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This chapter presents an observational overview of the characteristics and evo-
lution of young stellar systems that are forming singly or in loose clusters and
groups. Starting with the nature of fragmentation and multiplicity in these envi-
ronments, we look at the structure of envelopes and disks around the youngest
stars and explore the evolution of these structures from the earliest stage of stellar
core formation to the emergence of an optical star. Evidence for the kinematics
of disks and large-scale flattened structures is discussed and placed in an overall
context.

I. INTRODUCTION

The early evolution of young stellar systems is characterized by dramatic
growth and change that take the system from a collapsing prestellar core
to a revealed star with 90% or more of its final mass. During this period,
the molecular core, which originally extended from several thousand to
10,000 AU, falls inward, feeding a central star and a circumstellar disk.
In many cases the core forms two or more stars rather than a single star,
and both circumstellar and circumbinary structures may form (see also the
chapters by Bodenheimer et al. and Mathieu et al. in this volume).

This chapter focuses on observational studies of the environments of
young, forming stars in isolated and loose group environments. By “iso-
lated” we refer to both individual stars and multiple stellar systems that
are forming at separations of 15,000 AU or more from other systems. This
separation is large enough that neighboring systems do not compete grav-
itationally for material or interact tidally during formation, unlike the sit-
uation that occurs in cluster-mode star formation (Bonnell et al. 1997; see
also the chapter by Clarke et al., this volume). This definition of “isolated”
is broader than in many previous works, where the term refers only to stud-
ies of single-star formation (see, e.g., Shu et al. 1993). The reality is that
multiplicity and grouping are common among young stars (Simon et al.
1992; Ghez et al. 1997; Patience et al. 1998). In fact, the median separa-
tion of main-sequence binaries (~30 AU; Duquennoy and Mayor 1991)
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corresponds to less than an arcsecond in the nearest star-forming clouds;
hence, it is often difficult to know whether a given system is single or
multiple. A good example of this is the L1551 IRSS system, which was
initially considered a prototypical single-star system but now is argued to
be a binary with a projected separation of 45 AU (Looney et al. 1997,
Rodriguez et al. 1998).

The earliest stages of star formation, which take place before the for-
mation of a stellar core, are covered in the chapter by André et al. in this
volume. This chapter will concentrate on the environments of stellar sys-
tems which have formed a protostellar core. We will look at systems in
stages of evolution from a deeply embedded protostar to a nearly uncov-
ered young star.

II. FRAGMENTATION AND MULTIPLICITY

Molecular clouds are inhomogeneous on a wide range of scales. Facets of
their structure can be observed utilizing molecular line and dust emission
(cf. the chapter by Williams et al., this volume), but a complete understand-
ing has proven elusive. The connection between structures within a cloud
and the eventual formation of stars in that material is of particular interest
here. Detailed studies indicate that the largest structures, containing hun-
dreds to thousands of solar masses, are gravitationally bound as measured
by the virial theorem, but most structures with ten solar masses or less are
either not gravitationally bound or are bound only in the presence of a high
external pressure (Bertoldi and McKee 1992; Williams and Blitz 1998).
In the first case, the large structures must fragment into lower-mass cores
to form stars; in the second case, it is unclear whether the cores are on the
verge of gravitational collapse or whether they are transient unbound struc-
tures. Without knowledge of which pieces become stars, it is difficult to
predict the distribution and multiplicity of the resulting stellar population.
An alternative approach for studying the star-forming capacity of
clouds is to look at the distribution of the youngest embedded stars. These
systems, which are still embedded in their natal cores, trace the number
and distribution of bound cores that have formed stars over the last 10
to 10° years. The relative positions and extents of the cores provide in-
formation about the fragmentation process and the spatial scales of stellar
clustering during formation (Motte et al. 1998; Testi and Sargent 1998).
This information is different from that derived in cloud structure studies,
where the star-forming capacity of the structures is uncertain, and from
the results of studies of the distribution of young optical and near-infrared
stars (Gomez et al. 1993; Simon 1997; Nakajima et al. 1998), where one
sees the star formation history integrated over more than 10 years.
Recent wide-field continuum maps of a portion of the Perseus cloud
NGC 1333 (Sandell and Knee 1998) and of the main p Ophiuchi cloud
(Motte et al. 1998) provide good examples of the structure in active star
formation regions. Figure 1 shows the A = 850 wm map of the NGC 1333
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Figure 1. Map of the A = 850 wm continuum emission from the NGC 1333
SVS13 region (G. Sandell and L. B. G. Knee, personal communication, 1998).
The brightest emission appears as white in the grayscale image. The data were
acquired with the Submillimetre Common User Bolometer Array (SCUBA) on
the James Clerk Maxwell Telescope (JCMT).

