
Circumstellar Envelopes
and Disks

PART II





I. INTRODUCTION

o o o o o
o o o o o oo

o o o
o oo o o o o

o o o o o o
o o o o o o o

o o
o

This chapter presents an bservati nal verview f the characteristics and ev -
luti n f y ung stellar systems that are f rming singly r in l se clusters and
gr ups. Starting with the nature f fragmentati n and multiplicity in these envi-
r nments, we l k at the structure f envel pes and disks ar und the y ungest
stars and expl re the ev luti n f these structures fr m the earliest stage f stellar
c re f rmati n t the emergence f an ptical star. Evidence f r the kinematics
f disks and large-scale flattened structures is discussed and placed in an verall

c ntext.
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The early ev luti n f y ung stellar systems is characterized by dramatic
gr wth and change that take the system fr m a c llapsing prestellar c re
t a revealed star with 90% r m re f its final mass. During this peri d,
the m lecular c re, which riginally extended fr m several th usand t
10,000 AU, falls inward, feeding a central star and a circumstellar disk.
In many cases the c re f rms tw r m re stars rather than a single star,
and b th circumstellar and circumbinary structures may f rm (see als the
chapters by B denheimer et al. and Mathieu et al. in this v lume).

This chapter f cuses n bservati nal studies f the envir nments f
y ung, f rming stars in is lated and l se gr up envir nments. By “is -
lated” we refer t b th individual stars and multiple stellar systems that
are f rming at separati ns f 15,000 AU r m re fr m ther systems. This
separati n is large en ugh that neighb ring systems d n t c mpete grav-
itati nally f r material r interact tidally during f rmati n, unlike the sit-
uati n that ccurs in cluster-m de star f rmati n (B nnell et al. 1997; see
als the chapter by Clarke et al., this v lume). This definiti n f “is lated”
is br ader than in many previ us w rks, where the term refers nly t stud-
ies f single-star f rmati n (see, e.g., Shu et al. 1993). The reality is that
multiplicity and gr uping are c mm n am ng y ung stars (Sim n et al.
1992; Ghez et al. 1997; Patience et al. 1998). In fact, the median separa-
ti n f main-sequence binaries ( 30 AU; Duquenn y and May r 1991)
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c rresp nds t less than an arcsec nd in the nearest star-f rming cl uds;
hence, it is ften difficult t kn w whether a given system is single r
multiple. A g d example f this is the L1551 IRS5 system, which was
initially c nsidered a pr t typical single-star system but n w is argued t
be a binary with a pr jected separati n f 45 AU (L ney et al. 1997;
R driguez et al. 1998).

The earliest stages f star f rmati n, which take place bef re the f r-
´mati n f a stellar c re, are c vered in the chapter by Andre et al. in this

v lume. This chapter will c ncentrate n the envir nments f stellar sys-
tems which have f rmed a pr t stellar c re. We will l k at systems in
stages f ev luti n fr m a deeply embedded pr t star t a nearly unc v-
ered y ung star.

M lecular cl uds are inh m gene us n a wide range f scales. Facets f
their structure can be bserved utilizing m lecular line and dust emissi n
(cf. the chapter by Williams et al., this v lume), but a c mplete understand-
ing has pr ven elusive. The c nnecti n between structures within a cl ud
and the eventual f rmati n f stars in that material is f particular interest
here. Detailed studies indicate that the largest structures, c ntaining hun-
dreds t th usands f s lar masses, are gravitati nally b und as measured
by the virial the rem, but m st structures with ten s lar masses r less are
either n t gravitati nally b und r are b und nly in the presence f a high
external pressure (Bert ldi and McKee 1992; Williams and Blitz 1998).
In the first case, the large structures must fragment int l wer-mass c res
t f rm stars; in the sec nd case, it is unclear whether the c res are n the
verge f gravitati nal c llapse r whether they are transient unb und struc-
tures. With ut kn wledge f which pieces bec me stars, it is difficult t
predict the distributi n and multiplicity f the resulting stellar p pulati n.

An alternative appr ach f r studying the star-f rming capacity f
cl uds is t l k at the distributi n f the y ungest embedded stars. These
systems, which are still embedded in their natal c res, trace the number
and distributi n f b und c res that have f rmed stars ver the last 10
t 10 years. The relative p siti ns and extents f the c res pr vide in-
f rmati n ab ut the fragmentati n pr cess and the spatial scales f stellar
clustering during f rmati n (M tte et al. 1998; Testi and Sargent 1998).
This inf rmati n is different fr m that derived in cl ud structure studies,
where the star-f rming capacity f the structures is uncertain, and fr m
the results f studies f the distributi n f y ung ptical and near-infrared
stars (G mez et al. 1993; Sim n 1997; Nakajima et al. 1998), where ne
sees the star f rmati n hist ry integrated ver m re than 10 years.

