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ABSTRACT
We present a multiline study of the dense core L1544 in the Taurus molecular complex. Although

L1544 does not harbor an embedded star, it presents several characteristics of cores that have already
undergone star formation, suggesting that it may be rather advanced in its evolution toward becoming a
star-forming core. The spectral lines from 11544 present an interesting dichotomy, with the thick dense
gas tracers suffering very strong self absorption while CO and its isotopes are not being absorbed at all.
The presence of the self absorptions allows us to study both the density structure and kinematics of the
gas in detail. A simple analysis shows that the core is almost isothermal and that the self absorptions are
due to very subthermal excitation of the dense gas tracers in the outer layers. The density has to
decrease outward rapidly, and a detailed radiative transfer calculation that simultaneously fits three iso-
topes of CO and two of CS shows that the density approximately follows a r~!-> power law. The self
absorptions, in addition, allow us to measure the relative velocity between the inner and outer layers of
the core, and we find that there is a global pattern of inward motions (background and foreground
approaching each other). The relative speed between the foreground and background changes with posi-
tion, and we use a simple two-layer model to deduce that while the foreground gas has a constant veloc-
ity, the background material presents systematic velocity changes that we interpret as arising from two
velocity components. We explore the origin of the inward motions by comparing our observations with
models of gravitational collapse. A model in which the infall starts at the center and propagates outward
(as in the inside-out collapse of Shu) is inconsistent with the large extension of the absorption (that sug-
gests an advanced age) and the lack of a star at the core center (that suggests extreme youth). Ambipolar
diffusion seems also ruled out because of the large amount of the inward speed (up to 0.1 km s~ ') and
the fact that ionized species move with speeds similar to those of the neutrals. Other infall models seem
also to have problems fitting the data, so if L1544 is infalling, it seems to be doing so in a manner not
contemplated by the standard theories of star formation. Our study of L1544 illustrates how little is still
known about the physical conditions that precede star formation and how detailed studies of starless
cores are urgently needed.

Subject headings: ISM: individual (L1544) — ISM: kinematics and dynamics — stars: formation

1. INTRODUCTION

Cores with densities of a few 10* cm~* and temperatures
around 10 K are the basic units of low-mass star formation
in nearby dark clouds like Taurus and Perseus (Myers
1995). They appear in optical images as regions of enhanced
visual obscuration and in molecular line maps as relative
maxima of dense gas tracers like NH; and CS (e.g., Myers &
Benson 1983; Zhou et al. 1989). A sizeable fraction of these
cores is associated with optically visible T Tauri stars or
invisible IRAS sources (~ 50%; Beichman et al. 1986), sug-
gesting that star formation in these systems has already
taken place or is currently in progress. Cores without
associated objects, referred to as “starless cores,” have a less
clear status. Their large number in clouds like Taurus sug-
gests that they are stable systems and that they probably
represent an early phase of core life before gravitational

! Present address: Observatorio Astrondémico Nacional, Campus Uni-
versitario, Apartado 1143, E-28800, Alcala de Henares, Madrid, Spain.

900

collapse has occurred (Beichman et al. 1986). Because core
evolution may be slow, dominated by ambipolar diffusion
with timescales of several Myr (Mouschovias 1977; Lizano
& Shu 1989), different starless cores in a cloud will be at
different stages of evolution. Some may be rather diffuse,
while others may be more concentrated, about to form
stars. It is even possible that some have started to collapse,
but so recently that they have not have the time to form a
star detectable in the far IR or the submillimeter. These
more evolved starless cores (collapsing or not) will reflect
primordial conditions of star formation without the per-
turbing effect from outflows that very quickly contaminate
the spectra of even dense gas tracers (Zhou et al. 1993;
Mardones et al. 1997). In this paper we present a multiline
and continuum study of L1544, a core that presents many
symptoms of being very advanced in its evolution toward
the formation of one or more low-mass stars.

The L1544 core lies inside the Class 6 dark cloud of the
same name (Lynds 1962), located in the eastern part of the
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Taurus molecular complex at an estimated distance of 140
pc (Elias 1978). Soon after the discovery of radio emission
from interstellar molecules, L1544 was recognized as a
strong source of line emission and absorption (Dieter 1973;
Minn & Greenberg 1973; Cheung et al. 1973), and since
then it has been a favorite target for the search for rare
molecular species (e.g., Gerin et al. 1987; Bell et al. 1988,
Turner & Sears 1989; Turner et al. 1990; Fuente et al. 1990).
The large-scale properties of the L1544 cloud have been
studied in CO by Snell (1981) and Heyer et al. (1987), and
the core that it harbors has been the subject of single-
pointing observations in surveys of both molecular lines
(CO, Myers, Linke, & Benson 1983; NH;, Myers & Benson
1983; HC;N, Fuller & Myers 1993; DCO™, Butner, Lada,
& Loren 1995) and millimeter continua (Chini et al. 1984;
Ward-Thompson et al. 1994). More detailed mapping
observations of the L1544 core have been carried out in
lines of H,CO by Snell (1981); of NH; by Ungerechts,
Walmsley, & Winnewisser (1982) and Benson & Myers
(1983, 1989); and of HC;N by Benson & Myers (1983) and
Tolmachev (1995).