region. The emission at A = 850 um arises primarily from dust. The
amount of emission increases with increasing temperature and column
density; hence, when young stars are present, bright peaks in the distribu-
tion closely trace the locations of young embedded stars. In Fig. 1, there
are roughly 18 discrete peaks over an area of roughly 65 square arcmin-
utes. The strongest peaks can be identified with known embedded systems:
SVS 13, HH 1-2, NGC 1333 IRAS 2, NGC 1333 IRAS 4, and NGC 1333
IRAS 7. In p Ophiuchi, roughly 100 small-scale structures were identified.

Higher-resolution continuum images of many of these systems un-
cover substructure. For example, Chini et al. (1997) find three separate
sources within the HH 1-2 system and the SVS 13 system (see also
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Figure 2. Images of the A = 2.7 mm continuum emission from the NGC 1333
SVS13 region from Looney et al. (1998). The four upper panels show images
of the system with increasing resolution: 5" in the upper left, 3.1" in the upper
right, 1.1" in the middle right, and 0.6" in the middle left. The bars at the bottom
of each panel show 100 AU linear distance. The lower two panels show 1.1"
(right) and 0.6" (left) images of the SVS13B source. The source designations,
A, B, and C, are indicated in the top two panels.
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Bachiller et al. 1998); the NGC 1333 IRAS 4 system divides into four
sources at arcsecond resolution (Sandell et al. 1991; Lay et al. 1995;
Lefloch et al. 1998). Subarcsecond resolution images of several sources in
this region confirm this multiplicity. Figures 2 and 3 show interferometric
images of the SVS 13 and NGC 1333 IRAS 4 systems; the six panels
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Images of the A = 2.7 mm continuum emission from the NGC 1333

IRAS 4 region from Looney et al. (1998). The four upper panels show images
of the system with increasing resolution: 5.2" in the upper left, 3.0" in the upper
right, 1.1" in the middle right, and 0.6" in the middle left. The bars at the bottom
of each panel show 100 AU linear distance. The upper panels are centered on
IRAS 4A; the lower two panels show 0.6"-resolution images of IRAS 4B and
4C. The source designations, A, B, and C, are indicated in the top left panel.
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within each figure range in resolution from roughly 5" to 0.6"” (Looney et
al. 1998). Multiplicity on a range of scales is clearly present. These images
are part of a 0.6"-resolution millimeter-wavelength survey of six deeply
embedded systems in Ophiuchus and Perseus (Looney et al. 1998) that
found that all systems were multiples on a = 10,000 AU scale, with a total
of seventeen sources identified in the six systems. Several systems were
binary on 100-700 AU scales. Due to the resolution limit of the survey,
little is known about multiplicity on scales <100 AU.

Morphologically, three types of multiple systems can be identified in
the abovementioned works: independent envelope, common envelope, and
common disk systems. The characteristics of the systems are defined by
the distribution of the circumstellar material. Independent envelope sys-
tems exhibit clearly distinct centers of gravitational concentration with
separations of =6000 AU; the components are within a larger surrounding
core of low-density material. Common envelope systems have one primary
core of gravitational concentration, which breaks into multiple objects at
separations of 150-3000 AU. Common disk systems have separations of
=100 AU and typically have circumbinary disklike distributions of ma-
terial. Table I summarizes these characteristics.

There are several clear connections between these morphological dis-
tinctions and other works. The study of the separation distribution of op-
tical binaries by Larson (1995) found a knee in the distribution at 0.04 pc
(8250 AU), which was posited to correlate with the Jeans size. Larson
suggested that systems on that scale and larger were formed by fragmen-
tation and separate collapse, exactly the structure found in the indepen-
dent envelope systems. This scenario of prompt initial fragmentation is
not new (see, e.g., Larson 1978; Pringle 1989; Bonnell et al. 1991); it
was discussed recently by Bonnell et al. (1997) in the context of small
cluster formation. The critical issue is that the collapse is initiated in a
system that contains multiple Jeans masses in a weakly condensed con-
figuration; one example of such a system would be a prolate Gaussian
distribution with several Jeans masses along the long axis and one Jeans
mass across the short axis. This mass concentration before fragmentation
is needed to get sufficient mass on the appropriate size scale for systems
with ~6000 AU separations. At separations much larger than 6000 AU,
independent inside-out or quasistatic collapse from the original cloud (Shu
1977, Fiedler and Mouschovias 1993; Galli and Shu 1993) is viable.