Recent wide-field c ntinuum maps f a p rti n f the Perseus cl ud
NGC 1333 (Sandell and Knee 1998) and f the main Ophiuchi cl ud
(M tte et al. 1998) pr vide g d examples f the structure in active star
f rmati n regi ns. Figure 1 sh ws the 850 m map f the NGC 1333
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Figure 1. Map f the 850 m c ntinuum emissi n fr m the NGC 1333
SVS13 regi n (G. Sandell and L. B. G. Knee, pers nal c mmunicati n, 1998).
The brightest emissi n appears as white in the grayscale image. The data were
acquired with the Submillimetre C mm n User B l meter Array (SCUBA) n
the James Clerk Maxwell Telesc pe (JCMT).
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regi n. The emissi n at 850 m arises primarily fr m dust. The
am unt f emissi n increases with increasing temperature and c lumn
density; hence, when y ung stars are present, bright peaks in the distribu-
ti n cl sely trace the l cati ns f y ung embedded stars. In Fig. 1, there
are r ughly 18 discrete peaks ver an area f r ughly 65 square arcmin-
utes. The str ngest peaks can be identified with kn wn embedded systems:
SVS 13, HH 1–2, NGC 1333 IRAS 2, NGC 1333 IRAS 4, and NGC 1333
IRAS 7. In Ophiuchi, r ughly 100 small-scale structures were identified.

Higher-res luti n c ntinuum images f many f these systems un-
c ver substructure. F r example, Chini et al. (1997) find three separate
s urces within the HH 1–2 system and the SVS 13 system (see als
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Figure 2. Images f the 2 7 mm c ntinuum emissi n fr m the NGC 1333
SVS13 regi n fr m L ney et al. (1998). The f ur upper panels sh w images
f the system with increasing res luti n: 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 b tt m
f each panel sh w 100 AU linear distance. The l wer tw panels sh w 1.1

(right) and 0.6 (left) images f the SVS13B s urce. The s urce designati ns,
A, B, and C, are indicated in the t p tw panels.
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Figure 3. Images f the 2 7 mm c ntinuum emissi n fr m the NGC 1333
IRAS 4 regi n fr m L ney et al. (1998). The f ur upper panels sh w images
f the system with increasing res luti n: 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 b tt m
f each panel sh w 100 AU linear distance. The upper panels are centered n

IRAS 4A; the l wer tw panels sh w 0.6 -res luti n images f IRAS 4B and
4C. The s urce designati ns, A, B, and C, are indicated in the t p left panel.
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Bachiller et al. 1998); the NGC 1333 IRAS 4 system divides int f ur
s urces at arcsec nd res luti n (Sandell et al. 1991; Lay et al. 1995;
Lefl ch et al. 1998). Subarcsec nd res luti n images f several s urces in
this regi n c nfirm this multiplicity. Figures 2 and 3 sh w interfer metric
images f the SVS 13 and NGC 1333 IRAS 4 systems; the six panels
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Characteristic Scale f Multiplicity

Pr perty Scale

Independent envel pe 6000 AU
C mm n envel pe 150–3000 AU
C mm n disk 100 AU

TABLE I
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within each figure range in res luti n fr m r ughly 5 t 0.6 (L ney et
al. 1998). Multiplicity n a range f scales is clearly present. These images
are part f a 0.6 -res luti n millimeter-wavelength survey f six deeply
embedded systems in Ophiuchus and Perseus (L ney et al. 1998) that
f und that all systems were multiples n a 10,000 AU scale, with a t tal
f seventeen s urces identified in the six systems. Several systems were

binary n 100–700 AU scales. Due t the res luti n limit f the survey,
little is kn wn ab ut multiplicity n scales 100 AU.

M rph l gically, three types f multiple systems can be identified in
the ab vementi ned w rks: independent envel pe, c mm n envel pe, and
c mm n disk systems. The characteristics f the systems are defined by
the distributi n f the circumstellar material. Independent envel pe sys-
tems exhibit clearly distinct centers f gravitati nal c ncentrati n with
separati ns f 6000 AU; the c mp nents are within a larger surr unding
c re f l w-density material. C mm n envel pe systems have ne primary
c re f gravitati nal c ncentrati n, which breaks int multiple bjects at
separati ns f 150–3000 AU. C mm n disk systems have separati ns f