Beichman et al. (1986) did not find any IRAS point
source associated with L1544 that fulfills their protostar
selection criteria and classified this core as “starless.” There
is, however, a nearby IRAS point source, detected only at
100 um, that has been associated with L1544: 05013 + 2505
(Parker 1988; Clark 1991). An inspection of the IRAS scans
toward this source shows that the 100 um emission lacks a
pointlike component and is extended over more than 5,
coinciding with X0501 + 251, an object in the IRAS Small-
Scale Structure Catalog (see also Ward-Thompson et al.
1994). The lack of a pointlike component suggests that the
far-infrared emission arises from the whole L1544 core and
not from an embedded self-luminous object in its interior. A
similar situation occurs in many other dense cores (e.g.,
Wood, Myers, & Daugherty 1994). For this reason we con-
sider L1544 as a starless core, although this of course does
not rule out the presence of a very weak point source that
has escaped detection by IRAS (L < 0.1 L, for the Taurus
distance; Myers et al. 1987).

2. OBSERVATIONS

We used the FCRAO 14 m telescope equipped with the
QUARRY receiver array to observe L1544 in 2CO (1-0),
13CO (1-0), and C'30 (1-0) during 1996 November and
December; CS (2-1), C**S (2-1), and HCO™ (1-0) during
1996 May and December; and N,H* (1-0) during 1995
June. For the }2CO (1-0) observations, we used position
switching mode with a clean reference position 4?5 away
from the core, and for the rest of the observations we used
frequency switching mode with offsets of 4 or 8 MHz. The
back end was the FAAS autocorrelator providing velocity
resolutions of 6 x 1072 km s~ ! (*2CO and N,H") and
3x 1072 km s~ ! (all other transitions). The T%* tem-
perature scale of the telescope was converted into T, ;, using
the efficiency factors recommended by Ladd & Heyer
(1996), which range from 0.41 to 0.47 for our frequencies.
The beam FWHM ranges from 4575 at 115 GHz to 54" at
90 GHz (Ladd & Heyer 1996).

We used the IRAM 30 m telescope to observe N,H™
(1-0) and H,CO (2,,-1,,) during 1995 November and 1996
June. Both lines were observed in frequency switching mode
with autocorrelators as back ends producing velocity
resolutions of 3 x 10 2km s ' and 4 x 10”2 km s~ . The

main-beam efficiencies of the telescope were 0.73 and 0.55
for N,H" (1-0) and H,CO (2,,-1,,), and the FWHMs of
the beam at these frequencies are 26” and 17", respectively
(Wild 1995).

We used the Haystack 37 m telescope to observe C;H,
(2,,-1,,) in frequency switching mode during 1996 January
and March. The receiver consisted of a dual-channel SIS
mixer, and the backend was an autocorrelator with a veloc-
ity resolution of 5 x 1072 km s~ . The main-beam effi-
ciency of the telescope at the C;H, (2,,—1,,) frequency is
approximately 0.2 (Tafalla & Myers 1997), and the FWHM
of the beam is approximately 27" (Barvainis et al. 1993).

Continuum observations at 800 um were carried out with
the single-channel UKT14 bolometer at the James Clerk
Maxwell Telescope (JCMT) in service observing mode by
Per Friberg during the evening of 1996 February 11. Six
on-the-fly maps were done by scanning the telescope along
the azimuth direction with 40” chopping. The maps were
later combined after weighting them by their expected rms
noise derived from their integration time and the atmo-
spheric attenuation (the 800 um zenith optical depth
changed from 0.4 to 0.7 during the observation). Conver-
sion to a Jy/beam scale was done from observations of CRL
618 done before each on-the-fly map, assuming the flux
density of this source is 4.2 Jy (Sandell 1994). The original
data, with a resolution of approximately 13”5, were con-
volved with a 20" FWHM Gaussian to improve the signal
to noise; the final resolution of our map is approximately
24" (FWHM).

