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ABSTRACT

A simple analytic model of radiative transfer in two parts of a contracting cloud matches a wide range of line
profiles in candidate infall regions and provides a sensitive estimate of 1/, the characteristic inward speed of the
gas forming the line. The model assumes two uniform regions of equal temperature and velocity dispersion o,
whose density and velocity are attenuation-weighted means over the front and rear halves of a centrally
condensed, contracting cloud. The model predicts two-peak profiles for “slow” infall, },, << ¢, and red-shoulder
profiles for “fast” infall, V, ~ o. A simple formula expresses V4, solely in terms of o and of observable parameters
of a two-peak line. We apply the model to fit profiles of high and low optical depth lines observed in a dense core
with no star (L1544, V;, = 0.006 km s™"), with an isolated protostar (L1527, 0.025 km s™"), and with a small group
of stars (L1251B, 0.35 km s ). The mass infall rate obtained from ¥, and the map size varies from (2-40) X 10~
M, yr™' and agrees within a factor ~2 in each core with the independently determined rate ~o* G™* for a
gravitationally collapsing isothermal sphere. This agreement suggests that the inward motions derived from the

line profiles are gravitational in origin.

Subject headings: ISM: molecules — line: profiles — stars: formation

1. INTRODUCTION

Recent advances in the performance of millimeter-wave-
length telescopes have begun to yield kinematic evidence of
gravitational motions associated with the formation of stars.
Studies based on multiple line maps have led to plausible
claims of inward motions in regions forming low-mass stars,
including B335 (Zhou et al. 1993, 1994) and L1527 (Mardones
et al. 1994; Zhou et al. 1994; Myers et al. 1995). Spectral-line
surveys of very red sources have begun to reveal new infall
candidates (Wang et al. 1995; Gregerson et al. 1996; Mardones
et al. 1996).

The line profiles in candidate infall sources have been
interpreted with detailed numerical models (e.g., Leung &
Brown 1977; Leung 1978; Bernes 1979; Walker et al. 1986;
Walker, Narayanan, & Boss 1994). Agreement between these
models and observed line profiles of CS and H,CO (Zhou et
al. 1993; Myers et al. 1995; Choi et al. 1995) is encouraging,
and has determined the infall radius of B335 and L1527 to be
0.02-0.04 pc in the inside-out collapse theory of Shu (1977).
But fitting such complex models is slow and laborious. This
difficulty limits efforts to determine whether the many profiles
observed in surveys and maps of infall candidates are generally
consistent with gravitational infall. A simple infall model is
needed to extract more easily the kinematic information in line
profiles. This paper presents such a model.

2. THE MODEL

The model assumes two uniform regions along the line of
sight with velocity dispersion o and peak optical depth 7. In
the front and rear, the excitation temperatures are 7; and T;,
the systemic velocities are (V) and (V}), each =0, and the
optical depths are

7 =7 exp [~ (v — (1})*/20°], (1a)
7, = 7 exp [~ (v + (V)*/20°]. (1b)

The line brightness temperature is easily obtained from the
equation of radiative transfer as

AT, = J(D)[L — e ] + KDL — e e
— I e, @

where J(T) = Ty/[exp (T,/T) — 1] is the Planck-corrected
brightness temperature, 7, = 2.7 K is the temperature of the
cosmic background, and 7y = hv/k, where v is the transition
frequency, and ~ and k represent Planck’s and Boltzmann’s
constants, respectively.

Despite their simplicity, equations (1) and (2) reproduce the
two-peak profiles associated with inward motions, if 7, ® 3,
T, > T;, and (V) + (V;) < ~o. The corresponding “thin”
line, whose peak lies between the two thicker peaks, also
follows if 7, < 1. This combination of optical depth, inward
increase in excitation temperature, and inward motion needed
here to match the “infall” profiles is also needed in more
detailed models (e.g., Leung & Brown 1977). However, equa-
tions (1) and (2) by themselves are too idealized and have too
many parameters (six) to be useful.