100 AU and typically have circumbinary disklike distributi ns f ma-
terial. Table I summarizes these characteristics.

There are several clear c nnecti ns between these m rph l gical dis-
tincti ns and ther w rks. The study f the separati n distributi n f p-
tical binaries by Lars n (1995) f und a knee in the distributi n at 0.04 pc
(8250 AU), which was p sited t c rrelate with the Jeans size. Lars n
suggested that systems n that scale and larger were f rmed by fragmen-
tati n and separate c llapse, exactly the structure f und in the indepen-
dent envel pe systems. This scenari f pr mpt initial fragmentati n is
n t new (see, e.g., Lars n 1978; Pringle 1989; B nnell et al. 1991); it
was discussed recently by B nnell et al. (1997) in the c ntext f small
cluster f rmati n. The critical issue is that the c llapse is initiated in a
system that c ntains multiple Jeans masses in a weakly c ndensed c n-
figurati n; ne example f such a system w uld be a pr late Gaussian
distributi n with several Jeans masses al ng the l ng axis and ne Jeans
mass acr ss the sh rt axis. This mass c ncentrati n bef re fragmentati n
is needed t get sufficient mass n the appr priate size scale f r systems
with 6000 AU separati ns. At separati ns much larger than 6000 AU,
independent inside- ut r quasistatic c llapse fr m the riginal cl ud (Shu
1977; Fiedler and M usch vias 1993; Galli and Shu 1993) is viable.
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The c mm n envel pe systems can be linked with m dels f r the frag-
mentati n f m derately centrally c ndensed spherical systems (Burkert
and B denheimer 1993; B ss 1995, 1997; the chapter by B denheimer
et al., this v lume). In this case, the m dels find fragmentati n in the
dense central regi n within an verall single c re. The primary require-
ment f r fragmentati n is that the central regi n have a fairly flat distribu-
ti n; evidence f this flat regi n is erased s n after the c llapse ccurs.
Thus, the f rming multiple system is embedded within a single centrally
c ndensed c re. Finally, the c mm n disk systems are similar t m dels
f high-angular-m mentum systems (Artym wicz and Lub w 1994; Bate

and B nnell 1997). The cl se stellar systems represent the fragmentati n
f early disks. The distributi n f material between circumstellar and cir-

cumbinary structures depends n the angular m mentum f the infalling
material.

The primary parameters that define the characteristics f a circumstellar
envel pe are size, density structure, temperature structure, mass, and kine-
matics. These characteristics can, in principle, be bservati nally deter-
mined fr m the m lecular emissi n ass ciated with the gas and the thermal
c ntinuum emissi n fr m the dust. There are, h wever, significant diffi-
culties and uncertainties ass ciated with the vari us meth ds available f r
deriving these parameters.

M lecular emissi n arises fr m a variety f species present in the gas.
Differences in m lecular structure and abundance make selected species
particularly useful in determining specific physical parameters. F r ex-
ample, CO r C O are generally g d H c lumn density tracers be-
cause their abundance is reas nably c nstant, they are easily thermalized,
and the transiti ns are generally ptically thin. C mm n m lecules with
large dip le m ments, such as CS, H CO, HCN, and HCO , are g d
pr bes f the gas density and can be useful pr bes f the c lumn density
in s me situati ns. Symmetric r slightly asymmetric t p m lecules, such
as NH , H CO, and CH CN, pr vide measures f the gas temperature.
The m lecular line shapes yield inf rmati n ab ut the kinematics f the
gas; the kinematics f the envel pe is the f cus f the chapter by Myers
et al., this v lume. In principle, by mapping the emissi n fr m several
transiti ns in representative species fr m each f these key gr ups, ne
can derive a c mplete picture f the envel pe structure (e.g., Fuller et al.
1995; Ladd et al. 1998).

Tw examples f what can be d ne utilizing multiple m lecular
pr bes are pr vided by detailed w rk n B335 (Zh u et al. 1993; Ch i et
al. 1995) and IRAS 16293 2422 (Zh u 1995; Narayanan et al. 1998).
B335 is an is lated gl bule f rming a l w-mass star, which is argued t be
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currently underg ing c llapse. The auth rs fitted multiple transiti ns f CS
and H CO t the inside- ut c llapse m del f r the envel pe (Shu 1977;
Shu et al. 1993); they f und that the density distributi n within the
infall radius, and density pr file bey nd that radius, pr duced g d
fits t their line pr files and maps f r an infall radius f 0.03 pc. IRAS
16293 2422 is a deeply embedded y ung binary system with a separati n
f ab ut 750 AU. Zh u (1995) fits the inside- ut c llapse m del t this

system, and Narayanan et al. (1998) fit the r tating c llapse s luti n f
Terebey et al. (1984) t transiti ns f CS and HCO . The latter find that
the data are best fitted f r an infall radius f 0.03 pc.

It is imp rtant t n te that such m del fitting sh ws that the data are
c nsistent with the m del, but it d es n t pr ve that the m del is unique.
In a survey f embedded l w-mass y ung stars, H gerheijde et al. (1997)
f und that the HCO emissi n fr m the envel pes was well described with
either the inside- ut c llapse r by a simple p wer law density distributi n
with a p wer law index f 1 t 3.

Observati ns f the c ntinuum fr m millimeter thr ugh mid-infrared
wavelengths pr vide inf rmati n ab ut the dust distributi n and tem-
perature. The millimeter and submillimeter wavelengths are particularly
g d f r determining the c lumn density, because the emissi n is linearly
dependent n dust temperature. Because f the exp nential temperature
dependence in the Planck functi n, the dust temperature is best deter-
mined fr m c ntinuum bservati ns fr m 450 m t the mid-infrared
wavelengths. Unf rtunately, measurements f the c lumn density and
temperature structure are n t dec upled fr m each ther, s maps at sev-
eral wavelengths spaced acr ss the millimeter t mid-infrared regime
and flux measurements c vering the br ad spectral energy distributi n
are essential. Physical density must be inferred f r an assumed envel pe
ge metry.