TABLE I
Characteristic Scale of Multiplicity

Property Scale

Independent envelope =6000 AU
Common envelope 150-3000 AU
Common disk =100 AU
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The common envelope systems can be linked with models for the frag-
mentation of moderately centrally condensed spherical systems (Burkert
and Bodenheimer 1993; Boss 1995, 1997; the chapter by Bodenheimer
et al., this volume). In this case, the models find fragmentation in the
dense central region within an overall single core. The primary require-
ment for fragmentation is that the central region have a fairly flat distribu-
tion; evidence of this flat region is erased soon after the collapse occurs.
Thus, the forming multiple system is embedded within a single centrally
condensed core. Finally, the common disk systems are similar to models
of high-angular-momentum systems (Artymowicz and Lubow 1994; Bate
and Bonnell 1997). The close stellar systems represent the fragmentation
of early disks. The distribution of material between circumstellar and cir-
cumbinary structures depends on the angular momentum of the infalling
material.

III. THE STRUCTURE OF ENVELOPES

The primary parameters that define the characteristics of a circumstellar
envelope are size, density structure, temperature structure, mass, and kine-
matics. These characteristics can, in principle, be observationally deter-
mined from the molecular emission associated with the gas and the thermal
continuum emission from the dust. There are, however, significant diffi-
culties and uncertainties associated with the various methods available for
deriving these parameters.

A. Molecular Emission

Molecular emission arises from a variety of species present in the gas.
Differences in molecular structure and abundance make selected species
particularly useful in determining specific physical parameters. For ex-
ample, 3CO or C!80 are generally good H, column density tracers be-
cause their abundance is reasonably constant, they are easily thermalized,
and the transitions are generally optically thin. Common molecules with
large dipole moments, such as CS, H,CO, HCN, and HCO™*, are good
probes of the gas density and can be useful probes of the column density
in some situations. Symmetric or slightly asymmetric top molecules, such
as NHj, H,CO, and CH3CN, provide measures of the gas temperature.
The molecular line shapes yield information about the kinematics of the
gas; the kinematics of the envelope is the focus of the chapter by Myers
et al., this volume. In principle, by mapping the emission from several
transitions in representative species from each of these key groups, one
can derive a complete picture of the envelope structure (e.g., Fuller et al.
1995; Ladd et al. 1998).

Two examples of what can be done utilizing multiple molecular
probes are provided by detailed work on B335 (Zhou et al. 1993; Choi et
al. 1995) and IRAS 16293—2422 (Zhou 1995; Narayanan et al. 1998).
B335 is an isolated globule forming a low-mass star, which is argued to be
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currently undergoing collapse. The authors fitted multiple transitions of CS
and H,CO to the inside-out collapse model for the envelope (Shu 1977;
Shu et al. 1993); they found that the ~!> density distribution within the
infall radius, and r ~2 density profile beyond that radius, produced good
fits to their line profiles and maps for an infall radius of 0.03 pc. IRAS
16293—2422 is a deeply embedded young binary system with a separation
of about 750 AU. Zhou (1995) fits the inside-out collapse model to this
system, and Narayanan et al. (1998) fit the rotating collapse solution of
Terebey et al. (1984) to transitions of CS and HCO™. The latter find that
the data are best fitted for an infall radius of 0.03 pc.

It is important to note that such model fitting shows that the data are
consistent with the model, but it does not prove that the model is unique.
In a survey of embedded low-mass young stars, Hogerheijde et al. (1997)
found that the HCO™ emission from the envelopes was well described with
either the inside-out collapse or by a simple power law density distribution
with a power law index of 1 to 3.

B. Continuum Emission

Observations of the continuum from millimeter through mid-infrared
wavelengths provide information about the dust distribution and tem-
perature. The millimeter and submillimeter wavelengths are particularly
good for determining the column density, because the emission is linearly
dependent on dust temperature. Because of the exponential temperature
dependence in the Planck function, the dust temperature is best deter-
mined from continuum observations from 450 wm to the mid-infrared
wavelengths. Unfortunately, measurements of the column density and
temperature structure are not decoupled from each other, so maps at sev-
eral wavelengths spaced across the millimeter to mid-infrared regime
and flux measurements covering the broad spectral energy distribution
are essential. Physical density must be inferred for an assumed envelope
geometry.

