detailed structural features
(Goodman et al. 1990), as if the field has a relatively minor role in cloud
formation.

How can this discrepancy be resolved? A simple explanation is that
the field lines are helical (Bally 1989), in which case the lines on the near
side have some angle with respect to the cloud axis. But then the average
orientation of the field, for the front and back sides combined, should still be
parallel to the filament, and polarization observations using background stars
should show this parallel direction, on average.

Another explanation is that a dense cloud’s orientation is influenced by
pressure gradients on a small scale, as would be the case if the cloud were
swept up by some pressure source, but the field’s orientation is determined
by larger-scale processes, such as the positions and motions of other more
remote clouds to which the field is also attached. The consequences of this
idea are easily imagined. For example, a parcel of gas in a magnetic field
can be accumulated into a cloud by a neighboring high pressure event, and
the cloud can have any orientation relative to the initial field if the pressure
is high enough. The field lines inside the cloud should follow the gas at first,
in which case the component parallel to the pressure front should increase
linearly with density; this orients the internal field so that it is nearly parallel
to the cloud axis. But after a diffusion time (and several oscillations), the field
lines inside the cloud should return to their initial orientation without much
of a change in the cloud’s overall orientation. Then the internal field becomes
parallel to the external field again, and it will, in general, have no relation to
the final orientation of the cloud. A condition for such random orientations
between magnetic fields and cloud structure in this model is that the diffusion
or straightening time should be less than or comparable to the time scale for
cloud accumulation.

Consideration of the magnetic field is essential for theories of cloud
formation: (1) It limits the random motions of individual clouds by dragging
along low-density gas. (2) It transfers linear momentum between clouds
without physical contact. (3) It removes angular momentum from a cloud
during condensation. (4) Nonlinear waves also act as a source of pressure for
pushing, twisting and shocking the gas into dense cloudy regions.

The first of these four processes makes it unlikely that a dense molecular
cloud will drift freely for a geometric mean free path (Elmegreen 19815).
The characteristic confinement length corresponds to a distorted volume of
the cloud’s magnetic flux tube that contains a mass of other clouds equal to
the cloud’s mass. For dense molecular clouds with virial equilibrium field
strengths, this length implies a maximum excursion of only several hundred
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(<500) parsecs from an equilibrium position, which is much less than the
geometric mean free path (~2000 pc). Theories of cloud formation involving
random linear drifts followed by physical coagulations are therefore oversim-
plified, as are N-body computer models of cloud fluids with no intercloud
medium or interlinking magnetic field structure. The relatively uniform field
structure in nearby clouds also implies that these clouds are not composed
of numerous pieces which drifted from random directions carrying their field
lines with them.

Strong magnetic confinement also implies that one of the characteristics
of a terrestrial turbulent fluid, i.e., the random diffusion of every pair of points
away from each other, may not apply to interstellar fluids. The clumps may
just oscillate on their interconnecting field lines (see, e.g., Elmegreen 1988b;
Zweibel 1990a), as if they were trapped in a net.

The second of the four magnetic processes mentioned above implies that
both diffuse clouds and the small clumps inside dense molecular clouds are
likely to interact more by purely magnetic linkages than by direct physical
collisions (Clifford and Elmegreen 1983; Falgarone and Puget 1986). The rel-
ative importance of these two interactions depends on the ratio (p.v4/pv)*?
for average and clump densities p and p,, clump Alfvén velocity v,, and
relative clump velocity v. Large values of this ratio make magnetic linking
interactions more important than physical collisions as a means of momentum
exchange. When the interclump mass is low, the ratio p/p, is the clump fill-
ing factor f. For self-gravitating clumps inside a self-gravitating cloud, the
ratio v 4 /v is approximately (R./R)'/? for size-line width relation v o R '/?
and cloud and clump sizes R and R . (see, e.g., Perault et al. 1986). Then the
quantity (o.v4/pv)?/? equals approximately (f N)~"/? for number of clumps
N. Clumps typically have f < 0.1 (Falgarone and Phillips 1991), so this
ratio exceeds unity for N < 10%; in that case, magnetic linking interactions
should dominate the collisions. For non-self-gravitating pieces in a cloud, the
magnetic field could be more uniform in the clump and interclump regions,
and then v4/v ~ (o./p) %3 so that (p.v4/pv)?® ~ f ~1/3 which also ex-
ceeds 1. Magnetic linking interactions give the interstellar fluid a cohesion
and resilience that is not possible with purely physical cloud interactions.

In the third process mentioned above, magnetic fields exchange angular
momentum between clouds and their environment, with a spin-down time
approximately equal to the time for an Alfvén wave to traverse an external
mass having a moment of inertia equal to the cloud’s moment of inertia (see
Chapter by McKee et al.). This implies that clouds and cloud complexes
should not be rotating significantly, and it removes some of the stability
against self-gravitational collapse given to the interstellar fluid by galactic
rotation (Elmegreen 1987¢,1991).

Angular momentum exchanges by a magnetic field should also limit
the vorticity of the interstellar fluid, strongly in two dimensions and weakly
along the field (see, e.g., Dorfi 1990). This could remove one of the primary
mechanisms for kinetic energy cascade from large to small scales in a ter-
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restrial turbulent fluid, i.e., vorticity stretching (cf. Sec. VII), although other
mechanisms for energy cascade could replace it. The transfer of energy be-
tween different scales in the interstellar medium could be driven by magnetic
stresses and torques, i.e., the nonlinear B - VB term in addition to, or instead
of, the nonlinear v -Vv term, which is more important for weakly magnetic
turbulence. This energy transfer may proceed from small to large scales, as
when a moving, spinning or expanding region magnetically drags along the
surrounding gas (Uchida et al. 1990), as well as from large to small scales,
as when two colliding clouds pump energy into internal Alfvén waves which
steepen into shocks (see, e.g., Falgarone and Puget 1986).

Magnetic fields can also form clouds directly, by the parallel-pushing
action of nonlinear waves, or by twisting the gas into ropes. In the first
case, strong plane-polarized waves will couple the transverse and parallel
motions of the field and gas, so that strong transverse field-line deformations,
as might result from explosions or random field-line entanglements, can lead
to magnetic shock fronts and other pulses of dense gas traveling along the field
at or slightly below the Alfvén speed. Because such deformations should be
common in the interstellar medium, collisions between these parallel-moving
pulses can form very dense, transient clouds and small-scale structure. The
shock fronts can also clear out much of the gas between the deformations,
producing a low-density intercloud medium. Numerical simulations of such
collisions are in Elmegreen (1990b), and an illustration of the long-time
evolution of numerous interacting magnetic waves is in Elmegreen (1991b).
These simulations suggest that some cloud clumps could be transient shock-
like fronts between regions of converging flows; the clumps last for the
convergence time, which is several internal wave-crossing times. In the
second case, the angular momentum drain from one part of a cloud can cause
another part to spin up, and then the field lines can become helical and exert
a tension that compresses the gas into a dense filament (Fukui and Mizuno
1991). Evidence for such twisting compression in Orion is discussed by
Uchida et al. (1991).

Magnetic fields influence almost every aspect of cloud formation and gas
dynamics. In some situations, this influence is probably so large that models
which do not consider magnetic effects may have limited application. Some
cloud formation models are based entirely on magnetic effects, such as the
Parker (1966) instability and nonlinear wave-pushing models. Other models
are greatly helped by the fields, such as the gravitational instability model
and the coagulation model where pre-existing clouds and their field lines link
together in a nondestructive fashion behind moving pressure fronts. Still other
models, such as the random coalescence model in which dense clouds move
independently for over a mean free path, are probably oversimplified because
they do not consider the confining influence of magnetic fields.

General models of interstellar gas dynamics may also need revision when
the magnetic field is included. For example, the three-phase model by McKee
and Ostriker (1977) proposes that random supernova explosions become so
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large that they overlap in space. Their primary assumption is that a supernova
shock front passes over individual clouds without imparting much momentum
to them (McKee and Cowie 1975); then most of the shock goes around the
cloud and grows to a large size. But this assumption may not be true if all of
the clouds are strongly connected to each other and to the intercloud medium
by magnetic fields. Then the clouds could move together with the intercloud
medium, and most of the enclosed mass should stay with the front, especially
at late times (Elmegreen 1981a,1988a). As a result, a strongly magnetic front
should slow down faster and stall in a shorter distance than a nonmagnetic
front that sweeps up only the intercloud medium. One of the observational
consequences of this effect is that large supernova shells should have low-
density interiors because the clouds that were there before the explosion were
removed and not evaporated in place. Of course, such magnetic clearing
should occur primarily at late times when the supernova pressure is not so
large that it severely distorts and then detaches (by reconnection) the field
lines that emerge from an impacted cloud. Another magnetic effect is that the
expansion of a supernova shock in even a homogeneous medium should be
resisted by magnetic tension in the swept-up shell (Tomisaka 1990; Ferriere et
al. 1991). Both of these magnetic effects, the added shell mass and the surface
tension, should decrease the porosity of the hot intercloud phase by limiting
the expansion of individual supernovae remnants (see also Cox 1990).
Another potentially important effect of magnetic fields is the cushioning
of collisions between clouds. Magnetic linking collisions, for example, may
allow small clumps to be gently collected into moving pressure fronts without
disruptive collisions. This implies that some of the clumpy structure observed
in clouds could have been present in the ambient gas before the cloud formed,
and not been disrupted by the (supersonic) violence of the formation process.
Whether such soft coalescence can preserve the observed fractal structure of
the clumps is unknown. Perhaps many of these effects will be observed in
computer simulations when magnetic fields are generally included.

VI. CLOUD FORMATION SCENARIOS

The various theories of cloud formation can be divided into three categories:
cloud formation by spontaneous instabilities in the ambient interstellar gas,
including gravitational, thermal, Kelvin-Helmholtz and Rayleigh-Taylor in-
stabilities; cloud formation by pressurized accumulation of ambient gas into
shells, sheets, cometary globules and chimney walls; and cloud formation
by random coalescence of existing clouds. Most practical theories today
are combinations of these. Many of these theories were mentioned in the
preceding sections. More detailed and specific comments are given here.
Lioure and Chieze (1990) suggest that cloud formation occurs in two
steps, first with a thermal instability that condenses the warm H1 phase into
cool diffuse clouds, and then with a coagulation of the diffuse clouds into
self-gravitating cloud complexes (see also Field and Saslaw 1965). Cloud
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formation by thermal instabilities in the warm HI was also investigated by
Parravano (1987,1989), who suggested that the interstellar pressure can reg-
ulate itself to remain close to the maximum value for two stable phases
(Parravano et al. 1988,1990). Thermal instabilities in the warm HI phase
seem very likely, in fact (Heiles 1989), but whether these instabilities lead
to the observed diffuse clouds (of mass 10> Mg, or larger) as assumed by
these authors, or only to very small-scale (< 1 pc) cool structures inside the
warm H I regions is uncertain. In fact, thermal instabilities tend to favor small
scales (Field 1965; Smith 1989) and may even generate a fractal structure
(Elphick et al. 1991), and the mobility of the small pieces that condense out
of the warm gas may be limited by magnetic effects (cf. Sec. V). Moreover,
alternate scenarios for the formation of the observed diffuse clouds, such as
accretion in pervasive shocks from supernovae and other sources (see, e.g.,
McKee and Ostriker 1977; Chiang and Prendergast 1985), are difficult to rule
out. Most likely, some diffuse clouds form by thermal instabilities and others
form in shocks of various types (Sec. II.A), but whether these clouds move
freely enough to collide and slowly enough to coalesce is difficult to know
without further modeling.

The coalescence of small interarm clouds into giant spiral-arm cloud
complexes was discussed and modeled by Casoli and Combes (1982), Kwan
and Valdez (1983), Tomisaka (1984,1986), Combes and Gerin (1985), Johns
and Nelson (1986), Roberts and Steward (1987) and others. Such coalescence
seems inevitable, but the details of the coalescence process and of the gas
flow in a density wave are not understood. Diffuse clouds may be destroyed
when they enter a spiral arm, splattered by mutual collisions and strongly
pushed around by pressures from stellar radiation and giant HII regions.
Their remnants could then disperse, creating the somewhat uniform gas that
is observed as a long and continuous dust lane. The dense, self-gravitating
clouds that enter a spiral arm should move differently than the diffuse clouds,
colliding infrequently with other self-gravitating clouds (because of their long
mean free path) and responding more freely to the spiral potential—perhaps
in a somewhat ballistic fashion (because external pressures are less important
for these clouds than for diffuse clouds; see Sec. II). Whether or not they
coalesce depends on their relative velocity (Sec. IV), and this depends on the
strength of the arm and on viscous effects such as magnetic drag (Sec. V).
Perhaps the largest interarm clouds coalesce upon impact in an arm, with the
considerable amount of mutual destruction that is expected in such a collision
leading to the formation of the high-dispersion HI component that is seen as
a supercloud (Sec. III). Subsequent cooling then reforms the molecular cores
and ultimately leads to star formation.

Models which emphasize the destructive power of cloud collisions but
still produce coalescence and giant complexes utilize a different, indirect route
for cloud assembly. Struck-Marcel and Scalo (1984), for example, suggest
that collisions between pre-existing diffuse clouds can be largely destructive
and shredding, rather than directly coalescing, but that these collisions are
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still important as a coolant for the diffuse cloud fluid (i.e., they lower the
velocity dispersion). This cooling may then lead to a thermal-like insta-
bility in which slightly overdense regions diminish their dispersions faster
than they are increased by random supernovae and other discrete pressure
sources. When combined with gravitational forces between the clouds, the
resultant gravitational-thermal instability (Elmegreen 1989¢) can form cloud
complexes with a much wider mass range than the pure Jeans instability (for
an adiabatic fluid), and at a rate comparable to both the diffuse-cloud collision
rate and the Jeans rate, which is ~20 Myr, depending on density. Tomisaka
(1987) considered this combined instability in the gas that flows through a
spiral density wave, and Cowie (1981) considered cloud collisional cooling
and gravitational instabilities too, but without the intermediate stage of a
thermal-like instability.

The existence of such macroscopic cooling instabilities is uncertain be-
cause it depends on unknown details of the stirring and energy dissipation
processes for the interstellar medium. Many of these processes depend on
length scale, so the velocity dispersion should depend on scale also. This im-
plies that the equilibrium or initial state could be turbulent, in which case the
theory of gravitational instabilities should be revised (Chandrasekhar 1951a;
Bonazzola et al. 1987; Leorat et al. 1990). Nevertheless, applications of
the conventional Jeans analysis with cooling have been made to rotating and
shearing galaxy disks that are infinitesimally thin (Elmegreen 1989¢) or thick
and also subject to the magnetic Rayleigh-Taylor (Parker 1966) instability
in the third dimension (Elmegreen 1991a). In this latter study, the shearing
wavelets that grow in the gas by the so-called swing amplifier were found
to be gravitationally unstable to fragmentation along their length, producing
discrete, self-gravitating clouds out of a continuous (clumpy, magnetic) fluid.
Superclouds follow naturally from the instability model, because they have
the expected characteristic mass (see Skillman 1987). Smaller clouds can
form by the same mechanism also, but this depends on the rate of energy
dissipation in the ambient gas. If the kinematic energy dissipates too slowly,
then the smaller self-gravitating clouds would have to form inside the larger
clouds, where the density is already high (or they form by other mechanisms).

A limitation to this instability model is that the collapse of gas into dis-
crete clouds has never been followed for a realistic flow in a density wave,
considering the simultaneous triggering of magnetic Rayleigh-Taylor, gravi-
tational and thermal instabilities in three dimensions, with shear and density
variations appropriate for the wave. Balbus and Cowie (1985) calculated a
criterion for the collapse of whole spirals parallel to the flow direction, which
is like the criterion for ring instabilities in a disk, but this collapse does not
produce discrete clouds, and shear variations parallel to the spiral were not
considered (nor were magnetic fields). Balbus (1988) considered such shear
variations and got more realistic effects such as spurs, but again without mag-
netic fields. Elmegreen (1987¢) considered shear instabilities in magnetic gas
with various shear rates appropriate to spiral arms and interarms, but the time
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dependence of this shear and of other flow properties in the arm were not
considered, nor was the fragmentation of the shearing wavelets into discrete
clouds. This latter effect was addressed in Elmegreen (19915), but with no
density wave variations at all. All of these analyses point to an increase in
the instability rate in spiral arms because of the high density and low shear
rates there, with the resultant formation of giant cloud complexes resembling
the observed superclouds, but the conditions for when this should occur are
vague (e.g., is there a minimum spiral arm strength and does the instability
operate faster than the arm flow-through time?). The application of this in-
stability model to the formation of low-mass self-gravitating clouds is also
unknown, because of uncertainties involved with the thermal instability part
of the model (i.e., with cloud stirring and various cooling effects). The Parker
instability part of the model for cloud growth has been studied in more detail
by Matsumoto et al. (1988), Shibata et al. (1989) and others.

Another complication is that spiral-arm cloud formation could differ in
strong and weak spiral arms (Elmegreen 1987b,1988a), with pervasive cloud
destruction and the formation of a homogeneously dense compression front
(dust lane) followed by large-scale instabilities and supercloud formation
occurring only in the case of strong arms. Weak-arm galaxies may scatter
the existing dense clouds without severe destruction and create a dust lane by
the dispersal of only the diffuse clouds. Examples of these two cases seem
to be M51 (Rand and Kulkarni 1990) and M83 (Lord and Kenney 1991),
respectively.

Observational evidence for cloud formation in swept-up shells was re-
viewed by Elmegreen (1987b) for small scales, and by Tenorio-Tagle and
Bodenheimer (1989) for large scales (see also Deul and Hartog 1990). Both
diffuse and self-gravitating clouds can form this way, but in the latter case a
second step is required, in which the ring or shell that forms directly by the
high-pressure event collapses gravitationally along its perimeter. The theory
for the expansion has been progressing steadily (see, e.g., Tenorio-Tagle and
Palous 1987; Norman and Ikeuchi 1989; Palous et al. 1990), but the theory
for the collapse is in a poor state. McCray and Kafatos (1987) suggest that
the time scale for the collapse of a large shell is the gravitational free-fall
time at the compressed density, but transverse flows behind the shock may de-
stroy or modify incipient condensations on these short time scales (unless the
geometry is special; Kimura and Tosa 1988) giving a longer time for mono-
tonic collapse (Elmegreen 1989b). Transverse flows and magnetic forces
also redistribute mass inside the shells (Ferriere et al. 1990; Tenorio-Tagle et
al. 1990). Magnetic effects during the collapse are generally unknown, and
the possibility of blow out perpendicular to the disk (MacLow et al. 1989;
Igumentshchev et al. 1990; Tomisaka 1990; Tenorio-Tagle et al. 1990), which
would limit the total accumulation of material in the midplane, is a concern
(Cox 1990).
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VII. CLOUD FORMATION AND TURBULENCE

The above discussion summarizes some of the constraints on theories of
cloud formation that are imposed by the hierarchically clumpy, supersonic,
and magnetic nature of the interstellar gas. Obviously there is no complete
theory of cloud formation yet, but the various parts of a complete theory seem
to be evident, and a quantitative understanding of them seems to require only
more calculations. But is this the way to proceed?

Most of the theories assume that the various cloud formation processes
can be studied separately, as if in isolation, and that they combine without
much change into a complete theory for the whole interstellar medium. This
is basically a microscopic point of view, in which the local physics is probed
to whatever depth is desired. However, the microscopic view currently fails
to explain the self-similar (fractal) structure of clouds, and it may also fail
to explain, for the same reason, the power-law correlations between cloud
properties and the observed power-law mass spectrum (in spite of several
theories in the literature which contain microscopic-type explanations for
these power laws). How does one derive a cloud mass spectrum when some
of the clouds form as shells around high-pressure OB associations, some form
by fragmentation or collisional fracturing of larger objects, and some form by
coalescence of smaller objects—all equally plausible and likely scenarios for
cloud formation?

A different point of view is to ignore the microscopic details of inter-
stellar gas processes entirely and to concentrate instead on the macroscopic
properties of the fluid, taken as a complete system. This would presumably
involve various conservation laws, assumptions of detailed balancing, equi-
librium states and so on, and all of the details such as supernovae explosions,
instabilities, etc. could enter the system as stochastic noise with a scale-
dependent power. This is the approach often applied to laboratory systems
that exhibit fractal structures and power laws, such as systems with second-
order phase transitions, which have infinite correlation lengths (see, e.g., Ma
1976). Indeed, many of the details of laboratory phase transitions, such as
the power-law indices, are independent of the microscopic details of the in-
teractions between atoms and molecules, but depend only on gross properties
of the system, such as the number of dimensions. The macroscopic approach
is also generally applied to laboratory turbulence as an explanation for the
power index of the velocity-position correlation (Kolmogorov 1941), without
detailed consideration of the exact fluid motions or viscous coefficient.

Perhaps a future generation of theories will combine these two points of
view, or perhaps detailed computer simulations, with all of the microscopic
physics included, will show the scale invariant properties of the macroscopic
system whether or not it makes their origin transparent. A problem with
combined theories, however, is that if the power law and fractal behavior
of the macroscopic system is independent of microscopic details, then the
detailed physics that is put into the theory could be wrong and still the right
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general characteristics of the gas could be derived. This is often a problem with
computer simulations, which can be made to look realistic with very simple,
and in some cases, inappropriate assumptions about the detailed physics.
Obviously both points of view, the microscopic and the macroscopic, should
be investigated simultaneously.

The discussions in the preceding sections questioned the application of
what we know about laboratory turbulence to interstellar gas processes. Such
cautions are useful at this time, and should not be mistaken as an implica-
tion that the interstellar medium is not turbulent at all. Indeed, most of the
interstellar gas is probably very turbulent: it has a random element, as does
turbulence, nonlinearities in the fluid equations are important, and both labo-
ratory and astronomical systems seem to have fractal structures (Beech 1987;
Bazell and Desert 1988; Scalo 1990; Dickman et al 1990; Falgarone et al.
1991). Falgarone and Phillips (1990) suggest further that the broad line wings
in interstellar clouds are another manifestation of turbulence; in their inter-
pretation, the line profile is not a probability distribution for velocities, which
would be nearly gaussian for turbulence (Batchelor 1967; Monin and Yaglom
1981), but a distribution of velocity differences inside a mapped region or
telescope beam. Yet even with these similarities between astronomical and
laboratory motions, the interstellar gas is still very different from a laboratory
fluid. To emphasize this difference here, we use the terms “astrophysical
turbulence” and “interstellar turbulence” (Scalo 1987) instead of just “tur-
bulence.” Indeed, it seems possible that some of the self-similar, nonlinear
motion and structure currently ascribed to turbulence may later prove to be
caused by other processes. An example might be the structure and velocities
that result from overlapping wind-swept shells with a power-law distribution
of stellar wind luminosities. Another example was given by Dickman et al.
(1990), who noted that the area-perimeter correlation for molecular clouds,
which suggests that the clouds have a fractal structure reminiscent of turbu-
lence, could instead result from a random positioning of unresolved clumps
with no required connection to turbulence. Fractal structures may arise from
thermal instabilities also (Elphick et al. 1991).

How does the interstellar gas differ from turbulent fluids usually studied in
the laboratory? There seem to be at least four characteristics of astrophysical
gas dynamics that distinguish it from laboratory turbulence: highly supersonic
motions, strong magnetism, strong self-gravity, and the presence of numerous
embedded (stellar) energy sources.

Section I'V suggested that the supersonic nature of the interstellar motions
should cause much of the dissipation of energy to occur in shock fronts
between colliding clumps or eddies. This shocking process short-circuits the
usual cascade of energy from large to small scales and shunts the energy
directly from every scale to the smallest scale (which is the shock thickness,
equal to the molecular mean free path, or the ion-neutral collision scale in the
case of a magnetic shock). Shocks also make the fluid highly compressible.
Theory suggests that such compressibility makes the velocity-distance relation
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steeper than in an incompressible fluid (Fleck 1983; Biglari and Diamond
1988), in which case the observed relation v o« [!/3 for astrophysical gas
(Falgarone and Phillips 1990) may be uncomfortably close to the relation
observed in the laboratory for incompressible fluids.

The shocks in supersonic turbulence might also be expected to take the
form of thin layers that appear as sheets or filaments in projection (Passot et al.
1988). Such sheets and filaments, unless they are unresolved, appear different
from most of the interstellar gas, which looks more clumpy. In addition, the
observed fractal structure of interstellar clouds, which is a property of the
distribution of mass, differs significantly from the fractal structure discussed
for laboratory turbulence, which is a property of the space in which energy
is dissipated, the density being uniform. The dissipating regions in subsonic
laboratory turbulence seem to consist of layered vortex sheet-like structures
(Schwarz 1990), which have not yet been observed in astronomical sources.

Magnetic fields should also limit the motion of interstellar gas much more
than the gas in laboratory fluids (see, e.g., Chaboyer and Henriksen 1990;
Kahn and Breitschwerdt 1990). It may prevent or severely constrain vortical
motions altogether and prevent the random diffusion of eddies and subsequent
vortex stretching, which helps drive the energy cascade in laboratory fluids.
Nonlinear magnetic wave interactions could drive turbulence in very different
ways, replacing the vortex stretching in laboratory fluids with other nonlinear
processes that cause energy to cascade. Alternatively, the most massive parts
of interstellar clouds may just oscillate regularly on their magnetic field lines,
driven by a balance between gravitational forces and magnetic tension. Such
oscillations could drive nonlinear magnetic waves and turbulence elsewhere,
but not be turbulent themselves.

Self-gravity is also likely to be important in structuring the interstellar gas.
Gravitational collapse can increase the eccentricity of prolate or oblate objects
(Smith 1989), exaggerating an already filamentary or sheet-like structure, and
it can change the flat shocked layer between two colliding eddies or clumps
into a globular feature. Note that the collapse time is comparable to the
crossing time for a virialized object, and this is the approximate duration of a
shock between two large eddies or clumps.

Embedded stars should also give structure and motions to the gas. Both
field stars and newborn stars in a cloud probably have a power-law distribution
of luminosities and winds, and they should push the gas around into structures
that have a power law distribution too (see, e.g., Norman and Silk 1980a).
Whether this structure resembles interstellar clouds cannot be determined
without detailed modeling.

These considerations imply that many of the characteristics of interstellar
gas that are currently attributed to turbulence may not really be the exclusive
result of nonlinear terms in the equation of motion for isolated parcels of gas,
but could instead be the result of power-law energy sources, gravitationally
induced motions and waves, and mutual interactions between mass elements
that have a random but nonturbulent nature. The net result of all of these pro-
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cesses could differ significantly from terrestrial turbulence, thereby limiting
direct analogies, but the interstellar fluid could still be turbulent in a broader
sense.

Perhaps something more analogous to laboratory turbulence is realized
on very small scales in the interstellar medium (see, e.g., Spangler and Gwinn
1990), where thermal pressure is important, gravity is unimportant, magnetic
diffusion is so fast that the field lines are relatively straight, and the nearest
star is relatively far away. This smallest scale for astrophysical turbulence
might be the largest scale for conventional turbulence, i.e., for nonlinear
fluid processes that resemble those seen in the laboratory. Such small-scale
turbulence may then cascade down in the usual fashion until it reaches the
microscopic scale of the collision mean free path. As long as the nonlinear
terms in the equations of motion dominate the dynamics, the interstellar fluid
can presumably be self-similar over a wide range of scales, from 0.01 pc to
1000 pc for example, but if other terms are important too, such as the pressure
from stars, self-gravity, galactic shear and so on, then such a wide range for
self-similarity might be difficult to explain.

Acknowledgments. This review benefited from comments by J. Holliman
and C. McKee, and from extensive discussions, particularly about turbulence,
with E. Falgarone, J. Scalo and K. Schwarz.
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The properties of galactic giant molecular clouds (GMCs) in the solar vicinity and in
the inner Galaxy are reviewed. Special attention is given to the role of the clouds
in forming stars. The question of whether all GMCs form stars is raised and it is
shown that there is little evidence that GMCs anywhere in the Galaxy are devoid of
star formation, even O star formation. The angular momentum of local GMCs is then
discussed in relation to the angular momentum of the diffuse interstellar medium. At
least three GMCs in the solar neighborhood have retrograde rotation in an inertial
frame of reference if their large-scale velocity gradients are due to rotation. Three
GMCs in different evolutionary states are identified, and some of the differences in
their properties are identified. The internal structure of GMCs is then discussed in
some detail. It is argued that clumps are the fundamental units in which the GMC mass
is distributed. Clump properties are discussed quantitatively, and the mass spectrum of
five GMCs are compared and shown to be remarkably similar. Although the majority
of clumps do not appear to be gravitationally bound, the clumps can be confined by the
pressure of an atomic intercloud medium. The observations presented in this review
are used to suggest a tentative outline for the evolution of GMCs.