During the analysis of our line data, the need for accurate
frequencies became an important issue. Differences between
the values for some of our 3 mm lines in different line cata-
logs are as large as 40 kHz, which corresponds to about 0.13
km s~ !, or almost half the line width toward L1544. For
this reason we have searched the literature looking for a
consistent set of line frequencies. The values for the CO and
CS isotopes given in Lovas & Krupenie (1974) produced the
best match between the optically thin C80 (1-0) and C3*S
(2-1) lines, which in L1544 have similar line widths and
velocity structure and must therefore be tracing almost the
same gas. For this reason, we use the frequencies given by
these authors: 115271.204 MHz for *2CO (1-0), 110201.370
MHz for 1*CO (1-0), 109782.182 MHz for C*®0 (1-0), and
96412.953 MHz for C3*S (2-1). For C*?S (2-1), we found
that the Lovas & Krupenie value is inconsistent with the
observations, and we have preferred the 97980.950 MHz
estimate given in the compilation of Pointer & Pickett
(1985; Pointer & Pickett recommend the Lovas & Krupenie
values for all the CO isotopes). For the rest of our lines, for
consistency, we use the Pointer & Pickett (1985) frequencies
[140839.529 MHz for H,CO (2,,-1,,), 89188.523 MHz for
HCO™ (1-0), and 85338.893 MHz for C;H, (2,,-14,)],
except for N,H™ (1-0), for which we have preferred the
more recent astronomical determination by Caselli, Myers,
& Thaddeus (1995; 93176.265 MHz for the 101-012
component).

3. RESULTS

3.1. CO Emission: The Cloud
Both ?CO (1-0) and '*CO (1-0) are optically thick over
most of the L1544 cloud (see below), so we rely on the
thinner C*#0 (1-0) to study the large-scale distribution of
gas. Figure 1 shows a series of C'80 (1-0) velocity maps
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Fic. 1.—C'80 (1-0) velocity maps every 0.2 km s~ ! of L1544 together with an integrated map over the full velocity range in the bottom right corner.
Contours are at 0.2, 0.4, ... K km s~ ! for the velocity maps and 0.45, 0.90, ... K km s~ for the full integrated map. Offsets referred to a, 45, = 521™14%0,
01950 = 25°7°0%0. The filled square in the full integrated map indicates the position of the T Tauri star CIDA-8 (Briceifio et al. 1993).

every 0.2 km s~ ! together with an integrated map in the
lower right-hand corner. The integrated map is in good
agreement with previous maps by Snell (1981) and Heyer et
al. (1987) and shows that L1544 is elongated east-west and
northwest-southeast, as if it were a bent filament. It has
three main condensations, approximately at (400", 0),
(0, 0), and (—400", 500”) with respect to our central position,
U950 = S21™1450, 8,45, = 25°7'070. The condensation near
the map center is the proper L1544 core (Ungerechts et al.
1982; Benson & Myers 1989) and will be simply referred to
as L1544 in the rest of the paper. The condensations to the
east and west are newly identified here and will be referred
as L1544-FE (east) and L1544-W (west). L1544-E seems to be
associated with the T Tauri star CIDA-8 recently identified

by Briceifio et al. (1993) and indicated in the integrated map
by a filled square, while L1544-W is not associated with any
previously known stellar source.

The C*#0 (1-0) velocity maps in Figure 1 show that there
is a large-scale velocity gradient across the L1544 cloud.
The eastern gas has bluer velocities than the western gas,
and the difference corresponds to a gradient of approx-
imately 1.4 km s~ ! pc ™. This gradient is similar in value to
the gradients found in other clouds of Taurus (Arquilla &
Goldsmith 1986; Goodman et al. 1993).

We estimate the properties of the gas in the L1544 cloud
from the '>CO (1-0), 13CO (1-0), and C'®0O (1-0) spectra
that were observed with approximately the same resolution
(FCRAO telescope, FWHM =~ 46”). Our multi-isotope
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observations cover the central 4’ x 5 of the L1544 core,
over which the CO emission changes only gradually, so here
we present the analysis for only one point, the core center,
located at (—20”, —20"); the CO spectra for that position
are shown in Figure 2.

Because of the large extension of the *2CO (1-0) emission
(Snell 1981; Ungerechts & Thaddeus 1987), contribution
from the error beam of the FCRAO antenna could be
important in '2CO (1-0), introducing significant uncer-
tainty in the intensity calibration. To bracket the real 1>2CO
(1-0) brightness temperature, we use two extreme correc-
tions, one that assumes that the source is very compact (so
the brightness temperature is close to T,,,, with #,,, = 0.41,
see Ladd & Heyer 1996) and the other that assumes that the
source is very extended (using T}, ,,n, With 7,00, = 0.70). For
the 13CO (1-0) and C*#0O (1-0) emission, because of their
more limited extension (Fig. 1; see also Heyer et al. 1987),
T,.., is probably the best approximation, and this is the scale
used in Figure 2. Incidentally, the >CO (1-0) spectrum
shown in Figure 2, as well as those from nearby positions,
lacks any high-velocity wing, indicating that there is no
evidence for outflow inside the L1544 dense core.