The simplest approach for modeling the dust emission is to assume a
power law envelope (e.g., Adams et al. 1987; Walker et al. 1990; Adams
1991; Yun and Clemens 1991). In a power law envelope, the density and
temperature are assumed to follow a power law dependence on radius:
por P and T «r~9, respectively; the dust opacity is assumed to fol-
low a power law in frequency: k, « v#. At long wavelengths, where the
Rayleigh-Jeans limit applies, the dust emission is then proportional to
v2 B r~(+4) Modifications to the density power law have also been used,
such as assuming the density distribution from Terebey et al. (1984). Such
simplifying assumptions are very useful in situations where limited data
are available or little detail is known about the source structure.

When a large body of data is available on an object, a full radiative
transfer treatment is more appropriate and yields more realistic models.
In such treatments, grain temperatures for a distribution of grain sizes are
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calculated assuming a central heating source (Rowan-Robinson 1980;
Wolfire and Cassinelli 1986; Butner et al. 1994). In these models, the tem-
perature profile in the inner regions of the envelope rises more steeply than
r 94 and is not well represented by a single power law. In the outer parts
of the envelope, the temperature profile is reasonably approximated by a
power law, r~04 until external heating from the ambient radiation field
dominates. For low-luminosity sources, external heating can be important
over a significant portion of the core (Motte 1998). In addition to solving
for dust temperatures, the radiative transfer models allow consideration of
more specific source geometry. For example, Men’shchikov and Henning
(1997) model the L1551 IRSS system utilizing a Gaussian core and power
law density envelope with outflow cavities. With this multicomponent
model they can fit observations including far-infrared maps, the broad
spectral energy distribution, interferometer visibility data, scattered-light
images, and dust polarization measurements.

An approach that measures the spatial structure more directly is to
fit the visibilities measured by interferometers (Keene and Masson 1990;
Lay et al. 1994; Looney et al. 1998). Interferometers intrinsically measure
the Fourier transform of the sky brightness. The Fourier transform of the
emission from an optically thin power law envelope, F (r) o« r~®*+%) s
the visibility amplitude, V(d) < d?*973 where d is the (u,v) distance
corresponding to the projected interferometer baseline length (Welch et al.
1999). This expression is valid for 1.5 < p 4+ ¢ < 3, which is a reason-
able range for expected parameters (Foster and Chevalier 1993; Wilner et
al. 1995). Thus, the visibility is a power law in (u,v) distance. Different
(u,v) distances trace different spatial scales in an object. Figure 4 shows
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Figure 4. Plots of model visibilities for power law envelopes with different outer
cutoff radii. The curves are labeled with the outer radius in AU. The lower thick
line is the analytic request for an infinite power law distribution, as explained
in the text. The envelope is optically thin.
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Figure 5. Plots of annular averaged (1, v) data and fits for the NGC 1333
IRAS 4A and NGC 1333 SVS 13A systems from Looney et al. (1998). The
model parameters for the fit to IRAS 4A are density power law index = 1.8,
outer radius = 2000 AU, point source flux = 22mly, and envelope mass = 4.2
Mp. The model parameters for the fit to SVS 13A are density power law
index = 1.6, outer radius = 4000 AU, point source flux = 18 mlJy, and enve-
lope mass = 0.8 Mo.

an example of model visibility amplitudes for an envelope with different
outer radius cutoffs. The outer radius cutoffs cause the curves to flatten
at smaller (u,v) distances, corresponding to bigger spatial scales, and the
abrupt outer edge creates the oscillations with («#,v) distance. Because of
these effects, more detailed modeling is valuable in deriving p + g .
Figure 5 shows the data and fits for two young embedded systems
(Looney et al. 1998). In these fits to the real data, a central compact source
is included, to represent a circumstellar disk embedded within the enve-
lope, and the dust temperature is solved self-consistently. The best-fit den-
sity power law indexes for these two systems are in the range 1.2-2.0. The
masses in the envelopes are 4.2 and 0.8 M for IRAS 4A and SVS13A, re-
spectively. If the fitted point sources are assumed to be HL Tauri type disks
at the distance of Perseus, they correspond to masses of 0.08 to 0.15 Me.