I. INTRODUCTION

The fundamental goal of the study of molecular clouds is to understand how
they form stars. All present-day star formation takes place in molecular clouds,
so we may think of them as providing the initial conditions for the process of
star formation. Yet, while all stars may form in molecular clouds, there are at
least some small molecular clouds that do not form stars. Furthermore, even
within those clouds that do form stars, it appears that only a small fraction of
the mass of a cloud actively takes part in the star-formation process. What
controls both the presence and the absence of star formation in molecular
clouds? There seems to be an inevitability to the star-formation process.
Observational evidence from surveys of stars and gas indicates that almost
all of the giant molecular clouds (GMCs) in the solar vicinity are currently
forming stars. How is this inevitability to be reconciled with the absence of
star formation in most of the molecular mass of the Galaxy?

We begin by asking a few broad questions about molecular clouds. (1)
How do molecular clouds, especially the GMCs, form? (2) Once a molecular
cloud forms, how does it evolve to generate the entities that eventually become
stars? (3) What is the basic unit of a molecular cloud that produces stars,
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and how does it evolve to form a star? None of these questions has been
answered as yet, but partial answers are beginning to emerge. This chapter will
review some of the observational material relevant to these questions and will
concentrate on the larger-scale aspects of the structure and evolution of GMCs.
It will be argued that an understanding of the evolution of the interstellar
medium into stars requires a detailed knowledge of the clumpy structure of
molecular clouds. It will be shown that it is possible to identify molecular
clouds in different evolutionary states, and that evolutionary effects within a
particular molecular cloud, the Rosette Molecular Cloud, are observable in the
dispersion of relative velocities of the identifiable clumps. The observations
of a number of star-forming molecular clouds are reviewed with the aim of
providing generalizations that are useful for future work. Among the topics
not covered is the energy balance within molecular clouds. A good review
of this subject is given by Genzel (19915). We begin with a review of the
large-scale properties of GMCs.

II. GLOBAL PROPERTIES OF GMCs

It is rather amazing that 15 yr since the identification of giant molecular
clouds, there is no generally accepted definition of what a GMC is. There
seems to be little disagreement about the classification of the largest clouds as
GMGs, but an all inclusive definition of what a GMC is has proven elusive.
A large part of the problem is that the various studies of the mass spectrum
of molecular clouds indicate that the spectrum is well fit by a power law (see
below) and there is consequently no natural size or mass scale for molecular
clouds. What we call a GMC is therefore largely a question of taste. For the
purposes of this chapter, any molecular cloud that has a mass 2 10° M, will be
defined to definitely be a GMC, a cloud with a mass 10° MyXM(cloud) 2 10*
Mg, probably to be a GMC, and a cloud with a mass <10* Mg, probably not
to be a GMC. In most cases, this fuzziness does not cause serious problems.
Giant molecular clouds have been studied as a whole largely
through their CO emission in the radio portion of the spectrum. The studies
have been mainly of two kinds. (1) Observations of individual objects, where
a cloud is identified, often by its association with a visible HII region, and
then mapped to its outer boundaries. (2) Surveys of the galactic plane in CO,
where GMCs are identified through some objective criterion. In the second
case, GMCs are generally defined down to some contour level because of the
possibility of confusion with other gas along the line of sight. Surprisingly,
the general properties of GMCs defined in this way are not significantly dif-
ferent from those identified by the first method. Table I gives the properties
derived for clouds in the solar vicinity (see, e.g., Blitz 1987b). Inner Galaxy
molecular clouds may be somewhat denser and more opaque (see McKee
1989; Solomon et al. 1987), but there is no evidence that they form a separate
population from the local clouds. This important conclusion suggests that
detailed studies of the molecular clouds near the Sun can tell us about the
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ensemble properties of GMCs everywhere in the disk. An exception is likely
to be in the innermost regions of the Galaxy such as the molecular disk within
400 pc of the center.

TABLE I
Global Properties of Solar Neighborhood
Giant Molecular Clouds

Mass 1-2 x 10° Mg
Mean diameter 45 pc
Projected surface area 2.1 x 10° pc?
Volume 9.6 x 10* pc?
Volume averaged N (H»;) ~50 cm™3
Mean N(H>) 3-6 x 104" cm™2
Local surface density ~4 kpc?
Mean separation ~500 pc

An example of a local GMC is shown in Fig. 1, the L1641 cloud in Orion,
in which the Orion Nebula is located. The figure shows the emission from
the 3CO J=1-0 transition in various velocity bins, and in the last panel, the
emission integrated over the cloud as a whole is shown. The figure shows
several important features that are common to many local GMCs. (a) The
ridge line of the final panel closely parallels the galactic plane (it is located at
b = —1924). Most local GMCs are similarly elongated (Blitz 1978; Stark and
Blitz 1978). (b) The '*CO emission shows a strong velocity gradient along the
length of the cloud which is generally interpreted as rotation. The subject of
angular momentum in GMCs is discussed in Sec. IV. (c) The '*CO emission
is seen to break up into discrete clumps. In the L1641 cloud, the clumpiness is
apparently quite filamentary. The clumpiness of GMC:s is discussed in detail
in Secs. VII, VIII and IX.

From the study of local GMCs, the following general conclusions may
be drawn:

1. GMCs are discrete objects with well defined boundaries (see, e.g.,
Blitz and Thaddeus [1980] for a quantitative discussion of this point—see
especially their Appendix B). The well-defined boundaries suggest that there
is a phase transition at the edges of a molecular cloud. This point is discussed
in greater detail below.

2. GMC:s are not uniform entities, but are always composed of numerous
dense clumps and have small-volume filling fractions (see Sec. VII for a
quantitative discussion). These clumps appear to have a range of geometries
from spherical to highly filamentary (see the maps in the references to Table IV
below as well as Bally et al. [1987]). Nevertheless, maps of the CO emission
from the complexes suggest that the surface filling fraction of the clumps is
almost always near unity, where unity is defined as one or more clumps along
the line of sight (Blitz 1980, and references therein).

3. The CO and '*CO line widths of the clumps are always wider than
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25—13.5

Figure . A series of maps, each showing '*CO emission integrated over a 1 kms™!

wide velocity range illustrating the internal structure of the Orion A cloud. The
number in each subpanel is the LSR velocity range shown. Each panel shows a
region roughly 2°x 5° in extent with an angular resolution of about 100”. The
galactic plane closely parallels the ridge line in the final panel. Figure from Bally
et al. (1987).
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the thermal widths implied by the excitation temperature. The linewidths are
usually interpreted as the result of bulk motions associated with turbulence
and/or magnetic fields.

4. GMCs are gravitationally bound (see, e.g., Kutner et al. 1977
Elmegreen et al. 1979; Blitz 1980). GMC masses are orders of magni-
tude larger than the Jeans mass computed from the excitation temperature
of the CO. An indirect argument for the boundedness of local GMCs comes
from considerations of their internal pressures (see Sec. VII). Typical internal
pressures, P / k, are ~1 x 10° K cm™3, much larger than the mean local inter-
stellar pressure of ~1 x 10* K cm™3 (Bloemen 1987). Because these clouds
are known to exist long enough to give rise to several generations of stars, or
~20 Myr (Blaauw 1964), the GMCs would have dispersed if they were not
held together by gravity.

5. All OB associations form from GMCs; thus GMCs are the nucleation
sites for nearly all star formation in the Milky Way (Zuckerman and Palmer
1974; Blitz 1978,1980, and references therein).

6. Within the uncertainties, the cloud-to-cloud velocity dispersion of
local GMCs (with typical masses of ~2 x 10° M) is the same as that of
the small molecular clouds (with typical masses of ~50 M) found at high
galactic latitude (Blitz 1978; Stark 1984; Magnani et al. 1985). The velocity
dispersion of local molecular clouds therefore appears to be independent of
mass over 3 or 4 orders of magnitude. If clouds are formed by collisional
agglomeration of smaller independently moving clouds, then cloud velocity
dispersions would be proportional to M ~%°, unless there were some way
to selectively re-energize the more massive clouds, an unlikely prospect.
Furthermore, the velocity dispersion of molecular clouds seems to vary only
weakly with galactocentric distance (Liszt and Burton 1983; Stark 1984;
Clemens 1985). The constancy of the velocity dispersion with radius can also
be inferred from the radial variation of CO scale height (see, e.g., Sanders et
al. 1984). The half thickness of the CO layer increases from 50 to 70 pc when
R increases from 0.4 to 0.8 R ¢. The scale length for the stars in the disk of the
Milky Way is about 5 kpc (van der Kruit 1987). Because (vg)2 x (hg)zp*, the
increase in the scale height A, just makes up for the decrease in the midplane
stellar density p,, and the velocity dispersion of the gas, v,, is nearly constant.

For the most massive clouds, Stark (1983) has shown that the scale height,
and by implication the vertical velocity dispersion of GMCs, is smallest for
the largest clouds at a given radius. Cloud-cloud collisions may therefore
be important for the largest, most massive clouds. All of these results taken
together suggest that collisional processes are not important in the formation
of GMCs except possibly in the inner Galaxy at the highest masses (~10°
Mg).

It is noteworthy, however, that within a GMC, collisional processes do
seem to be important. This point is discussed in more detail in Sec. VII.

7. The survey of local molecular material within 1 kpc of the Sun (Dame
et al. 1986) finds no GMCs without star formation. In fact, within 3 kpc of the
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Sun, only one GMC is found without evidence of star formation (Maddalena
and Thaddeus 1985). This cloud is discussed in more detail below. In the
solar vicinity at least, molecular clouds without star formation are quite rare.
It therefore appears that star formation is quite rapid after the formation of a
GMC.

8. The above result, when combined with calculations of the destructive
processes associated with the formation of massive stars, implies that the
GMCs are quite young, ~30 Myr (Blitz and Shu 1980). That is, because all
GMC:s appear to be sites of star formation, especially massive star formation,
the clouds do not appear to be able to survive the birth of more than a few
generations of massive stars, an argument that is consistent with various
other lines of reasoning (Blitz and Shu 1980). Direct observational evidence
for lifetimes of this order was first presented by Bash et al. (1977), and
subsequently by Leisawitz et al. (1986) from the association (or lack thereof)
of molecular material with young clusters of varying ages. Cohen et al. (1980)
have come to the same conclusion from the confinement of the molecular arms
in the outer Galaxy to narrow velocity ranges.

The primary argument for long-lived clouds in the Milky Way had come
from continuity arguments based on the ratio of atomic to molecular gas in the
molecular ring of the Milky Way (see, e.g., Solomon and Sanders 1980). That
is, if the mass in a ring at some radius R is overwhelmingly molecular, and if
GMC formation is initiated primarily by compression of diffuse gas in spiral
arms, then in a steady state the mean ages of molecular clouds should be much
greater than the mean time between spiral arm passages, ~100 Myr at 0.5 Ry.
However, the Bloemen et al. (1986) COS-B gamma-ray analysis shows that
at virtually all radii, the atomic gas dominates the surface density, and even
at the peak of the molecular ring, the excess of molecular gas is small. Some
authors (see, e.g., Wolfendale 1991) prefer even lower molecular abundances.
The data therefore suggest that the primary argument for long-lived clouds in
the disk of the Milky Way is not tenable. A corollary of this conclusion is that
clouds found in the interarm regions may have formed there; throughout most
of the Galaxy, there is sufficient atomic gas to condense into clouds, even
between spiral arms. It should be pointed out, however, that in the molecular
disk within 400 pc of the galactic center and in some extreme molecule-rich
galaxies, the molecular gas may be so abundant, that clouds may be quite long
lived, especially if star formation can be inhibited in them.

9. Alarge fraction of the stars formed in GMCs do not return their material
to the interstellar medium in a Hubble time. Therefore, either the GMCs were
more numerous in the past, or the interstellar medium is replenished by infall
or inflow from the outer reaches of the Galaxy (see, e.g., Lacey and Fall 1985),

Studies of GMCs based on inner Galaxy CO surveys run into the prob-
lem of finding an objective way to identify the molecular clouds. The degree
~ of blending of the spectral lines, the large amount of foreground and back-
ground emission, and the necessity of using kinematic criteria for identifying
the clouds add a significant amount of uncertainty to the identification of
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GMCs (see, e.g., Adler 1988; Blitz 19874). Nevertheless, a number of im-
portant properties of GMCs are inferred from the galactic CO surveys, and
the searches for molecular clouds in the outer Galaxy. Some of the more
important of these are the following:

(a) There appears to be a linewidth-size relation for GMCs in the inner
Galaxy. Larson (1981) was the first to point out the existence of a power-law
relationship between the sizes of molecular clouds and their intrinsic velocity
dispersions. From various recent studies, the results are given in Table II. In
this table, the quantity on the left is either the full width at half maximum or
the one-dimensional velocity dispersion in km s~!, and the quantity on the
right is some measure of the mean linear size of a GMC in pc. The scatter in
all of the studies is not terribly large, but note that the second and the third
determinations are obtained from the same data set. The close agreement
between the various observers in the value of the power-law exponent of the
linewidth-size relation is so striking, that unless there is a selection effect
common to all of the studies (see, e.g., Blitz 1987a; Kegel 1989), it suggests
that the relation underlies some fundamental property of GMCs.

TABLE 11
Linewidth-Size Relation for GMCs
Relation? References

AV = 1.20R% Dame et al. (1986)

oy = 1.05§9%° Solomon et al. (1987)

oy = 0.31D 053 Scoville et al. (1987)
AV = 0.88D062 Sanders et al. (1985)
AV =0.85D063 Leisawitz (1990)

¢ AV = full-width at half maximum in km s~!; oy = one-
dimensional velocity dispersion in km s~!; R, S and D are
measures of the mean linear size of a GMC in parsecs.

Nevertheless, both the reality and the implications of the linewidth-size
relation have been challenged by several observers. Adler and Roberts (1992)
have argued on the basis of N-body simulations that many of the clouds
identified in galactic surveys are likely to be chance superpositions of unrelated
clouds. Nevertheless, these spurious clouds produce a linewidth-size relation
with the observed slope. The reality of the relation has been questioned by
Issa et al. (1990) from an analysis of published survey data. These authors
showed that if the Solomon et al. (1987) method of analysis is used on their
own survey data, but at (a) positions not centered on their clouds, and (b) at
random locations in the survey, one obtains a linewidth-size relation similar to
that of the original analysis. This result is puzzling unless the linewidth-size
relation is an artifact of the dataset itself, rather than of the dynamical state of
the clouds. In addition, Issaet al. also lowered the threshold of their analysis to
a point where one expects clouds to be blended together into apparent clouds
that are unrelated to one another. Again, Issa et al. obtained a linewidth-size
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relation indistinguishable from that of Solomon et al. suggesting that there
is no physical significance to the linewidth-size relation. Its application to
clouds to obtain, for example, their distances, may be flawed. Analysis of
the Bell Labs *CO galactic plane survey, should be able to resolve this issue
because of the higher contrast in the '*CO data compared to that of CO.

(b) Solomon et al. (1987) have shown that for GMCs in the inner Galaxy
there is a correlation between CO line luminosities and virial masses, and thus
that (1) the CO line is a good tracer of the mass of a GMC, and (2) GMCs are
in approximate virial equilibrium. Maloney (1988,1990a) has challenged this
interpretation on two counts. First, he argues that the CO luminosity-virial
mass correlation can be an artifact of the linewidth-size relation alone. Second,
he argues that one obtains a linewidth-size relation indistinguishable from the
data if one models an ensemble of pressure confined clouds. Because the
CO luminosity-virial mass correlation may be the result of pressure confined
clouds and not gravity, it need not imply that GMCs are virialized. However,
it seems to this author that although pressure may confine the relatively small
clouds, the evidence for gravitationally bound GMCs is overwhelming; see
point (4) above.

(c) Independent estimates of GMC masses from gamma-ray observations
(Bloemen et al. 1984,1986) and from IRAS observations (see, e.g., Boulanger
and Perault 1988), suggest values for the CO/H; conversion ratio which imply
that GMCs are gravitationally bound. If the clouds are in virial equilibrium,
then

(AV)? =aGM/R (1)

where « is a constant near unity.

If (AV) ~ R%3 then M ~ R? which in turn implies that the mean H,
column density of GMC:s is constant. This simple conclusion is presumably
telling us something important about either how GMCs form or how they
regulate themselves. McKee (1989) has assumed the latter in his recent
theory of photo-regulated star formation in GMCs. Kegel (1989) however
has criticized the constancy of the H, column density of GMCs as an artifact
of observational selection. This issue can be resolved by aperture synthesis
observations of GMCs in other galaxies.

(d) GMCs in the outer Galaxy appear to have lower excitation tempera-
tures than GMCs in the inner Galaxy (Mead and Kutner 1988). It is unclear
at present whether this is due to a lower external heating rate, decreased star-
formation rate or both. In any event, the outer Galaxy GMCs have lower CO
luminosities than those in the solar vicinity (Digel et al. 1990), which suggests
that the CO/H; conversion ratio is a function of galactocentric distance.

(e) The distribution of masses for GMCs in the inner Galaxy is found to
be (for masses in excess of 10° Mg), dN (M)/dM « M ~'5 (Solomon et al.
1987). The power-law exponent is the same as that found for the distribution
of clump masses in a GMC (see Sec. VII). If one tries to determine at what
cloud mass half of the H, mass in the Galaxy resides, the various analyses of
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the inner Galaxy CO give results that fall within a factor of 2 of the range 1
to 2 x 10° Mg when account is made of the different assumptions used and
assuming that the power law doesn’t steepen significantly at low masses. This
is very close to the mean value in the solar vicinity (Stark and Blitz 1978).

One of the glaring deficiencies in galactic studies of GMCs is a quanti-
tative study of how the properties of GMCs vary with galactic radius. For
example, we might expect that to be stable against the larger tidal forces and
the larger energy density of dissociating radiation, that inner Galaxy clouds
would be denser than the clouds at larger galactocentric distance. Such a con-
clusion was reached from an indirect analysis of Liszt et al. (1981); however,
no direct confirmation has been made. Such a study would be particularly
useful in trying to understand how different galactic environments affect the
formation and evolution of GMCs. It has been known since the Altenhoff
et al. (1970,1978) 5 GHz surveys of the galactic plane, for example, that
giant HII regions are much more common in what later became known as
the molecular ring than they are at larger galactic radii. Surely the greater
efficiency with which the inner Galaxy GMCs converts molecular gas into O
stars must be a reflection of differing molecular cloud properties, but which
properties? There have been a few studies of molecular clouds in the outer
Galaxy that suggest that there are differences between them and the inner
Galaxy clouds (see, e.g., Mead and Kutner 1988; Digel et al. 1990), but other
than these, systematic studies of the gradients of the large-scale properties of
GMCs as a function of galactic radius are almost totally lacking. It would
seem imperative that even a rudimentary understanding of extragalactic CO
emission would require an understanding of how GMC properties vary within
the Milky Way.

III. DO ALL GMCs FORM STARS?

As mentioned above, various surveys of the molecular gas in the vicinity
of the Sun have turned up only one GMC within 3 kpc that is devoid of star
formation. On the other hand, Mooney and Solomon (1988) argue that at least
25% of the GMCs in the inner Galaxy are devoid of massive star formation.
Therefore, on the basis of local observations, the answer to the question posed
in the heading is essentially yes, and on the basis of inner Galaxy observations,
the answer would be no. We must keep in mind that clouds without O star
formation may still be forming stars of lower mass in great abundance, so
strictly speaking, the solar vicinity and inner Galaxy observations are not
necessarily incommensurate. Care must therefore be taken in defining the
question so that answers are not biased by studies with different sensitivity
limits.

Mooney and Solomon (1988) approach the question by looking at the 100
um surface brightness of inner Galaxy molecular clouds and comparing the
far-infrared luminosities, L to the virial masses of the clouds, Myr. They
find that the ratio L r/M v varies by 2 orders of magnitude for a given mass,



GIANT MOLECULAR CLOUDS 135

but the mean is independent of mass. Molecular clouds with masses greater
than 10* Mg, (i.e., all of which are probably GMCs) are equally efficient, on
average, at forming stars. On the other hand, they find a number of GMCs
with low infrared surface brightnesses. They argue that these clouds are not
rare and that therefore, about 25% of GMCs have no massive stars forming
within them. Let us examine this latter conclusion with reference to what we
know about nearby molcular clouds with known stellar contents.

Consider, forexample, the Taurus and Ophiuchus clouds. Each has amass
of about 10* Mg (Ungerechts and Thaddeus 1987; de Geus et al. 1990), and
from the definitions given in Sec. II, these are probably not GMCs. Neverthe-
less, both clouds have substantial associated star formation, but no associated
HII regions. The star-formation efficiency in the core of Ophiuchus, for
example, may be as high as 25% (Lada and Wilking 1984). Although these
cloud complexes both have stars as early as B associated with them, it would
be very difficult to determine whether clouds in the inner part of the Milky
Way that otherwise appear to be devoid of signs of star formation are like
these clouds. Ophiuchus, for example, has a 100 um infrared luminosity of
about 7000 L, and the infrared luminosity is consistent with it being reradi-
ated starlight from embedded sources (Greene and Young 1989). The overall
star-formation efficiency of the Ophiuchus complex (zero age main sequence
and pre-main-sequence stellar mass divided by the mass of H;) is about 2
to 3% (Wilking et al. 1989a; E. Lada, personal communication), equal to
the mean in the plane of the Galaxy (Myers et al. 1986). This value must
be typical of GMCs in the Milky Way if most star formation takes place in
GMCs. The level of activity found in Ophiuchus, even if it were scaled up for
clouds with masses which would here be considered definitely to be GMCs,
that is, masses greater than 10° Mg, would not be recognizable from studies
such as those of Mooney and Solomon (1988).

However, we run into difficulties even if we attempt to determine whether
all OB star formation would be detectable in galactic surveys, where we define
OB stars as those that give rise to HII regions. To see this, it is useful to refer
ahead to Fig. 3a which shows the 100 um surface brightness of the cloud
complex associated with the Rosette Nebula as observed by IRAS. The peak
brightness of the map, which has had the background removed, is 720 MJy
sr~!, and the infrared luminosity of the cloud is ~ 5 x 10° L.

Mooney and Solomon find that there is a class of infrared-quiet molecular
clouds, many with masses >10° Mg, which have peak 100 um surface
brightnesses only 1/20 that of the infrared-strong clouds. The infrared-strong
clouds are defined by strong localized infrared emission which, in most cases,
seems to result from the action of an H Il region. If it were located in the inner
Galaxy, the Rosette Molecular Cloud would probably be classified as infrared
quiet based on the definition for infrared-strong clouds given by Mooney and
Solomon. That is, an infrared-strong cloud must have a peak 100 um surface
brightness more than a factor of 2 above the local backgrond. In the longitude
range 40° > [ > 0°, the mean surface brightness of the galactic plane between
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0.75° < b < —0.75° is never less than 1000 MJy sr~! (Sodrowski et al. 1987),
thus in a typical location in the inner Galaxy, the Rosette Molecular Cloud
would not meet the brightness criterion. Incidentally, the Rosette HII region
itself is actually a minimum on the infrared maps. Furthermore, its peak
100 pm surface brightness is only 3.5 times that of the mean of the infrared-
quiet clouds, ~200 MJy sr~!. Nevertheless, the Rosette Molecular Cloud is
particularly rich in O stars even though its size and mass are typical of GMCs
in the solar vicinity.

The nebula itself is illuminated by 7 stars of spectral type O4 to BO stars
(Pérez et al. 1987) and the stellar association has 13 stars of spectral type 0 9.5
or earlier (Morgan et al. 1965; Turner 1976). The association is about as rich
as the Orion OB association, the most spectacular star-forming region within
1 kpc of the Sun. However, in spite of the richness of its OB star formation, the
RMC would probably have been classified by Mooney and Solomon as being
devoid of OB star formation on the basis of its surface brightness, probably
because there are no embedded O or early B stars. Furthermore, if the Rosette
OB association had fewer O and B stars, its far-infrared surface brightness
and luminosity would likely be even smaller. It is quite possible, therefore,
that all of the clouds classified as infrared-quiet are Rosette-like objects or
similar sources with fewer O and B stars.

A similar problem exists if one tries to use HII regions to trace the star
formation in inner Galaxy GMCs as was done by Myers et al. (1986). They
used the Altenhoff et al. (1970,1978) 5 GHz surveys to find H Il regions asso-
ciated with molecular clouds, and found a few GMCs (a smaller percentage
than Mooney and Solomon) with very low star-formation efficiencies based
on the absence of detectable 5 GHz flux. However, the Rosette Nebula is
known to have an emission measure of about 3000 cm~® pc (Bottinelli and
Gouguenheim 1964), well below the detection limit at which HII regions are
unambiguously identified in the Altenhoff survey. Other solar vicinity OB
associations (e.g., the Mon OB1 association which contains the well known
young cluster NGC 2264) have HII regions with even lower emission mea-
sures. Low-level infrared or radiocontinuum emission may simply signal that
the conditions in inner Galaxy molecular clouds without giant HII regions
are like those in the Rosette Nebula, and not due to the absence of O stars,
or star formation in general. Such situations can arise when the action of O
stars destroys the dust, when the angle subtended by the molecular cloud at
the ionizing stars is small, or both.

Lockman (1990) has considered the detectability of the Rosette Nebula
in the inner Galaxy in a recent review. He concludes that the Rosette Nebula
would not have been detected in any discrete source survey of the inner
Galaxy to date, including his own sensitive recombination line survey (1989).
Consequently, the abundance of low surface brightness HII region/molecular
cloud complexes in the inner Galaxy is unknown, and may account for the
clouds identified by Mooney and Solomon and by Myers et al. that have little
apparent star formation.
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There may therefore be no discrepancy between the fraction of GMCs
that form stars in the solar vicinity (virtually all) and that found in the inner
Galaxy. The Mooney and Solomon clouds not only may have star-formation
efficiencies similar to that of other GMCs in the Galaxy, but they could
contain substantial OB star formation and still be infrared quiet according
to their definition. On the other hand, some of the clouds in their sample
may have low star-formation rates, but much more sensitive observations are
necessary to determine this. The Maddalena-Thaddeus cloud remains the
only known molecular cloud where the star-formation rate within the cloud is
known to be a small fraction of the rate observed in local OB associations. It
is possible with directed observations to set better limits on the stellar content
of individual inner Galaxy molecular clouds than are currently available, and
it may be possible to find clouds with star-formation rates significantly smaller
than those found in local GMCs. On the other hand, if the inner Galaxy clouds
form stars with the same efficiency as local GMCs (Mooney and Solomon
1988), we might expect that finding GMCs with significantly depressed star
formation efficiencies inside the solar circle will prove difficult.

We conclude, on the basis of both local and Galaxy-wide studies, that
the fraction of GMCs devoid of star formation is very small, probably less
than 10%, but no more than 25%. This fraction suggests that the onset of
star formation in a GMC is only a small fraction of its age, and that a GMC
which is found to be truly without young stars must be very young, possibly
3 Myr, if the mean ages of GMCs are 3 Myr, as is the prevailing view.
The alternative view requires that the small fraction of GMCs without star
formation comprise a separate population of clouds in which the formation of
stars is strongly inhibited for some reason. Detailed comparison of objects like
the Maddalena-Thaddeus cloud with other GMCs should help to determine
whether the latter viewpoint has any validity.

IV. ANGULAR MOMENTUM

The angular momentum of a GMC should reflect the angular momentum of the
interstellar medium from which the cloud formed, thus the specific angular
momentum of a GMC (that is, the total angular momentum per unit mass
of a cloud complex) is an important parameter for understanding its history.
Although much has been written on the evolution of angular momentum in
connection with the formation of individual stars (see, e.g., Mouschovias
1991a; Chapter by McKee et al., and references therein), little is known about
the angular momentum of GMCs. Mestel (1966b) considered the problem of
the angular momentum of a planet condensing from a protoplanetary disk; this
work is applicable in part to the problem of GMC formation from the disk of
the Galaxy. In the case of a GMC that condenses from the general interstellar
medium, however, it is possible, perhaps even likely that magnetic fields
play a role (see, e.g., Mouschovias et al. 1974), a possibility not considered
originally by Mestel, but which is discussed in his chapter in Protostars and
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Planets Il (Black and Matthews 1985). In what follows below we will first
evaluate the evidence for the overall rotation of GMCs. We will then consider
how the specific angular momentum of a GMC compares to that of the material
from which a cloud formed.

A. Rotation vs Shear

That GMCs rotate has long been inferred from the velocity gradients observed
across them (see, e.g., Kutner et al. 1977). The Kutner et al. observations of
the Orion cloud show a continuous velocity gradient suggestive of solid body
rotation (see Fig. 1 above). However, the velocity gradients may also be due
to shear resulting from the momentum deposited by energetic stellar winds.
Bally (1989) has argued, for example, that the large-scale velocity gradient
in the L1641 cloud in Orion results from the interaction of the molecular
gas with the energetic stellar winds from the O stars in the association, and
that the gradient is due to a wind induced differential linear acceleration of
the molecular material rather than rotation. Could it be that the large-scale
gradients of all GMCs in which they are found are the result of similar stellar
wind activity?

Table Il gives the values of the largest known velocity gradients for entire
GMCs. The values are uncertain by about 20%. The negative sign indicates
that the inferred angular velocity is antiparallel to the angular velocity vector
of the galactic disk.