From Figure 2, the 13CO (1-0)/C*80O (1-0) intensity ratio
is 1.8, which, assuming equal excitation temperature for the
two lines and a terrestrial isotopic ratio of 5.5, implies C*30

L0 N o S S ) B S

Tmb (K)

Visg (km s

Fic. 2—'2CO (1-0), **CO (1-0), and C*80 (1-0) toward the L1544
core center [a;950 = SP1™1255, 8,950 = 25°6'40", or (—20", —20") with
respect to the origin in Fig. 1]. For 12CO (1-0), both T, (solid line) and
T, 0on (dashed line) temperature scales are shown, because due to the exten-

sion of the emission, T,,, probably overestimates the real source brightness
temperature (see text).

INWARD MOTIONS IN L1544 903

(1-0) and '3CO (1-0) optical depths of 0.8 and 4.4, respec-
tively. These values are in good agreement with those esti-
mated by Myers et al. [1983; 0.6 for C'80 (1-0)], and as
these authors used the Bell Labs telescope, which has a very
clean beam pattern (Chu et al. 1978), the good agreement
reinforces our assumption of a small error beam contribu-
tion to the C'®0 and '*CO FCRAO data. If the 2CO/
C'80 isotopic ratio is also terrestrial (490), the peak optical
depth of 12CO (1-0) is approximately 400, meaning that the
center of this line traces gas from the outermost 1% of the
line of sight through the molecular cloud.

At these large optical depths, opacity broadening should
be an important contribution to the line width, and to esti-
mate its magnitude we use a simple curve-of-growth
analysis (see, e.g., Phillips et al. 1979). To determine the
intrinsic line width of CO, we fit a Gaussian to the C'80
(1-0) spectrum and correct for broadening due to ¢ = 0.8.
The result, 0.30 km s~ !, is then broadened, assuming
optical depths of 4.4 and 400 for '3CO (1-0) and '*>CO
(1-0), predicting line widths of 0.49 and 0.90 km s~ ! for
13CO (1-0) and 2CO (1-0), respectively. These values are
in good agreement with the measured values of 0.62 and
0.94 km s~ !, showing that optical depth broadening is the
main broadening mechanism for 2CO (1-0) and '3CO
(1-0).

To determine the excitation temperature of the CO-
emitting gas, we use again the *3CO (1-0) and C'30 (1-0)
spectra. The intensities in Figure 2 imply a T,, = 12.5 K,
which is in good agreement with the 10 K that Myers et al.
(1983) derive from CO data and Ungerechts et al. (1982) and
Benson & Myers (1989) estimate from NH;. The calibration
uncertainty in 12CO (1-0) propagates into an uncertainty in
the excitation temperature of the outer layers of gas, which
are those traced by this isotope: T,, = 16.7 K if we use T,
and 11 K if we use T,,.,,. As CO is most likely thermalized
because of its low dipole moment, these data suggest that
the gas kinetic temperature along the line of sight either
remains constant or increases toward the observer. The lack
of a sharp decrease in T; will be an important element in our
analysis of the dense gasin § 3.2.

Knowing the CO excitation temperature, we estimate the
mass of the L1544 cloud. We use the C*#O (1-0) emission,
assuming a C!%0 abundance of 1.7 x 10~7 (Frerking,
Langer, & Wilson 1982) and LTE excitation at 12.5 K. For
the central part of L1544, where we have both 13CO (1-0)
and C'80 (1-0) spectra, we use the optically thin approx-
imation corrected by a factor /(1 — e~ %) derived from the
13CO/C'80 intensity ratio. For the rest of the cloud, which
probably has 7 < 1 (Heyer et al. 1987), we use the optically
thin limit without further correction. Assuming 10% He
abundance and a distance of 140 pc, we estimate a total
cloud mass of 28 M, in excellent agreement with Snell’s
(1981) estimate corrected for our assumed distance (25 M o).
In order to measure the masses of the individual cores, we
use as boundaries of L1544 and L.1544-E the 1.35 K km s~}
contour in the integrated C*20 (1-0) map of Figure 1 (the
lowest contour for which the cores appear as separate
entities). For L1544-W, which is more diffuse and therefore
less defined, we use the 0.9 K km s~ ! contour (see Fig. 1).
Applying 7 correction factors to the optically thin limit for
L1544 and L1544-E (but not for L1544-W), we estimate
masses of 8, 1.5, and 1.3 M for L1544, L1544-E, and
L1544-W, respectively. Slightly more than one-third of the
total cloud mass, therefore, resides in the main 1.1544 con-



904 TAFALLA ET AL.

densations, and about 0.7 of the mass of the three main
condensations is in L1544.