C. Difficulties and Broad Results

Methods for determining the structure of envelopes with embedded young
stars are not as simple as they first appear. Often significant cross-
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correlations between parameters in the models limit the ability to derive
quantities. For example, density and temperature have a significant cross-
correlation in molecular excitation calculations, and radial density law and
outer radius cutoff are intertwined in dust continuum modeling. In addi-
tion, observations have limitations due to optical depth in molecular lines
and the presence of foreground or background structures. Continuum ob-
servations with both single dishes and interferometers are insensitive to
large-scale structures due to beam switching in the single-dish case and
lack of very short spacings in the interferometer data.

More serious difficulties arise, however, because sources are not as
simple as the model assumptions. Source geometry is a significant is-
sue. Nearly all young embedded stars have outflows, which create cav-
ities in the envelope and walls at the envelope-outflow boundary; one or
more circumstellar disks may be present within the envelope; circumbi-
nary structures may surround systems. These geometrical considerations
affect any method for deriving broad envelope structure and require ex-
tensive auxiliary information to constrain models. Molecular line tracers
are subject to abundance variations driven by outflow shocks, gas heat-
ing, grain mantle evaporation, and depletions of gas-phase molecules onto
grains. These abundance variations can be factors of 10 or greater, causing
selected shocked gas to light up or regions of molecular depletion to disap-
pear completely (van Dishoeck and Blake, 1998). The use of dust emission
to probe envelope structure may suffer related difficulties, because grain
properties can change as a function of position in the envelope due to grain
mantle accumulation and grain-grain coagulation.

All these complications limit the derivation of definitive envelope
properties. To first order, p o r~! to r =2 often provides a reasonable fit to
most data, but it is difficult to distinguish between r !> to » 2 density pro-
files or to establish the radius at which r !> infall envelopes switch over
to r 2 as expected in most dynamical models (Foster and Chevalier 1993;
Shu et al. 1993). There are indications that some systems may have r !
density gradients in their envelopes (Chandler et al. 1998), but more de-
tailed studies of these systems are needed. Temperature gradients derived
from self-consistent radiative transfer models yield reasonable matches to
the observed spectral energy distribution. Continued detailed observations
and modeling are needed to improve our understanding of envelope struc-
ture further.

IV. EARLY DISK AND ENVELOPE EVOLUTION

The evolution of the mass and size of the envelope and disk is broadly un-
derstood but only modestly constrained in detail by observations to date.
At the simplest level, the envelope starts as the dominant mass component,
and its mass must decrease with time in order to produce eventually an op-
tically visible star. Dynamical models of envelope collapse (Larson 1969;
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Penston 1969; Shu 1977; Hunter 1977; Foster and Chevalier 1993; Shu et
al. 1993) all suggest that the envelope starts with p o r =2 over most (or all)
of its extent. As dynamical collapse of the central region progresses, a free-
fall density profile, p o r 13, develops and moves out into the envelope.
For the inside-out model collapse of Shu and collaborators, the density at
fixed radius within the infall region evolves as p(fixed r) o« (t)~ 2, where
tis time. From an observational viewpoint, this means that the mass within
a given beam evolves roughly as (time)~ 2, once the free-fall region en-
compasses the beam. The mass evolution in other models, though not so
simple, follows a similar trend. Of course, outflows also clear out envelope
material, but their importance to early envelope evolution is dependent on
the collimation of the stellar outflow.

The expected evolution of a disk is less well understood than for an
envelope. The centrifugal radius (the radius at which centrifugal support
from rotation in the parent core becomes important) sets a characteristic
disk size. However, the size and mass of a disk should be initially small
and increase with time, as progressively higher-angular-momentum ma-
terial falls into the center of the system and as angular momentum from
earlier infall material is redistributed (Terebey et al. 1984; Ruden and Lin
1986; Lin and Pringle 1990). The predicted sizes for disks are in the range
of tens to a few hundred AU, but the detailed surface density distribution
and size depend on the angular momentum content of the infall material,
the viscosity of the material within the disk, and the nature of the processes
that control angular momentum redistribution within the disk (Cassen and
Moosman 1981; Stahler et al. 1994). None of these are well enough un-
derstood to make definitive disk models.

The data to date are sufficient to illustrate broad trends in the evo-
Iution. Dividing sources according to the class designation (Adams et al.
1987; André et al. 1993), there is a clear trend of decreasing envelope mass
with increasing class numeral (André and Montmerle 1994; Ohashi et al.
1997a,b; Hogerheijde et al. 1997; Ladd et al. 1998). This can be roughly
represented as

Class 0: My ~ 0.2-3 Mo
Class I: Mepy ~ 0.02-0.3 Mo
Class II: M.,y = 0.03 Mg

Although the class system is a rough evolutionary sequence, it does not
provide a pure comparison between envelope mass and age, because the
definitions of the classes refer in part to the amount of emission from the
envelope. It is, however, the best that can be done until independent age
estimates can be made for embedded systems.