TABLE 111
Measurable Velocity Gradients for Giant Molecular Clouds
Cloud Gradient 1/2R%*Q  Reference
kms~!'pc!'  kms™!pc
Rosette —0.18 —47 Blitz and Thaddeus (1980)
Mon RI ~ —0.20 —45 Blitz (1978)
W3 0.30 27 Thronson et al. (1985)
Orion -0.10 —-74 Kutner et al. (1977)

Typical GMC < £0.05 < %15 various; Blitz (1980)

Other velocity gradients published for GMCs are significantly smaller in
absolute value than the values quoted above. Note that the observed gradients
listed in Table I are much larger than the galactic shear due to differential
rotation. In each case, the most recent burst of star formation has taken place
at or near the edge of a prolate molecular cloud, and, with the exception of
the W3 cloud, the gradient is in a direction roughly parallel to the galactic
plane along the long axis of the cloud. In the W3 cloud, the gradient is
nearly perpendicular to the plane of the Galaxy in a layer argued by Lada
et al. (1978b) and Thronson et al. (1985) to be swept up by the Cas OB6
association. It appears likely that the velocity gradient in this cloud is related
to the sweeping action of the stellar association. Can an OB association
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accelerate the molecular gas in a GMC along the long axis of the cloud in
such a way as to induce the observed velocity gradients if the stars are situated
at one end? The linear shear thus induced can in principle produce a positive
or negative velocity gradient depending on the orientation of the cloud with
respect to the line of sight. In what follows, we consider only the three clouds
with gradients roughly parallel to the plane; we omit W3.

If GMC velocity gradients were due to the acceleration of cloud material
by stellar winds, then the geometry of the complexes must have undergone
a considerable rearrangement. Consider the last panel shown in Fig. 1. The
stars capable of producing stellar winds are located just beyond the upper edge
of the cloud along the line defined by the long axis of the cloud. The material
most distant from the accelerating stars must have at one time been closest to
them. The time scale required to reach the present state is ~10 to 20 Myr.
The material must have remained at all times molecular, because there is no
evidence in any of the clouds that the gas has condensed from a previously
atomic or ionized state. Nevertheless, we know that HII regions tend to
ionize and evaporate the molecular gas rather than simply to accelerate it. A
good example is the molecular gas most closely associated with the Rosette
Nebula. The mean density of the optical nebula is nearly equal to the mean
density of the molecular cloud suggesting that the stars have simply caused
a phase change in the pre-existing gas. Also, there is remnant molecular gas
seen in projection against the optical nebula, the well-known optical globules,
and these have been shown to be evaporating (Herbig 1974; Schneps et al.
1980). In the three GMCs of interest here, the clouds are prolate with the long
axis pointing away from the direction of the accelerating stars. It is hard to
understand how it would be possible to accelerate such a large mass of neutral
material so that the acceleration is linear rather than shell-like.

Perhaps the most serious objection to a wind induced gradient for the
GMCs comes from the conservation of linear momentum. If the clouds in
Table 1II have a mean mass of ~10° Mg, the linear momentum imparted to
the clouds has a typical value of ~ 5 x 10°> Mg km s~!. This implies, from
Newton’s third law, that gas must have been accelerated in the opposite direc-
tion with the same momentum. Orion has a bubble of ionized gas expanding
in a direction opposite to the molecular cloud (Reynolds and Ogden 1979),
but the mean radial velocity of the ionized gas has the wrong sign to conserve
the linear momentum. The ionized gas, therefore, should have no relation
to the velocity gradient in the cloud. Furthermore, no such “counterjets” of
material are evident in the vicinity of any of the other two GMCs in either
atomic, molecular or ionized gas. Moreover, if the mass of any such gas is
small compared to that of the GMC itself, it would be accelerated to velocities
that would stand out clearly in spectral line surveys of such gas in the galactic
plane.

It therefore seems reasonable to conclude that the velocity gradients
observed in CO are due to rotation rather than shear, and the remainder of this
section proceeds from this conclusion.
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B. Conservation of Angular Momentum

1. Initial Angular-Momentum States. The specific angular momentum, J /M,
of the general ISM with which one wants to compare that of a GMC depends
in detail on how a cloud forms and the angular momentum distribution of the
disk of the galaxy in which it is located. We might consider, for example, that
a cloud forms when a disk-like region becomes gravitationally unstable and
collapses. Inthis case, we expect aresult similar to that considered analytically
by Mestel (1966b) who showed that for a cloud that has condensed from a
disk with a flat or rising rotation curve, the angular momentum is always
prograde in an inertial frame of reference. If the rotation curve is falling, then
the rotation can be either prograde or retrograde depending on the details of
the cloud formation. Furthermore, it is the form of the rotation law locally
that determines the initial angular momentum of the cloud.

We wish to calculate 1/2R?, the specific angular momentum for the
interstellar medium from which a local GMC forms. The quantity R is the
size of the region that has collapsed to form a GMC. Let us assume first
that the cloud is formed from the condensation of atomic gas only. We now
ask from what radius must a cloud contract to form a cloud with a mass of
2 x 10° My? Let us assume that the geometry of the initial configuration
of the condensing gas is that of a cylinder with a diameter equal to that of
its height. This assumption will not have a large effect on the final results
unless the initial geometry is very different in one direction from the others.
The surface density of atomic gas in the vicinity of the Sun is 5§ Mg pc~2
(Henderson et al. 1982). The local effective scale height of the atomic gas is
200 pc (Falgarone and Lequeux 1973); thus the midplane density of atomic
gas is 0.5 cm™3. The radius of a cylinder that would contract to form a typical
GMC in the solar vicinity is therefore 140 pc.

If the GMCs formed from initially molecular gas, R would increase to
220 pc because the surface density of molecular gas locally is 1.3 Mg pc™2
(Dame et al. 1987). However, it is difficult to see how a GMC could form
from molecular gas without dragging some atomic gas along with it. If the
GMCs form from a combination of atomic and molecular gas, R will of course
have some intermediate value. The dependence of R on the initial geometry is
weak because it scales as the 1/3 power of the initial mass. We may then take
the value of 140 pc for R to be a reasonable lower limit, but even considering
the uncertainties of geometry and the inclusion of molecular gas, it is probably
not in error by more than about 50%.

The initial value of 2 depends on the details of the collapse (or equiva-
lently accretion) of the gas that forms the GMC. Consider what happens for
collapse along a line of constant radius in the limit that all of the collapsing
gas lies at a single distance from the galactic center. This needle-like collapse
has zero angular velocity in the rotating frame centered on the local standard
of rest (LSR) (which I will call the LSR frame), and is +0.025 km s™! pc~! in
the inertial frame. Consider now a similar collapse which takes place in the
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perpendicular direction, along a line of galactic radius. In the LSR frame, Q
is determined by the large scale shear in the Galaxy. Assuming a flat rotation
curve, the value of © in the solar neighborhood is —0.025 km s~! pc~'; in the
inertial frame, €2 is zero. We find therefore that the value of the initial angular
momentum depends on the details of the collapse. The angular momentum of
the gas that initially forms a GMC can have a range of values, therefore, from
0t0250km s™! pc (or 0t0 7.7 x 10%° cm? s~!) assuming that the GMC formed
in a location where the rotation curve is flat. Allowing for the uncertainty in
R, this value can be higher by about a factor of 2.

2. Final Angular-Momentum States. Consider a typical GMC in the solar
vicinity with a mass of 2 x 10° M. Such clouds have a typical dimension
of 45 pc (Blitz 1978), a maximum dimension of about 100 pc and tend to be
elongated along the galactic plane (Stark and Blitz 1978; Blitz 1980). If the
true shape of the clouds is that of a cigar, the specific angular momentum is
1/3R2Q; if it is a disk, then the specific angular momentum is 1/2R?Q. As
stated atove, the values given in Table III are the largest published velocity
gradients for entire GMCs. The velocity gradient of a typical GMC is less than
half that of the L1641 cloud, and published maps make it difficult to discern
gradients smaller than about 0.02 kms~! pc~!. In a survey of the literature,
Blitz (1980) found that only half of the GMCs known at that time had a
measurable velocity gradient. Thus, if the velocity gradient is entirely due to
rotation, 2 has an extreme value for GMCs of 0.3 km s~! pc~! in the solar
vicinity, but has a typical value somewhat less than 0.05 kms~! pc~!. The
specific angular momentum of a typical GMC is therefore somewhat less than
about +15 pc km s™! or 5 x 10%* cm? s~!, for clouds with a typical diameter
of 45 pc. The specific angular momentum for the four clouds considered in
Table III is listed in the table.

For the clouds with measurable gradients, the sense of the rotation is
retrograde with respect to the galactic rotation in a rotating coordinate frame
of reference centered on the LSR; that is, the three clouds (other than W3)
have higher velocities on the low longitude side of the cloud. To transform
to an inertial frame of reference, we must add the angular velocity of the
LSR, o, to the observed angular velocities; about 0.025 kms~! pc~!. This
value is small compared to the measured angular velocites for the GMCs in
the table above. Thus, the sense of the angular momenta of the three clouds
with negative gradients is retrograde even in an inertial frame of reference.
The GMCs without measurable gradients have angular momenta consistent
with zero in the inertial reference frame. It was noted above that most of the
mass in GMCs typically resides in dense clumps which may themselves be
spinning. However, because of the R? dependence of the angular momentum,
and because clumps do not, as a general rule, show large velocity gradients
(although there are many specific counterexamples), the angular momenta
of the clumps are not likely to contribute significantly to the total angular
momentum of a GMC.

3. Comparison. Because the clouds listed in Table III are strongly
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counter-rotating, that is, rotating in a sense opposite to the Galaxy, in the
inertial frame, these clouds cannot have conserved angular momentum from
the initial states calculated above. Mestel (1966b) pointed out that retrograde
rotation can occur if the disk from which the clouds form has a falling rotation
curve. The Oort A constant expected in the solar vicinity for a flat rotation
curve is 12.5 kms™" kpc~!. However, almost all measurements of this quan-
tity suggest that the value is 15 kms™! kpc~' (Kerr and Lynden-Bell 1986),
a value which implies that locally the rotation curve is falling. Such local
variations are expected in the vicinity of a spiral arm. The value of the Qort A
constant does not affect the collapse of a cloud along a line of constant radius.
However, for the case of radial collapse, €2 has a value of —0.005 km s~! pc_1
in the inertial frame. The corresponding specific angular momentum is ~50
km s™! pc, but may be somewhat higher if the initial geometry is different
from the one considered above.

Thus all of the clouds with large gradients have angular momenta within
the values expected from collapse from the diffuse interstellar medium. How-
ever, the counter-rotating clouds put a severe constraint on how the clouds can
have formed. That is, unless they did not form by condensation, they must
have formed where the rotation curve is locally falling, and they must have
collapsed very nearly along a line of galactic radius. Because this constraint
is so severe, it is important to establish unequivocally that the large velocity
gradients are due to rotation and not to shear. In this way, statistical studies
of the angular velocities of many GMCs can provide important information
about how the clouds formed.

Now, consider the typical GMCs. These have angular momenta which
are only a small fraction of the allowable range. Does this mean that clouds
only form from low angular-momentum initial states, or does it tell us that the
initial angular momentum is frequently large, but in most cases is shed at an
early stage as might be the case for magnetic braking? With the current data
there is no way of deciding between these alternatives. Nevertheless, finding
the answer to this question will likely tell us much about how GMCs form
and evolve.

It is important to recognize that the observed values of J /M quoted
above are reasonably well determined. For a molecular cloud, the velocity
differences across a cloud can be measured to an accuracy of about 1 kms™!
(measurement errors are considerably smaller). Large velocity gradients are
therefore measurable to an accuracy of 10 to 20%. The major source of
uncertainty is probably the distance to a cloud, which, for clouds like Orion
and the Rosette are probably as low as about 20%. For the ISM, the largest
uncertainties are the value of the Oort A constant, which is probably known
to an accuracy of 20%, and the midplane density of the atomic hydrogen gas,
which translates into the distance R out to which the ISM must be collected
to form a GMC. The uncertainty in the density is probably less than 50%, but
in any event, the distance R depends only on the 1/3 power of the midplane
density, and thus J /M on the the 2/3 power. The major uncertainty for the
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are formed. For example, if the efficiency of transformation of the ISM into
molecular material is low, then R may be bigger, and the resulting / /M may
be larger.

Studies of the angular momentum distribution among the GMCs simply
do not exist at present in spite of the importance that they have for under-
standing how the molecular clouds form from the interstellar medium. It is
unknown, for example, whether there are any examples of clouds with mea-
surable prograde rotation in the LSR frame. Even the results quoted above
come partly from unpublished analyses of molecular clouds and from personal
communications. There is a wealth of information, however, in the large-scale
surveys of the CO distribution in the Galaxy. For example, there have been
hundreds of GMCs that have been catalogued (Solomon et al. 1987; Scoville
et al. 1987) in the inner Galaxy. It would be an easy task to determine to
what degree GMCs which exhibit measurable velocity gradients will have the
sense of the angular momentum antiparallel to the angular momentum of the
Galaxy, yet this has never been done. Nor has a detailed study of the angular
momentum of GMCs as a function of galactic radius been done. Many other
questions about the distribution of angular momentum are answerable with
existing data.

V. CLOUDS IN DIFFERENT EVOLUTIONARY STATES

Within have at least some traces of star formation. However, in 1985, Mad-
dalena and Thaddeus found a cloud in the outer Galaxy with a mass of ~10°
Mg, a longest diameter of about 150 pc (both of these numbers assume a
kinematic distance of 3 kpc), without any obvious traces of star formation ac-
tivity. Moreover, the cloud has relatively weak, broad CO lines which appear
to be different from those seen in most of the clouds observed in the local
solar neighborhood. Maddalena and Thaddeus speculated that the cloud is so
young that it has not yet had time to form stars.

If this hypothesis is correct, there should not be any buried or embedded
population of stars within the cloud. It is possible, for example, that there
is a large HII region on the far side of the cloud which is obscured by the
intervening dust (even this hypothesis is unlikely because HII regions are
almost always accompanied by strong CO peaks). In order to look for the
effects of heating from an embedded population of stars, maps of the cloud
have been made using the IRAS 100 wm database, and the result is shown
in Fig. 2a (Puchalsky and Blitz, in preparation). Figure 2b shows the CO
emission associated with the Maddalena-Thaddeus cloud taken from their
paper. For comparison, a similar map of the 100 um emission from the
Rosette Molecular Cloud is shown in Fig. 3a, and the molecular cloud is
shown in Fig. 3b. Both maps have the zodiacal emission removed and have
had a background subtracted. Remarkably, the highest contour in Fig. 2a is
lower than the Jowest contour in Fig. 3a. The average 100 um emissivity
for the Maddalena-Thaddeus cloud is more than 2 orders of magnitude lower
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Figure 2.  Figures 2 and 3 show IRAS 100 um emission and CO emission from
two GMCs in apparently different evolutionary states. (a) IRAS 100 m emission
from the region of the Maddalena-Thaddeus GMC. The molecular cloud is located
in the range —1°45' > b > —3°30' and 214° > [ > 219°. There is no IRAS flux
detectable in the figure that can be definitely associated with the molecular cloud.
The largest flux detected in the direction of the cloud is about 20 Mly st™!. (b)
CO emission integrated over all velocities associated with the Maddalena-Thaddeus
Cloud. Both (a) and (b) are on very nearly the same angular scale. Note the almost
complete absence of infrared emission from the region where the CO emission is
detected.
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for the Maddalena-Thaddeus cloud is more than 2 orders of magnitude lower
than that of the Rosette Molecular Cloud. Because the far-infrared emission
is generally thought to come from reradiated starlight, by comparison with the
Rosette, which has an infrared emissivity typical of GMCs in the solar vicinity
(Boulanger and Perault 1988), the Maddalena-Thaddeus cloud is extremely
deficient in embedded stars.

This evidence supports the hypothesis that the Maddalena-Thaddeus
cloud is so young that it has not yet had time to form stars. It is there-
fore an excellent candidate to examine the differences in structure between
it and a more evolved cloud like the Rosette Cloud, or the Orion Molecular
Cloud. But if the Maddalena-Thaddeus cloud is too young to have yet formed
stars, and the Rosette and Orion clouds are middle aged clouds still in the
throes of star formation, is it possible to find a demonstrably old cloud, one
which is now showing only the last vestiges of star formation? The answer
appears to be yes. Probably the best candidate for a remnant molecular cloud
is the small cloud associated with the Lac OB1 association. Although no
systematic study of the molecular gas in this region has yet been undertaken,
the overall morphology can be seen in Fig. 4 which shows an IRAS map of
the region at a wavelength of 100 pm.

The Lac OB1 association is one of the oldest OB associations in the solar
vicinity with an age of ~20 Myr (Blaauw 1964). There are two subassoci-
ations, the younger of which has an age of ~6 Myr. Very sparsely sampled
observations (Blitz, unpublished) indicate that there is almost no molecular
gas remaining in the region; what there is appears to be concentrated in the
knot centered at ¢ = 22°30', § = 40°S. This knot is the location of the
reflection nebula DG187. The stars, on the other hand, are spread throughout
the area of the map. At the 500 pc distance of the OB association, the remnant
cloud appears to be no more than 10 pc in extent. The large loop seen in
the figure is probably dust associated with a shell of atomic hydrogen, and is
evidently the result of the stellar winds, and possibly supernovae from the stel-
lar association, which, together with the ionizing radiation from the O stars,
appear to have effectively destroyed the molecular cloud. Very little is known
about the overall gas and dust content of the region, but it presents a good
opportunity to study what appears to be the last gasp of the star-formation
process. Studies of such regions promise to explain how the gas and dust in a
molecular cloud that has not been converted into stars is ultimately returned
to the interstellar medium.

It is also possible to find clouds in different evolutionary states statisti-
cally, as has been done by Leisawitz (1990). He has surveyed the molecular
gas near numerous open clusters of varing ages and finds that molecular clouds
associated with open clusters older than 10 Myr are significantly smaller than
the clouds associated with younger clusters. He argues that this result is
not due to observational selection and suggests that molecular clouds are
destroyed or dispersed on a time scale of ~10 Myr.
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Figure 3. (a) IRAS pm emission associated with the Rosette Molecular Cloud. Note
that the Jowest contour in the emission is 50% higher than the highest contour in
Fig. 2a. The difference in the mean emission from the two clouds is at least 2 orders
of magnitude. The optical nebula is centered on the hole in the infrared emission
at/ = 206°2b = —2°. (b) Map of the CO emission integrated over all velocities
associated with the Rosette Molecular Cloud from data taken with the Bell Labs’
7-m antenna. The angular scale is very nearly the same as that shown in (a) (figure
from Blitz et al., in preparation).



GIANT MOLECULAR CLOUDS 147

2240+43_ |ACZEROQ.B4.1

D
E
C
L
|
N
A
7
|
0
N
39t A
23 00 22 55 50 45 40 35 30 25 20
RIGHT ASCENSION
Grey scole flux ronge= 3.0 35.0 MJY/SR
Peak contour flux = 6.3011E+01 MJY/SR
Levs = 1,0000E+00 « { 6.000, 7.500, 10.00,
12.50, 15.00, 20.00, 35.00)

Figure 4. IRAS 100 um emission from the region of Lac OB1. The only location
from which CO has been detected to date is the small knot at @ = 22#30™§ = 40°5
which is associated with the reflection nebula DG187. This figure was produced by
E. de Geus.

VI. RELATIONSHIP TO ATOMIC HYDROGEN

The relatively sharp boundaries of GMCs are inferred from the quantitative
analysis of Blitz and Thaddeus (1980), and the appearance of many GMCs on
the Palomar Observatory Sky Survey prints. In the latter case, a well-defined
region of dust obscuration is observed for many GMCs, and these follow the
outermost contours of the CO emission quite closely. This is especially true
for GMCs within 1 kpc of the Sun where the contrast between the foreground
dust obscuration and the background stars is the highest. Good examples are
the Orion Molecular Cloud (especially the boundary at the lowest galactic
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latitudes (see the CO maps of Kutner et al. [1977] and the 3CO maps of
Bally et al. [1987]), the Mon OB1 molecular clouds (see Blitz 1980), and the
Ophiuchus molecular clouds (see the CO maps made by de Geus et al. [1990]
and Loren [1989a]). There are many other examples that illustrate this point.

These sharp boundaries suggest that there is a phase transition that takes
place at the boundaries of the clouds, but what then is the state of the gas at
the low-density side of the phase transition of the GMC? Wannier et al. (1983)
have shown that for a few GMCs, there is a thin layer of atomic hydrogen in
a transition zone probably associated with a photodissociation region. In a
larger-scale unpublished analysis of the atomic clouds associated with local
GMCs, Blitz and Terndrup (unpublished) have analyzed the HI emission
from the velocity range detected in CO for a number of GMCs in the solar
vicinity. One such map was shown in Blitz (1987a). Figure 5 is another such
map; it shows the HI column density associated with the molecular cloud
accompanying the Per OB2 association (this is the cloud that contains the
NGC 1333 star-forming region). The map contours are in units of 102! cm~2;
the contour marked 10 therefore is associated with an extinction (A ) of about
0.5 mag. The map itself shows the HI emission integrated over the velocity
range 4.2 to 12.7 kms~! | the velocity range associated with the Per OB2
cloud, which is shown as the shaded area in the figure. The association of
the atomic gas with the molecular cloud is quite obvious. All of the GMCs
surveyed to date show atomic envelopes similar to that shown in Fig. 5.

In order to quantify the relationship between the atomic and molecular
gas, Blitz and Terndrup estimated the mass of atomic gas associated with the
molecular clouds they studied by estimating the angular extent to which the
atomic gas shows an excess over the background in the relevant velocity range.
These masses are then plotted as a function of M(H) derived from the CO
maps using the CO/H; conversion ratio of Bloemen et al. (1986). The results
are plotted in Fig. 6. The error bars are from estimates of the uncertainty in
defining the background level for the atomic clouds, and in determining the
CO/H, conversion ratio for an individual molecular cloud. What the figure
clearly shows is that the molecular clouds have atomic envelopes that are as
massive as the molecular clouds in most cases. Note, however, that the atomic
clouds are much more extended; the H I masses pertain to the entire region in
which HI is seen above the background. The individual maps show a very
small range in the peak column density of the atomic gas associated with the
molecular clouds; that is, only 1to2 x 102! cm~2, oran A, of 0.5 to 1.0 mag.
A similar result has been found for diffuse molecular clouds in the Milky Way
(Savage et al. 1977), and for a GMC in M31 (Lada et al. 1988a).

VII. THE CLUMPY STRUCTURE OF GMCs

As early as 1980, Blitz and Shu noted that all GMCs that have been observed
up until that time exhibit clumpy structure. The evidence at the time suggested
that the density contrast between the clumps and the interclump medium is
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Figure 5.  Map of the atomic hydrogen emission associated with the Per OB2
molecular cloud. The emission is integrated over the velocity range 4.2 to 12.7
km s~', and the contours are in units of 10%° cm~2. The molecular cloud is shown
as the shaded region. There is clearly enhanced emission in the vicinity of the
molecular cloud. This map is typical of all of the GMCs in the solar vicinity.

large because the densities required to detect CO at the observed antenna
temperatures are an order of magnitude greater than the mean densities in-
ferred if the clouds have dimensions along the line of sight comparable to
their dimensions in the plane of the sky and the CO is uniformly distributed
within it. Thus, if the H; is clumped so that the volume filling fraction is
~0.1 or less, implying a clump/interclump density contrast 10, the dis-
crepancy disappears. This conclusion was qualitatively confirmed from the
velocity structure observed in the '*CO maps of the dense ridge of the Rosette
Molecular Cloud (Blitz and Thaddeus 1980).

Recently, Scalo (1988,1990) has attacked much of the standard picture
of the description of the interstellar medium. He has argued that concepts
such as clouds and clumps are frequently artifacts of the limited dynamic
range inherent in many observations, selection biases, etc. However, high-
quality three-dimensional data cubes have recently become available from
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Figure 6.  Plot of the mass of atomic hydrogen emission associated with a number
of GMCs in the solar vicinity. The atomic hydrogen mass associated with the GMC
is taken over a narrow velocity range centered on the molecular cloud velocity and
the molecular mass is taken from the CO emission integrated over the area of the
molecular cloud.

observations of the generally optically thin '*CO molecule. These cubes have
high signal-to-noise ratios, and have many resolution elements across the
projected cloud areas. Furthermore, the inclusion of the velocity information
can circumvent many of the objections raised by Scalo in his provocative
study. It is the inferences made from the '*CO observations that are discussed
below.

In principle, an understanding of the clumpy structure of molecular clouds
holds a great deal of information about their evolution. For example, is the
clumpy structure a result of the process of star formation, or is the clumpiness
primordial? If the clumpiness is primordial, one should be able to see the
process of clump formation taking place in the diffuse interstellar medium.
In either case, detailed observations of the kinematics of the clumps should
be able to resolve the issue. Does the interclump medium play a role in
the structure and evolution of the GMCs? In what form is the interclump
medium? How do the clumps eventually form stars? OB associations and
massive star clusters must eventually form from large massive clumps. Can
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we find these clumps? Because collisions between clumps should be highly
inelastic, the kinematics of the clump ensemble should provide a great deal
of information about the history of a GMC.

The density structure of GMCs is best inferred from a pervasive optically
thin molecule. The best current candidate is '*CO, but receivers sensitive
enough to observe '*CO over the large angular extents needed to map a GMC
fully have been available only since the early 1980s. Thus, fully quantitative
information on the density structure of GMCs has not become available until
fairly recently. Large scale '*CO maps which delineate the clumpiness of
GMCs are now available for the Rosette Molecular Cloud (Blitz and Stark
1986), the Orion Molecular Cloud (Bally et al. 1987a), parts of the Cep OB3
molecular cloud (Carr 1987), parts of the Ophiuchus molecular cloud (Loren
1989a; Nozawa et al. 1991), and some anonymous CO clouds toward /=90°,
b=3° (Perault et al. 1985). Extensive observations of the clumpiness of
molecular clouds also have been made in the Orion B molecular cloud using
CS (Lada et al. 1991a) and in part of the M17 molecular cloud using C'*0
(Stutzki and Giisten 1990).

We review here some of the results from the '>CO observations of the
Rosette Molecular Cloud (Blitz et al., in preparation) and compare them to
other published work on clumpiness. Blitz and Stark (1986) showed that the
clumpy structure of the Rosette Molecular Cloud becomes especially clear
when analyzed using position-velocity diagrams. Such plots are superior to
channel maps (maps made in two spatial dimensions at a particular velocity
interval) because small differences in clump velocities are not as apparent
in the channel maps. Because the velocity differences between clumps are
frequently smaller than the line-width of the CO emission from an individual
clump, channel maps tend to blend the emission from several adjacent clumps
into one large entity. On the other hand, because the velocity resolution
of the position-velocity maps is generally high enough that the individual
line profiles and the velocity differences between clumps is easily seen, the
identification of separate kinematic units is easier to accomplish.

For the Rosette Molecular Cloud, analysis by means of position-velocity
maps has made it possible to produce a catalog of individual clumps because
in that cloud the separation between the clumps is large enough to make the
identifications of individual objects possible by eye. A similar procedure has
been carried out by Loren (1989a) for the streamers in Ophiuchus, and by Carr
(1987) for a piece of the Cep OB3 molecular cloud. What makes the Rosette
study different is that enough of the molecular cloud has been observed to
make conclusions about the structure of the cloud as a whole. It is unclear,
however, to what degree the procedure of identifying clumps by eye will work
for other GMCs. This is simply another way of saying that it is unclear at
present to what degree the structure of the Rosette Molecular Cloud is typical
of other GMCs. It should be pointed out, however, that in terms of its size
and mass, the Rosette Molecular Cloud is quite typical of other GMCs in the
solar vicinity.
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Blitz, Stark and Long reach the following conclusions from an analysis
of their data:

1. Between 60 and 90% of the H; mass resides in the clumps they have
identified in their catalog. Therefore, most of the molecular mass is in the
clumps and is not in a distributed component.

2. The mean H, density for all of the clumps is ~1 x 10° cm™3. The
volume averaged density for the entire complex is ~25 cm™3 (Blitz and
Thaddeus 1980); therefore the volume filling fraction of the clumps is ~2.5%.
A similarly low-volume filling fraction of 3% is derived for the G90+03
molecular cloud complex observed by Perault et al. (1985). If we assume
that 10 to 50% of the H; mass is in a diffuse component not related to the
clumps, then the interclump density is ~2.5 to 12.5 cm™3. The existence of the
HI envelopes suggests that the interclump medium in GMCs also contains
an atomic component, but because the envelopes are much more extended
than the molecular clouds, the average HI density within the volume of the
molecular cloud is unlikely to be more than about ~15 cm™3. Thus, the
clumps are not small density enhancements in a relatively smooth substrate,
but are dense blobs held together by their mutual gravitational attraction which
are moving through a tenuous interclump medium.