To reduce the number of parameters, we replace (V}), (V}),
T;, and 7, in equations (1) and (2) by values characteristic of
the front and rear halves of a centrally condensed, contracting
cloud following power laws of density and velocity. These
characteristic values should be values where 7, %1 and
7, &1 when 7, >> 1, and should be the opacity-weighted
means along the line of sight when 7, < 1. Therefore, we
obtain the characteristic velocities by evaluating the attenua-
tion-weighted means,

a5 =f d7;V; exp (_Tf)/f dry exp (—=7), (3a)

<V,>=f dar.V, eXp(—Tr)/f dr, exp (—7,). (3b)
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Similarly, we obtain each characteristic excitation temperature
from the corresponding attenuation-weighted mean density
and a two-level model of excitation.

We adopt power laws of density 7/npy = (7/fmin) > and
infall speed V/Vpu = (r/Tmin) ', the asymptotic behavior ex-
pected from a collapsing isothermal sphere (e.g., Shu 1977).
The radius r,,;, is set in principle by departure from spherical
symmetry, e.g., at the “centrifugal barrier” (Terebey, Shu, &
Cassen 1984), and in practice by the observational resolution.
The peak optical depths along the central line of sight from r
to 1, in front and from r to r,;, in the rear are

-12 -1/2

r T Tmax
TT=To Tip _ o 0 (42)
¥ min ¥ max
-12 -1/2
rmin - r
=T T _ e (4b)
¥ min ¥ max

In obtaining equation (4), we neglect the variation of excita-
tion temperature and partition function, which are relatively
small compared with the variation of r, and we assume small
velocity gradients, i.e., V., = 0. We assume that the observ-
able spatial extent, 7,,,, is much greater than 7,;,, yielding

n (VY _(nV_(,_=Y
e e I (RE R

Then integration as in equation (3) yields

(nf> |6 B 3 6 6
—=010-e") |5 -e™|l1+—+—5+—]||, (6a)
max To To To To
(n,) 3 6 6
=(1-e™)1-—+———(1—-e™)|. (6b)
max To To To

Both ratios in equation (6) have the same optically thin limit
(as Ty — 0), Nipin /Pmax = %. Similarly,

V) 1-(1+m)e™
Vo  T(l—e ™)

— 1 — =70
W) _m=(=e) )
I/malx TO(l - € TO)
with a common optically thin limit Vi, / Vi = % We adopt as
inward speed parameter V,, = Vj,,. Thus, two lines observed
from the same position with the same resolution (which sets
T'min) Should have the same value of V,. Clouds with progres-
sively greater values of V., as expected for progressively more
advanced stages of infall, should have progressively greater
values of V,.

To obtain excitation temperatures 7; and 7;, we assume that
Ny, the characteristic density when 7y — 0, equals #n, the
critical density in a two-level excitation model (e.g., Rank,
Townes, & Welch 1971). This assumption is plausible for lines
as in § 3, which are detectable without photon trapping: their
intensity and shape at the map edge are consistent with
7< ~1. Then

(7a)

T _ Ty + (/B0 Y (50
L T + (AT/B) ) s

T _ T + T /B)n, ) N (&)
L T + (AT /B)N ) e,

-

-
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FiG. 1.—Characteristic excitation temperature (fop) and velocity (bottom)
vs. peak optical depth 7 in the front and rear halves of a spherically symmetric
cloud with density n/nmay = (7/7min) ">? and infall speed V/Viax = (7/7min) 2.
The excitation temperature is shown with (8> 0) and without (8 = 0) the
contribution from photon trapping. The difference in characteristic velocity
between front and rear maintains a constant value 2V4,, independent of 7. As
7y increases, (T¢) and (V') become hot and fast in the rear, and slow and cold
in the front.

with 7, the kinetic temperature and B = [1 — exp (—7))/7
the escape probability (e.g., Shu 1991).