The simplest appr ach f r m deling the dust emissi n is t assume a
p wer law envel pe (e.g., Adams et al. 1987; Walker et al. 1990; Adams
1991; Yun and Clemens 1991). In a p wer law envel pe, the density and
temperature are assumed t f ll w a p wer law dependence n radius:

, and , respectively; the dust pacity is assumed t f l-
l w a p wer law in frequency: . At l ng wavelengths, where the
Rayleigh-Jeans limit applies, the dust emissi n is then pr p rti nal t

. M dificati ns t the density p wer law have als been used,
such as assuming the density distributi n fr m Terebey et al. (1984). Such
simplifying assumpti ns are very useful in situati ns where limited data
are available r little detail is kn wn ab ut the s urce structure.

When a large b dy f data is available n an bject, a full radiative
transfer treatment is m re appr priate and yields m re realistic m dels.
In such treatments, grain temperatures f r a distributi n f grain sizes are

.

p q
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Figure 4. Pl ts f m del visibilities f r p wer law envel pes with different uter
cut ff radii. The curves are labeled with the uter radius in AU. The l wer thick
line is the analytic request f r an infinite p wer law distributi n, as explained
in the text. The envel pe is ptically thin.
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calculated assuming a central heating s urce (R wan-R bins n 1980;
W lfire and Cassinelli 1986; Butner et al. 1994). In these m dels, the tem-
perature pr file in the inner regi ns f the envel pe rises m re steeply than

and is n t well represented by a single p wer law. In the uter parts
f the envel pe, the temperature pr file is reas nably appr ximated by a

p wer law, , until external heating fr m the ambient radiati n field
d minates. F r l w-lumin sity s urces, external heating can be imp rtant
ver a significant p rti n f the c re (M tte 1998). In additi n t s lving

f r dust temperatures, the radiative transfer m dels all w c nsiderati n f
m re specific s urce ge metry. F r example, Men’shchik v and Henning
(1997) m del the L1551 IRS5 system utilizing a Gaussian c re and p wer
law density envel pe with utfl w cavities. With this multic mp nent
m del they can fit bservati ns including far-infrared maps, the br ad
spectral energy distributi n, interfer meter visibility data, scattered-light
images, and dust p larizati n measurements.

An appr ach that measures the spatial structure m re directly is t
fit the visibilities measured by interfer meters (Keene and Mass n 1990;
Lay et al. 1994; L ney et al. 1998). Interfer meters intrinsically measure
the F urier transf rm f the sky brightness. The F urier transf rm f the
emissi n fr m an ptically thin p wer law envel pe, ( ) , is
the visibility amplitude, ( ) , where is the ( ) distance
c rresp nding t the pr jected interfer meter baseline length (Welch et al.
1999). This expressi n is valid f r 1 5 3, which is a reas n-
able range f r expected parameters (F ster and Chevalier 1993; Wilner et
al. 1995). Thus, the visibility is a p wer law in ( ) distance. Different
( ) distances trace different spatial scales in an bject. Figure 4 sh ws

.

.
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Figure 5. Pl ts f annular averaged ( ) data and fits f r the NGC 1333
IRAS 4A and NGC 1333 SVS 13A systems fr m L ney et al. (1998). The
m del parameters f r the fit t IRAS 4A are density p wer law index 1 8,
uter radius 2000 AU, p int s urce flux 22mJy, and envel pe mass 4 2

M . The m del parameters f r the fit t SVS 13A are density p wer law
index 1 6, uter radius 4000 AU, p int s urce flux 18 mJy, and enve-
l pe mass 0 8 M .
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an example f m del visibility amplitudes f r an envel pe with different
uter radius cut ffs. The uter radius cut ffs cause the curves t flatten

at smaller ( ) distances, c rresp nding t bigger spatial scales, and the
abrupt uter edge creates the scillati ns with ( ) distance. Because f
these effects, m re detailed m deling is valuable in deriving .

Figure 5 sh ws the data and fits f r tw y ung embedded systems
(L ney et al. 1998). In these fits t the real data, a central c mpact s urce
is included, t represent a circumstellar disk embedded within the enve-
l pe, and the dust temperature is s lved self-c nsistently. The best-fit den-
sity p wer law indexes f r these tw systems are in the range 1.2–2.0. The
masses in the envel pes are 4.2 and 0.8 M f r IRAS 4A and SVS13A, re-
spectively. If the fitted p int s urces are assumed t be HL Tauri type disks
at the distance f Perseus, they c rresp nd t masses f 0.08 t 0.15 M .