It should be noted that although the }*CO observations provide the best
quantitative estimates of the density contrast of the clumps, important con-
firmation of this contrast comes from the large spatial extent of the C II/C I
regions around O stars (Stutzki et al. 1988; Genzel 19915). That is, the
large penetration of the C II emission regions into molecular clouds requires
a clump/interclump density ratio of 10 to 100, similar to what is found from
13CO mapping of the Rosette and G90+03 clouds. Thus, very different kinds
of observations of GMCs in different parts of the sky reach similar conclusions
about the density contrast of their clumps.

An interesting question arises as to whether the clumps themselves have
internal structure. Because the clumps have a mass spectrum different from
the Salpeter or Miller-Scalo Initial Mass Function (see below), the implication
is that the clumps in which the star formation takes place must be fragmented
on still smaller scales. Direct evidence for this comes from the C!30 mapping
of two clumps in G90+03 by Perault et al. (1985), and from unpublished
maps of 13CO, C'80, and CS of a large clump in the Rosette Molecular Cloud
(Blitz and Puchalsky, unpublished). However, to date, this subclumping has
not been well characterized quantitatively. Presumably it is the subclumping
within a GMC, that is, the fragmentation of the individual clumps, that is the
direct precursor of individual stars (see Sec. IX).

3. The distribution of clump mass follows a power law such that

dN(m) = N oM ~154aMm (2)

where dN (m)/dM is the number of clouds per solar mass interval, and N ¢ is
460 Mg~
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There are a number of studies that have been done to date which indicate
that the clump mass spectrum is a power law and that the power-law exponent
is similar to that obtained for the Rosette Molecular Cloud. The observations
are summarized in Table IV below. The Cep OB3 spectrum was calculated
from the original unpublished list kindly provided by J. Carr and does not
include the lowest-mass bin, which is likely to suffer from incompleteness.
The Loren value, quoted in the original paper as —1.1 is incorrect, the value
given in Table IV was recomputed from the data presented in his paper.

TABLE IV

Clump Mass Spectrum Power Law
Exponent Tracer Source Reference
—15 3Co Rosette Blitz et al. (1991a)
-1.6 CS Orion B Lada et al. (1991)
-14 Bco Cep OB3 Carr (1987)
-1.7 C®0 MI17SW Stutzki and Giisten (1990)
-1.7 Bco Opiuchus Loren (1989a)
-1.7 B3co Ophiuchus Nozawa et al. (1991)

That all five studies should obtain such a similar power law is even more
remarkable than the similarity of the power-law exponent in the linewidth-
size relation for GMCs given in Sec. II. The data for the different clouds are
sensitive to different ranges of mass and density, and use different reduction
and analysis techniques. Furthermore, unlike the data used to obtain the
molecular cloud distribution, all of the measurements are determined from
fundamentally different sources. Given the uncertainties in the determinations
of the slopes, it is reasonable to conclude that for the molecular clouds that
are well studied to date, there is a universal mass spectrum for the clumps
within a GMC, and that the spectrum is a power law with an exponent of
—1.6 with an uncertainty of ~10% and that the power law seems to hold
over three orders of magnitude in mass, i.e., from ~1 Mg, to about 3000 M.
A reasonable inference is that the processes that determine the distribution
of clump masses are rather similar from cloud to cloud. Clouds that show
significantly different values of the mass spectrum are then likely to have had
different dynamical histories.

It is noteworthy that none of the power-law exponents resembles the initial
mass function, however. This suggests that the clumps that are observed in
these studies are not the ones that form individual stars. Unless the clumps
somehow have a star formation efficiency that varies with the mass of the
clump (Zinnecker 1989b), the formation of individual stars lies deeper within
the clumps that have so far been identified. Some of the larger clumps have
sufficient mass to form entire clusters or OB associations, so this result is
not entirely surprising. At some level, one expects to find the IMF mirrored
in the spectrum of condensations within a GMC, but it appears that these
condensations will be identified as the substructure within individual clumps.
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This concept has meaning only if it is possible to identify a scale or a parameter
that can differentiate the clumps within a complex from the structure within
the clumps, but this has not yet been accomplished. It is likely that high-
resolution interferometric observations will be needed to observe the true
star-forming condensations in most GMCs,
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Figure 7. Map of the '*CO emission from the Rosette Molecular Cloud taken from
Blitz and Stark (1986). The shaded areas are the locations of the eight most massive
clumps associated with the molecular cloud complex.

4. Although most of the mass in the Rosette Molecular Cloud is in
clumps that are at or near the point of being gravitationally bound, most of
the clumps are not gravitationally bound. That is, half of the mass is in the 10
most massive clumps of the 86 catalogued; however, the 40 or so lowest mass
clumps do not appear to be gravitationally bound. A similar conclusion was
reached by Carr (1987) and Loren (1989a) who found that virtually none of
the clumps in the clouds they observed are gravitationally bound. This point
is discussed in greater detail in the following section.



GIANT MOLECULAR CLOUDS 155

5. The most massive clumps in the Rosette Molecular Cloud lie close
to the midplane. This can be seen from Fig. 7 which shows the eight most
massive clumps shaded on the map of the velocity integrated '*CO emission
published by Blitz and Stark. These clumps as a group are the most tightly
bound of all of the ciumps as measured by the ratio of their gravitational to
internal kinetic energy. Thus, the next cluster of stars to form in the cloud
complex is most likely to form from one of these clumps.

6. The clumps show a strong velocity segregation with mass. Figure 8 is a
plot of the clump-to-clump velocity dispersion as a function of mass for the 86
catalogued clumps. The most massive clumps, the ones that lie closest to the
midplane of the complex, also show the smallest velocity dispersion. These
results strongly suggest that the clumps have undergone dynamical evolution
in the time since the complex has formed. That is, the clump maps and the
clump kinematics show a clear signature of inelastic collisions thai indicate
that the cloud has evolved considerably since it first formed. Because the
observations were made in a part of the complex that has not been affected by
the Rosette Nebula itself, and because there is little evidence for star formation
in the mapped area, it appears that the observed structure and kinematics are
the result of the dynamics of the clumps themselves without the intervention
of energetic phenomena associated with star formation (e.g., HII regions,
stellar winds, protostellar outflows, supernova explosions). Furthermore, the
young stars that are found within the mapped boundaries (Cox et al. 1990)
all appear to be embedded in dense clumps and would not therefore affect
the overall dynamics. If the young stars and molecular clumps in this region
are the result of either photoionization-regulated star formation such as that
described by McKee (1989) or by the mechanism of Norman and Silk (1980),
then substantial numbers of T Tauri stars which have not yet been identified
would have to be found projected on the cold part of the molecular cloud.

7. There is a strong correlation between the embedded IRAS point sources
and the clumps identified in '3CO (Cox et al. 1990). The brightest infrared
sources are associated with the most massive clumps. Inthe Rosette Molecular
Cloud, most of the sources have flux densities that are strongly increasing
functions of wavelength suggesting that they are very young. Except for
GL-961, none of the sources has been investigated in any detail.

VIII. BOUNDEDNESS OF THE CLUMPS

In the Blitz et al. (in preparation) study of the clumps associated with the
Rosette Molecular Cloud, at least half of the clumps are not gravitationally
bound. The precise fraction is difficult to assess because of the uncertainties
in the luminous masses derived from the '*CO line strengths. Carr (1987)
and Loren (1989a) find that none of the clumps in the clouds they observed
are gravitationally bound. The latter two authors conclude that because the
clumps are so far from being gravitationally bound that the clumps must be
expanding. This conclusion is, however, difficult to accept. First, the clumps
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Figure 8.  Plot of the clump-to-clump velocity dispersion as a function of mass in
the Rosette Molecular Cloud. The straight line is a least squares fit to the data and
has a power law index of —0.27.

would be expanding on the scale of a crossing time which, for the clumps they
measured is less than 1 Myr. The clumps would all be dissolving unless there
were also clumps that were forming at the same rate, but such clumps have
not been identified. Second, unless all three clouds were observed at some
special epoch, then mass conservation would require that

n(clump) _ t(dissolve)

. = (3)
n(interclump) t(form)

Direct evidence from the Rosette Molecular Cloud indicates that the left-
hand side of the equation is of the order of 100 or more, which requires that the
formation time scale is no more than ~0.01 Myr if the structure of the Rosette
Molecular Cloud and the Ophiuchus clouds is similar. This improbably short
time would seem to require that the interclump medium would be filled with
stars that could sweep the interclump gas together quickly to form the clumps
as quickly as they dissolve, a requirement which does not seem to be supported
by the observations.

On the other hand, the clumps could be bound together by the pressure of
the interclump medium. Such a medium would be in hydrostatic equilibrium
with the gravitational potential of the GMC. Let us calculate what is required
and compare it to the observations of the Rosette GMC. The pressure inside
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a clump is given by:
P(clump)  nm(H;) < vipt >
koo k

C))

where we obtain from observations of the Rosette Molecular Cloud the fol-
lowing mean values: n = 500 — 1000 cm™?; <v;p?>%3=0.70 km s~'; and
P/k=6—12x 10*K cm™3.

This pressure is a kinetic pressure determined from the linewidth of a
typical clump. The thermal pressure, given by »nT, is frequently less than
the value quoted above away from regions of active star formation; typical
excitation temperatures are 5 to 15 K as derived from the optically thick CO
line. Therefore, the linewidth and pressures within a clump are generally
dominated by nonthermal bulk motions of the gas.

The mean pressure within a GMC due to its self-gravity is given by:

Pgrav _ otGM<n>m(Hz)
ko Rk

(5

where M and R are the mass and radius of the GMC and <n> is the volume
averaged density of the complex. The constant « is of order unity and depends
on geometry and viewing angle. It has recently been computed by Bertoldi
and McKee (1992) for a variety of interesting geometries. Again for the
RMC we have: <n>=23cm ™ M = 1.1 x 10° Mg; R = 23 pc; and
Pegrav/k = 12 x 10* K cm~3. Here R is found by taking the square root of the
projected surface area, and « is taken to be 1.

Thus, the pressure that the interclump gas would have if it were in
pressure equilibrium with the self-gravity of the complex is equal, within the
uncertainties, to the pressure needed to confine the clumps. It was argued in
Sec. VI above that the atomic hydrogen is very likely to be the interclump
gas. Indeed, detailed observations of the atomic hydrogen associated with
the Rosette (Kuchar et al., in preparation) made with the Arecibo telescope
suggest that there is a detailed anticorrelation between CO and HI maxima
in the cloud, lending support to the idea that warm HI is likely to be the
interclump gas. The pressure of this gas can be obtained from published
observations of the HI associated with the Rosette Molecular Cloud at low
resolution made by Raimond (1966). These are as follows:

PHID nm(HD<v p?>
ko k

(6)

where 7 in this case is the mean HI interclump density estimated from both
the Raimond (1966) and the Kuchar et al. (in preparation) observations, and
the other values are as follows: <n>=7 cm™>; <v;p2>%°=10.6 km s~!; and
hence P (HI)/ k = 10 x 10* K cm™>. Thus it seems quite reasonable that the
clumps are confined by the pressure of the interstellar gas.
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But why is it then, that a/l of the clumps in the Ophiuchus and Cep
OB3 observations are found not to be bound by gravity, whereas many of
the clumps in the Rosette Molecular Cloud are self-gravitating? The answer
is the differing linear resolutions of the observations. In both the Loren
and Carr observations, the clouds are considerably nearer than the Rosette;
for the Ophiuchus observations, the difference is an order of magnitude.
With one exception, the most massive clumps in the Loren and Carr samples
are all within the mass range for which only unbound clumps are founhd
in the Rosette. Their observations are therefore quite compatible with the
Rosette observations. In fact, the three sets of observations can be combined
to conclude that there seems to be a mass below which the clumps at the
densities sampled by the '3CO molecule are not gravitationally bound, and
above which the clumps are bound. This mass appears to be ~300 to 500 M.
Apparently, then, low-mass clumps such as the cores investigated by Myers
and Benson 1983 must be much denser than the clumps observed in 3CO to
be gravitationally bound.

Bertoldi and McKee (1992) have extended the arguments presented here
to include the effects of magnetic fields. In an extensive work on the gravita-
tional stability of the clumps, they show, among other things, that the magnetic
pressure is insufficient to support the most massive clumps, thus internally
generated turbulence is necessary to stabilize them. They suggest that low-
mass star formation, which is observed in at least some of these clumps, is the
source of this turbulence.

IX. STAR FORMATION IN THE CLUMPS

If the clump mass spectrum suggests that the clumps (at least those that have
been identified in studies made to date), are not the progenitors of individual
stars, then what is the role of the clumps in the star formation process? Since
Roberts (1957) first showed that most stars form in clusters and associations,
a result that was later confirmed by Miller and Scalo (1978), it seems natural
to suppose that the more massive clumps give rise to these stellar groups. The
masses of the largest clumps in the Rosette Molecular Cloud, for example, are
comparable to the masses of OB associations (assuming that they form with
a normal IMF) and open clusters.

A significant advance in understanding the star formation in GMCs was
recently made by Lada et al. (1991a) who examined the Orion B molecular
cloud for CS clumps and also did a near-infrared survey to look for embedded
stellar objects. She was able to identify 39 dense clumps of molecular gas in
her survey; of these nearly all the star formation is limited to the three most
massive clumps. These three clumps account for only 30% of the mass of
dense gas and <8% of the total gas mass in the area she surveyed. Yet when
account is taken of background sources, she finds that ~96% of the of the star
formation in the surveyed region is associated with the dense clumps. This
work is discussed in more detail in the Chapter by Lada et al.
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The conclusion seems to be that the clumps, especially massive, dense
clumps are the units of star formation in GMCs. It will be important to
extend Lada’s work to other clouds to see to what degree her results can
be generalized. But the evidence seems to indicate that regions of incipient
star formation can be identified from the molecular observations. The key
to understanding how molecular clouds form stars now seems to require
detailed investigations into the structure of the dense clumps with an eye to
understanding how density inhomogeneities develop in these objects and what
is the cause of their internal motions.

X. THE EVOLUTION OF GIANT MOLECULAR CLOUDS

The observations cited in this review, taken together, suggest a tentative pic-
ture of the evolution of a GMC. We imagine first, that by some process, the
interstellar medium collects enough mass together to form a GMC. Methods
by which this can in principle be done include spiral arm shocks (Roberts
1957; Cowie 1981; Elmegreen 1982b), shear instabilities (see, e.g., Toomre
1964; see also Elmegreen 1991a and references therein), Rayleigh-Taylor
instabilities (see, e.g., Mouschovias et al. 1974), and through “supershells”
driven by multiple supernovae (Opik 1953; Heiles 1979; McCray and Kafatos
1987). Evidence that some other method is also at work comes from obser-
vations of other galaxies which suggest that the star-formation rate is not
strongly dependent on spiral arm morphology; even galaxies without coher-
ent spiral arms form stars quite efficiently (Stark et al. 1987). In any event,
the dominant process by which the diffuse interstellar medium is collected
into clouds in the solar vicinity has not yet been identified.

As enough material is collected together to form a cloud, when the
column density of atomic hydrogen exceeds a threshold of about 10?! cm™2,
the associated visual extinction of about 0.5 mag is sufficient to shield the gas
from the ultraviolet radiation that dissociates the molecules that form, and the
cloud begins to turn molecular. It is presumably early in the process of turning
molecular that the clumps have begun to form. Evidence for this comes not
only from the Rosette Molecular Cloud, where the kinematics suggest that
clumpiness precedes the star-formation process and then evolves, but from
observations of high-latitude molecular clouds very close to the Sun. Many
of these clouds appear to be very young (<2 Myr), and all show evidence
of clumpiness that must surely be primordial (Magnani 1986). Furthermore,
the properties of these clouds are quite similar to the gravitationally unbound
clumps in the Rosette Molecular Cloud, Cep OB3, Ophiuchus and M17.

It is not necessary for the interstellar medium to produce proto-GMCs
that are gravitationally bound. A gravitationally neutral cloud, that is, one
in which the internal kinetic energy is just equal to its potential energy, can
become gravitationally bound, because the clumps that have formed will
collide, and the kinetic energy of the ensemble of clumps can be radiated away
because the clump collisions are so inelastic. The details of such a process
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are amenable to numerical modeling. If a GMC forms in this way, then it is
natural that the atomic gas from which it formed remains as the interclump
gas. The HI envelope that remains in this case is largely the remnant of the
primordial GMC. All of the gas will remain in pressure equilibrium, and as the
cloud becomes gravitationally bound, the interclump medium will respond to
the gravitational potential well of the GMC. The pressure of the interclump
medium will therefore increase above the nominal interstellar value, putting
the clumps within the cloud under higher pressure than they had initially.

The magnetic field can support a clump against gravity up to a certain
critical mass (see, e.g., Mestel and Spitzer 1956; Mouschovias 1987a; McKee
1989). Once a clump becomes magnetically supercritical, then even the
magnetic field cannot prevent collapse. Thus star formation will take place in
the clumps that have grown to be the largest and densest through collisions.
Some support of the clumps themselves can also come from the energy input
from protostellar and neostellar winds (see, e.g., Margulis et al. 1988). It may
very well be that a process of self-regulating star formation similar to that
described by McKee (1989) may then take place, until the cloud is ultimately
consumed from the dissociating effects of the H II regions, stellar winds, and
supernova remnants of the stars that formed within it.

Note, however, that the process of molecular cloud evolution described
above has no need for sequential star formation. This is not to say that
sequential star formation is irrelevant, but that some of the difficulties with
the original theory of Elmegreen and Lada (1977) can be avoided with the
evolutionary scheme outlined above. Forexample, Elmegreen and Lada noted
that there is a need for an initial trigger to generate the first subgroup of O stars
in their theory. Furthermore, the theory is based on the assumption that an
ionization front propagates into an initially homogeneous molecular cloud; as
discussed above, such clouds are not observed. Furthermore, in some cases,
young OB subgroups have been identified that lie berween older subgroups; as
for example in Cep OB3 (Sargent 1977), and in the Sco-Cen OB association
(Blaauw 1964; de Geus 1988). In the outline of GMC evolution described
here, star formation proceeds in a quasi-random way within a molecular
cloud. That is, the collisions between clumps in a molecular cloud proceed
until one of the clumps becomes unstable to the process of formation of an
OB subgroup. The stellar activity will ionize the molecular gas in its vicinity,
and in a time probably less than 1 Myr (depending on a number of variables),
this subgroup and its attendant H II region will appear to be at the edge of the
molecular cloud. The next large clump to form an OB association will then
be determined by the collisional processes between the remaining clumps in
the complex, and will be independent of the previous star formation history
of the cloud. In this way, there is no need to postulate a special event to
produce the first generation of stars, and the subsequent generations of stars
do not necessarily have a causal connection to previous generations. The
apparently random orientation of the subgroups associated with many GMCs
occurs quite naturally. Cases like the ordered orientation of the subgroups of
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the Orion complex therefore would be the result of chance (and are not very
unlikely).

The degree to which this evolutionary picture is true will depend on the
results obtained from the '3CO mapping of a number of GMC complexes,
the identification of more complexes in different evolutionary states and the
identification of embedded cluster of stars within the complexes. Once the
process of the formation and evolution of GMCs is better understood in the
Milky Way, we can then apply our understanding to other galaxies where the
environmental conditions are often markedly different.
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The different processes that can affect the chemical composition of matter as it evolves
from quiescent molecular clouds into protostellar and protoplanetary regions are dis-
cussed. Millimeter observations show that the chemical state of dense interstellar
clouds prior to star formation is highly inhomogeneous: cold, dark clouds such as
TMC-1 and L 134N show large chemical gradients on scales of a few tenths of a
parsec, which are not well understood. Chemical models based on gas-phase ion-
molecule reactions are moderately successful in reproducing the observed molecular
abundances, but their predictive power is limited by unknown rates for several crucial
reactions. Also, observational data for several important molecules are lacking. As a
result, the abundances of the dominant oxygen- and nitrogen-bearing molecules prior
to star formation are poorly determined. Some atoms and molecules are found to be
depleted significantly onto grains, but the mechanisms for returning species to the gas
phase in cold clouds are still uncertain. In star-forming regions, the high temperatures
induced by radiation from newly formed stars can evaporate volatile grain mantles, and
can open up additional gas-phase reaction channels. Powerful shocks associated with
the outflows can also return more refractory material such as silicon and sulfur to the
gas phase. These processes are operative in the best studied high-mass star-formation
region Orion/KL, where interferometric observations reveal a complex chemistry with
variations on scales of <2000 AU. For low-mass stars, observations of the chemistry
in circumstellar disks on scales of 500 to 10,000 AU are only just becoming available.
Initial studies of the young stellar object IRAS 16293-2422 also show large chemical
gradients on scales of less than 1000 AU, but the chemical abundances appear less
affected by the star-formation process than in Orion/KL. Systematic studies of the
chemistry in star-forming regions are still lacking. On smaller scales of 50 to 500 AU
corresponding to the outer solar nebula, observations of only the nearest and brightest
objects are now possible, and detailed models of the chemistry have yet to be made. On
scales appropriate to the solar nebula, 5 to S0 AU, material is thought to be physically
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and chemically modified in a number of ways: accretional shock heating, gas-drag
heating on grains, and lightning are possible sources of energy. In the inner part of the
nebula, temperatures are high enough for gas phase reactions to alter the molecular
composition significantly; however, the amount of radial mixing between the inner
and outer parts of the nebula may be limited. The extent to which outer solar nebula
material retained its interstellar composition is therefore a highly complex issue, de-
pendent on the body and the molecular/isotopic signature being considered. Comets
almost certainly contain the most pristine matter, and a detailed comparison between
the observed abundances in comet Halley and those found in interstellar clouds is
made.

I. INTRODUCTION

The chemical evolution of protostellar nebulae is intimately related to the
chemical state of the molecular clouds from which the stars form. It is
well known that molecular clouds come in different varieties, ranging from
the diffuse clouds to the giant molecular clouds, with distinctive chemical
characteristics. The major question addressed in this chapter is the extent to
which this chemical state is retained during the formation of stars and planets.

That the chemical state of an interstellar cloud will be modified by the
star-formation process is evident. Young embedded or neighboring stars can
raise the kinetic temperature from 10 K to a few 100 K. In addition, energetic
protostellar outflows create shocks which can raise the temperature locally to
more than 2000 K. Such high temperatures not only drive the chemistry from
the cold, ion-molecule gas-phase scheme toward an equilibrium chemistry,
but they can also evaporate the icy organic mantles of the grains and return
material to the gas phase. A major goal of astrochemistry is to understand
this chemical evolution well enough that the various molecules can be used
as tracers of specific physical activity in the protostellar environment. For
example, can the abundances and distribution of some molecules be used to
probe the outflow activity of a protostellar system? If so, what is driving the
chemical selectivity, and how does it depend on stellar type or evolutionary
state? Another important question concerns the amount of gas-phase depletion
of molecules onto the grains in a collapsing molecular cloud. When does it
occur and how? To what extent are the molecular abundances modified by
grain chemistry, and what are the critical processes controlling the return to
the gas phase?

The reverse question of how the initial chemical state of a cloud affects
the star-formation process is equally important. On theoretical grounds, the
rates of collapse, and ultimately the efficiency of star formation in the cloud,
are expected to depend on the cooling rates, which, in turn, are governed by
the chemical composition of the gas. The efficiency of forming stars also
depends sensitively on parameters such as the fractional ionization in the
cloud, which is controlled by the cosmic-ray ionization rate and subsequent
chemical processes. Similarly, the evolution of the grain size distribution
and composition in a collapsing molecular cloud may influence profoundly



PROTOSTELLAR AND PROTOPLANETARY MATTER 165

the chemical and physical state of the early solar system. Unfortunately,
few observational or theoretical facts regarding these points are yet available,
so that they will receive relatively little attention throughout the rest of the
chapter.

Once the interstellar matter enters a protostellar nebula, it will be sub-
jected to numerous physical processes which can further alter its composition.
The amount of transformation will depend on the exact position in the solar
nebula, with only minor changes occurring in the cool outer part, but nearly
complete reprocessing of grains and molecules taking place in the hot in-
ner part. One of the major uncertainties here is the distance at which the
transformation from kinetically controlled interstellar chemistry to “nebular”
equilibrium chemistry occurs, and the amount of mixing between the two
phases. The chemical composition of the various objects in our own outer
solar system, such as the outer planets, comets and meteorites, may provide
important clues in this respect.

While the above areas of research cover a wide range of physical and
chemical problems in all phases of the life cycle of molecular clouds, they
share the common thread that a combination of observational and experi-
mental data with detailed theoretical modeling is required to make significant
headway. Indeed, vigorous complementary laboratory and theoretical pro-
grams addressing fundamental chemical physical problems are essential to
unravel the myriad of chemical processes occurring during the star-formation
process.

This chapter summarizes systematically our current understanding of
the chemical state of each of the phases of the star-formation process on
scales ranging from interstellar clouds to that appropriate to the solar nebula.
Sections II and III contain a critical discussion of the chemistry in interstellar
clouds prior to star formation on scales > 10,000 AU, both from a theoretical
and an observational point of view. This is followed (Sec. IV) by a summary
of the observational data on the chemistry in regions of recent high-mass
and low-mass star formation on scales of 500 to 10,000 AU. The availability
of a new generation of large aperture single dishes and interferometers at
millimeter and submillimeter wavelengths, combined with boosts in receiver
sensitivities, have increased our information in this area significantly in recent
years. However, the molecules have so far been used mostly as diagnostics
of physical conditions such as temperature, density and velocity structure,
with little regard to the chemistry. Detailed chemical studies have been
performed for a few specific objects, but systematic observations of molecular
abundances as functions of, for example, luminosity of the central star or
evolutionary state have yet to be carried out. As a consequence, the discussion
in Sec. IV is highly fragmentary and incomplete, and focuses only on those
molecules whose abundances are thought to be most affected by the star-
formation process. Section V summarizes more quantitatively our current
understanding of the abundances of the major carbon- , oxygen- and nitrogen-
bearing species, both in the gas and solid phase.
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Although several millimeter interferometers are now operative, these fa-
cilities still lack the sensitivity to achieve spatial resolutions which directly
probe the chemistry in the circumstellar disks on scales of 50 to 500 AU in
any but the nearest sources. This problem is illustrated in Table I, which
summarizes on the right-hand side the capabilities of current millimeter tele-
scopes in terms of spatial resolution, and compares them with typical sizes
of the (pre-) solar nebula and parental cloud core on the left-hand side. It is
seen that cloud cores are readily resolved up to distances comparable to Orion
with large single-dish telescopes, but that the outer pre-solar nebula can only
be probed by interferometers in the nearest molecular clouds such as Taurus
and Ophiuchus. In spite of this lack of observational data for stars other
than our Sun, Sec. VI discusses the processes which may affect the chemical
state during formation of protosolar and protoplanetary nebulae. On scales
of 1 to 30 AU, the recent appearances of a number of bright comets, as well
as the Voyager encounters with the outer planets, have provided a wealth of
new observational data on the chemical composition of bodies in the outer
solar nebula, which can be used to test the various formation and evolutionary
scenarios, at least for our own solar system.

II. INTERSTELLAR CHEMISTRY

Any study of the chemical evolution of protostellar regions must start with a
description of the physical and chemical state of the natal interstellar molec-
ular cloud. It has become apparent in recent years that this initial chemical
state is still poorly constrained, both observationally and theoretically. At
the time when Protostars and Planets Il was published (Black and Matthews
1985), the more optimistic view was that the chemistry in molecular clouds is
reasonably well described by gas-phase ion-molecule chemistry, apart from
some minor details (Irvine et al. 1985; Herbst 1985). Although in a broad
sense these models are still valid, the large amount of new observational
data poses significant problems to the “standard” description, and no coherent
picture has yet emerged to account for the sometimes bewildering array of
observed chemical variations from cloud to cloud. In the following, we will
first give a general description of the physical characteristics of the different
kinds of molecular clouds. This is followed by a general discussion of in-
terstellar molecules and observational techniques. Finally, a brief summary
of the various modeling efforts is given. There has been no shortage of re-
views on interstellar chemistry recently (for more details, see, e.g., Irvine
et al. 1985,1987; Dalgarno 1987,1991; Herbst and Winnewisser 1987; van
Dishoeck 1988a; Guélin 1988; Turner and Ziurys 1988; Turner 1989¢; Irvine
and Knacke 1989; Millar 1990; Genzel 1991a; Walmsley 1991). Books on
the subject in general include /nterstellar Chemistry by Duley and Williams
(1984), Astrochemistry, IAU Symposium 120, edited by Vardya and Tarafdar
(1987), Molecular Astrophysics, edited by Hartquist (1990), and Astrochem-
istry of Cosmic Phenomena, IAU Symposium 150, edited by Singh (1992).
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A. Molecular Clouds

Table 1I summarizes the different kinds of molecular clouds that can be dis-
tinguished on the basis of their physical characteristics (see, e.g., Turner
1988,1989¢; Wilson and Walmsley 1989; Friberg and Hjalmarson 1990;
Chapter by Blitz). The most tenuous are the diffuse molecular clouds, which
are characterized by their low total visual extinction, A y~1 mag. These
clouds are studied observationally primarily by the electronic absorption lines
of their constituents against bright background stars. Ultraviolet photons
from the interstellar radiation field can penetrate diffuse clouds and rapidly
destroy most molecules, so that the atomic fraction is high and only the very
simplest diatomic species are found. The translucent clouds with A y =1 to
5 mag form the bridge between the diffuse and the dark molecular clouds.
Their densities are somewhat higher and the temperatures lower than those in
diffuse clouds. Photoprocesses still play a significant role in the outer part of
translucent clouds, but their importance diminishes rapidly toward the center.
The high-latitude cirrus molecular clouds, seen by their CO millimeter and
IRAS 100 pm emission, fall into the same category, as do the outer envelopes
of dark molecular clouds. No star formation has yet been observed to occur in
diffuse or translucent clouds, probably because of the high fractional ioniza-
tion. A detailed overview of their physical and chemical structure has been
given by van Dishoeck and Black (1988a) and van Dishoeck (1990).