The front and rear excitation temperatures 7; and 7, move
apart with increasing optical depth 7,, as shown in Figure 1
(top) based on equations (6) and (8). The curves are shown
with and without photon trapping. In the optically thin limit,
T.=T,. As 7, increases, the surface of unit optical depth
moves forward in each half of the cloud, so 7; decreases
toward 7;, but 7, increases toward 7;. This effect is quantita-
tively more significant than photon trapping, which heats both
T; and T,.

The front and rear infall speeds (V) and (V}) each shift to
the blue with increasing optical depth 7,, as shown in Figure 1
(bottom) based on equation (7). In the optically thin limit,
(V) =(V)) = V. As 7, increases and the surface of unit optical
depth moves forward in each half of the cloud, (}f) approaches
0 and () approaches 2V, , maintaining ¥, = ((/) + (i}))/2for all
values of 7).

Equations (6) and (7) specify T;, T;, (V}), and (}) in equations
(1) and (2), and reduce the number of independent adjustable
parameters from 6 to 4: 7, Ty, V3 onr = (07 — kT, /my,) ', with
mg,s the molecular mass of the observed line emitter. Inward-
increasing density and velocity laws other than those assumed
here give dependence of (T;,) and (V') on 7, similar to that in
Figure 1. Analytic relations as in equations (7) and (8) follow
ifn~r? V~r7, and if p/(p — 1) and q/(p — 1) are
integers.
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F1G. 2.—Model line profiles showing variation (@) with increasing peak
optical depth 7y and (b) with increasing infall speed V4. For “slow” infall
(Vm << 0), as optical depth increases, the line brightens until it develops a
self-absorption dip between a brighter blue peak and a fainter red peak. As Vj,
increases, the degree of asymmetry increases, from two equally bright peaks to
a blue peak brighter than the red peak, to a blue peak and a red shoulder. The
line parameters Tp, Tpp, Trp, and veq — Vpne for use with eq. (9) for ¥, are
defined in (c).

Exploring parameter space indicates that the line shape is
determined mainly by 7, and V,/onr, in accord with the
conclusion of Leung & Brown (1977) for a wide variety of
infall systems. Figure 2a shows profiles as 7, increases from
thin to thick values, while the infall speed V;, is fixed at a
relatively small fraction (3) of the nonthermal velocity disper-
sion oyr. AS 7, increases, the line becomes more intense, until
it develops a self-absorption dip. Then the intensities of the
dip and the red peak decrease, while the intensity of the blue
peak increases. This progression of profile asymmetry with
optical depth is similar to that seen in more detailed models of
infall and radiative transfer cited earlier. Figure 2b shows
profiles as V, increases from 0 to 0.6 oy, with fixed 7, = 6.
The two peaks start with equal intensity, then the blue peak
increases while the red peak decreases. At larger values of 1/,
the red peak disappears, so that the profile has a single peak in
the blue and a red shoulder.

The progressions of profiles in Figures 2a and 2b can be
understood in terms of a “rear profile” arising if the front half
of the cloud were absent, and a “front profile” arising if the
rear half were absent. For 7, << 1, these two profiles are
identical in intensity and in their Gaussian shape, but have a
shift 2}/, in their line centers. As 7, exceeds 1, each profile gets
brighter and starts to saturate, approaching higher intensities
in the rear than in the front, as expected from Figure 1. Also,
as T, increases, the cool front gas absorbs an increasing
portion of the warm rear emission. For V},/o < 1, this absorp-
tion forms two peaks and a dip in the combined profile,
centered on (V}). These peaks occur approximately at the two
velocities where 7, = 1. These two velocities are redder than
those where 7, = 1, so the blue peak is brighter than the red.
If 7, and V,/o are each sufficiently large, the red peak
disappears into a red shoulder, because then, at the redder
velocity where 7, = 1, the front emission exceeds the attenu-
ated rear emission.