Meth ds f r determining the structure f envel pes with embedded y ung
stars are n t as simple as they first appear. Often significant cr ss-
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c rrelati ns between parameters in the m dels limit the ability t derive
quantities. F r example, density and temperature have a significant cr ss-
c rrelati n in m lecular excitati n calculati ns, and radial density law and
uter radius cut ff are intertwined in dust c ntinuum m deling. In addi-

ti n, bservati ns have limitati ns due t ptical depth in m lecular lines
and the presence f f regr und r backgr und structures. C ntinuum b-
servati ns with b th single dishes and interfer meters are insensitive t
large-scale structures due t beam switching in the single-dish case and
lack f very sh rt spacings in the interfer meter data.

M re seri us difficulties arise, h wever, because s urces are n t as
simple as the m del assumpti ns. S urce ge metry is a significant is-
sue. Nearly all y ung embedded stars have utfl ws, which create cav-
ities in the envel pe and walls at the envel pe- utfl w b undary; ne r
m re circumstellar disks may be present within the envel pe; circumbi-
nary structures may surr und systems. These ge metrical c nsiderati ns
affect any meth d f r deriving br ad envel pe structure and require ex-
tensive auxiliary inf rmati n t c nstrain m dels. M lecular line tracers
are subject t abundance variati ns driven by utfl w sh cks, gas heat-
ing, grain mantle evap rati n, and depleti ns f gas-phase m lecules nt
grains. These abundance variati ns can be fact rs f 10 r greater, causing
selected sh cked gas t light up r regi ns f m lecular depleti n t disap-
pear c mpletely (van Dish eck and Blake, 1998). The use f dust emissi n
t pr be envel pe structure may suffer related difficulties, because grain
pr perties can change as a functi n f p siti n in the envel pe due t grain
mantle accumulati n and grain-grain c agulati n.

All these c mplicati ns limit the derivati n f definitive envel pe
pr perties. T first rder, t ften pr vides a reas nable fit t
m st data, but it is difficult t distinguish between t density pr -
files r t establish the radius at which infall envel pes switch ver
t as expected in m st dynamical m dels (F ster and Chevalier 1993;
Shu et al. 1993). There are indicati ns that s me systems may have
density gradients in their envel pes (Chandler et al. 1998), but m re de-
tailed studies f these systems are needed. Temperature gradients derived
fr m self-c nsistent radiative transfer m dels yield reas nable matches t
the bserved spectral energy distributi n. C ntinued detailed bservati ns
and m deling are needed t impr ve ur understanding f envel pe struc-
ture further.

The ev luti n f the mass and size f the envel pe and disk is br adly un-
derst d but nly m destly c nstrained in detail by bservati ns t date.
At the simplest level, the envel pe starts as the d minant mass c mp nent,
and its mass must decrease with time in rder t pr duce eventually an p-
tically visible star. Dynamical m dels f envel pe c llapse (Lars n 1969;
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Penst n 1969; Shu 1977; Hunter 1977; F ster and Chevalier 1993; Shu et
al. 1993) all suggest that the envel pe starts with ver m st ( r all)
f its extent. As dynamical c llapse f the central regi n pr gresses, a free-

fall density pr file, , devel ps and m ves ut int the envel pe.
F r the inside- ut m del c llapse f Shu and c llab rat rs, the density at
fixed radius within the infall regi n ev lves as (fixed ) ( ) , where
is time. Fr m an bservati nal viewp int, this means that the mass within

a given beam ev lves r ughly as (time) , nce the free-fall regi n en-
c mpasses the beam. The mass ev luti n in ther m dels, th ugh n t s
simple, f ll ws a similar trend. Of c urse, utfl ws als clear ut envel pe
material, but their imp rtance t early envel pe ev luti n is dependent n
the c llimati n f the stellar utfl w.

The expected ev luti n f a disk is less well underst d than f r an
envel pe. The centrifugal radius (the radius at which centrifugal supp rt
fr m r tati n in the parent c re bec mes imp rtant) sets a characteristic
disk size. H wever, the size and mass f a disk sh uld be initially small
and increase with time, as pr gressively higher-angular-m mentum ma-
terial falls int the center f the system and as angular m mentum fr m
earlier infall material is redistributed (Terebey et al. 1984; Ruden and Lin
1986; Lin and Pringle 1990). The predicted sizes f r disks are in the range
f tens t a few hundred AU, but the detailed surface density distributi n

and size depend n the angular m mentum c ntent f the infall material,
the visc sity f the material within the disk, and the nature f the pr cesses
that c ntr l angular m mentum redistributi n within the disk (Cassen and
M sman 1981; Stahler et al. 1994). N ne f these are well en ugh un-
derst d t make definitive disk m dels.

The data t date are sufficient t illustrate br ad trends in the ev -
luti n. Dividing s urces acc rding t the class designati n (Adams et al.

´1987; Andre et al. 1993), there is a clear trend f decreasing envel pe mass
´with increasing class numeral (Andre and M ntmerle 1994; Ohashi et al.