The cold, dark molecular clouds are visible as dark patches on the sky,
and show a complex morphology. In Fig. 1, the outlines of the CO J=1—0
emission from the well-studied dark cloud complex in Taurus are presented
(Ungerechts and Thaddeus 1987). It consists of a large number of clouds with
average densities of 10* to 10* cm™> which are part of one or more cloud
complexes with average densities of 10? to 10° cm™3. These complexes can
extend over several tens of parsecs, corresponding to several square degrees on
the sky. Their average densities are simply obtained by dividing the total mass
by the observed dimensions. Further mapping at higher angular resolution
reveals small individual cores or clumps in the clouds, with densities of 10*
to 10° cm™ or more and temperatures as low as 10 K. It is in these cores that
low-mass (<2 Mg) star formation has been observed to occur. In addition,
they are the sites where many complex molecules have been detected. It is
clear that the distinction between cloud complexes, clouds and cores or clumps
is rather arbitrary and ill defined (Goldsmith 1987), and the term cloud will
be used rather loosely throughout this chapter to refer also to the dense cores
or clumps, which are the main topic.

The giant molecular clouds (GMC) have a similarly complex morphology,
but differ from the dark clouds by being more massive and warmer. The
average density in the GMC complexes and clouds is similar to that of their
dark cloud counterparts, but densities as high as 10® cm~3 have been found
in GMC cores or clumps. These GMC cores are the sites of massive star
formation, and are heated significantly by young embedded or neighboring



"(0661) uosrewelH pue 31aqu pue (p6g6[) Jown, (L861) Wwsp[on woy paidepe djqe], ,

9103 304 UOL(Q o1—1 I =600 0001 — 08 0l — 0l 00 — 001 01 — 0l $9103 104
S ¢;1 uouQ ‘sdwnpo L] W g — 1 £t — 600 0001 — ¢ 01— 1 0L — ST (01 — 01 sdwnpo wrem
V €M ‘1-DO uouQ [4 B 0T—¢ (44 sO1 — (01 0c< +0l — 201 Spnofd
uouQ ‘LT W SI1—9 08 —0¢ ¢—1 01 X £=0I 0T — Gl 00¢ — 001 xa[dwod
SpNo[D) IB[NIJ[OJA JuBlD)
ceed ‘1-ONL y0—70 v0—¢600 sc—¢ 01 —¢0 0l = 01 — 4,01 sdwn[d/s2109
cd1d S1—60 vy—7270 §—C ¢0I — 01 or= +Ol — 01 spnopd
e3uny-snine], ¢—1 0c—9 ¢—1 0l — (01 orz ¢0I — 201 xadwos

Spnoi) ¥ed ‘pIoD

spno[o apmnef-ySiy

‘YSY691 AH £—¢60 €—¢0 c—1 001 — ¢ 0S—¢I 000§ — 00§ SPNO[) 1uddn[suel],
ydo 2 £—60 c—1 | 0ol —1 08 — 0¢ 008 — 001 Spno[D Isnyglqg

(-8 uny) (od) (Seur) W oD (g-um)

sojdwexyg AV azIg Ay SSB]A 1 Ansua(g

SUNIPIA JR[[2ISIANU] Y] Ul SUOIFIY TB[NIJ[OJA JO SONSLIBIORIRY)) [EIISAl]
IIA149VL



170 E. F. VAN DISHOECK ET AL.

a0

Tr7TrTrYY

™

kL o

3(1950)

wf

jf

25

20°

isef

a(1950)

Figure 1. Velocity integrated intensity of CO emission in the Taurus molecular cloud
complex. The lowest contour is 0.5 K km s~!, and the separation between contours
is 1.5 K km s™'. The border of the surveyed region is indicated by the outer solid
line. Various clouds such as BS and cloud cores such as TMC-1 discussed in the
text are indicated (figure adapted from Ungerechts and Thaddeus 1987).

stars, which may raise the kinetic temperatures as high as 200 K. The chemical
signatures of clouds in which massive star formation occurs are therefore likely
to differ from those in cold, dark clouds. Low-mass star formation also takes
place in the GMC; the question whether our own Sun formed in a Taurus-like
cloud or in a GMC is therefore not settled, and both scenarios need to be
investigated.

Analysis of masses and line widths suggests that the dark and GMC
complexes, clouds and cores are probably close to virial equilibrium, so that
self-gravity is important in controlling their structure and evolution. The
diffuse and translucent clouds are not in virial equilibrium, but are probably
bounded by some external pressure.

In discussing the chemistry of the various types of clouds, it is instructive
to have some indication of their ages and expected lifetimes. Unfortunately,
there are very few observational constraints on these parameters (Myers 1990).
The age of a cloud in virial equilibrium is probably at least the time needed to
reach equilibrium, which is a few free-fall times. This leads to lower limits on
the ages of ~10 Myr for the dark and giant molecular cloud complexes, which
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are consistent with those derived from the ages of the oldest nearby stars which
presumably formed from the same cloud. Dark and giant molecular cloud
complexes can be disrupted by a variety of processes such as energetic winds
and radiation from embedded stars, supernovae, and cloud-cloud collisions,
on time scales of 107 to 108 yr.

More relevant for the discussion in this chapter are the ages and expected
lifetimes of the cores in the clouds, which may be significantly shorter. If star
formation has already occurred, the lifetime of the core may be limited by the
dynamical time scale of the associated molecular outflows, which is only 10*
to 10° yr. Cores without stars may be disrupted by the onset of star formation,
which has a time scale of ~10° to 10% yr (Myers 1990). On the other hand,
observations suggest that cores are supported against collapse by turbulence
or other mechanisms for longer periods of time. Also, gaseous disks around
young stellar objects appear to persist as long as 107 yr (see Chapter by
Beckwith and Sargent). Therefore, the ages and expected lifetimes for cores
and dense clumps are highly uncertain, and may range from 0.1 to 10 Myr.

B. Interstellar Molecules

/. Gas Phase. Table III summarizes the nearly 80 different molecules that
have been detected in interstellar clouds. This table does not include the many
isotopic varieties studied, and also lacks the many molecules that have been
searched for but not detected, such as molecular oxygen (O;), metal hydrides
(MgH, NaH), and even amino acids like glycine. Often, stringent upper limits
on these species are available (see, e.g., Irvine et al. 1987,1991 for overviews),
which can be as useful in constraining the chemistry as the actual detections.
Molecular hydrogen, Hj, is by far the most abundant molecule in the clouds,
with other molecules present only in trace amounts. Their abundances with
respect to H, range from 1074 (CO) to 107'? or less (e.g., HCS*, PN).

The first conclusion to be drawn from Table III is that the chemical
composition of interstellar clouds is far from thermodynamic equilibrium.
This is evidenced, for example, by the fact that most of the detected organic
molecules are linear and highly unsaturated, in spite of the reducing envi-
ronment. Although the lack of detected saturated, branched hydrocarbons
is partly an observational selection effect owing to their more unfavorable
partition function, the available detections and upper limits clearly suggest
that they are less abundant than the unsaturated linear ones. Also, the rela-
tively large abundances of molecular ions such as HCO™ attest to a kinetically
controlled, rather than an equilibrium chemistry.

In spite of the wealth of chemical information contained in Table I1I, there
are several important limitations to the data. First, most of the molecules
have been discovered by their rotational emission lines at millimeter and
submillimeter wavelengths. Thus, only molecules with a permanent dipole
moment can be detected. Symmetric molecules such as Hp, CHg4, C,H> and
N, cannot be observed in this way. Molecules like H, and C, have been
seen by their electronic absorption lines at optical wavelengths against bright
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background stars, but this technique is limited to relatively diffuse interstellar
clouds. Other molecules, such as H;“, CH4 and C;H; have been searched
for through their vibration-rotation absorption lines at infrared wavelengths
against embedded or background sources. The drawback of these studies
is that they can only be applied to a specific line of sight in a dense cloud
in which star formation has often already occurred. Finally, the Earth’s
atmosphere prevents the detection of the principal lines of molecules like
H,0, O; and CO,. As a result, our information on the abundances of some of
the dominant carbon- , oxygen- and nitrogen-bearing molecules in interstellar
clouds is very indirect and incomplete, in spite of the fact that the abundances
of some trace molecules are known quite accurately.

Second, the column densities and abundances of molecules that have been
detected are often uncertain by factors of at least 2 or 3, and, in some cases, up
to an order of magnitude. The difficulties in deriving molecular abundances
from millimeter observations have been clearly outlined, for example, by
Irvine et al. (1985,1987). One of the major problems is that H, cannot yet be
observed directly in dense quiescent clouds, so that its column density needs
to be inferred indirectly from some trace molecule like CO (van Dishoeck and
Black 1987).

Third, most of the molecules listed in Table III have been detected in
only two or three well-studied sources: the Orion and Sgr B2 giant molecular
clouds, and the cold, dark Taurus molecular cloud, TMC-1. To what extent
these regions are representative of other molecular clouds is still an open
question. In fact, it will be argued in Secs. III and IV that the observed
positions are probably chemically quite distinct from most other clouds, or
even from other positions in the same cloud, and that their chemical richness
may be due to a very specific time in their chemical evolution, a time at
which we are observing them fortuitously. This is evidenced by some striking
differences between the observed molecular abundances in the Orion, TMC-1
and Sgr B2 clouds. For example, saturated molecules such as CH;CH,OH
are much more abundant in Sgr B2 than in the specific part of the Orion cloud
called the extended ridge or in TMC-1, whereas molecules like SO, and SO
are much more prominent in Orion than in the Taurus clouds. On the other
hand, TMC-1 is one of the few interstellar regions with high abundances
of carbon-chain molecules like HC;N and C4H. In spite of their different
physical characteristics, however, it appears that the abundances of some
simple molecules like CO, HCN and CS are fairly similar in the three regions.

The rate at which new discoveries are made is unlikely to decrease over the
next decade owing to the continuing improvements in detector sensitivities
and the availability of new large observational facilities at millimeter and
submillimeter wavelengths (see Table I). Some highlights of the discoveries
in the last few years are listed below (see van Dishoeck [1988a] for references
to the original observations):
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. Carbon-chain molecules: New carbon-chain molecules continue to be
found in cold dark clouds, in particular in TMC-1. The sequence:

HCN, HC3N, HCsN, ..., HC N

has been known to exist for more than a decade (Avery 1987), although
even-numbered varieties such as HC;N and isomers such as HCCNC are
much less abundant. In recent years, several new members of the series:

CH, C;H, Cs3H, C4H, CsH, CsH

CS, G5, G538
CO, G0, C30,Cs0

have beendiscovered. In addition, the detection of the first interstellar car-
bon carbenes, HCCC and H,CCCC has just been reported (Cernicharo
et al. 19914, b).

. Ring molecules: In contrast with the wealth of carbon-chain molecules,
only two ring molecules have so far been discovered in interstel-
lar clouds: ¢-C3;H; and ¢-C3;H. However, ¢-C3H, appears to be more
widespread throughout the interstellar medium than the carbon-chain
molecules, as it has been detected not only in cold dark clouds and warm
giant molecular clouds, but also in relatively diffuse clouds (Madden et
al. 1989). The cyclic form C3;H, appears to be 2 orders of magnitude
more abundant than the linear form H,CCC.

. Protonated molecules: Molecules like HCO' and N,H™, i.e., protonated
CO and N, have been known for some time. More recently, protonated
CS and CO,-HCS* and HOCO™ -, as well as protonated HCN and H,0-
HCNH™* and H30% (Wootten et al. 1991; Phillips et al. 1992) have been
added to the list. Observations of these ions are important, because they
provide indirect information on the abundances of molecules like N, and
CO,, which cannot be measured directly.

. Deuterated molecules: Observations of deuterated molecules continue
to show significant fractionation effects, not only in cold clouds, but
also, quite surprisingly, in some warm regions. Table IV summarizes
the observed abundance ratios. Recently, the first discovery of a doubly
deuterated molecule, D,CO, has been reported (Turner 1990).

. Second-row molecules: Sensitive searches have been made for molecules
containing second-row atoms, as relatively little is yet known about the
chemistry of these species (Ziurys 1990; Turner 1991). Of particular
interest are searches for metal-hydrides like MgH, which may provide
information on the depletion of the metals.

. Silicon carbides: The molecules SiC, ¢-SiC, and SiC,4 have been detected
in the gas phase in the carbon-rich circumstellar envelope IRC+10216
(Thaddeus et al. 1984; Cernicharo et al. 1989; Ohishi et al. 1989). This
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raises the question whether a large fraction of the metals in general could
be locked up in metal carbides such as FeC and MgC. Laboratory spectra
of most of these species are still lacking, however.

More details on the abundances of the various molecules will be presented
in Sec. V and the Appendix.

2. Solid Phase. Although there is still considerable discussion con-
cerning the composition and origin of interstellar grains, some basic features
appear well established. The central element in all grain models is a popula-
tion of “refractory” grains, which are presumed to provide the extinction in
diffuse clouds. These refractory particles are composed of silicates plus some
carbonaceous material, possibly graphite, and range in size from <0.25 um
down to ~0.01 um or smaller. They “lock up” a substantial fraction of the
chemically active elements, such as C, Si and Fe. In dense clouds, there is
direct evidence from infrared spectroscopic observations that these refractory
cores are surrounded by icy grain mantles consisting of molecules like H,O,
CO and CH3OH. In more diffuse clouds, the cores may have an organic refrac-
tory layer containing complex molecules resulting from ultraviolet processing
of mantles. In addition, large molecules or ultra-small grains consisting of
25 to 200 carbon atoms are thought to be present in interstellar clouds on
the basis of infrared emission features observed in the 3.3 to 11 um range
toward reflection nebulae and the 12 to 60 um IRAS emission. The most
popular identification of the species responsible for the infrared features is
some type of polycyclic aromatic hydrocarbons (PAH). More details about
the grain composition can be found in Sec. V and the Appendix.

C. Chemical Models

1. Types of Models. The observed composition in interstellar clouds discussed
above indicates that the chemistry is not in thermodynamic equilibrium, but
that it is kinetically controlled by two-body processes in a low-density, low-
temperature environment. About 20 years ago, it was realized that reactions
between ions and molecules are much more rapid at low temperatures than
reactions between two neutral species (Herbst and Klemperer 1973). The latter
reactions often have barriers which are much higher than the available energies
in the clouds. This realization led to a network of gas-phase ion-molecule
reactions, which was very successful at explaining at least qualitatively many
of the observed characteristics, and which has since become the basis of
nearly all modeling efforts. A brief introduction to this chemistry is given
in the Appendix. That gas-phase processes continue to play a dominant role
even in the densest interstellar clouds is evidenced by the large observed
abundances of ions and the high deuterium fractionation in organic molecules
in cold clouds. An important question is to what extent the pure gas-phase
networks can reproduce the measured abundances, and whether the grains
play an active or passive role in the chemistry in the cloud.

The importance of grains in various aspects of the chemistry is evident.
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Clearly, they are crucial in shielding the molecules from the dissociating
ultraviolet radiation. Also, the large abundance of H; even in diffuse clouds
can only be understood if the formation of this molecule takes place on the
surfaces of grains. Moreover, solid H,O and CO have been observed directly
in dense interstellar clouds. This is not surprising, since the time scale for a
species to be deposited on a grain surface is only

T~ 2 x 10°/(a ny) yr (1

where o is the probability that the species will stick to the grain, which is
thought to lie between 0.1 and 1 (see Appendix). As Fig. 2 shows, this time
scale is short compared with, e.g., the free-fall time scale or the expected
lifetime of the cloud for densities ny;>10* cm™3. In fact, the grain accretion
process by itself removes heavy species from the gas phase so fast that one
would expect many opaque dense clouds devoid of gas-phase molecules like
CO. As no such cloud has yet been found, there must be efficient mechanisms
which return the adsorbed molecules back to the gas phase. Several possi-
ble mechanisms in cold, dark clouds are discussed in the Appendix, but no
consensus has yet been reached as to their relative importance. Of course,
in regions of star formation, the higher temperatures can sublime the grain
mantles. The temperature required for thermal sublimation of pure CO ice
is only 17 K, whereas that for pure H;O ice is 90 K. “Dirty ice” mixtures
probably have sublimation temperatures in between these values.

On the basis of these considerations, the models can be divided into
several categories. First, there are the pure gas-phase models which adopt
the basic ion-molecule chemistry scheme. Recent examples can be found
in Herbst and Leung (1989), Langer and Graedel (1989) and Millar et al.
(1991b). In the simplest “standard” form, these models are homogeneous
with a fixed temperature and density. They solve the set of rate equations
either at steady-state or as a function of time. Several recent improvements to
this standard mode] are discussed in the Appendix, such as efforts to include
the clumpy structure of molecular clouds; calculations of the effects of cosmic-
ray-induced photodissociation processes inside dense clouds; studies of the
influence of large molecules such as the PAH on the chemistry and ionization
balance; considerations of the depth-dependent structure of clouds located
close to young, hot stars; and treatments of evolutionary processes.

Second, several models have been developed which include the effects
of grains on the chemistry. The simplest models of, e.g., Iglesias (1977)
and Millar and Nejad (1985) consider only the time-dependent accretion of
molecules onto grains in a dense cloud, but ignore any surface processing. The
models of, e.g., Tielens and Hagen (1982) and Brown and Charnley (1990)
include subsequent reactions on the surfaces to form other molecules, but have
no mechanism for returning the molecules to the gas phase. Nevertheless,
they make important predictions about the composition of the grain mantles.
The most sophisticated models are those of d’Hendecourt et al. (1985) and
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Figure 2. Comparison of free-fall and depletion time scales. The dashed lines represent
the time scale for molecules to condense out on grain surfaces as a function of
hydrogen density for two values of the sticking coefficient . The figure shows that
even for « = 0.1, a large fraction of the molecules is expected to “freeze-out” in
one free-fall time at a density of 10° cm~*. For comparison, the time scale to reach
chemical equilibrium is typically 10° to 107 yr, the expected lifetime of a cloud is
10% to 10* yr, and the dynamical time scale of molecular outflows is typically 10*
to 103 yr (figure adapted from Walmsley 1991).

Breukers (1991), which include desorption mechanisms and investigate the
influence of the returned molecules on the gas-phase composition as a function
of time. Asisdiscussed in more detail in the Appendix, different compositions
of grain mantles can occur under different conditions. In an atomic hydrogen-
rich atmosphere, which is the situation that most likely prevails in the clouds,
molecules like H,O, H,CO, CH3OH, and possibly NH; and CH, are expected
to dominate (see Fig. 3). The major effect on the gas-phase chemistry is an
increase in the abundances of these molecules when they are released from
the surface by some mechanism.

Third, detailed models have been developed to investigate the chemistry
at high temperatures, 722000 K, such as encountered in shocks. As de-
scribed in the Appendix, two different kinds of shocks can be distinguished.
The so-called J shocks are usually powerful enough to dissociate molecules
completely. Only when the post-shock gas cools can the molecules reform,
although often in different configurations compared with the pre-shock gas.
Recent examples have been given by Neufeld and Dalgarno (1989) and Hol-
lenbach and McKee (1989). Such powerful shocks can also destroy the
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Figure 3. A comparison of the calculated gas-phase and solid-state composition of a
molecular cloud. When atomic H dominates over heavy species in the gas phase,
the accreting species will be hydrogenated. Otherwise grain mantles will reflect
the gas phase more directly. Large deuterium enrichments are expected to be a
characteristic of grain mantles as a result of the high atomic D/H ratio in the gas
phase (Tielens 1989).

refractory grain cores and return Si and Fe to the gas phase. In C-type
shocks, the peak temperatures are lower, so that most molecules survive the
passage of the shock wave. The chemistry is dominated by neutral-neutral
rather than ion-molecule reactions, although subtle effects due to differential
streaming of the ions and neutrals can occur (Draine et al. 1983). Compared
with the low-temperature cases, the shock models are characterized by large
abundances of H,O and OH, of sulphur-bearing molecules such as H,S, and
silicon-containing molecules such as SiO.

The adopted gas-phase elemental abundances are crucial parameters in
the models. The fraction of species X in the solid phase with respect to the
solar abundance is denoted by the depletion factor §x. [Note that in some
papers &x refers to the abundance fraction in the gas phase.] We adopt as
our reference the abundances of the solar system at its time of formation
~4.5 Gyr ago as summarized by Anders and Grevesse (1989): O/H=8.5 x
1074, N/H=1.1 x 10~% and Si/H = 3.6 x 1073, The only exception is carbon,
for which we use C/H = 4.0 x 10~ as derived by Grevesse et al. (1991).

Oxygen and nitrogen are usually assumed to be relatively undepleted
(6x <0.25), but carbon can be depleted by 60% or more in dense clouds and
silicon is often taken to be nearly completely removed (see Sec. V). It should be
noted that most molecular abundances do not scale linearly with the depletion
factors, because of the complicated structure of the chemistry networks. Of
particular interest is the C/O ratio in the gas phase. For any reasonable grain
model (see Sec. V), this ratio is less than unity so that virtually all gas-phase
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carbon is locked up in CO. The remainder of the gas-phase oxygen is then
thought to be tied up in molecules such as H,O and O,. If C/O were greater
than unity in the gas phase, all oxygen would be locked up in CO and the
remaining carbon would be contained in more complex carbon-containing
molecules.

It is important to recognize that elemental abundances in the interstellar
medium today may differ appreciably from solar abundances, which represent
a particular ~1 M, sample from the interstellar medium 4.5 Gyr ago. In fact,
detailed modeling of the Orion HII region (Baldwin et al. 1991) indicates a
gas-phase O/H ratio only 30% of the solar value. Isotopic studies of mete-
orites, revealing remarkably high abundances of radioactive 26Al at the time
of chondrite formation, may indicate contamination of the primordial solar
nebula by fresh nucleosynthetic material from a nearby supernova explosion,
nova, or wind from an asymptotic giant branch star (Chapter by Cameron).
The hypothesized sources of 26 Al may also have affected the abundances of
C,Nand O.

2. Comparison with Observations. As an illustration of the reliability
of the model results, we summarize in Table V the computed abundances in
the latest gas-phase models of Herbst and Leung (1989), Langer and Graedel
(1989) and Gredel et al. (1989), and compare them with observations in
TMC-1. The first conclusion to be drawn from Table V is that at steady
state, the abundances in the different models disagree in some cases by more
than an order of magnitude, even for simple molecules. Although some of
these discrepancies can be traced to slight differences in adopted physical
conditions and elemental abundances, they mostly result from differences in
the adopted reaction schemes. Indeed, recent comparisons between the groups
have been very valuable in establishing the sensitivity of various aspects of
the models to differing assumptions about one or two key reactions (Dalgarno
1986; Millar et al. 1987). They also provide a warning that, in spite of their
relative agreement in some cases, the computed abundances should not be
trusted to more than an order of magnitude on an absolute scale, and that
special care must be taken in quoting older model results which use outdated
chemical reaction sets.

When compared with observations, it appears that the pure gas-phase
steady-state models can reproduce the observed abundances of simple
molecules like CO, CS and HCO™, but that they fail to produce enough com-
plex molecules like C3H;, C4H and HCsN by several orders of magnitude.
They also result in too little NH; if the latest experimental information on its
formation processes is taken into account, and in many cases too much O,
and H,O compared with the measured values or upper limits for other clouds.
One possible explanation for the discrepancy with the complex molecules is
that the cloud chemistry has not yet reached steady state. In particular, the
complete conversion of C to CO in a cloud that is initially mostly atomic takes
approximately 1 Myr. Thus, at earlier times, there is a significant amount of
atomic carbon available in the cloud which can be inserted into the carbon
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TABLE V
Selected Model Abundances Relative to H,

Species HL89“ LG89? GLDH89¢ TMC-14

Early  Steady State  Steady State  Steady State South
C 6(—5) 7(-9) 3(-8) 6(=7) —_
ct 2(-9) 1(—9) 3(-9) 4(-10) —
cO 8(-5) 1(—4) 7(-5) 1(—4) 8(-5)
CH 4(-8) 2(—10) 1(—9) — 2(—8)
C, 3(-8) 2(—-10) 1(-9) —_ 5(-8)
C,H 7(-8) 3(—10) 2(-9) 4(—10) 8(—8)
C;H 8(-8) 6(—12) — — 2(-8)
CH, 5(—-6) 2(=7 2(-9) 1(—=7) —
C,H, =T 2(-8) — 8(—10) —
C;H, 2(—8) 1(—10) — 9(—12) 2(-8)
(6] 3(-4) 8(-5) 2(-5) 1(—4) —
OH 1(=7) 2(=7) 7(—9) 1(—8) 3(=7)
0, 5(=7) 6(—5) 6(—6) 3(-5) —
H,0 3(—6) 1(—6) 9(-8) 2(-5) —
H,CO 3(=7) 3(-9) 1(-9) — 2(-8)
CO, 4(=7) 2(=7) — — —
CH;0H 2(-9) 5(—12) — — 2(=9)
HCO* 5(—=9) 1(—8) 4(—9) — 8(—9)
N 4(-5) 3(—6) 3(-95) — —
N, 1(=7) 2(=95) 6(—6) — —
NO 3(—8) 2(=7 7(-8) — < 3-8
NH; 3(-8) 5(—8) 6(—9) 4(-8) 2(-8)
HCN 2(=7) 2(=9) 1(-9) 1(—9) 2(—8)
HGC;N 5(—9) 3(—12) — — 6(—9)
HCsN 1(—9) 7(—15) — — 3(=9)
CS 1(—8) 1(—8) 4(-9) — 1(—8)
SO 2(-9) 2(—8) — — 5(-9)
SO, 8(—10) 1(—8) — — < 1(-9)
H,S 5(—11) 2(—10) — — < 5(—10)¢
SiO0 7(—10) 7(—10) — — < 2(—12)y
e 3(-8) 3(-8) 8(—8) — —

¢ From Herbst and Leung (1989) for n(Hy)= 2 x 10* cm~3 and T = 10 K with
low metal abundances and standard rates. The early results refer to t~10° yr.
® From Langer and Graedel (1989), their run 8 with n(H,)= 5 x 10* cm~3 and
T = 20 K. These models employ low metal abundances, and take cosmic-ray-
induced photodissociation of CO into account. ¢ From Gredel et al. (1989),
their case C with n(H;)= 10* cm™3 and T = 50 K. These models employ
low metal abundances, and take cosmic-ray-induced photodissociation of all
molecules into account. ¢ Observed abundances from Irvine et al. (1987),
unless otherwise indicated. ¢ Friberg et al. (1988). / McGonagle et al. (1990).
& Minh et al. (1989). # Ziurys et al. (1989).
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chains to produce more complex hydrocarbons. As Fig. 4 illustrates, their
abundances reach maximum values at early times that are 3 to 4 orders of
magnitude larger than the steady-state results. On the other hand, the con-
centrations of molecules like CO, NH; and O, increase steadily with time.
For the carbon- and oxygen-bearing species, the equilibrium abundances are
reached in a few Myr. Although this time scale is uncertain by a factor of a
few due to uncertainties in crucial reaction rates, it is comparable to the esti-
mated lifetime of a clump in a molecular cloud complex (see Sec. II.A). The
abundances of nitrogen-containing molecules such as N, and NO do not attain
steady state until 10 Myr, because they are produced by slow neutral-neutral
reactions.
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Figure 4. Left: Abundances of C*, C and CO with respect to H; as functions of time
for a cloud with ny = 2 x 10* cm™3 (Leung et al. 1984). Right: Abundance of a
typical complex carbon-bearing molecule as a function of time. The dashed line is
for a similar model as in the left figure. The full line refers to a model in which more
rapid ion-polar molecule reaction rates are employed (Herbst and Leung 1986).

It should be noted that the scenario of a young age for TMC-1 is not the
only possible explanation for the large observed abundances of carbon-chain
molecules: in fact, only a large fraction of atomic or ionized carbon in the gas
phase is required in the models, which may result from incomplete conversion
of carbon to CO due to any other mechanism (Suzuki 1983).