3.2. Dense Gas Emission: The Core

We study the distribution of the dense gas in L1544 using
molecular species with high dipole moment (u >2 D).
Figure 3 presents the spectra toward the core peak for six
such molecules: HCO™* (1-0), H,CO (2,,-1,,), CS (2-1),
C;H, (2,,-101), N,H* (101-012), and C**S (2-1). These
spectra form an approximate sequence of optical depth
increasing upward and present shapes very different from

2F T

NpH"
101-012

(x)

6 8.5 7 7.6 8 8.6
Visp (km s7%)

FiG. 3—Spectra of dense gas tracers toward the core center (same
position as in Fig. 2) ordered approximately by optical depth increasing
upward. The two peaks in the thick spectra result from self absorption,
because the dip between them coincides with the peak of the thinner C34S
(2-1) at the bottom of the figure. In the extremely thick HCO* (1-0), the
self absorption is so broad that the red component is completely missing.
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those of CO in Figure 2. The thinnest line, C3*S (2-1), is
approximately Gaussian (not exactly; see below) centered at
Visg = 7.2 km s~ !, while the other lines show two peaks
with a dip at the velocity of the C3*S (2-1) peak or, in the
case of HCO™ (1-0), a single peak blueshifted from the
C348 (2-1) peak. This coincidence of the thin line peak with
the thick line dip indicates that the two maxima in the thick
spectra arise from self absorption and not from two differ-
ent clouds lying along the line of sight. In the case of HCO™*
(1-0), the self absorption is so broad (probably because of
saturation) that the red component is totally missing, and
all that is left in the spectrum is a weak component toward
the blue.

In order for the intensity at the center of the HCO* (1-0),
H,CO (2,,-1;;), CS (2-1) lines to be almost zero, the
absorbing gas has to be very optically thick and have an
excitation temperature close to that of the cosmic back-
ground. As the gas kinetic temperature along the line of
sight is constant or increases outward (§ 3.1), the low excita-
tion temperature of the dense gas tracers must arise from
subthermal excitation. This means that the gas in the core
has a strong density gradient, with a high-density inner part
and a low-density outer region. In § 3.3.2 we will exploit this
effect to estimate the slope of the gradient.

3.2.1. Distribution of the Emitting Gas

Because of the self absorption in the common molecular
species, we have to rely on the less abundant molecules to
study the dense, emitting gas. C3*S (2-1) is probably opti-
cally thin (see Fig. 3). N,H* (101-012) presents compli-
cated, non-Gaussian spectra toward the core center that
suggest self absorption or more than one component. Away
from the center, however, the lines are symmetric and a
hyperfine fit to the core average spectrum gives a mean
(101-012) optical depth of 0.5 (the value toward the center is
approximately 1), so N,H™ (1-0) is at most marginally
thick on L1544. The dust continuum emission at 800 um is
also optically thin, as for xggg,m =001 cm™ > g~!
(Preibisch et al. 1993); we would need N(H,) > 10?>° cm™~?
to reach unity optical depth, which is orders of magnitude
larger than our estimate from C*80 (1-0) (§ 3.1). We there-
fore base our analysis on these three tracers.

Figure 4 presents maps of C3**S (2-1) (FCRAO), N,H™
(1-0) (FCRAO and IRAM 30 m data), and 800 um contin-
uum (JCMT) toward L1544. All show a well-defined emis-
sion peak that in the best sampled (N,H*) maps lies near
(—20", —20") and is slightly elongated northwest-southeast.
This sense of elongation is also seen in the NH; (1, 1) map of
Ungerechts et al. (1982) and the HC;N (9-8) map of
Tolmachev (1995), and it approximately matches the large-
scale elongation of the C80 (1-0) map (Fig. 1). The C3*S
(2-1) emission is more extended than N,H* (1-0), an effect
that recalls the larger extension of CS versus NH; noticed
by Zhou et al. (1989; see also Pastor et al. 1991; Myers et al.
1991). It most likely results from a difference in abundance
between the two species.

The 800 yum map does not show evidence for an unre-
solved pointlike component, in good agreement with our
assumption that L1544 is starless. (Our peak flux of 470
mlJy per 13”5 beam agrees very well with the flux measured
by Ward-Thompson et al. 1994 with a single pointing.) In
contrast with other starless cores, however, a radial average
of the emission around the peak (—20", —20") follows a
single power law of index —0.7 & 0.2 (correlation coeffi-
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FIG. 4—Left panel: Map of C3*S (2-1) emission integrated between 6.6 and 7.6 km s~ *. Contours are at 0.05, 0.1, ...
N,H™ (1-0) emission observed with FCRAO integrated over all seven hyperfine components (to enhance signal to noise). Contours are at 0.5, 1, ...
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K km s~ !. Center panels: Map of the
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Right panel : Map of the emission from the 101-012 (isolated) component of N,H " integrated between 6.6 and 7.6 km s~ * (IRAM 30 m data). Contours are at

0.15,0.30, ... K km s~ *. Offsets referred to same origin as in Fig. 1.

cient 0.9), which is different from the two power laws that
Ward-Thompson et al. (1994) and André, Ward-Thompson,
& Motte (1996) need to fit the profiles of other starless cores
in Taurus and Ophiuchus (a shallow-distribution one
toward the center and a steep one toward the outside). The
continuum distribution of L1544 is more similar to that
found in cores with stars, for which Ladd et al. (1991) fitted
single power-law profiles with index ~ —1.0. This suggests
that 1.1544 is slightly more concentrated than starless cores,
but slightly less concentrated than cores with stars. If this is
the case, it could represent evidence for L1544 being at a
more advanced stage of evolution than other starless cores.
Theories of core formation suggest that cores evolve from
an initial extended configuration to a state of high central
concentration via ambipolar diffusion, and that the time-
scale for this process is 105-107 yr (Mouschovias 1977;
Lizano & Shu 1989). It is therefore possible that L1544 is
near the end of this ambipolar diffusion phase and is close
to the point of forming one or more stars.