1997 ; H gerheijde et al. 1997; Ladd et al. 1998). This can be r ughly
represented as

Class 0: 0 2–3 M
Class I: 0 02–0.3 M
Class II: 0 03 M

Alth ugh the class system is a r ugh ev luti nary sequence, it d es n t
pr vide a pure c mparis n between envel pe mass and age, because the
definiti ns f the classes refer in part t the am unt f emissi n fr m the
envel pe. It is, h wever, the best that can be d ne until independent age
estimates can be made f r embedded systems.

Typical disk masses can likewise be estimated f r different classes.
The masses are best kn wn f r Class II s urces, where the typical value is

´0 02 M (Beckwith et al. 1990; Andre and M ntmerle 1994; Osterl h
and Beckwith 1995). Less data exist f r Class I and Class I/II s urces, but

.
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typical disk masses appear t be similar t th se f Class II s urces (Tere-
bey et al. 1993; Osterl h and Beckwith 1995). Disk masses are p rly
determined f r Class 0 s urces because f the difficulty f separating the
disk and envel pe c mp nents, but it appears that their disks are n t signif-
icantly m re massive than f r Class I and II s urces (L ney et al. 1998).
The disks in Class 0 s urces are typically 10% as massive as their en-
vel pes. Based n the Class II s urces, which have the m st measure-
ments, there is a large range in disk mass within a class. This range may
be ass ciated with age, but it m re likely depends n several additi nal
fact rs, including the angular m mentum c ntent f the parent c re and
multiplicity f the system.

These br ad estimates f r envel pe and disk masses supp rt the ex-
pected trend: The circumstellar mass in Class 0 and I systems is d mi-
nated by the envel pe; Class I t II transiti n bjects have c mparably
massive envel pes and disks; and the disk d minates the circumstellar
mass in Class II systems. This trend is als supp rted by detailed studies
f individual systems (Terebey et al. 1993; L ney et al. 1998). Unf r-

tunately, the time ev luti n f the disk mass is n t well c nstrained by
the bservati ns. There d es n t appear t be an embedded phase during
which l w-mass stars have a massive disk ( r at least that phase must be
very sh rt-lived), but it is n t yet clear whether disk mass builds up m n -
t nically thr ugh ut the lifetime f the envel pe. Scenari s in which the
disk mass varies n nm n t nically with time because f accreti n events
are n t ruled ut (Bell and Lin 1994; Hartmann and Keny n 1996).

Measurements f disk and envel pe sizes are pr blematic due t the
nature f p wer law distributi ns. Observati ns are n w beginning t re-
s lve circumstellar disks in nearby y ung systems (Lay et al. 1994, 1997;
Mundy et al. 1996; Wilner et al. 1996; chapter by Wilner and Lay, this
v lume); h wever, the estimated uter radius f the disk depends n the
steepness f the p wer law surface density distributi n. Typical values
are fr m 70 t 160 AU radius, with the uter radius p rly c nstrained f r
steeper surface density pr files. The definiti n f the uter radius is further
c mplicated by m lecular bservati ns, which typically find disk sizes f
500 t 800 AU (see secti n V). Envel pe uter radii are als p rly defined
because f the p wer law nature f the density pr file, but s me systems
may sh w discrete uter b undaries (M tte et al. 1998). A systematic ap-
pr ach t quantifying disk and envel pe sizes is essential t make pr gress
n understanding the ev luti n f size.

M re high-res luti n surveys are needed t establish better the pr p-
erties f disks and envel pes, and h w they ev lve. Differences in the
pr perties f single vs. multiple systems are largely unkn wn f r Class 0
and Class I s urces because it has been difficult t identify which systems
are multiple. Disk pr perties f Class II s urces can be affected by the
multiplicity f a system (Beckwith et al. 1990; Jensen et al. 1994, 1996;
Osterl h and Beckwith 1995; chapter by Mathieu et al., this v lume), but



1

1

0 5 0 1

V. DISK KINEMATICS

368 L. G. MUNDY ET AL.

b

V r
�

	

	

	 ��

o o o
o o

o o
o o o

o o o o o
o o o

o
o o

o o o o o
o o o o o o o

o o o o o o
o o o o o

o o o
o

o o o o o
o o o o

o o o o o o o
o o o o o

o o o
o o o o o

o o o o o o o o
o o o o o o

o o o o o o

o o o o o o
o o

o o o o o o o
o o o o o

o o o o o o
o o o o o

o o o o
o o o o o o o o

o o o o
o o o

o o o o
o o o o

o o
o o o o oo o

o o o o o o

o o o o
o

it is unclear whether disk, and perhaps envel pe, pr perties f multiple
systems are different during earlier ev luti nary stages.