The above example reinforces the general conclusion about interstellar
cloud models, namely that they are only moderately successful in reproducing
the observed abundances. A large source of uncertainty still lies in the
adopted reaction rates, which can introduce orders of magnitude uncertainty
in the predicted abundances, but which are not always widely recognized.
Nevertheless, the gas phase models have at least some predictive, quantitative
power. Our understanding of processes involving grains is still much more
limited and these models can be used only for qualitative statements at best.
Much more basic laboratory study of reactions on surfaces representative of
interstellar grains needs to be performed in order to remedy this situation.
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ITI1. CHEMICAL STATE OF DENSE CLOUDS PRIOR TO
STAR FORMATION

The discussion in Sec. II focused on interstellar molecules and chemical mod-
els in general, and compared the models with observed molecular abundances
at one specific position in the Taurus clouds. In this section, we investigate
from an observational point of view how representative the chemistry at this
position is of that of other clouds or clumps which currently show no indica-
tion of ongoing star formation. It appears that these dark, dense clouds are
very inhomogeneous on scales of 20 to 60", and that as a result their chemical
state is poorly constrained observationally.

A. TMC-1 Cloud

The TMC-1 core is a small elongated, dense ridge of approximate dimensions
0.6 x 0.06 pc in the Taurus clouds, with a total mass <40 M, (see Fig. 1). Al-
though low-mass star formation occurs throughout the Taurus cloud complex,
including sites close to TMC-1, no direct evidence for recent star formation
has been found within the TMC-1 ridge. It appears to be a quiescent, self-
gravitating clump of gas with a minor axis of the order of a Jeans length. The
narrow observed molecular line widths (<1 km s~!) show no signs of col-
lapse. Thus, TMC-1 is thought to be a cloud close to hydrostatic equilibrium,
which may be the site for the next generation of pre-main-sequence stars.
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Figure 5. (a) Column density distribution of HC;N (full lines) in TMC-1 compared
with that of NH; (dashed lines). (b) Column density distribution of C4H (full
lines) compared with that of HC;N (dashed lines). Possible gradients in excitation
temperature across the TMC-1 core have been neglected in making these maps (see
text) (Olano et al. 1988).
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Figure 5 shows the NH3 and HCsN column density distribution along the
TMC-1 ridge at about 40” (0.03 pc at the adopted distance of 140 pc) resolution
(Olano et al. 1988). The (0,0) position is the peak in the cyanopolyyne
emission to which most of the observations of the molecules listed in Table V
refer. It is apparent that these two molecules have very different distributions
along the ridge, as was also found in earlier studies at lower angular resolution
(see, e.g., Little et al. 1979; Tolle et al. 1981). The ammonia column density
peaks about 7' (0.3 pc) to the NW of the maximum of the complex carbon-
bearing molecules. Care has to be taken in interpreting these maps, however,
because variations in the emission can be caused either by variations in the
excitation conditions, or by true chemical abundance variations along the
ridge (see, e.g., Bujarrabal et al. 1981). For TMC-1, these two possibilities
have been considered carefully, and it was concluded that the HC;N/NH;3
abundance ratio varies genuinely by more than an order of magnitude over
the scale of a few tenths of a pc. The physical conditions have been constrained
from a variety of diagnostics. The temperature, as determined from the NH;
(1,1) and (2,2) excitation, is about 10 K, whereas estimates of the densities
range from ~3 x 10* to 10° cm™3. There is no consensus yet whether there
is any gradient in density along the ridge. In any case, it is insufficient
to explain the different distributions shown in Fig. 5 in terms of different
excitation effects. On the other hand, small differences of order 1’ (0.04 pc)
have been found in the distribution of, e.g., HCsN and C4H in the southern
part of the ridge, which may well be caused by excitation effects if the H,
density falls off rapidly to the south (Fig. Sb). Maps of HC3N and C;H; in the
southern part at even higher angular resolution of 20” have been presented by
Guélin and Cernicharo (1988). It is seen that the ridge breaks up into a chain
of tiny clumps with a characteristic size of 1’ (0.04 pc or 8000 AU), which is
comparable to the size of the gas disks surrounding young stellar objects such
as HL Tauri (see Chapter by Beckwith and Sargent).

What can cause the striking chemical differences between the northern
and southern peak? As discussed in Sec. II, most chemical models have
attempted to reproduce the observed abundances in the southern peak, but
have succeeded only in a time-dependent calculation at an early age of a few
times 10° yr. These models are somewhat artificial in that they presuppose
that the carbon is initially mostly atomic, but that hydrogen is in molecular
form, and that the physical conditions are fixed with time. Nevertheless, this
chemical time scale is comparable to the probable age of the TMC-1 ridge
(Olano et al. 1988). However, in order to explain the abundance variation
along the ridge, the northern part would have to be significantly older than
the southern part. This would be consistent with the larger abundances of
nitrogen- and sulfur-bearing molecules such as NH;, NO and H,S in the
north, because the chemical time scales for these species are longer. TMC-1
may be an unusual cloud because of its elongated structure, which has been
speculated to arise through a shock caused by cloud-cloud collisions. On the
other hand, the observed small line widths and the absence of any significant
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velocity gradient indicate that all the energy of a possible shock has already
been dissipated, so that we are probably seeing the “fossilized remnant” of
this collision, which is being preserved by self-gravitation (T6lle et al. 1981).
In this picture, an age gradient across the ridge is not easily accounted for.
Variations in density along the ridge from 10* to 10° cm ™3 have little effect on
the computed abundances in a pure gas-phase model, but do significantly affect
the time scale for depletion onto the grains (cf. Fig. 2). If the density were
higher in the northern part, more carbon-chain molecules could be removed
from the gas phase. However, there appears little evidence for differential
depletion of other molecules between the two peaks, and NH3, which may
form on grains, is even more abundant in the north. Better observational
constraints on possible density gradients along the ridge, combined with more
detailed modeling of the grain depletion processes are needed to elucidate the
cause for the observed variations.

B. L 134N Cloud

A second example of a cold, dark cloud which shows no obvious evidence
of star formation is the L 134N cloud, also known as L 183. The chemical
structure of the densest part of this cloud has been studied in great detail
by Swade (1989a, b). Figure 6 reproduces his observed contour maps of
integrated emission of a number of representative molecules.

The core region of L 134N, as seen in C!80, extends over an area of about
8 x 8, which, at a distance of 160 pc, corresponds to about 0.3 x 0.3 pc.
Its estimated total mass is about 20 Mg,. It is apparent that the emission of
some molecules is fairly similar (e.g., C'80 and CS), but that other molecules
(e.g., HCO™, SO and NH;) show widely different distributions. For example,
the CO and CS maps both have a NE-SW extension, whereas the HCO™
and NH3; maps are much more elongated in the N-S direction. C3;H, also
peaks in the northern part, but does not show a corresponding peak in the
south at the same position as NH3; or HCO™*. The SO emission, on the other
hand, peaks more to the west than that of any other molecule. To what
extent are these differences due to varying excitation conditions or to actual
abundance variations? The physical conditions in L 134N have been derived
from a number of diagnostic species, and a kinetic temperature 712 K
and peak density n(H;)~3 x 10* cm™ have been found, very similar to the
conditions in the TMC-1 ridge. Some variations are seen in density across the
L 134N core, but the different map morphologies are mostly due to chemical
abundance variations on scales of a few tenths of a pc. Swade and Schloerb
(1992) have suggested that the different distributions of CS and SO indicate
an oxygen abundance gradient across the L 134N core, with oxygen being
depleted in the highest density core around the (0,0) position. Atomic carbon
has been detected near the (0,0) position in L 134N (Phillips and Huggins
1981), but no data are available on other positions in this cloud or TMC-1 to
test the hypothesis. Also, no detailed chemical modeling has yet been done to
investigate how large such a gradient would have to be to explain the different
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CS and SO distributions, and how it could account for the observations of
other molecules. The age of the L 134N core is estimated to be at least 1 Myr,
so that time-dependent effects probably play a smaller role in the chemistry
of this cloud than in TMC-1.
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Figure 6.  Contour maps of the integrated intensity of various molecules in the
L 134N molecular core. The different map morphologies are thought to reflect true
chemical abundance variations on scales of a few arcmin (0.2 pc) (Swade 1989a).

C. Discussion

The cases of TMC-1 and L 134N illustrate that significant chemical abundance
gradients occur over scales of only a few tenths of a pc within a single,
supposedly quiescent, cloud. Comparison of the abundances in the TMC-1
and L 134N cores shows some interesting differences and similarities between
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the two clouds as well, which are illustrated in Table VI of Sec. IV. For
example, the long-carbon chain molecules are 1 to 2 orders of magnitude less
abundant anywhere in L 134N than in the southern part of TMC-1. On the
other hand, SO and SO, are more abundant in the western part of L 134N
compared with the southern part of TMC-1. If anything, the chemistry in
L 134N resembles that found in the northern part of TMC-1. In spite of
these differences, some molecules have similar abundances in the two clouds,
such as the fairly complex molecule methanol (Friberg et al. 1988). The fact
that methanol does not peak at the position of that of the long-carbon chain
molecules suggests that it has a different origin.

Limited surveys of the chemistry have been made for a number of other
dark cores, both with and without star formation. None of these cores has
as rich a chemistry as TMC-1, although carbon-chain molecules have been
detected in nearly half of them (Cernicharo et al. 1984; Suzuki et al. 1992).
One striking result is that the complex carbon molecules are not found in
any region in which star formation has already occurred, such as L 1551.
On the other hand, more than 2/3 of the cores seen in NH3 have associated
IRAS sources (Benson and Myers 1989). These surveys appear to confirm
the picture that regions in which NHj is abundant represent a later stage in the
evolution of the cloud than regions in which the complex carbon molecules
are present. Whether the larger NH3 abundance in regions of star formation is
solely the result of the longer time scales or different physical conditions, or
whether, e.g., release from grain mantles plays a role, is still an open question.
More detailed comparisons of the abundances of other molecules in such
surveys will be very valuable.

The observed correlation between NHj3 cores and star formation also
raises the question whether there may yet be alternative explanations for the
observed chemical gradients in the TMC-1 and L 134N clouds. If cold, low-
luminosity protostars in a very early stage of evolution were present, they
would not show up as strong IRAS point sources, but may still affect the
chemistry if they are already in the outflow stage. Such outflows could, for
example, evaporate grain mantles and create local shocks in which sulfur-
bearing molecules could be formed. In fact, a low-luminosity IRAS source
with associated high-velocity CO outflow emission has been detected only 2
W of the northern TMC-1 NHj; peak (Terebey et al. 1989). More information
on the distance over which such outflows could affect the chemistry would be
very useful. Deeper searches for protostellar activity in the L 134 N core are
warranted.

In summary, the question “what is the chemical composition of a dark
cloud prior to star formation” cannot be answered in detail at present without
an understanding of the physical and chemical processes that give rise to the
observed variations. Several possible causes have been identified, such as age
gradients, elemental abundance gradients, and maybe even star formation in
its earliest stages, but detailed modeling and systematic observations are still
lacking.
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IV. CHEMICAL STATE OF STAR-FORMING REGIONS

The preceeding sections outline the chemical composition and evolution of
molecular clouds prior to and during the incipient stages of star formation. As
is outlined below, observationally we are now in a position to examine directly
the chemical evolution which accompanies the star-formation process, at least
on scales of 500 to 10,000 AU. It is generally accepted that, as stars condense
out of molecular clouds, the circumstellar gas will gradually become flattened
so that eventually the remnant cloud around the protostellar object will have a
disk-like morphology. Until very recently, the structure of this circumstellar
gas could be ipferred only from indirect clues. However, with the advent
of interferometric techniques at millimeter and infrared wavelengths, it has
become possible to identify such disks directly. Around the low mass objects
HL Tauri, L1551 IRSS and IRAS 16293-2422, for example, are extended,
flattened structures with radii of order a few 100 AU (Mundy et al. 1986b;
Sargent and Beckwith 1987; Sargent 1989; Keene and Masson 1990). Thus
far, observations have concentrated on the dust continuum and isotopic CO
emission from these objects with the intent of obtaining an overview of the
spatial structure, mass and kinematics of the system, but little work has been
reported on their chemical structure. While dynamical studies ultimately
require the resources of instruments capable of higher resolution, the large-
aperture millimeter and sub-millimeter telescopes which have recently come
on-line (IRAM, JCMT, CSO, Nobeyama) are well suited for initial explo-
ration of the chemical nature of these disks and their surroundings (see Table
I). For example, broadband molecular line surveys can delineate the “initial
conditions” accompanying the collapse of dense clouds into protostellar ob-
jects; while deep integrations on selected species and interferometric mapping
can examine the chemical heterogeneity of the circumstellar disks or cores
themselves.

As aresult of recent surveys of young stellar systems at millimeter (Wilk-
ing et al. 1989b) and sub-millimeter (Beckwith et al. 1990) wavelengths, over
100 cold compact dust regions associated with young stellar objects have
been identified. In addition, new mid-infrared cameras and high resolution
far-infrared data are beginning to reveal more detailed information about the
warm dust. This list contains sources which span stellar luminosities from 1
to 10° Ly, and a range of obscuration from visible stars to objects so deeply
embedded that no 2-um source is detected. Estimates of the masses of cir-
cumstellar material range widely from <0.1 to 10 My or more. As two
of the nearest and brightest star-forming molecular clouds, the core of the
Orion nebula and the IRAS 16293-2422 core in the p Ophiuchi cloud present
unique opportunities to examine the complexity and evolution of interstellar
chemistry in two very dissimilar environments, i.e., high- vs low-mass star
formation. These two regions have been studied chemically in so much more
detail than any other regions that it is instructive to discuss them first. Empha-
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sis will be placed on the alteration of the chemical composition of the parent
molecular cloud by the star formation process.

A. High-Mass Star-Forming Regions

1. Orion/KL: Observations. The Orion/KL or OMC-1 molecular cloud core,
centered behind the Trapezium stars in the sword of the Orion constellation
and including the luminous infrared sources BN and IRc2, is perhaps the
most widely known and best studied example of a young stellar nebula in
which high-mass star formation occurs. Indeed, because of its proximity,
large intrinsic luminosity (2 to 10 x 10* L), and enormous quantity of
surrounding material, the IRc2 region is one of the brightest compact objects
in the sky from mid-infrared to millimeter wavelengths. Its unique strength
in molecular line emission is obvious from its central role in molecular line
searches since the early days of molecular radio astronomy. In more recent
years, these strong lines have made IRc2 an irresistible source for millimeter
interferometer studies of molecular spatial distributions (Plambeck et al. 1985;
Vogel et al. 1985; Masson and Mundy 1988; Plambeck and Wright 1987,1988;
Mangum et al. 1990).

The connection of the Orion/KL core with the Orion-Monoceros giant
molecular cloud complex is visible in maps of many molecular species as
a strip, or ridge, of material running roughly N-S near the Trapezium. The
linewidths in the ridge material are at most 4 to 5 km s~!, and decrease with
increasing spatial resolution. Condensations in the Orion ridge are nicely
sampled by high-density tracers such as CS, as is demonstrated in the left-
hand side of Fig. 7. Three condensations are clearly visible, with dimensions
from 0.03 to 0.11 pc and virial masses from 30 to 80 Mg. The largest
condensation is centered on the main source in the region, IRc2, a roughly
25 Mg, star deeply embedded in the local material (Genzel and Stutzki 1989).
The 1.5'S source is the only other clump in Fig. 7 which also shows obvious
molecular signposts of star formation activity (Ziurys et al. 1989).

In addition to the “spike” or ridge gas, anumber of other distinct kinematic
components are detected near IRc2. Centered approximately 2” south of IRc2
is the “hot core” component which is a ~10 Mg clumping of gas and dust
about 15” (0.03 pc or 7000 AU) in extent. This material is associated with
and strongly heated by IRc2 to at least 100 to 200 K, but does not appear to
be a protostellar disk itself (Plambeck and Wright 1987; Genzel and Stutzki
1989), although such a disk may exist within 80 AU of IRc2 (Plambeck et al.
1990). A strong bipolar outflow from IRc2 has interacted with the structure in
the local molecular cloud to create a “doughnut” of slowly expanding shocked
cloud material (the “low-velocity plateau” component characterized by line
widths AV <25 km s~!) roughly normal to the flow axis. Along the flow axis
the velocities are correspondingly higher due to the faster density decrease
(the “high-velocity plateau™), as is evident in the emission from CO, HCO*
and H, (Vogel et al. 1984; Masson and Mundy 1988). Finally, a compressed
clump of cloud material called the “compact ridge” is visible some 10 to



PROTOSTELLAR AND PROTOPLANETARY MATTER 191

ORION
kIl

Figure 7. Left: OVRO/Onsala image of the integrated CS J=2—1 emission from
the Orion ridge. The asterisks denote the positions of the Trapezium stars, while
the triangles mark the positions of the millimeter continuum sources (Mundy et al.
1988). Right: Hat Creek aperture synthesis maps of molecular emission towards
Orion/KL. The contour levels for the first four 2’ square maps step by 5 K, while for
the last two the interval is 10 K. The tickmarks are spaced by 10” (Plambeck and
Wright 1988).

15" to the southwest of IRc2. Figure 8 summarizes the various components
surrounding IRc2 graphically in more detail.

Chemistry adds considerably to the complexity of the region as variations
in temperature, atomic abundances, and chemical history drive variations in
the molecular composition of each component. For example, interferometer
maps of species are often very different in appearance, as the right-hand side of
Fig. 7 demonstrates. This figure, obtained by the Hat Creek millimeter-wave
interferometer (now called BIMA), outlines dramatic differences in molecular
emission onthe 3 to4” scale. When combined with the temperature and overall
abundance constraints provided by the spectral line surveys outlined below,
these maps demand that true chemical heterogeneity exists on scales of 2000
AU or less.

Due to the opaque nature of the atmosphere in many wavelength regions
and the relatively insensitive nature of early receiver/telescope combinations,
much of the initial work on the chemistry of dense molecular clouds pro-
ceeded through a biased selection of molecules on a line-by-line basis, such
as discussed in Sec. III. However, unbiased surveys of small regions in the
millimeter-wave spectrum have been recorded for the brightest objects in the
sky like Orion/KL (Lovas et al. 1976,1979; Johansson et al. 1984; Sutton et
al. 1985; Blake et al. 1986; Turner 1989b; Jewell et al. 1989). More recently,
the new submillimeter facilities have allowed the surveys to be extended to
high-frequency atmospheric windows. The main advantage of line surveys
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Figure 8. Schematic model for the Orion/KL outflow region around IRc2. The hot
core material (shaded region) lies mainly in front of IRc2. It is being ablated by a
wind from IRc2; the resulting material forms the high-velocity plateau. The volume
around IRc2 has been largely cleared of material except where the outflow has been
stopped by the dense ridge gas. The resulting shocked region (dotted) is responsible
for the low-velocity plateau (figure adapted from Masson and Mundy 1988).

vs selected observations is completeness, but they also result in better calibra-
tion, certainty of identification, and in a measurement of the total integrated
line flux.

These points are illustrated by a recently completed CSO 345 GHz survey
of the Orion/KL region, which yields dramatically more intense emission than
is prevalent at longer wavelengths due to the high temperature and large mass
of the central source (Groesbeck et al. 1993). Two positions have been
observed to examine the nature of chemical abundance variations on small
size scales, in this case the classical Orion/KL “plateau”/hot core source and
the warm core 1’5 S (Fig. 7). The differences in the spectra between the two
sources are striking, as is demonstrated by Fig. 9.

Indeed, an incredible complexity is revealed for Orion/KL, but only few
lines are visible at the 1'S S position in spite of the fact that the total H;
column density is very similar. The myriad lines in the Orion/KL spectra
arise mostly from high-energy levels (>300 K) of asymmetric top molecules
such as methyl formate, sulfur dioxide, or methanol, and result in a quasi-
continuum. Only in a few selected bands can the true continuum level of
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Figure 9. CSO 500 MHz double sideband spectrum of the Orion/KL and Orion 1'5
S sources near the H'*CN J=4—3 transition at 345.34 GHz. Both spectra have
the same vertical scale, and the total integration time was <10 minutes. Note the
enormous difference in the number of lines between the two sources (Groesbeck et
al. 1993).

T ~1.7 K be reached. The most striking chemical difference between the 15
S source and the Orion/KL region is the nearly complete absence of SO, in
the former, despite easily observable SO and SiO spectral lines. In addition,
several of the species more traditionally associated with cooler molecular
clouds, such as C,H, are observed to have greater abundances in the southern
source. The difference in line density between the two sources also illustrates
that care has to be taken in the interpretation of continuum measurements of
distant unresolved sources: if the source is like the 1.5.S source, the continuum
is mostly due to dust emission, whereas if it is like Orion/KL, a significant
fraction of the continuum may actually be due to lines. This could lead to
erroneous conclusions, e.g., about the gas-to-dust ratio.

Orion/KL: Chemistry. In the following, the different chemistries of the
Orion core region (the extended ridge, the plateau, the hot core, and the com-
pact ridge) will be discussed in more detail. Results for selected molecules
are summarized in Table VI in Sec. IV.B. In spite of the tremendously het-
erogeneous composition of this region, it is heartening to note that it may
be interpreted at least qualitatively in the framework of the interaction be-
tween a quiescent molecular cloud chemistry and that induced by massive
star formation (Blake et al. 1987).

The chemistry of the extended ridge material is similar to that observed in
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a number of other cool, quiescent clouds described in Sec. III: a temperature
increase from 10 to 50 K and an increase in density by an order of magnitude
seem to have little influence on the chemistry. In contrast, the chemical
composition of the Orion/KL plateau source is dominated by high-temperature
chemistry, including shocks and grain-mantle evaporation. The most striking
result for the plateau source is the large drop in the abundances of carbon-rich
species like C, C;H and CN and the concomitant rise in the abundances of
oxygen- and sulfur-containing species such as H,O, SiO, H,S and SO,. The
observed ratio of carbon and oxygen contained in molecules other than CO
and water is C/O<0.5 in the plateau source. In contrast, the same ratio is
greater than unity in the ridge material. The higher oxygen abundance and the
very high temperatures behind shock fronts are expected to drive most of the
oxygen into H>O and OH and carbon into stable forms such as CO. Also, they
will enhance the abundances of more refractory species such as sulfur and
silicon via grain disruption or evaporation, as is evidenced by large abundances
of gas-phase atomic silicon (Haas et al. 1991). The considerable abundance of
“fragile” species such as H,CO and the large residual deuterium enhancement
in water imply an extremely clumpy density structure in the outflowing wind.

High-temperature chemistry is also evident in observations of the hot
core, but with a considerably different signature. Again, the abundances
of reactive, carbon-rich species are significantly reduced, with the observed
C/O ratio in molecular form less than unity. Because the heating is caused
by radiation rather than by shocks, grain vaporization does not occur and
the abundances of the refractory sulfur and silicon species remain low. The
high densities and temperatures in the hot core reduce the effectiveness of
ion-molecule networks, and are sufficient to release much of the grain-mantle
material stored over the cloud lifetime. Indeed, the composition of the hot
core is most consistent with a chemistry that was dominated by ion-molecule
reactions in a cold, quiescent dense cloud with accretion onto grains, followed
by evaporation of the molecules from the grains once star formation has
occurred (Brown et al. 1988). Because of the relatively slow gas-phase
reactions, the ejected mantle material has not yet been chemically modified.
It is worth recalling, however, the considerable uncertainties in quiescent
cloud gas-phase and grain-mantle chemistries outlined in Secs. II and III, so
that it is difficult to test this scenario in detail. Nevertheless, support for
this picture comes from the unexpectedly large observed abundances of HDO
(Jacq et al. 1990), NH,D (Walmsley et al. 1987), CH30D (Mauersberger
et al. 1988), DCN (Mangum et al. 1991), and D,CO (Tumer 1990) in the
hot core/compact ridge region, which indicate that significant fractionation is
retained even though the kinetic temperature is well above 100 K (see Table
IV). The most likely explanation is that the observed deuterated molecules
are “fossil” water, ammonia, methanol etc. resulting from efficient deuterium
fractionation at low temperatures both in the gas and/or the grains, trapped
onto grains throughout the cloud lifetime, and released only recently because
of heating by a newly formed star (Plambeck and Wright 1987; Brown and
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Millar 1989a, b; Walmsley 1992; see also the chapter Appendix and Fig.
3). If IRc2 is responsible for this heating, it cannot have existed for more
than ~10* yr, because otherwise the deuterium enhancements would have
been reset by chemical reactions to their high-temperature values. This time
scale is comparable to that derived from the SiO and H,O maser flows.
Grain chemistry may also be responsible for the enhanced abundance of
H,CO, and for the conversion of unsaturated carbon-chain molecules into
more hydrogenated species like ethyl cyanide, because the relevant gas phase
routes are highly endothermic.

Finally, the importance of chemical mixing between active cores like
Orion/KL and surrounding cloud material is demonstrated by the composi-
tion of the compact ridge source in the southwest. It is here that the abundances
of complex oxygen containing organics such as CH30CH3; and HCOOCH;
peak. These species could either be produced by grain-mantle hydrogenation
of CO, etc., or by gas-phase routes. An earlier gas-phase suggestion involv-
ing mixing of water from the plateau source with ion-rich gas from the ridge
(Blake et al. 1987) does not appear to explain the observed abundances via an
ion-molecule route when subjected to detailed numerical tests, although the
direct injection of methanol from grain surfaces followed by an ion-molecule
chemistry appears to be more promising (Millar et al. 1991a). These mixed
gas/grain models could most likely account for the abundances, but do not cur-
rently explain why the chemical composition in the compact ridge is different
from that in the hot core. Also, it is difficult with such models to account quan-
titatively for the observed selectivity, namely that dimethyl ether (CH3;OCH3)
and methyl formate (HCOOCHj3) are found to be much more abundant than
their isomers ethanol (CH3CH,OH) and acetic acid (CH3;COOH). Another
point in favor of a different chemistry in the compact ridge than that proposed
for the hot core is provided by recent high angular resolution observations
of methanol (Plambeck and Wright 1988; Wilson et al. 1989). If methanol
and the other related species were produced by grain-mantle catalysis, then
they should show observational correlation with other grain-mantle products.
For example, ammonia, ethyl cyanide and water (as traced by HDO) show
striking similarities by peaking at the hot core position. Methanol, however,
appears to be anticorrelated with these species by peaking at the compact
ridge; and thus any model which accounts for its chemistry cannot be similar
in its details to the hot core. Specifically, a mechanism must be found to alter
grain mantle chemistry on small size scales (cf. Tielens et al. 1991).

2. Other Regions. The Orion/KL observations show that several chem-
ically distinct regions occur on scales of 2000 to 10,000 AU, corresponding
to 5 to 25” at the distance of Orion. Thus, for regions at greater distances
observed with comparable beam sizes, we may expect enormous unresolved
complexity if the region is at a similar stage in its evolution as Orion/KL. The
Sgr B2 giant molecular cloud complex has been surveyed at various wave-
lengths and shows, not surprisingly, significant chemical heterogeneity on
small angular scales (Goldsmith et al. 1987; Sutton et al. 1991). However, be-
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cause these clouds are very far removed, the origin of the chemical variations
is even less clear than in the case of Orion. Some regions with physical and
chemical properties similar to the Orion hot core have recently been found,
such as G 34.3+0.15 (Henkel et al. 1987; Heaton et al. 1989), but these are
also at much larger distances. Distant massive GMC such as M 17 (see,
e.g., Stutzki et al. 1988), W3 (see, e.g., Wright et al. 1984; Dickel and Goss
1987; Hayashi et al. 1989), NGC 7538 (Pratap et al. 1990), and NGC 6334
(Bachiller and Cernicharo 1990) show strong atomic and molecular emission
lines, but have been studied in much less detail chemically and are difficult to
interpret, owing to the poor spatial resolution.

The only other nearby molecular clouds with high-mass star formation
which have been studied in some detail are the NGC 2024 region, also known
as Orion B (see, e.g., Mundy et al. 1987; Barnes and Crutcher 1990), the
region surrounding NGC 2071 IRS 1 (Yamashita et al. 1989; Zhou et al.
1990a) and the p Ophiuchi A and B cloud cores (see, e.g., Martin-Pintado
et al. 1983; Zeng et al. 1984; Loren and Wootten 1986; Wootten and Loren
1988; Sasselov and Rucinski 1990; Loren et al. 1990), although the latter
cases are sometimes classified under low-mass star formation. All these cores
are known to have energetic molecular outflows, and molecules such as SO,
HCO™ and even DCO™" are readily detected. In addition, multitransition
observations of H,CO, NH;3 and CS have been used to constrain the density
structure of the clumps. True molecular abundance gradients may be present
across the cores, and molecules appear to be depleted from the gas phase in
the densest parts (Mezger et al. 1992; Mauersberger et al. 1992). Another
interesting study in this respect is that of Loren and Wootten (1986), who
systematically observed a number of molecular lines at 3 positions in the
p Ophiuchi A and B cores.