3.2.2. Mass and Kinematics of the Emitting Gas

We estimate the mass of dense gas in L1544 both from
the molecular and continuum emissions. Using the radius of
the N,H" (1-0) map (0.025 pc) and the mean line width
(0.37 km s~ '), we estimate a virial mass of 0.7 M, similar
to the 0.6 M, estimated by Ungerechts et al. (1982) and the
1.2 M estimated by Benson & Myers (1989), both from
NH;. This mass, however, is only a lower limit, since the
core does not end at the half-power radius and contains a
lower density envelope of about 8 M, (§ 3.1). From the 800
pm integrated flux and assuming a kg m = 0.01 cm ™2 g~ *
(Preibisch et al. 1993), we derive a core mass between 2 and
6 M, depending on whether the dust temperature is 12 or
8 K. Although larger than the virial mass, this value is
consistent with it, because uncertainties in dust properties
propagate into errors of up to a factor of 5 in mass estimates
(Preibisch et al. 1993)

To study the kinematics of the dense gas, we use C**S
(2-1), probably our thinnest line tracer, and present in
Figure 5 velocity maps every 0.2 km s~ ! for the same veloc-
ity intervals we used for C'80 (1-0). As the maps show, the
C34S (2-1) emission changes from being approximately
east-west in the 7.0 < V < 7.2 range to being northwest-to-
southeast in the 7.2 < V' < 7.4 map. This change in orienta-
tion matches that seen in the C*8O (1-0) maps (Fig. 1), and

it can also be seen in equivalent N,H* (1-0) maps but with
a weaker eastern emission. To investigate its origin, we have
inspected the individual C**S (2-1) spectra, and present
them in Figure 6 as a function of position. As the figure
shows, spectra from the north, east, and south are narrow
(FWHM approximately 0.2 km s 1), while spectra from the
center and west are almost twice as broad. The narrow lines
seem to come with two possible velocities: Vg of 7.10
(northeast) and 7.25 km s~ ! (south), while the broad spectra
have intermediate velocities. If gas rotation were the expla-
nation for the observed line changes, we would expect to
find the intermediate velocities between the extreme ones,
but this seems not to be the case. Neighboring positions like
(80, —20) and (30, —70) have LSR velocities of 7.10 and
724 km s~ !, while the broad intermediate spectra are
located toward the western edge. This suggests a more com-
plicated velocity pattern. One possibility is that there are
two different velocity components in the gas, one at 7.10
and the other at 7.25 km s~ ', which overlap toward the
center and west, producing broad, non-Gaussian spectra at
intermediate velocities. To test this interpretation, we have
fitted two Gaussians to each C**S (2-1) spectrum, finding
that the broad spectra in fact seem composed of the same
two components identified as isolated in the narrow spectra
(fit results are shown by thin curves in Fig. 6). The distribu-
tion of these components is approximately like that shown
in the two central maps of Figure 5, because the velocity
intervals approximately coincide with the velocities of the
components.

The presence of two components does not contradict the
fact that the CS (2-1) lines suffer from self absorption. Self
absorption is unavoidable in explaining the CS (2-1) (and
other thick) spectra because of the prominence of the two
peaks, their separation in velocity, and the fact that the
C34S (2-1) spectrum, even with its two components, lies
filling dip of the CS (2-1) line. The two C3**S components
are too close in velocity to produce a double-peaked
spectra, and it is only because there are positions where we
see them isolated that we can be sure they represent physi-
cal entities. The data from L1544, therefore, imply that the
background emitting gas has two velocity components that
overlap at some positions, but do not exactly coincide. In
front of them (between them and us), there is another com-
ponent of very subthermally excited gas at much lower
density. This component absorbs the rather kinematically



906 TAFALLA ET AL. Vol. 504
[ [
6.6<V<6.8 T 6.8<v<7.0 i
150 | —+ .
N/

i o 1 -0 il

O L 1 |

i Ty il

—150 - , | , , | , [ - | , , | , ]

T [ T T [ T [ T [ T T [ T T [

7.0<V<7.2 T 72<v<7.4 i

150 —+ .

0+ | —+ .