Observati nal studies f disk kinematics have advanced significantly in
the past five years, primarily due t increases in the res luti n and sensi-
tivity f the millimeter wavelength arrays. The first s lid bservati ns f
Keplerian r tati n in a circumstellar disk were made f r the HL Tauri sys-
tem (Sargent and Beckwith 1987, 1991). This result c nfirmed the simple
the retical expectati n that stable circumstellar disks, unless significant in
mass c mpared t the star, sh uld exhibit nearly Keplerian r tati n. De-
viati ns fr m Keplerian m ti n are expected because f the transp rt f
material inward nt the star, but within a r tati nally supp rted disk th se
vel cities sh uld be a small fracti n f the basic rbital speed unless the
disk is dynamically unstable.

There are, h wever, additi nal vel city fields present in the inner
few hundred AU f a stellar system. The HL Tauri system illustrates
these c mplicati ns. Subsequent bservati ns f the HL Tauri system by
Hayashi et al. (1993) f und that the vel cities were pred minantly infl w
m ti ns rather than r tati n. They fitted a r tati n speed f 0.2 km s at
700 AU and an infall m ti n f 1 km s , c nsistent with the uter disk
dynamically accreting nt the inner disk and star. The key distincti n
between the vel city fields arising fr m r tati n and infall is the rienta-
ti n f the vel city gradient: F r r tati n the str ngest vel city gradient
is al ng the maj r axis, whereas f r infall it is al ng the min r axis f the
pr jected disk. Clear discussi ns f the kinematics f r tati n and infall
are given by Beckwith and Sargent (1993) and Ohashi et al. (1997 ). The
stellar utfl w is an ther s urce f kinematics that must be c nsidered.
Cabrit et al. (1996) argue that the vel city field seen in their images f
the HL Tauri system is likely a c mbinati n f infall and utfl w m ti n,
where the utfl w m ti n arises fr m material that has been entrained
in the stellar jet. Unf rtunately, the utfl w m ti ns f entrained mate-
rial are n t necessarily as systematic as r tati nal m ti ns and hence are
m re difficult t disentangle. Thus, in general, it is necessary t c nsider
r tati nal, infall, and utfl w m ti ns as p ssibilities. Surveys f the kine-
matics f T Tauri systems indicate that r tati n generally d minates, but
a wide variety f vel city fields are seen (K erner and Sargent 1995; D.
W. K erner and A. I. Sargent, pers nal c mmunicati n, 1998).

The best Keplerian vel city curves have been f und f r ptical T Tauri
star (Class II) systems, where the lack f a significant envel pe minimizes
the material inv lved in infall r utfl w activity. Three g d examples f
Keplerian r tati n are pr vided by the recent bservati ns f the DM Tau,
GM Aur, and LkCa 15 systems. The DM Tau system is well fitted by pure
Keplerian r tati n ( ), with an uter disk radius f 525 AU
and a stellar mass f 0.6–0.85 M (Dutrey et al. 1998). The DM Tau ve-

. .
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Figure 6. Images f the CO 2–1 emissi n, m del, and residuals f r the DM
Tauri system fr m Guill teau and Dutrey (1998). The upper set f panels sh ws
the bserved emissi n, with each panel labeled with vel city. The middle panels
display the emissi n fr m the best-fitted m del. The l wer panels display the
differences between the bservati ns and the m del. The angular res luti n f
the bservati ns is 3.5 2.4 .
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l city field, sh wn in Fig. 6, is well represented by Keplerian r tati n with
an uter disk radius f 850 AU and a central stellar mass f 0.4–0.6 M
(Guill teau and Dutrey 1998). The LkCa 15 vel city field, sh wn in Fig. 7,
is c nsistent with Keplerian r tati n with an uter radius f 220 AU and
a central stellar mass f 0.7 M (A. I. Sargent and D. W. K erner, per-
s nal c mmunicati n, 1998). As displayed in Figs. 6 and 7, these papers
fit vel city channel images, s they are able t set limits n ther n n-
Keplerian m ti ns. F r DM Tau, Guill teau and Dutrey (1998) find that
the residual turbulent c mp nent f the vel city field is 0.1 km sec , r

��
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Figure 7. Images f the CO emissi n and m dels f r the LkCa 15 system fr m
Sargent and K erner (in preparati n). F r each pair f panels, the bservati ns
are n the left and the m del n the right. The panels are labeled with vel city.
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0.2–0.3 times the expected thermal width. All these disks are r tati nally
supp rted ver m st, if n t all, f their extent.

Systems with even m dest envel pes sh w much m re c mplicated
vel city structure and m rph l gy. Observati ns f three IRAS s urces