Because the observational data on these other regions are so fragmentary,
it is difficult to establish any possible evolutionary sequence for the chemistry
in high-mass star-forming regions. For example, is the 1'5 S source in Orion
indeed at an earlier evolutionary stage than Orion/KL as argued by McMullin
et al. (1992)? How long does the Orion/KL phase in which molecules such as
SO, are so much more abundant last, and what is the underlying cause? What
is the fate of the so-called photodissociation regions in, e.g., M 17, which are
close to young hot stars? Is their fractional ionization too high for star forma-
tion to occur? More systematic studies on the chemical abundances in warm
and cold dense clumps, such as those initiated by Loren and Wootten (1986)
for p Ophiuchi, are needed to settle these issues. Clearly, only the warmest of
them resemble Orion/KL in terms of chemical complexity, emphasizing the
unique evolutionary state of this object.

Another important method to probe both the cold gas of the molecular
core and the warm, dense gas close to the massive protostar is through infrared
absorption lines toward embedded sources such as Orion BN/KL, AFGL 2591
and NGC 2264 (Scoville et al. 1983; Mitchell et al. 1989,1990). Such studies
are valuable not only to constrain the physical structure of the circumstellar gas
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environment on much smaller scales than is currently possible with millimeter
techniques, but may also provide information on the chemistry in this inner
part, if extended to other molecules (Evans et al. 1991). Such high-resolution
infrared observations are expected to become more important in the near
future due to rapid technological advances in this area, and planned space-
based missions such as the Infrared Space Observatory.

B. Low-Mass Star-Forming Regions

As noted above, by combining high angular resolution interferometric ob-
servations to image molecular distributions with broadband single-dish spec-
troscopic surveys to accurately constrain excitation and abundances, it has
become possible to examine in detail the nature of the chemistry of bright
sources such as Orion. Observations of fainter, low-mass star-forming re-
gions have become possible only recently. We focus the discussion here on
IRAS 16293-2422, one of the better studied examples of local low-mass star
formation.

1. IRAS 16293-2422 Object. IRAS 16293-2422 is a young, far-infrared
object of 27 Ly located in the nearby (160 pc) Ophiuchus cloud complex.
It was originally identified as a possible protostar with a molecular outflow
(Walker et al. 1986; Wootten and Loren 1987) and was suggested to have a
spherically symmetric infall (Walker et al. 1986). While the claim for infall is
still controversial (Menten et al. 1987), the central object associated with the
far-infrared emission is a rich source of molecular line and long-wavelength
dust emission.

Dust continuum emission from IRAS 162932422 has been observed at a
wide range of wavelengths with the most revealing data being recent A = 2.7
mm interferometer maps at high resolution (473 x 274) (see Fig. 10d), which
resolve this region into two components separated by 830 AU (572) along a
northwest-southeast axis (Mundy et al. 19865,1992). The majority of the dust
in the system is contained in these two components which are coincident with
weak centimeter emission from ionized gas (Wootten 1989). The southeastern
source is marginally resolved with a source size of 640 AU (4”); the northern
source is unresolved (FWHM <200 AU; 175). Observations with the Kuiper
Airborne Observatory at 50 and 100 um have confirmed that the majority
of the far-infrared emission emanates from these sources with a maximum
allowable source size of 15” (Butner et al., in preparation). The overall
spectral energy distribution of the region is well-fitted by 40 K dust with a
17! to 172 emissivity law. Recent groundbased 10 and 20 £m measurements
have failed to detect emission, consistent with the cool dust temperature.

Interferometer maps of molecular line emission in the C'80 J=1-0,
NH; (1,1) and CS J=2—1 transition have revealed elongated gas structures
coincident with the dust distribution (Mundy et al. 1990; Walker et al. 1990).
The C'80 emission, seen in Fig. 10a, shows a velocity shift from northwest
to southeast of 2.4 km s~ ! consistent with orbital motion. Assuming point
masses, the mass of the system is around 1.5/sin i Mg, where i, the orbital
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Figure 10. Composite of emission maps of IRAS 16293-2422. (a) Velocity integrated
C'#0 J=1—0 emission obtained with the Owens Valley Interferometer at 63 x 475
resolution; (b) NHs (1,1) emission obtained with the VLA at 6” x 6" resoiution;
(c) and (d) Integrated SO 23—1, and 2.7 mm continuum emission mapped at 2”4 x
472 with the Owens Valley Interferometer. The pluses indicate the positions of the
2 c¢m radio sources. Note that the object has broken into two sources separated by
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830 AU, but that the SO emission is mainly associated with only one of the two.

inclination, is likely to be near 90°. The CS J=2—1 emission reveals a
similar structure. On the other hand, the NH; emission, shown in Fig. 10b,
arises from a larger (8000 AU diameter) region with a kinetic temperature of
15 to 20 K and a total mass of ~0.2 Mg, in the outer region. Yet a different
distribution is seen for the SO molecule, as Fig. 10c demonstrates: very strong
SO 23-1, emission arises from the southeastern component, but no detectable
emission comes from the other component (Mundy et al. 1992). Finally, the
HCO™" 1-0 emission appears more associated with the outflow, being extended
considerably NE-SW (Mundy 1990). Thus, at 500 to 800 AU resolution, the
various molecular species exhibit significantly different spatial distribution,

much as is the case in the Orion/KL region.
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IRAS 16293-2422 therefore appears to be a very young binary system
in which both components are still surrounded by significant amounts of gas
and dust. The southeastern source is the more active of the two with the
double-lobed radio emission, strong SO emission, as well as HoO masers
tracing its outflow activity (Wilking and Claussen 1987; Menten et al. 1990).
The NH; emission appears to be distributed in a ring with radius 3000 to
4000 AU surrounding the central sources. The dearth of ammonia emission
from the central components is likely to be due to an actual decrease in NH;
abundance. These points are summarized graphically in Fig. 11.

N IRAS 16293-2422 REGION

OUTER DISK
Ty = 1520K
N = 0.4-5 X105cm?
M = 0.03-0.24 M,

STATIC CORE

Ty « 15-20K

n'=1-2 X10%m3 DISK
Nup = 34 X 1020m2 Ty = 40K

nz5X107%cm?
M= 1.5-1.7 Mg

Figure 11. Graphical depiction of the IRAS 16293-2422 molecular cloud core and
circumstellar disk(s) (Mundy et al. 1990).

Single-dish spectra at submillimeter wavelengths cannot spatially resolve
such distributions (see Table I), but can provide valuable information on the
overall chemical composition of the region. Figure 12 demonstrates the
quality of data that is now obtainable in only a few minutes of integration
time (Blake et al. 1993). Many different molecules are readily detected, and in
several cases more than one line is visible, so that rotation excitation diagrams
can be constructed. The rotation diagram temperatures of SO, and CH;0OH
are ~80 K, significantly higher than the dust temperature of 40 K.

The rich molecular spectrum observed for IRAS 16293-2422 does not,
however, imply much higher abundances compared with, e.g., cold clouds.
The main reason that the lines in this source are so strong is simply that the total
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column density of matter is at least an order of magnitude higher compared
with, e.g., TMC-1. In addition, the higher temperature and density facilitate
observation of the high-lying transitions. The inferred abundances for IRAS
16293-2422 averaged over a 20" beam are presented in Table VI, and are
surprisingly similar to those found in the cold clouds, with the exception
of SiO. Silicon monoxide is suspected to have at least moderate activation
barriers which affect its formation, consistent with its larger abundance in
IRAS 16293-2422 (Ziurys et al. 1989; Langer and Glassgold 1990), and is
also enhanced by shock destruction of grains (Martin-Pintado et al. 1992).

One might therefore draw the conclusion from Table VI that the abun-
dances of molecules like SO in low-mass regions such as IRAS 16293-2422
are not affected by the star-formation process. However, the interferometer
observations of SO clearly show that this is an oversimplification, because
the molecule is only concentrated around one of the two sources. The SO
abundance in the southern source is close to the value listed in Table VI, but
that in the northern source is roughly a factor 10 below even the dark-cloud
value. As most of the protostellar activity arises from the southern source, it
is tempting to speculate that the SO is in that case an interaction product of
the outflow with the surrounding molecular material, which probably releases
sulfur and oxygen back into the gas phase, much the same as in the Orion
plateau source. However, the similarity of the SO abundance in the southern
source and that in cold clouds suggests that this process is not very effective,
presumably because the outflow is less powerful than in Orion. The difference
with the northern source may result from larger depletion of SO onto grains.
The northern source is presumably younger than the southern one, given its
unusual continuum flux distribution and the lack of an outflow (Mundy et al.
1992).

The disparity in relative distributions of C'80 and NHj, seen in Fig. 10,
may shed additional light on this question. It is clear that gas-phase NHj is
down by at least an order of magnitude in the inner core. This behavior is also
seen in ammonia relative to CS and dust in the more massive NGC 2071 IRS1
region (Zhou et al. 1990a). The question is whether the NH; surrounding
IRAS 16293-2422 is remnant interstellar cloud material, or whether it has
been depleted and/or formed on grains in the inner part and subsequently
returned back to the gas phase. If anything, the NH3 abundance around the
northern source appears larger than that in the southemn part, opposite to the
case of SO. It should be recalled that variations in the NH; abundance on
small scales have also been seen in cold clouds such as TMC-1 and L 134N,
where freeze-out is probably not the explanation. On the other hand, NH,D is
also prominent in IRAS 16293-2422 with NH,D/NH;~3 x 1073, as are other
deuterated molecules such as HDCO. This amount of deuterium fractionation
is similar to that found for the Orion hot core, where it is thought to result
from grain-surface processes. Water is predicted to have the largest abundance
and excitation contrast between the protostellar source and the surrounding
molecular cloud, but is presently unobservable due to atmospheric attenuation
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even at airborne altitudes, except for the masing lines. However, the HDO
abundances may exhibit similar characteristics, so that further searches for
this species in star-forming regions will be very valuable.

2. Other Regions. Many other dark cloud cores in which low-mass
star formation is currently taking place have been observed in a variety of
molecules. Most of these cores, such as B1, B5, B335 and L1551, contain
extended bipolar outflows, and have associated IRAS or far-infrared sources,
with luminosities ranging from <5 to 30 L. As for the high-mass regions,
they have been studied principally in lines of the CO, NH3, CS and H,CO
molecules with the aim of deriving the physical structure of the clouds (Fuller
and Myers 1987; Benson and Myers 1989; Zhou et al. 1989; Menten et al.
1989; Zhou et al. 19905b). Little coherent information is available on the chem-
istry in these cores. Single-dish data are available for a number of molecules
scattered throughout the literature, but they have often been obtained with
widely different beam sizes ranging from 20” to 5/, which complicates the
determination of relative abundances. Nevertheless, as mentioned in Sec.
III.C, it appears that long carbon-chain molecules are much less abundant
in star-forming regions than, e.g., in the southern part of TMC-1. On the
other hand, molecules such as NH; and CH3;0H seem to have abundances
similar to those found in, e.g., L 134N. A recent study of the B1 cloud indi-
cates that its SiO abundance is enhanced compared with TMC-1, especially
in the direction of the IRAS source located near the center of the NH3 core
where high-velocity CO gas has also been found (Bachiller et al. 1990b). The
same trend as observed for IRAS 16293-2422, namely that most molecular
abundances are similar to those in cold clouds, but that selected species such
as SiO are enhanced, thus appears to occur in other star-forming clouds. On
much smaller scales, however, significant chemical gradients may be present.

An intriguing case for further study is provided by the B5 cloud, which
has been mapped in detail in CO by Goldsmith et al. (1986) and Fuller et
al. (1991). They suggest that in BS (and probably in most other low-mass
star-forming regions) material cycles continuously between the clumps and
a tenuous interclump medium, on a time scale of a few Myr (Charnley et al.
1990). The clumps are formed in the collapse of the interclump gas, and are
destroyed by T Tauri winds from stars forming at the centers of the clumps.
Dynamical models for this scenario have been constructed by Charnley et al.
(1988,1990), but not enough observations of other species in BS have yet been
reported to test them in detail. Nevertheless, such models are an important
first step to include the star-formation process into the chemistry of a cloud
as a whole.

IRAS 16293-2422 is the only low-mass protostellar disk in which the
chemistry has been studied in some detail using interferometer techniques.
Observations of the distribution of molecules other than CO on scales of 500
to 1000 AU in well-established circumstellar disks such as those of HL. Tau
and T Tau are becoming feasible with current interferometer facilities, and
significant advances in our understanding are expected in the coming years
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(Ohashi et al. 1991). These young stellar objects are clearly at a further stage
in their evolution, as most of the associated molecular cloud material has been
dispersed already. As aresult, the molecular lines are much weaker than those
seen in, e.g., IRAS 16293-2422, when observed with a single-dish telescope
at 20 to 30” resolution because of the smaller averaged column densities.
Initial studies by Blake et al. (1992) suggest that the abundance and excitation
of molecules like CS may be different in the circumstellar disk of HL Tau
compared with, e.g., IRAS 16293-2422. In particular, polar molecules like
CS appear significantly depleted from the gas phase. The observed molecular
abundances in disks may eventually help to place limits on the distance at
which the transition from LTE chemistry to interstellar chemistry occurs, and
to probe the chemistry which occurs across the accretion shock.

Of particular chemical interest is the recent detection of extremely high-
velocity molecular flows associated with young stellar objects (Lizano et al.
1988; Koo 1989,1990; Masson et al. 1990; Bachiller et al. 1990b). The best-
studied case is that of HH 7-11, where CO with velocities extending up to
160 km s~! from line center has been found. The major question is whether
the CO is present in the jet itself, or whether it is ambient material which
has recently been swept up by the jet. The first possibility was suggested by
Lizano et al. (1988), and detailed chemical models of molecule formation in
fast winds were developed by Glassgold et al. (1989,1991). They find that
significant quantities of CO can indeed be formed in the winds, provided that
the temperature decreases rapidly with distance from the protostar. However,
Masson et al. (1990) argue on the basis of higher spatial resolution data that
the high-velocity CO is mostly swept-up ambient material accelerated by the
interaction with the jet. The high-velocity CO is found to be highly localized
and coincides with the strong HCO™ (Rudolph and Welch 1988) and shocked
H; emission (Garden et al. 1990). The main difficulty with this model is
that the CO is unlikely to survive such a powerful shock. Searches for
atomic species such as C I should indicate whether some of the CO has indeed
dissociated downstream. Detailed chemical models for this scenario are being
developed by Wolfire and Konigl (1991). It would be interesting to determine
how ubiquitous these extremely high-velocity flows are, and whether they
represent a specific phase in the evolution of young stellar objects.

3. An Evolutionary Chemical Sequence? Although the discussion in
the previous sections has been highly fragmentary, an attempt has been made
in Table VI to summarize the abundances of a few characteristic species in
an evolutionary sequence. The earliest stage is thought to be formed by the
TMC-1 § position, which is very rich in large carbon-chain molecules, and
which is presumably very young, <1 Myr. The next phase is given by cold
cores such as L 134N, in which no star formation has yet occurred or in which
nearby star formation is in its very earliest stages. These clouds are charac-
terized by an absence of complex carbon-bearing molecules, and by larger
abundances of NH3 and SO. The related stage, in which the molecular cloud
core has collapsed and in which a young star is being formed, has not yet
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been clearly identified, but most molecules are expected to be condensed onto
grains at this phase, complicating the detection (Rawlings et al. 1992). These
stages are followed by that of the IRAS 16293-2422 core, in which low-mass
star formation is obviously taking place, but in which the young star is still
surrounded by a significant amount of the original cloud material. A powerful
outflow has already developed, although accretion may still be occurring. At
this point, the source has a rich molecular spectrum, mostly because of the
large mass associated with it and because of the higher temperatures and den-
sities. Many molecular abundances are still similar to those found in L 134N,
but interferometric images show dramatic variations of at least a factor 10
on the 500 to 600 AU scale. Thus, the low-mass star-formation process may
alter molecular abundances selectively, but the degree of alteration is not as
severe as for the high-mass case, at least not at the point of evolution of IRAS
16293-2422. Finally, the young stellar object reaches the stage in which most
of the surrounding cloud material has been blown away and a well-established
circumstellar disk remains, such as seen for HL Tau and T Tau. When viewed
with 20 to 30” beams, these objects do not contain strong molecular lines,
although species such as HCN and HCO™ are readily detectable in T Tau.
Much higher spatial resolution is necessary to probe the chemistry in the
circumstellar disks.

V. ABUNDANCES OVERVIEW

In Secs. III and IV, a discussion of abundances and small-scale chemical
heterogeneity has been given at various stages of the star formation process.
These sections focused mostly on those molecules whose abundances are most
affected by the star-formation process, but which are often only minor species
in terms of overall composition. Here we investigate more quantitatively the
actual composition of the major species in the various regions and the fraction
of elemental abundances locked up in the different molecules in the gas or
solid phase. All fractional abundances have as reference the solar abundances
quoted in Sec. II.

A. GENERAL DISCUSSION

1. Gas-Phase Overview. In Tables V and VI, the observed molecular abun-
dances in the various clouds have been summarized. Inspection shows that
this list contains mostly molecules with very small abundances of <1077,
which lock up only a small fraction of the available elements. Only carbon
monoxide may contain up to 25% of the carbon budget. As noted in Sec.
II, virtually no observational constraints on the principal oxygen and nitro-
gen species are available, because neither H>O, nor O,, O, N, or N can be
observed in cold clouds directly from the ground. In what form are these
elements? Model results are unfortunately not very reliable. The models of
Herbst and Leung (1989), which use 0.5 for the branching ratio to H ,0O
and OH in the H;O" dissociative recombination, predict that most of the
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gas-phase oxygen is taken up in steady state by O,, followed by O and H,O
in proportions 1:0.46:0.04. If cosmic-ray-induced photodissociation is in-
cluded, Gredel et al. (1989) predict oxygen to be mostly in atomic form, with
0:0,:H,0 = 1:0.25:0.20. 1t appears that there is no consensus yet about the
dominant form of gas-phase oxygen, which may affect the model predictions
for other molecules in the clouds as well. In warm clouds, indirect limits on
the gas-phase O, abundance have been obtained from searches for the '60'30
transition at 234 GHz (Black and Smith 1984; Goldsmith et al. 1985; Liszt
and Vanden Bout 1985), which indicate O,/CO<0.1-0.5. In such clouds, the
higher-lying transitions of H,O can also be observed, but lead to abundances
of gas-phase H,O with respect to CO of only | to 10%. Thus, neither O, nor
H,O appear to tie up a significant fraction of the oxygen budget in the gas
phase.

Some indirect limits on the N, abundance are available from observa-
tions of the N,H™ ion. For the well-studied case of L 134N, N,/CO=~0.08 is
found, corresponding to N/H,~8 x 1078, if CO/H,~10~4. For comparison,
NO/CO~7 x 10~* and NH3/CO~1073, so that N, is apparently the dominant
nitrogen-bearing molecule, consistent with the steady-state models (McGo-
nagle et al. 1990; Womack et al. 1992; van Dishoeck et al. 1992). However,
the amount of nitrogen still unaccounted for may be as large as 90%. Part of
this nitrogen is probably in the form of atomic nitrogen, which is predicted
to be the dominant form at early times, and part of it may be depleted onto
grains.

2. Solid-Phase Overview: Refractory Components. The refractory
grain cores are thought to lock up a substantial fraction of the chemically
active elements Si, Fe and C. Several types of refractory material appear to be
present, based on the spectral features produced by dust in diffuse clouds: these
spectral features are listed in Table VII. For each spectral feature, this Table
gives: (1) the central wavelength A; (2) At, /Ny, the maximum optical depth
per H atom; (3) At/Ny integrated over di (where ¥ = A~'); (4) proposed
identification(s); (5) for each identification X, the expected value of o;, the
cross section per X at band center; (6) the “band strength” f o dv; and (7) the
abundance of X (relative to H) required to account for the observed feature.

The strong interstellar 9.7 ;m feature is identified as the Si-O stretching
mode in amorphous silicate material. The identification as silicate appears to
be secure. First, silicates are theoretically expected as major condensates in
cooling gas with cosmic abundances; second, the feature is seen in emission
in dusty outflows from oxygen-rich red giants; and third, the expected feature
due to O-Si-O bending is seen at ~18 um. The strength of the 9.7 pum feature
demands that a substantial fraction of the refractory material be in some form
of silicate, perhaps amorphous olivine (Mg, Fe|_,Si0O4), containing practi-
cally 100% of the interstellar Si and Fe (see, e.g., Draine and Lee [1984] for
a discussion of the silicate band strength and the depletion of interstellar Si).
Assuming 4 O per Si, and §s;=1, these silicate grains probably account for
80=0.17 of the oxygen.
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There are several reasons for believing carbon to be an important compo-
nent of diffuse-cloud dust. The most prominent interstellar extinction feature
isthe 2175 A “bump” (see the recent review by Draine 1989b). While noncar-
bonaceous “carriers” such as OH™ on small silicate grains have been proposed
(Steel and Duley 1987), the A 2175 A feature is generally attributed to 7 — 7 *
transitions in small (<100 A) grains of graphite or some other carbon-rich
material. If due to graphite, §c20.15 is required to account for the 2175 A
feature.

A broad extinction feature at 3.4 um has been seen toward the Galactic
center and recently detected toward VI Cyg No. 12 (Adamson et al. 1990)
and other sources (Sandford et al. 1991). Existing upper limits do not rule
out the presence of this feature on a/l diffuse-cloud lines of sight. The feature
is generally considered to be due to C-H stretching modes, but the specific
material is uncertain. If due to hydrogenated amorphous carbon (HAC), as
proposed by Duley et al. (1989), the HAC must lock up §c~x0.45, based on
the bandstrength measured by Dischler et al. (1983). If, on the other hand, the
feature is due to some mixture of saturated hydrocarbon molecules, perhaps
only §¢~0.05-0.10 may be required (cf. note 8, Table VII; Sandford et al.
1991).

In addition to the above features, there is a large number of so-called
“diffuse interstellar bands” which remain unidentified. Two diffuse interstellar
bands have been selected for inclusion in Table VII: the strongest at 4430 A and
the longest-wavelength DIB at 1.32 um. If these features are due to “allowed”
electronic transitions with oscillator strengths f 0.1, then the features could
be ascribed to minor trace constituents of the grains. On the other hand,
if the 4430 A feature is caused by a “forbidden” electronic transition with
f <1073, then the substance responsible for the feature could contribute a
significant fraction of the interstellar grain mass. The 1.32 um feature is
much weaker, but might be due to a vibrational mode, perhaps an overtone of
a “fundamental” band at 2.6 or 4.0 um, in which case an oscillator strength
f <107* would be expected, and the material responsible could possibly be a
significant grain constituent.

Finally, recent models to explain either the infrared emission features
observed in the 3.3 to 11 um range toward reflection nebulae (see, e.g.,
Léger and Puget 1984; Léger et al. 1989; Allamandola 1989) or the 12 to
60 um emission observed by IRAS (Draine and Anderson 1985) postulate the
existence of large numbers of clusters of 25 to 200 carbon atoms, which may
be considered either as large molecules such as the PAH or ultra-small grains.
Models which attempt to quantitatively account for both the near-infrared
emission features and the continuous emission from 1 to 20 um appear to
require §c=0.1 in these ultra-small grains (Léger et al. 1989; Désert et al.
1990).

What overall depletions are therefore expected for C in the different
refractory grain models? The “graphite-silicate” model (Draine and Lee
1984) has 8:20.62 in graphite grains, assuming a density p = 2 gcm ™3 for the
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graphite grains; the model of Duley et al. (1989) has §¢~0.45 in hydrogenated
amorphous carbon coatings on the silicate grains; and Greenberg’s model
(Greenberg 1989a, b; Hong and Greenberg 1980) uses §¢=0.64, of which
~0.39 is in a photoprocessed refractory organic residue coating the silicates,
and ~0.25 in small graphitic grains. A reasonable estimate would appear to
be 8¢~0.610.2.

3. Solid-Phase Overview: Volatile Components. In dark clouds, new
spectral features make their appearance, which are attributed to the presence
of icy mantles deposited on top of the refractory grain cores. The strongest
feature is the 3.08 pum feature which is securely identified as amorphous H,O
ice. A list of well-established absorption features and their proposed identifi-
cations is given in Table VIII; the reader is referred to several recent review
articles (Tielens and Allamandola 19874, b; Whittet 1988,1992; Tielens 1989)
in which the observations and identifications are discussed. Table VIII is or-
ganized in a manner similar to Table VII, except that: (1) the observed feature
strengths in column 2 are given relative to the strength of the 3.08 um fea-
ture; (2) column 3 gives the observed “width” of the feature in cm~!; and
(3) proposed abundances are given relative to HO. Many of these absorption
features have been discovered only recently due to rapid improvements in the
sensitivity and resolution of infrared spectrometers.

Only for H,O, CO, CH3;0H, and possibly CO; are the identifications
secure. Basic laboratory spectroscopy of icy mixtures is needed to remove
the many remaining question marks in Table VIIL. A 2.97 um feature in the
spectrum of BN, originally attributed to NH3 mixed with H,O (Knacke et al.
1982), has recently been ascribed to scattering into a large beam by H,O grains
(Knacke and McCorkle 1987), although this explanation has been questioned
by Smith et al. (1988,1989), who argue that the 2.97 um feature is a true
absorption feature. Of particular interest are the recent possible identifications
of solid CO, and solid CH4. The presence of solid CO; has been proposed by
d’Hendecourt and de Muizon (1989) on the basis of IRAS LRS spectra toward
two stars. The inferred abundance of solid CO, is comparable to that of solid
CO. Unfortunately, no solid H,O data are available for these same lines of
sight. Solid CH,4 has tentatively been identified by Lacy et al. (1991) from
high-resolution spectra toward W33A and NGC 7538, with an abundance
comparable to that of solid CO.

It is important to realize that Table VIII attempts to summarize a highly
inhomogeneous set of data—some of the weaker features have only been de-
tected on a single line of sight (toward W33A), and the possible variability
relative to H,O for these features is therefore unknown. Even along a single
line of sight, different grain components may be present (Tielens et al. 1991).
Note also that our depletion estimates, based on the ratio At3 03/ A 197 (be-
cause the total column density Ny cannot be measured directly) are somewhat
uncertain because of the need to correct for silicate emission features in the
spectra of the sources. Finally, most of the data in Table VIII refer to clouds
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in which star formation has already occurred, so that part of the mantles may
have evaporated.

For each identification in Table VIII, the inferred abundance relative to
H,O s listed. It is evident that the abundances are in general small compared
to H,O. The only possible exception is CH3OH, for which the abundance
(and therefore the identification) is controversial: the 3.53 um band gives a
much lower abundance than the 6.85 um band, which may indicate that the
6.85 pem band is primarily due to some other substance, e.g., NH} (see also
Schutte et al. 1992). Using Aty 7/Ny from Table VII, and o3 03 from Table
VIII, we obtain _

N0, 10) 44 % 107
NH AT9_7

5 AT308

(2).

Excluding the stars Elias 3, 16 and 18, for which the measured silicate ab-
sorptions may be suspect, the largest value of At;g3/ATg7 found in the
Taurus clouds is 1.2 (Whittet et al. 1988), indicating that H>O contains up
to 80~0.06 of the total oxygen. The largest value of At;303/ATg7 reported
for dense clouds is 0.8 toward AFGL 961 (Willner et al. 1982), implying that
~4% of the oxygen is in the form of solid H,O in this cloud. In no case
has the bulk of the oxygen been found to be condensed into solid H,O. The
amount of carbon taken up in ices is even less: at most 1% is found in solid
CO, CO, or CHy. Up to 5% of the nitrogen may be in the form of solid NHj3.

In summary, the refractory and volatile-grain components together con-
tain up to 23% of the available oxygen in the cloud in known species, about
60+20% of the disposable carbon, close to 100% of the available silicon and
iron, but only a few % of the nitrogen. Substantial amounts of oxygen and
nitrogen may still be tied up in unobservable species such as solid O, and N».

B. Orion/KL Abundances

Because Orion/KL, and in particular the hot core, is one of the best chemically
characterized sources, it is instructive to summarize the observed gas-phase
and grain-surface abundances for this case in detail. Orion has several ob-
servational advantages over other regions. First, it is warm so that lines of
molecules like H,O which are not excited in cold clouds become observable.
Second, at least two bright embedded infrared sources, BN and IRc2, are
available against which absorption line observations of both solid dust fea-
tures and molecules can be performed. Absorption lines toward IRc2 sample
mostly hot core material, whereas those toward BN probe mainly extended
ridge material and a little bit of the high-velocity plateau gas, in addition to
the immediate circumstellar gas and dust.

The results are summarized in Table IX. It is seen that CO is by far the
most abundant gas-phase molecule in the hot core with CO/H,x1.2 x 1074,
accounting for ~15% of the carbon in the cloud. The amount of atomic C
in the gas phase is uncertain, but is unlikely to be more than 10% of that of
CO, and may be as low as 1% in the hot core. Limits on the CH4 abundance
of CH4/CO<0.01 have been obtained from searches for the millimeter CH;D
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lines (Blake et al. 1987), and from limits on the infrared absorption lines
of CH,4 toward BN (Knacke et al. 1985,1988b). These limits are consistent
with the probable discovery of CH,4 by Lacy et al. (1991) toward IRc2 at a
level CH4/CO~1073. Acetylene, C;H,, has also been detected toward IRc2
with an abundance C,H,/CO~10"3 (Lacy et al. 1989b). Thus, neither gas-
phase methane nor acetylene are significant, and the total amount of carbon
accounted for in the gas phase is about 15%. The amount of carbon in the
solid phase has been estimated to be 601+20%, so that at most a small fraction
of the carbon could be hidden in some as yet unidentified species.