This analysis can be quantified to estimate the infall speed
for a two-peak line solely in terms of observable line param-
eters. Our model profiles indicate that the difference
Vea — Ube Detween the velocities of the red and blue peaks
approximately equals the difference between the velocities
where 7; = 1, and we assume this is true exactly. Assuming

101-112 101-112

/ ~ 101 -112

VYT PYTE FYPRVIVIUN PRVTY POPPY FOTRUTYURS SYYTY VTS IOVPI POUTUTYVEY PRUY IUTY PUUYS YVUY IVVTU IUVTY POTY POTTY FOVOL OO OO,
-2.0 -1.0 0.0 1.0 -4.0 -2.0 0.0 2.0 -4.0 -2.0 0.0 2.0 4.0
v-vo(kms")

F1G. 3.—Observed and model line profiles in 1.1544, 11527, and L1251B.
Model parameters for the upper H, CO and CS (and lower N, H*) lines are,
respectively, 7o =15, 7.0, and 4.5 (7.0, 0.40, 0.55); onr = 0.06, 0.09, and 0.50
(0.06, 0.09, and 0.28) km s™!; T, = 12, 11, and 12 (10, 11, and 12) K; and
Vin = 0.006, 0.025, and 0.35 (0.02, 0.025, and 0.20) km s~'. For L1527, the
outflow parameters are 7y, ou = 0.3 (0.017) and ooy = 1.0 (1.0) km s~!. The
model fits the line profiles well, and each optically thinner line peaks up to the
red of the optically thicker peak, indicating self-absorption in a contracting
cloud, rather than two velocity components.

0.0

further that V, << ¢(2 In 75)", we obtain from equations (1)
and (2) the general result, independent of any distributions of
Vorn,

Vo =

1+ eTxp/Tp ©)
where, as in Figure 2c, T}, is the brightness temperature of the
dip (assumed optically thick), Tpp is the height of the blue
peak above the dip, and Ty, is the height of the red peak above
the dip. The velocity dispersion o can be obtained from the
FWHM of a suitable optically thin line. Tests of equation (9)
were made by computing profiles with 7,= 5 and 10, 7; = 10
K, oxr = 0.07 km s!, and V;, ranging from 0 to ~2 o, where
the red peak disappears. In these tests, the },, based on
equation (9) departs from the Vj, assumed to calculate the
profile by less than ~20%.

VUred — Ublue

o’ (1 + eTBD/TD)
n b

3. COMPARISON WITH OBSERVATIONS

The model matches observed profiles with widely different
shapes, as shown in Figure 3 for thicker lines (H,CO 2,,-1,
and CS 2-1) and thinner lines (N,H" JR F = 101-012). In
L1251B, the CS line is used because it demonstrates a red
shoulder more clearly than does the H,CO line. The peak of
the thinner line lies between the two peaks of the thicker line
in L1544 and L1527, and between the blue peak and the red
shoulder in L1251B—consistent with contraction and self-
absorption, and inconsistent with two independent clouds
along the line of sight. In Figure 3 (legend), the derived values
of onr and V,, /onr differ from the “thick” to the “thin” fit in
two of six cases; where a choice is needed, we favor the
better-constrained “thick” values.

In L1544, the observed 2 mm line of H,CO (Tafalla et al.
1996) is narrow, with a deep dip and no wings. L1544 has no
associated IRAS source, no known CO outflow, and weak
submillimeter emission (Ward-Thompson et al. 1994). The
model profile requires high optical depth, 7, = 15, for the deep
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dip, narrow velocity dispersion, owr= 0.06 km s', for the
small separation of peaks, and extremely “slow” infall, V;,/
oxt = 0.1, for the slight asymmetry of peak intensities. The
model fits the observed peak and dip intensities, with slightly
narrower peaks than observed. The speed V= 0.006 km s~
has 1 o uncertainty 0.002 km s ' based on the propagation of
errors in equation (9).