VI. SUMMARY AND CONCLUSIONS

STRUCTURE AND EVOLUTION OF ENVELOPES AND DISKS 371

�

a,b

�

�

o o
o o

o o o o o o o
o o o o o o o

o o o o o o
o o o

o o o o
o o

o o o o o o o
o o o

o o o o
o o o o

o
o o o o

o o o o o o
o o o o o

o o o o
o o

o o o o o o
o o o o o o

o
o o o o o

o o o
o o o o o

o o o o
o o o o o

o o
o o

o o o
o o o

o o o o o
o o

o o o o
o o o o

o o o o o
o o o o

o o o o o
o o o o o o o o

o o o o
o o o

o o
o o o o o o o o

o

embedded in the Taurus cl ud (Ohashi et al. 1997 ) sh w thick disk-
like structures with sizes (diameters) f 1400 t 2200 AU that are
riented perpendicular t the utfl w axes. In tw f the s urces, the

vel city field is argued t be a c mbinati n f r tati n and infall with
infall d minant; in the third case, the m ti n is c nsistent with r tati n.
One f these s urces, L1527 (IRAS 04368 2557), sh ws a central “X”
structure, which is likely ass ciated with the cavity walls f the utfl w.
The L1551 IRS5 system als has a central el ngated structure 2400 AU
in size that is d minated by infall m ti ns, with lesser r tati nal m ti n
(M m se et al. 1998); it is argued that the flattened envel pe is infalling
at a diluted free-fall speed (due t pressure r magnetic supp rt) int a
r tati nally supp rted disk inside the centrifugal radius. A m re deeply
embedded (Class 0) system studied by Gueth et al. (1997), L1157, sh ws
weak evidence f r tati n in the inner-500-AU flattened c re and evi-
dence f infall and utfl w interacti n in the surr unding envel pe. The
c herent pr gressi n f structures seen in these systems all ws a simple
picture f infall and r tati n. On the 700- t 1500-AU radial scale, the
envel pe falls int a flattened, thick disk. Material within this thick disk is
primarily infalling but has a m dest r tati nal c mp nent. The m lecular
disk n scales fr m 200 t 800 AU is c mp sed f infalling material with
high specific angular m mentum and material that has acquired high an-
gular m mentum fr m transp rt mechanisms within the disk. M st f the
infalling material falls nt the disk at radii less than 150 AU and m ves
inward within the disk, c rresp nding t the c mpact disk bserved in the
c ntinuum. This picture qualitatively matches the expectati ns f c llapse
m dels with significant r tati nal r magnetic supp rt (Terebey et al. 1984;
Li and Shu 1997; Galli and Shu 1993; Fiedler and M usch vias 1993).
The different scales f structure are linked: the large-scale m lecular disk
traces the small fracti n f material that has high angular m mentum;
the small-scale c ntinuum disk traces the bulk f the material. These tw
sizescales are divided bservati nally, because c ntinuum bservati ns
have difficulty imaging the large-scale disk due t the l w surface density,
whereas the CO and is t pic CO bservati ns have difficulty seeing the
inner 80–100 AU f the disk due t the lines bec ming ptically thick.
The quantitative expl rati n f the c nnecti n between the disks traced
by CO and c ntinuum emissi n is a pr ject f r the future.

1. Evidence f c re fragmentati n is seen n a range f scales. The
br ad m rph l gy f c res fits with current ideas ab ut pr mpt frag-
mentati n, fragmentati n during c llapse, and high-angular-m mentum
scenari s. We suggest that there are natural scales f multiplicity in y ung
embedded systems: separate envel pe systems n scales 6000 AU,
c mm n envel pe systems n scales fr m 150 t 3000 AU, and c mm n
disk systems n scales 100 AU.
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2. It is difficult t determine the density structure f envel pes with
embedded s urces accurately. Radial density dependences f t
are c nsistent with the data f r m st y ung systems, but ther p wer
law indexes can als fit. Better bservati nal measurements f the radial
density are needed t test current the retical m dels, but this will n t be
easy. The presence f disks, utfl ws, and multiple structures n different
scales, as well as the p ssibility f multiplicity, c mplicate the s urce
ge metry. The likelih d f str ng m lecular abundance variati ns, and
the p ssibility f significant alterati ns f grain pr perties within circum-
stellar material als affect the integrity f the standard m lecular and
c ntinuum pr bes.

3. It is clear that envel pe mass decreases in g ing fr m Class 0 t
Class I t Class II s urces, but it is unclear h w uniquely and precisely
that trend is related t age. Current evidence suggests that disk masses in
Class I and classical T Tauri systems are n t very different. Disk masses in
embedded systems are pr blematic because f the str ng envel pe emis-
si n; the current best estimate is that their disks are n t significantly m re
massive than th se in Class I r Class II s urces. The time ev luti n f
envel pe and disk masses is still an uncertain area that needs m re w rk.

4. Kinematic studies f m lecular disks are revealing r tati nal and
infall m ti ns. In s me systems, the infall m ti n is quite significant; in
thers, pure Keplerian r tati n is seen. Pure Keplerian disks with uter

radii f 200–800 AU have been measured in several T Tauri systems. The
bservati ns supp rt a simple picture in which these large-scale Keple-

rian disks seen in m lecules are high-angular-m mentum extensi ns f
the smaller-scale, m re massive disks seen in c ntinuum emissi n. The
flattened structures 1000 t 2000 AU in size in embedded systems appear
t be partially supp rted envel pes that are feeding material nt the inte-
ri r disk structures. M re bservati nal studies are needed t s lidify these
c nnecti ns and quantify the pr perties and ev luti n f the structures.
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