Typical disk masses can likewise be estimated for different classes.
The masses are best known for Class II sources, where the typical value is
~0.02 Mg (Beckwith et al. 1990; André and Montmerle 1994; Osterloh
and Beckwith 1995). Less data exist for Class I and Class I/II sources, but
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typical disk masses appear to be similar to those of Class II sources (Tere-
bey et al. 1993; Osterloh and Beckwith 1995). Disk masses are poorly
determined for Class O sources because of the difficulty of separating the
disk and envelope components, but it appears that their disks are not signif-
icantly more massive than for Class I and II sources (Looney et al. 1998).
The disks in Class 0 sources are typically = 10% as massive as their en-
velopes. Based on the Class II sources, which have the most measure-
ments, there is a large range in disk mass within a class. This range may
be associated with age, but it more likely depends on several additional
factors, including the angular momentum content of the parent core and
multiplicity of the system.

These broad estimates for envelope and disk masses support the ex-
pected trend: The circumstellar mass in Class 0 and I systems is domi-
nated by the envelope; Class I to II transition objects have comparably
massive envelopes and disks; and the disk dominates the circumstellar
mass in Class II systems. This trend is also supported by detailed studies
of individual systems (Terebey et al. 1993; Looney et al. 1998). Unfor-
tunately, the time evolution of the disk mass is not well constrained by
the observations. There does not appear to be an embedded phase during
which low-mass stars have a massive disk (or at least that phase must be
very short-lived), but it is not yet clear whether disk mass builds up mono-
tonically throughout the lifetime of the envelope. Scenarios in which the
disk mass varies nonmonotonically with time because of accretion events
are not ruled out (Bell and Lin 1994; Hartmann and Kenyon 1996).

Measurements of disk and envelope sizes are problematic due to the
nature of power law distributions. Observations are now beginning to re-
solve circumstellar disks in nearby young systems (Lay et al. 1994, 1997;
Mundy et al. 1996; Wilner et al. 1996; chapter by Wilner and Lay, this
volume); however, the estimated outer radius of the disk depends on the
steepness of the power law surface density distribution. Typical values
are from 70 to 160 AU radius, with the outer radius poorly constrained for
steeper surface density profiles. The definition of the outer radius is further
complicated by molecular observations, which typically find disk sizes of
500 to 800 AU (see section V). Envelope outer radii are also poorly defined
because of the power law nature of the density profile, but some systems
may show discrete outer boundaries (Motte et al. 1998). A systematic ap-
proach to quantifying disk and envelope sizes is essential to make progress
on understanding the evolution of size.

More high-resolution surveys are needed to establish better the prop-
erties of disks and envelopes, and how they evolve. Differences in the
properties of single vs. multiple systems are largely unknown for Class 0
and Class I sources because it has been difficult to identify which systems
are multiple. Disk properties of Class II sources can be affected by the
multiplicity of a system (Beckwith et al. 1990; Jensen et al. 1994, 1996;
Osterloh and Beckwith 1995; chapter by Mathieu et al., this volume), but
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it is unclear whether disk, and perhaps envelope, properties of multiple
systems are different during earlier evolutionary stages.

V. DISK KINEMATICS

Observational studies of disk kinematics have advanced significantly in
the past five years, primarily due to increases in the resolution and sensi-
tivity of the millimeter wavelength arrays. The first solid observations of
Keplerian rotation in a circumstellar disk were made for the HL Tauri sys-
tem (Sargent and Beckwith 1987, 1991). This result confirmed the simple
theoretical expectation that stable circumstellar disks, unless significant in
mass compared to the star, should exhibit nearly Keplerian rotation. De-
viations from Keplerian motion are expected because of the transport of
material inward onto the star, but within a rotationally supported disk those
velocities should be a small fraction of the basic orbital speed unless the
disk is dynamically unstable.