7]50 L | | | | | | T% l . | L | T

T [ T T [ T [ T I T T I T T I

7 4<V<7.6 T 6.68<V<78 ]

150 + B -

’a L + -
(0]
n

@ i 1 i
3

< O R T @ 1

S | D (D |

O 0
I FWHM 0.05pc T ]
—150 | | i - 1 \ R 1
150 0 —150 150 0 -150

Ao (arcsec)

FiG. 5—C3*S (2-1) velocity maps every 0.2 km s ~* together with a full integrated intensity map in the bottom right corner. Contours are at 0.025, 0.05, ...
K km s~ ! for the velocity maps and 0.05, 0.1, ... K km s~ * for the full integrated maps. Offsets referred to the same origin as in Fig. 1.

complicated emission from the background gas and gives
rise to the very deep dips in the spectra of optically thick
lines. In § 3.3 we will show that this picture we propose not
only explains the qualitative appearance of the lines toward
the center, but can be used to predict with reasonable accu-
racy the intensity and line shape for all CS (2-1) spectra
based in the C>*S (2-1) lines.

3.2.3. The Absorbing Gas

The foreground absorbing gas cannot be mapped like the
background gas, because its low excitation makes it almost
invisible. Its presence is only revealed by its absorbing effect
on the background emission, so it has to be studied directly
from the self-absorbed spectra. Figure 7 presents maps of
spectra for CS (2-1), H,CO (2,,-1,,), and C;H, (2,,-14,),
three of our four optically thick dense gas tracers. [HCO™*
(1-0), because of its extreme self absorption, only shows a
blue peak where detected.] The larger scale CS (2—-1) map
shows that the self absorption extends over more than 300"
(>0.2 pc) and affects all the CS emission from the L1544

core. There is also CS emission associated with L1544-E
(not shown in Fig. 6), but it is single-peaked, has the same
velocity as C3*#S (2-1) and C'30 (1-0), and so is not self-
absorbed.

In principle, the absorbing material could lie superposed
by chance on the L1544 core, although the fact that its
velocity is almost equal to that of the core suggests that this
is unlikely. To study further the relation between emitting
and absorbing gases, we use the C;H, spectra, which are
only moderately self-absorbed and therefore sensitive to
changes in the column density of absorbing gas (Fig. 3).
Figure 7 (bottom panel) shows that the C;H, line at the core
center is double-peaked, while positions 60"-80” away in all
four directions have single-peaked spectra. At all these off-
centered positions, the C;H, single line peaks between the
two peaks of the self-absorbed CS and H,CO, as if the
C;H, lines were optically thin. Furthermore, toward the
west and north, the only two directions with detectable
C34S (2-1) and N,H™" (1-0), the C;H, lines have the same
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FiG. 6.—C3*S (2-1) spectra toward the center of L1544 as a function of position (histogram) with two component Gaussian fits superposed (connected
lines). In each spectrum the intensity scale goes from —0.1 to 0.8 K (7,,,) and the velocity scale from 6 to 8.5 km s~ *. The numbers around the external box
indicate the positions of the spectra in arcsecond offsets with respect to our central position (see Fig. 1). The grid was centered in (—20”, —20"), the N,H*

(1-0) maximum (see Fig. 4).

velocity as the thin C3*S and N,H™*. This shows that the
C;H, line changes from being thick and self-absorbed at the
core center to being thin and single-peaked away from it,
and this means that the column density of absorbing gas
decreases with distance from the core peak. Thus, both the
absorbing and the emitting gas are centrally concentrated,
and this suggests that there is a physical relation between
the two. The most likely situation is that each component
represents a different region of a centrally concentrated
core, with the emitting gas representing the denser, inner
part and the absorbing material being the outer, lower
density layers.

The relative velocity between the emitting and absorbing
layers is reflected in the intensity contrast between the peaks
of the self-absorbed profiles. A line profile with brighter blue
peak indicates that the foreground absorbing gas is slightly
redshifted with respect to the background emitting gas, so
the two components are approaching each other. The
opposite case occurs for a line profile with brighter red peak
(for detailed modeling, see Leung & Brown 1977; Leung
1978; Bernes 1979; Walker et al. 1986; Walker, Narayanan,
& Boss 1994; Myers et al. 1996). As Figure 7 shows, the CS
spectra in L1544 have predominantly brighter blue peaks
over most of the core; from 21 asymmetric CS (2-1) spectra,
18 have brighter blue peak and only 3 have brighter red
peak. The H,CO data show a similar spatial distribution of
the line asymmetry, and of the 39 asymmetric spectra with
sufficient signal-to-noise ratio, 36 are blue and three are red.
This prevalence of brighter blue—peak spectra indicates that
the absorbing and emitting components are moving toward
each other, and that inward (approaching) motions prevail
over most of the dense core.

The gas kinematics in L1544, however, is not as simple as
if the core consisted of just two layers of constant velocity
gas approaching each other. The relative intensity between
the CS (2-1) peaks changes over the core, so changes in the
front-back relative velocity have to be rather common. We
have seen in § 3.2.2 that the background emitting gas con-

sists of two velocity components with slightly different
spatial distribution. It is tempting to explain the sudden
changes in the CS (2-1) spectra as the result of the kine-
matics of the background gas. In the next section we present
a simple model that proves this is the case.