In contrast, the oxygen budget in the cloud is much more uncertain. H,O
has been observed directly in Orion by its transitions at 183 GHz (Waters
et al. 1980) and 380 GHz (Phillips et al. 1980) from the Kuiper Airborne
Observatory, but because these lines arise from high-lying levels, the inferred
abundances are quite uncertain. Very recently, the 183 GHz line has also
been detected by groundbased observations at much higher angular resolution
(Cernicharo et al. 1990). More reliable estimates can be made from observa-
tions of the optically thin H,'®O 203 GHz line, which lead to H,O/H,~:10~3
in the hot core (Phillips et al. 1978; Jacq et al. 1988,1990). An unsuccessful
search for the lowest 547 GHz transition of H,'30 gives H,O/CO<0.01, but
this limit probably applies to the extended ridge rather than the hot core (Wan-
nier et al. 1991). Infrared absorption lines of gas-phase H,O have probably
been seen toward BN, leading to H,O/CO=0.03+0.02 (Knacke et al. 1988b;
Knacke and Larson 1991). As mentioned in Sec. IV, HDO is readily detected
in the hot core with an abundance HDO/H,~5 x 1078 (Blake et al. 1987;
Plambeck and Wright 1987; Jacq et al. 1990), suggesting HDO/H,0~0.004.
Thus, many lines of evidence indicate that the gas-phase H,O abundance in
Orion/KL is significantly less than that of CO, and accounts for at most a few
% of the total oxygen budget. Indirect limits on the gas-phase O, abundance
from searches for the '°0'30 234 GHz transition give O,/CO<1 for the Orion
hot core (Blake et al. 1987), so that only a few % of the oxygen can be locked
up in O,. Atomic oxygen can be observed by its fine-structure transitions
at 63 and 145 um from airborne platforms. Strong O 1 63 um emission in
Orion has been observed by Wermer et al. (1984), but the interpretation is
complicated by the fact that it arises partly in the shocked plateau gas, and
partly in the photodissociation region close to the Trapezium stars. Neverthe-
less, conservative estimates of the atomic oxygen abundance in the hot core
region indicate O/CO< 1. Gas-phase CO itself takes up <10% of the available
oxygen. CO, could conceivably be an important oxygen-bearing molecule,
but cannot be observed directly in the gas phase by millimeter transitions.
The protonated version HOCO* has not been detected in Orion. In other
molecular clouds, limits of CO,/CO<0.01 have been inferred, except for the
galactic center where CO,/CO=:1 (Minh et al. 1988).

In summary, at most 25% of the oxygen in the Orion hot core is detected
in gas-phase species. As discussed above, another 20 to 25% may be locked
up in known species in grains. This leaves more than 50% of the oxygen
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budget unaccounted for, assuming solar abundances. If, however, the oxygen
abundance in Orion is indeed significantly less than solar (cf. Sec. I11.C), the
major oxygen species may have been identified.

On the basis of the models, most of the gas-phase nitrogen is thought to
reside in the form of N, but observations of the N,H* ion suggest that it takes
up at most a few %. The ammonia abundance in the hot core is controversial,
but may be as low as 1077 (see Table IX), i.e., similar to that found in cold
clouds. A few % of the nitrogen may be in the form of solid NH;. This
leaves more than 90% of the nitrogen in unobserved species. It is likely that
a significant fraction of this is in the form of gas-phase N and Nj.

It is thus concluded that in spite of the fact that Orion/KL is one of the
best studied sources in the sky, major uncertainties remain in the principal
oxygen and nitrogen reservoirs in these clouds. Even less is known about the
extent to which the abundances of these major species are influenced by the
star formation process, and about the form in which they enter a solar nebula.

VI. CHEMICAL EVOLUTION OF THE SOLAR NEBULA

A. Chemical Processes

Gases and solids processed in the star-forming region in which the Sun was
born eventually fall into the solar nebula where they undergo further chemical
and physical transformations before incorporation in solid bodies. A general
discussion of chemistry in protoplanetary nebulae is provided in the chapter
by Prinn and Chang. Here, we outline the driving physical processes behind
the chemistry and the implications for the fate of infalling cloud material, with
particular emphasis on how the original chemical and physical mix has been
altered. Gases and grains may experience, in rough order, the nebular accre-
tion shock, drag heating of grains, transport of grains radially and consequent
thermal chemistry, and energetic chemistry associated with lightning, nebular
flares, and ultraviolet irradiation. Additionally, some material may find its
way into the denser nebulae surrounding the forming giant planets, and be
further altered there (see Chapter by Lunine and Tittemore). Condensation of
volatiles and/or trapping in a more refractory matrix are the final processing
steps considered here. Figure 13 summarizes these processes graphically.

A wide range of solar nebula models exist in the literature (see Chapters by
Morfill et al. and by Palme and Boynton ). For our purposes, the following,
somewhat generalized properties are invoked: (1) the nebula has a radial
temperature which decreases with increasing distance; (2) the nebular gas is
crudely of solar composition; (3) the nebula gains material in the form of gas
and grains from the surrounding interstellar cloud which has a composition
described in Secs. II-1V, and summarized in Tables V-IX. Thus, while specific
models of chemical modification of infalling material require a very specific
set of nebular physical processes, the following discussion is framed in a
more general way to illustrate more clearly the principles involved. The
inner nebula is crudely defined as the region up to 5 AU, whereas the outer
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Figure 13. Schematic illustration of the physical and chemical processes in the solar
nebula, illustrating the complex interplay between different parts of the nebula,
between the nebula and the infalling interstellar cloud material, and between the
solar nebula and sub—nebulae surrounding the giant planets. Two processes which
further affect the material but which are not shown are an accretion shock, and drag
heating of infalling grains (Lunine 1989¢).

nebula extends to about 100 AU. In such a model, the density is roughly 10'*
cm™? and the temperature T ~800 K at 1 AU, decreasing to 10'' cm~3 and
80 K, respectively, at 15 AU. Thus, the densities are much higher than those
found in the molecular cloud cores from which stars like the Sun formed, and
three-body processes are important in the chemistry.

1. Thermal Chemistry in the Nebula. Prinn and Fegley (1989) computed
the energy available for chemical processing of material by various nebular
mechanisms, and concluded that, because of the high densities, thermal equi-
librium chemistry (i.e., that driven at a sufficiently high rate by virtue of the
gas temperature) was by far the most important. They also reviewed the im-
portant reaction schemes associated with interchange of carbon-, oxygen- and
nitrogen-bearing species. As one proceeds radially outward in the nebula, the
direction of the reactions is generally such as to increase the abundances of
the reduced species in the gas. Thus, in thermodynamic equilibrium, methane
would increase at the expense of carbon monoxide in the outer nebula, and
ammonia at the expense of molecular nitrogen (Lewis and Prinn 1980). At
lower temperatures, carbon dioxide is also produced at the expense of carbon
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monoxide, though the compositional gradient is less steep than for methane.
However, the reaction rates are strongly temperature dependent, and can be
represented as an Arrhenius relationship for the rate-limiting step, and there-
fore the molecular abundances in a parcel of nebular gas depend rather sensi-
tively on the length of time that parcel retains its identity and radial location.
In other words, physical mixing time scales, and in their absence, the dynamic
lifetime of the nebula, determine the gas-phase abundances radially outward
from the chemically-active zone. Some of the key reaction rates, particularly
those of the carbon species, are poorly known (Yung et al. 1988). A final
complication is that the chemical-reaction rates can be greatly accelerated by
catalyzing the processes on metal grains (Vannice 1975).

As a result of all these processes, the outer nebula is expected to contain
less CH4 and NH3 than would be expected on the basis of equilibrium consid-
erations, if the carbon arrives mostly in the form of CO and the nitrogen in the
form of N from the interstellar cloud. For example, using the graphs in Prinn
and Fegley (1989), the recently determined interstellar value of CH,4/CO (gas
plus grains) of 0.01 (Lacy et al. 1989b) would be reproduced thermochemi-
cally in the nebula at a temperature of roughly 750 K. However, this high a
ratio could be achieved within reasonable nebular mixing times only if grain
catalysis were efficient; in the absence of such catalysis, quenching would
occur at a CH4/CO ratio 5 orders of magnitude smaller. Conversely, signifi-
cantly larger mixing ratios of methane in the outer nebula would require lower
quench temperatures (i.e., the temperature at the nebular radius at which the
chemical destruction time equals the radial mixing time), which are likely to
have been unachievable during the astrophysical lifetime of the nebula (of
order 1 Myr).

2. Mixing of Inner and Outer Nebular Material. In the absence of any
radial mixing of nebular gases, two chemically distinct zones would occur: an
inner zone in which material comes to chemical equilibrium, and an outer
region whose composition reflects that of the “last” radial zone at which
equilibrium could be achieved over the duration of the nebula. This is an
oversimplification for several reasons, including the fact that different molec-
ular species are interconverted by reaction networks with distinct limiting
rates and hence quench temperatures. Thus, one must define quenched zones
for each of the CO-CH,4, CO-CO, and N,-NHj interconversions. Radial mix-
ing of nebular material acts to bring chemically “unaltered” material inward
to chemically active zones, and return partially processed material back to
the inert, outer nebula. (Here again we are oversimplifying the picture for
heuristic purposes; as discussed below, other chemical processes may be ac-
tive in the outer parts of the nebular disk.) The degree to which material is
mixed radially in the nebula is crucial to an understanding of the gas-phase
composition of the nebula, yet current nebular physical models do a poor job
of addressing this question. Stevenson (1990) and Prinn (1990) examined
semi-analytic models of a viscously evolving solar nebula to set limits on
the extent of radial mixing. While a viscously evolving disk will inevitably
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transport some material radially, the amount cannot be determined based on a
linearized treatment of momentum and mass transport terms, as such a treat-
ment leaves the relative magnitudes of angular momentum and mass transport
undetermined (Prinn 1990). More complex models of coupled momentum
and mass transport in the solar nebula are required, which unavoidably will
involve additional parameters and ambiguities. The implications of nebular
transport for carbon- and nitrogen-bearing species are described below in Sec.
VLB.1. on comets.

Solar nebula thermochemistry will also act to reduce the enhancements
of deuterated species in molecules heavier than hydrogen created in the in-
terstellar medium. The higher temperatures and preponderance of neutral-
neutral reactions in the solar nebula shift the abundances back toward higher-
temperature equilibrium, in which HD is the preferred deuterated carrier.
Constraints on D-to-H ratios in the outer solar nebula may therefore set limits
on the amount of chemical processing in the inner nebula and subsequent
outward mixing, although to date this has not been attempted quantitatively.

3. Processing of Material in Giant Planet Subnebulae. The formation of
the giant planets apparently resulted in bound, gaseous disks which produced
the regular satelilite systems (see Chapters by Podolak et al., Bodenheimer et
al. and Lunine and Tittemore). Such disks were not necessarily of similar
composition to the solar nebula, as they could have been spun-out from the
atmospheres of the forming giant planets. In such a case, the rock and ice
abundances may have been greatly enhanced relative to solar, with highly un-
certain ratios. Quantitative chemical modeling of such disks, for an assumed
solar abundance, has been conducted for Jupiter and Saturn by Prinn and Feg-
ley (1989). By setting these disks to a minimum mass required to account for
the regular satellites, and constructing simple models of disk energy balance,
one can show that the pressures in the satellite-forming zone are as much as
6 orders of magnitude higher than in the surrounding solar nebula (Lunine
and Stevenson 1982). Consequently, for a given temperature, the equilibria
are strongly shifted toward the reduced nitrogen- and carbon-bearing species.
Such nebulae are potentially significant sources for ammonia and methane,
reprocessing solar nebula carbon monoxide and nitrogen and returning the
products (Prinn and Fegley 1989). The difficulty is in estimating the amount
of material which may plausibly escape these gravitationally bound disks into
the solar nebula. Prinn and Fegley propose that ejection of circumplanetary
planetesimals into solar orbit may be the most plausible process, but to date
no detailed work on this or other dynamical mechanisms has been undertaken.

4. Chemistry at the Nebular Accretion Shock. Gas and grains, under-
going free-fall into a medium of increasing gas density, eventually encounter
a shock front referred to as the accretion shock. Here material is heated to
varying degrees permitting evaporation of volatiles and acceleration of chem-
ical reaction rates. Astrophysical shocks and resulting chemistry have been
extensively examined in the literature (see, e.g., Mitchell 1984; Shull and
Draine 1987; Hollenbach and McKee 1989; Neufeld and Dalgamo 1989}, but
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generally have not been specialized to the case of the solar nebula. The chemi-
cal modification of the shocked material depends on (1) velocities through the
shock; (2) grain size (and hence coupling to the gas); and (3) initial chemical
state of the material. Mitchell (1984) shows that for a shocked interstellar
cloud, the initial abundance of CO vs elemental carbon as well as the shock
velocity critically affect the post-shock abundances. Substantial quantities
of methane could only be produced in a high-velocity shock (>10 km s™!),
again dependent upon the initial state of the carbon. One key difference for
the case of the nebular shock is that much of the infalling material may be in
the form of grains, which depending on their size may largely decouple from
the shocked gas and be subject to relatively little processing. Initial results of
models by Neufeld and Hollenbach (in preparation) indicate that most of the
oxygen is converted into water, and that grains most likely survive, except at
distances <3 AU.
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Figure 14. Temperature vs time for a water ice grain falling into the outer part of the
solar nebula at two initial velocities. A gas density typical of the outer solar nebula,
107! g cm™, is used. The number in parentheses is the amount of mass remining
after the heating/sublimation episode (figure adapted from Engel et al. 1990).

5. Drag Heating of Grains. Grains which have undergone free-fall
into the solar nebula and survived passage through the accretion shock are
subjected to gas drag forces which bring the particles toward a state of Ke-
plerian orbit. Interstellar grains, being small submicron-sized particles, will
continue to be largely borne by the gas and hence not in true Keplerian rota-
tion; however in terms of chemical modification, it is the decoupling of the
grains from the gas during infall (probably not in the accretion shock) which
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concerns us most. Wood (1984) postulated that meteorite chondrules might
have been formed by drag heating, but required rather extreme conditions to
melt refractory grains. Lunine (19895) and Engel et al. (1990) showed that
drag heating could raise the temperature of icy grains entering the outer part
of the solar system to sufficient temperatures to cause significant mass loss.
Figure 14 shows an example of the results, for a small (0.05 .m) water ice
interstellar grain falling in with two initial velocities. The percentages show
the amount of grain material which survives infall. The results turn out to be
highly sensitive to the ability of the grain to effectively radiate in the infrared,
i.e., to the choice of emissivity, and only moderately sensitive to the nebular
gas density. Lunine et al. (1991), in a follow-on study, used Mie-scattering
theory to explicitly compute the radiating properties of the subliming grains,
and examined the effects of other volatile species on the grain sublimation.
While the more precise computation of thermal radiation results in higher
temperatures and hence more mass loss, the presence of species more volatile
than water ice acts as a thermostat and keeps temperatures lower, resulting in
loss of less water. Temperatures become large enough to cause reactions in
any unstable radical species which may be trapped in the grains, but little else
occurs chemically during the short period of heating. Nonetheless, the results
indicate that perhaps half of the icy grain mass entering the solar nebula is
returned to the gas phase; for this material to be incorporated in icy outer solar
system bodies, condensation and/or physical trapping must subsequently oc-
cur within the nebular environment. These processes are quantified in Lunine
etal. (1991).

6. Trapping of Volatiles in Ices. Return of volatile molecular species
to condensed phases requires that they be either condensed out or physically
trapped in water ice. Examination of theoretical nebular temperature profiles
indicate that water ice should be fully condensed beyond 5 AU; condensation
of ammonia (either as a pure ice or stoichiometric ammonia hydrate) is un-
certain because it is predicted to be highly underabundant based on nebular
thermochemical models. However, one can argue that interstellar ammonia,
delivered to the nebular gas by grain-drag evaporation, may not be destroyed
by nebular thermochemistry if radial mixing is limited. We provide supporting
evidence for this below. Under such circumstances ammonia condensation
is assured at or beyond roughly 10 AU. Carbon dioxide may also condense
in the outer solar system if it represents a significant sink of carbon. Beyond
carbon dioxide, however, direct condensation of species such as methane,
carbon monoxide, nitrogen are problematic, depending on the temperature-
pressure dependence in the outer parts of the nebula which is poorly defined.
The more likely mechanism by which such species find their way (back) into
the condensed phase is by physico-chemical trapping in water ice. Trapping
in other phases is possible too (e.g., in graphite), but the large abundance of
water ice coupled with its high specific adsorption area make it a compelling
reservoir. Two trapping mechanisms have been explored in detail: adsorption
onto surface sites, and clathration, in which a structural phase change in the
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water ice creates three-dimensional voids into which the volatile species are
inserted (Stevenson and Lunine 1988).

The amount of material trapped by these processes is a strong function of
temperature. Clathration, being a phase change, exhibits a well-defined onset
for a given set of gas abundances, and can accommodate up to 13% by number
of non-water-ice volatile species. However, efficient clathration requires good
exposure of the gas and ice; clathration in the interior of ice grains is strongly
kinetically inhibited (Lunine and Stevenson 1985). Adsorption into crystalline
ice generally traps much less volatile material than does clathration, but this
is not true of amorphous ice which can trap as much as clathrate at very low
temperatures (Mayer and Pletzer 1986; Bar-Nun et al. 1987). Again, however,
this efficient trapping requires that the trapped gas be available at the time of
amorphous ice condensation, which has traditionally been considered unlikely
for the solar nebula. However, more recent experiments (Bar-Nun et al. 1988)
and theoretical models (Lunine et al. 1991) suggest mechanisms by which
such efficient trapping may have taken place.

Of most interest to us here is the chemical fractionation effects associ-
ated with water ice trapping of more volatile species. Direct condensation,
of course, is potentially the strongest form of what is essentially fractional
distillation: if methane were to condense out but not carbon monoxide, icy
objects in the outer solar system would exhibit large amounts of methane but
little or no carbon monoxide. However, at temperatures above the condensa-
tion points of the pure ices, selective clathration or adsorption could produce
fractionation effects with the same trends, though not of the same severity.

Figure 15, modified from Lunine (1989c¢), illustrates this effect for
methane and carbon monoxide trapped in clathrate, and demonstrates that
the degree of fractionation is a function of total gas uptake. Imagine having a
cometary water-ice sample in the laboratory in which the ratio of CO to CHy4
were measured to be unity. Figure 15 then shows the ratio CO/CHy in the
original nebular gas as a function of the total amount of gas trapped in the ice.
An abscissa value of unity corresponds to the maximum clathration ratio of
1:6 volatile gas to ice. Smaller values physically represent kinetic inhibition
of gas uptake, due to poor contact between the gas and ice, or limited time
available for uptake. The figure is not general, for it assumes that the ice was
present in a region of the nebula cold enough that both methane and carbon
monoxide clathrates would be separately stable (Lunine and Stevenson 1985).
Hence, for abscissa values toward the right-hand end, after all of the methane
has been trapped, cage sites are available for carbon monoxide and will be
readily filled by that gas. Had we picked a nebular region at which methane
but not carbon monoxide clathrate hydrate was stable, the curve would not
decrease so steeply to the right.

Based on volatility considerations (Miller 1961) and detailed models
(Lunine and Stevenson 1985), CO,, CHg4, CO and N, will incorporate in
clathrate or adsorption sites in decreasing propensity. Ammonia strongly
hydrogen bonds to water, hence forming a stoichiometric crystal much more
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Figure 15. Carbon monoxide to methane ratio in the initial nebular gas from which
a grain of clathrate has been recovered. The clathrate grain is assumed to have a
measured CO/CH, ratio of unity. The ordinate is plotted as a function of the amount
of gas taken up in the clathrate, where a value of 0 = log(1) corresponds to the
maximum possible gas uptake, one volatile molecule for every six molecules of
water (figure based on Lunine 19895).

readily than clathrate. Carbon dioxide, at low temperatures, tends to condense
out as dry ice rather than be trapped in clathrate or adsorption sites. Finally,
no detailed work has been done to date on the isotopic effects of nebular
gas trapping, although vapor pressure effects on condensation can alter the
mole fraction of deuterated species relative to the gas phase. Such alterations
are not strong compared to interstellar enhancements but can be in either
direction depending on the temperature (Bigeleisen 1961). In any event, it is
clear that the composition of the condensed phases in nebular planetesimals
is not identical to that of the gas phase, and requires an understanding of the
mechanisms of trapping in order for the original gaseous mix to be inferred.

In these discussions, we assume that direct gravitational capture of nebu-
lar gas by objects up to the size of the largest satellites is not a plausible source
of observed volatiles; this is certainly the case dynamically because plausi-
ble subsequent processes of atmospheric escape could not leave behind the
small solar abundances of heavier species while removing all of the molecular
hydrogen (see, e.g., Hunten et al. 1989).

7. Energetic Chemistry in the Nebula. In addition to the processes de-
scribed above, special effects may alter the abundances of species in planet-
forming bodies from that in the original interstellar cloud. These include
photolysis driven by solar ultraviolet, radiochemistry powered by 2°Al, light-
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ning and nebular flares. Prinn and Fegley (1989) have assessed the importance
of the first three of these processes for solar nebula chemistry. They compared
the energy flux from these processes, usable for chemistry, to the energy flux
available for inner nebula thermochemistry. Assuming live 26Al was avail-
able, they show that the energy flux available for radiochemistry was 7 orders
of magnitude less than that from thermochemistry. As at least 1073 of the
thermochemically processed gas could have been transported to the outer
nebula (~100 AU) by both the Prinn (1990) and Stevenson (1990) transport
models, it is clear that the radiochemistry is unimportant relative to thermo-
chemistry even if it acted locally in the outer part of the nebula. Solar and
stellar ultraviolet radiation cannot penetrate very far into the gas and dust
disk of the solar nebula; stellar photons are more efficient than solar because
of the geometry. Prinn and Fegley estimate, based on the current observed
stellar ultraviolet flux, that the usable energy flux for nebular chemistry is ~4
orders of magnitude lower than that due to thermochemistry. However, if the
molecular cloud ultraviolet flux were enhanced, such photochemistry could
have been predominant in parts of the outer nebula if surrounding gas and dust
were patchy and radial mixing inhibited so that inner nebula thermochemistry
were less important. It is difficult to estimate the energy flux available from
lightning because the nebular mechanism is not well understood. Prinn and
Fegley estimate a usable energy flux from lightning and thundershocks of 0.1
that of thermochemistry. Clearly this could be an important source of chemi-
cal reactions in the outer part of the nebula. Further work on the mechanisms,
and radial dependence thereof, of lightning generation may alter this estimate
(see Chapter by Morfill et al.).

Levy and Araki (1989) have proposed a mechanism for making meteorite
chondrules by generation of nebular flares. The physics of the flares is entirely
analogous to solar flares. Such flares will engender heating of the surrounding
gas and are a potential source of energy. The minimum energy flux from such
flares can be estimated by assuming that they are the primary means by which
chondrules were created. Using the fraction of primitive meteorites in the form
of chondrules, the required energy release of 10> ergs/nebula corresponds to
an average flux roughly 8 orders of magnitude lower than the energy available
from thermochemistry estimated by Prinn and Fegley (1989). Although this
is a lower limit, two other issues mitigate against the importance of nebular
flares for altering the nebular chemistry: (1) flares occur high above the disk
midplane, and (2) a value many orders of magnitude larger than the lower
limit given would require large magnetic fields which may be incompatible
with other aspects of nebular models. There is sufficient uncertainty here that
a careful look at flares as a nebular chemistry source is required.

The net effect of the lightning and thundershock-induced chemistry de-
scribed by Prinn and Fegley (1989) is to produce significant quantities of
hydrogen cyanide. Maximum yields in the solar nebula correspond to 0.3%
of the nitrogen locked up as HCN; for the Jovian nebula Prinn and Fegley
estimate as much as 7%. Shock chemistry may also partially reset the D to
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H ratio in molecules heavier than hydrogen, as well as have other isotopic
effects which have not been investigated.

B. SOLAR SYSTEM OBSERVATIONAL DATA

1. Comets. Because comets are generally agreed to be the least evolved
samples of water ice and more volatile species in the solar system, they may
be the most valuable link between solar nebula and interstellar chemistry.
A proper chemical inventory of cometary ices and volatiles requires either
a laboratory or in-situ analysis of cometary nucleus samples, in which the
molecular abundances, ice phases and mechanisms of trapping are assessed
directly. A big step forward toward this goal will be the laboratory analysis of
a comet sample returned to Earth, such as is planned for the Rosetta mission.
The best currently available assay of cometary volatile species comes from
the combined ground- and space-based measurements of comet Halley in
1986. It should be remembered that these analyses involved measurement
of molecular fragments, or daughter products, in the comet coma; nucleus
abundances were inferred from chemical models of the coma. No information
on the physical modes of trapping of the molecules in the nucleus could be
obtained. Nonetheless, consideration of these data sets along with those
of other comets is illuminating for the issue of nebular modification of the
original mix of gas and dust coming from the giant molecular cloud.

Table X is a current interpretation of the 1986 results for Halley abun-
dances. Much of it is the same as that reviewed in Lunine (19896) and
Weaver (1989), and the discussion in those papers should be consulted for
the uncertainties (see also Chapter by Mumma et al.). Changes include a
decreased ammonia abundance based on the telescopic studies of Wyckoff et
al. (1988;1991a). The methane abundance is particularly controversial. The
value quoted here derives from the analysis of the spatial distribution of CH
before perihelion, assuming that CH is a granddaughter product of CH4 (Allen
et al. 1989). Subsequent searches for the infrared lines of CH,4 at postperihe-
lion were unsuccessful, yielding upper limits of CH4/H,0<0.01 (Kawara et
al. 1988). Also, Boice et al. (1990) argue for an upper limit CH4/CO <0.005,
based on a re-interpretation of the Giotto Ion Mass Spectrometer data, al-
though their arguments are not compelling. If the values listed in Table X
apply, the ratio of methane to carbon monoxide in Halley is comparable to
that found in some interstellar clouds (Lacy et al. 1991), and much higher
than that predicted by standard solar nebula models. Similarly, the ammonia
abundance relative to water is much higher than that given by the nebular
models. Lunine (198956) proposed that the methane abundance in Halley was
an indication of more effective catalysis of nebular thermochemistry than had
been previously assumed in published models, along with the fractionation
effects associated with trapping of these species in water ice. Engel et al.
(1990) quantified this, arguing that laboratory studies did not rule out the
synthesis of methane in Fischer-Tropsch-type reactions on grains, and that
therefore low nebula quench temperatures for the CO-CH, interconversions
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could not be ruled out. Under these conditions, 0.1 to 1% of the carbon might
be in the form of methane at the edge of the chemically active region. This
abundance is then diluted in the outer nebula because of inefficient radial mix-
ing (and their low assumed methane abundance in the native gas of interstellar
composition), but the methane fraction relative to carbon monoxide is then
boosted in water ice by the effects of clathration or adsorption.

Figure 16. Ratio of carbon monoxide to methane in the solar nebula as a function of
quench temperature for the grain catalysis process discussed in the text. The rough
acceptable range based on the Halley data, corrected for the fractionation effects of
ice trapping, is given by the shaded region. Thus, to be consistent with the Halley
data, one must choose a quench temperature that puts the curve in the shaded region.
It is assumed that nebular mixing is only moderately efficient, as discussed in the
text (figure based on Engel et al. 1990).

Figure 16 shows the results from Engel et al. (1990) for the CO-CH,
ratio. Quench temperatures from 600 to 1400 K are chosen, and the assumed
amount of nebular radial mixing corresponds to a conservative case from
Stevenson (1990), wherein 1% of the material in the outer solar nebula has
been processed in the inner disk and remixed outwards. The figure assumes
a C/O ratio of 0.6; while Anders and Grevesse (1989) and Grevesse et al.
(1991) recently redetermined this ratio to be 0.45-0.5, consideration of cold
trapping of water by condensation (Lunine and Stevenson 1988) argues in
favor of a ratio closer to unity. In any event, the results are mostly sensitive to
the quench temperature. All values correspond to some significant degree of
catalysis of the interchange reactions on grains; if such catalysis is inhibited,
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as argued by Prinn and Fegley (1989), then the CH, in comet Halley cannot
be a product of solar nebula processing of CO. If, on the other hand, grain
catalysis can be argued to have been operative in the nebula, Halley’s methane
abundance could indeed be a solar nebula product. Likewise, the carbon
dioxide abundance measured in Halley could have been manufactured from
CO in the solar nebula, though somewhat lower quench temperatures or higher
efficiency of radial mixing are required. HCN, on the other han