There are, however, additional velocity fields present in the inner
few hundred AU of a stellar system. The HL Tauri system illustrates
these complications. Subsequent observations of the HL Tauri system by
Hayashi et al. (1993) found that the velocities were predominantly inflow
motions rather than rotation. They fitted a rotation speed of 0.2 km s~ ! at
700 AU and an infall motion of 1 km s~!, consistent with the outer disk
dynamically accreting onto the inner disk and star. The key distinction
between the velocity fields arising from rotation and infall is the orienta-
tion of the velocity gradient: For rotation the strongest velocity gradient
is along the major axis, whereas for infall it is along the minor axis of the
projected disk. Clear discussions of the kinematics of rotation and infall
are given by Beckwith and Sargent (1993) and Ohashi et al. (1997b). The
stellar outflow is another source of kinematics that must be considered.
Cabrit et al. (1996) argue that the velocity field seen in their images of
the HL. Tauri system is likely a combination of infall and outflow motion,
where the outflow motion arises from material that has been entrained
in the stellar jet. Unfortunately, the outflow motions of entrained mate-
rial are not necessarily as systematic as rotational motions and hence are
more difficult to disentangle. Thus, in general, it is necessary to consider
rotational, infall, and outflow motions as possibilities. Surveys of the kine-
matics of T Tauri systems indicate that rotation generally dominates, but
a wide variety of velocity fields are seen (Koerner and Sargent 1995; D.
W. Koerner and A. I. Sargent, personal communication, 1998).

The best Keplerian velocity curves have been found for optical T Tauri
star (Class II) systems, where the lack of a significant envelope minimizes
the material involved in infall or outflow activity. Three good examples of
Keplerian rotation are provided by the recent observations of the DM Tau,
GM Aur, and LkCa 15 systems. The DM Tau system is well fitted by pure
Keplerian rotation (V o r~%3*01) "with an outer disk radius of 525 AU
and a stellar mass of 0.6-0.85 Mg (Dutrey et al. 1998). The DM Tau ve-
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Figure 6. Images of the COJ = 2-1 emission, model, and residuals for the DM
Tauri system from Guilloteau and Dutrey (1998). The upper set of panels shows
the observed emission, with each panel labeled with velocity. The middle panels
display the emission from the best-fitted model. The lower panels display the
differences between the observations and the model. The angular resolution of
the observations is 3.5 X 2.4".

locity field, shown in Fig. 6, is well represented by Keplerian rotation with
an outer disk radius of 850 AU and a central stellar mass of 0.4-0.6 Mg
(Guilloteau and Dutrey 1998). The LkCa 15 velocity field, shown in Fig. 7,
is consistent with Keplerian rotation with an outer radius of 220 AU and
a central stellar mass of 0.7 Mp (A. L. Sargent and D. W. Koerner, per-
sonal communication, 1998). As displayed in Figs. 6 and 7, these papers
fit velocity channel images, so they are able to set limits on other non-
Keplerian motions. For DM Tau, Guilloteau and Dutrey (1998) find that
the residual turbulent component of the velocity field is ~0.1 km sec™!, or



370 L. G. MUNDY ET AL.

— T — T — T e e e
°[ av=107km/s | 1 ° wv=tzkmps T ]
25+ + { 25} + e
I TR N R B T SR
-25 | + {-25} + e
sk Data 1 Model 1 st Data 1 Model i
5 + { s . + E
b. V=10.1 km/s j. V=4.9 km/s
25 1 kS { 25} + E
8 | @ | I @ |
-25 | o + {-25} + e
5| Data 1 Model 4 st Data 1 Model 4
5 kS { st + E
c. V=9.4 km/s i. V=5.5 km/s
25 1 kS { 25} + E
of kS { of 2 + E
@ © ®
-25 | kS {-25} Y, + E
sl Data 1 Model 1 st Data 1 Model i
- - - o
°l,dV=BBkm/s | 1 38 T T
25 1 kS (_ { 25} + E
of @ 1 Q) { of + A .
{
-25 | kS {-25} + E
s Data 1 Model 1 st 1 Model
o o - -
5 T { s + e
e, V=81 km/s g- V=6.8 km/s
25 F + { 25t —+ E
of T { of —+ e
-25 | + 1-251y —+ E
sl Data 1 Model 1 st 1 Mod i
a)
-5 -25 0 25 5 -5 -25 0 25 5 -5 -25 0 25 5 -5 -25 0 25 5
5 4 ]
f. V=7.6 km/s
25 [ + g

s} Data 1 Model J

! s s
-5 -25 0 25 5 -5 -25 0 25 5

Arcsec

Figure 7. Images of the CO emission and models for the LkCa 15 system from
Sargent and Koerner (in preparation). For each pair of panels, the observations
are on the left and the model on the right. The panels are labeled with velocity.

0.2-0.3 times the expected thermal width. All these disks are rotationally
supported over most, if not all, of their extent.