In L1527, the observed 2 mm line of H, CO is broader than
in L1544, and has a strong blue peak and a weak red peak. The
embedded class 0 protostar is relatively isolated and has weak
outflow wings. The ratio of peak intensities, 2.2, is difficult to
match with a model based on spherically symmetric inside-out
collapse (Myers et al. 1995). The present model fits well. The
velocity dispersion and infall speed are each greater than in
L1544, by factors of 1.5 and 4.2, respectively. The weak outflow
wings are fitted by adding a central outflow zone with peak
optical depth 7, ,, and velocity dispersion o,,. Then the infall
parameters change only slightly from the no-outflow case.

In L1251B, the observed 3 mm line of CS 2-1 (Mardones et
al. 1996) is much broader than in .1527, and it has a blue peak
with a red shoulder. L1251B has a red IRAS source with
luminosity 6 Le, a weak outflow (Sato & Fukui 1989), and an
associated group of at least five near-infrared sources within
~0.02 pc (Hodapp 1994). The model fit requires a velocity
dispersion 0.5 km s™', ~5 times greater than in L1527, “fast”
infall, with V,, /oy = 0.7 and no outflow.

4. PHYSICAL IMPLICATIONS AND DISCUSSION

The parameter values in Figure 3 indicate motions consis-
tent with gravitational infall. For the radius over which infall
asymmetry is seen, we adopt r,, = 0.027, 0.014, and 0.029 pc in
L1544, 1.1527, and L1251B, respectively, each based on map-
ping observations and uncertain by a factor of ~1.5 (Mardones
et al. 1996; Myers et al. 1995; Tafalla et al. 1996). We estimate
the “kinematic” mass infall rate dM/dt from 4mrimn,V,,
yielding, respectively, 1.9, 2.1, and 40 X 10~® M, yr™', each
with observational uncertainty of a factor ~2, and we estimate
the “gravitational” rate from a®> G~! (Shu 1977), yielding 2.5,
2.5, and 37 X 1078 M, yr™', each uncertain by a factor ~1.5.
Here a is the velocity dispersion of the molecule of mean mass
m, a*= kT/m + o%r. The agreement of these two rates in
each source indicates that the derived inward motions are
consistent with gravitational infall. Further, this consistency
holds for sources at different stages of star formation, with
different physical conditions: the velocity dispersion is primar-

ily thermal in 11544 and L1527, but primarily nonthermal in
L1251B. These results should not be considered definitive
unless they are confirmed by more detailed observations, but
they already indicate a promising way to derive and apply infall
parameters from line profiles.

The two-peak and red-shoulder profiles predicted by this
idealized model resemble those of more detailed codes. Al-
though the red-shoulder profiles in Figure 2b and 3¢ are not
well known as indicators of infall, they are predicted in the
detailed numerical models of Dickel & Auer (1994). These
authors compute profiles for a density law n ~ r 2 and a
velocity law V' ~ r ' as in this paper, and also for “inside-
out” collapse (V decreasing to zero more rapidly than ~r '),
They find that the ¥ ~ r~ model gives a pronounced red
shoulder (their Fig. S, top right), while the inside-out model
gives a profile with slight asymmetry but no shoulder (their
Fig. 5, bottom right).

The present model is limited because it treats the continu-
ously varying density and velocity fields as a pair of densities
and velocities, set by the optical depth at line center. Thus, the
model cannot predict optically thin “infall wings” from gas
near the cloud center (e.g., Zhou et al. 1993). This simplified
structure also accounts for the narrower widths, steeper slopes,
and flatter dips of the profile features in the model than in the
observations. The model also applies to relatively small offsets
from cloud center compared with the cloud radius; this limits
the study of how profiles vary with changes in resolution and
cloud position.

Despite these and other limitations, the model is evidently
able to fit a variety of profiles from candidate infall regions,
including those with a large ratio of blue and red peak
intensities. The model provides a simple way to quantify
characteristic infall speeds. The model spectra in Figure 3 are
not unique with respect to parameter variation or to changes
in velocity and density laws, and it will be important to quantify
these variations. Nonetheless, it seems unlikely that the de-
rived order of infall speeds from L.1544 to L1527 to L1251B
will depend on such factors.
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