Systems with even modest envelopes show much more complicated
velocity structure and morphology. Observations of three IRAS sources
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embedded in the Taurus cloud (Ohashi et al. 1997a,b) show thick disk-
like structures with sizes (diameters) of 1400 to 2200 AU that are
oriented perpendicular to the outflow axes. In two of the sources, the
velocity field is argued to be a combination of rotation and infall with
infall dominant; in the third case, the motion is consistent with rotation.
One of these sources, L1527 (IRAS 04368+2557), shows a central “X”
structure, which is likely associated with the cavity walls of the outflow.
The L1551 IRSS system also has a central elongated structure 2400 AU
in size that is dominated by infall motions, with lesser rotational motion
(Momose et al. 1998); it is argued that the flattened envelope is infalling
at a diluted free-fall speed (due to pressure or magnetic support) into a
rotationally supported disk inside the centrifugal radius. A more deeply
embedded (Class 0) system studied by Gueth et al. (1997), L1157, shows
weak evidence of rotation in the inner-500-AU flattened core and evi-
dence of infall and outflow interaction in the surrounding envelope. The
coherent progression of structures seen in these systems allows a simple
picture of infall and rotation. On the 700- to 1500-AU radial scale, the
envelope falls into a flattened, thick disk. Material within this thick disk is
primarily infalling but has a modest rotational component. The molecular
disk on scales from 200 to 800 AU is composed of infalling material with
high specific angular momentum and material that has acquired high an-
gular momentum from transport mechanisms within the disk. Most of the
infalling material falls onto the disk at radii less than 150 AU and moves
inward within the disk, corresponding to the compact disk observed in the
continuum. This picture qualitatively matches the expectations of collapse
models with significant rotational or magnetic support (Terebey et al. 1984;
Li and Shu 1997; Galli and Shu 1993; Fiedler and Mouschovias 1993).
The different scales of structure are linked: the large-scale molecular disk
traces the small fraction of material that has high angular momentum:;
the small-scale continuum disk traces the bulk of the material. These two
sizescales are divided observationally, because continuum observations
have difficulty imaging the large-scale disk due to the low surface density,
whereas the CO and isotopic CO observations have difficulty seeing the
inner 80-100 AU of the disk due to the lines becoming optically thick.
The quantitative exploration of the connection between the disks traced
by CO and continuum emission is a project for the future.

VI. SUMMARY AND CONCLUSIONS

1. Evidence of core fragmentation is seen on a range of scales. The
broad morphology of cores fits with current ideas about prompt frag-
mentation, fragmentation during collapse, and high-angular-momentum
scenarios. We suggest that there are natural scales of multiplicity in young
embedded systems: separate envelope systems on scales =6000 AU,
common envelope systems on scales from 150 to 3000 AU, and common
disk systems on scales =100 AU.
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2. It is difficult to determine the density structure of envelopes with
embedded sources accurately. Radial density dependences of ! to r 2
are consistent with the data for most young systems, but other power
law indexes can also fit. Better observational measurements of the radial
density are needed to test current theoretical models, but this will not be
easy. The presence of disks, outflows, and multiple structures on different
scales, as well as the possibility of multiplicity, complicate the source
geometry. The likelihood of strong molecular abundance variations, and
the possibility of significant alterations of grain properties within circum-
stellar material also affect the integrity of the standard molecular and
continuum probes.

3. It is clear that envelope mass decreases in going from Class O to
Class I to Class II sources, but it is unclear how uniquely and precisely
that trend is related to age. Current evidence suggests that disk masses in
Class I and classical T Tauri systems are not very different. Disk masses in
embedded systems are problematic because of the strong envelope emis-
sion; the current best estimate is that their disks are not significantly more
massive than those in Class I or Class II sources. The time evolution of
envelope and disk masses is still an uncertain area that needs more work.

4. Kinematic studies of molecular disks are revealing rotational and
infall motions. In some systems, the infall motion is quite significant; in
others, pure Keplerian rotation is seen. Pure Keplerian disks with outer
radii of 200—800 AU have been measured in several T Tauri systems. The
observations support a simple picture in which these large-scale Keple-
rian disks seen in molecules are high-angular-momentum extensions of
the smaller-scale, more massive disks seen in continuum emission. The
flattened structures 1000 to 2000 AU in size in embedded systems appear
to be partially supported envelopes that are feeding material onto the inte-
rior disk structures. More observational studies are needed to solidify these
connections and quantify the properties and evolution of the structures.
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