3.3. Analysis and Modeling of the Spectral Lines

The two main spectral peculiarities of L1544 are the pres-
ence of deep self absorptions in the thick lines of the dense
gas tracers, but not in CO, and the strong variation with
position of the peak contrast in the self-absorbed profiles
(with a majority of brighter blue peaks). In this section we
investigate these two peculiarities using simple radiative
transfer modeling. Our goals here are (1) to determine
whether a simple density gradient can reproduce the
observed selective self absorption and (2) to understand the
origin of the spatial variations of the line profiles in terms of
motions of the foreground and background gas.

Even such a modest project requires some simplification,
as the simultaneous modeling of the spectra at all cloud
positions would need a three-dimensional radiative transfer
code with a prohibitively large number of free parameters.
Fortunately, we can divide the line-modeling problem into
two separate, almost orthogonal parts: the study of the
kinematical line variations across the map (i.e., perpendicu-
lar to the line of sight) and the characterization of the physi-
cal conditions along a given line of sight. These two
problems can be solved separately, because under typical
cloud conditions, the molecular excitation depends very
weakly on the exact line-broadening mechanism (White
1977), while the detailed appearance of a self-absorbed line
profile depends more on the gas kinematics than on the
details of the excitation (Myers et al. 1996). This means that
for estimating the gas density gradient we can use a model
with simple kinematics, while for studying the spatial varia-
tions of the gas velocity what we simplify is the radiative
transfer. We start studying the gas kinematics, because the
modeling is simpler.
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3.3.1. Kinematics

Our goal here is to study the changes in the relative
velocity between the absorbing and emitting components,
and for that we concentrate on the CS (2-1) lines, which
show deep self absorptions and systematic changes in the
peak contrast (Fig. 7). We model the L1544 cloud with two
layers, a background one that emits and a foreground one
that absorbs, and leave the details of the excitation for the
discussion in the next section. This type of two layer model
is similar to those presented by Myers et al. (1996) and
Ramesh, Bronfman, & Deguchi (1997), but here we adopt a
more empirical approach and use the observed C3*S (2-1)
spectra to model the CS (2-1) emission from the back-
ground gas. The C3*S (2-1) spectra are most likely optically
thin (§ 3.2.1), so they must represent (except for a scaling
factor) the CS (2-1) lines the cloud would emit if were not
for the absorption by foreground gas. Thus, we assume that
at each map position the background gas emits a CS (2-1)
spectrum equal to the observed C**S (2-1) spectrum except
for a scaling factor X that we take as constant over the core
and is a free parameter. Because of the low signal-to-noise
ratio of the C3*S (2-1) spectra, we do not use the real
channel values to simulate the emission, but the Gaussian
fits to the line profiles presented in § 3.2.2 (Fig. 6). The
relative intensity and velocity of the two components in the
C34S (2-1) spectra are in this way input automatically to the
model without using any adjustable parameter.

We model the foreground gas assuming it is a purely
absorbing screen that has constant velocity, width, and
optical depth over the cloud. Its effect on the background
emission is therefore to attenuate it by the factor

exp {—1o exp [—41n2(v — v,)*/AV?]},

where 7,, vy, and AV are the three additional free param-
eters of our kinematic model.

For each position with detected C3*S (2-1) (13 in total),
we use our four-parameter model to predict the emerging
CS (2-1) spectrum, and in Figure 8 we present the result for

the following choice of parameters: v, = 7.20 km s~ *,

AV =022 km s~ !, 1, =27, and X = 10. As the figure
shows, the model correctly predicts the observed changes in
the CS (2-1) line profiles across the core. In particular, it
reproduces the sense of peak asymmetry at most positions,
including the reversal toward (30", —70”) and the single
peaks near (80", 30”). At those extreme positions, the veloc-
ity difference between background and foreground gas is
larger than half the line width, and the red side of the line is
fully suppressed by the absorption. The success of our
model confirms that the CS (2-1) spectra are strongly self-
absorbed by foreground gas. It also shows that the changes
in the peak contrast result from motions in the background
material and not in the absorbing gas. Because this back-
ground material in the two-layer model represents the gas
in the core interior, the line changes arise from inner core
kinematics and not from velocity changes in the core outer
layers.

We can use the velocity derived for the foreground gas
and the centroid velocity of the background gas to estimate
a relative front-back velocity for each map position.
Although the inward motion interpretation rests on the
asymmetry of the self-absorbed spectra and is therefore
independent on the exact frequency of the lines, the estimate
of the front-back velocity difference using the two-layer
model is limited by the uncertainty in the relative frequency
of CS (2-1) and C3*S (2-1) (see § 2). It is difficult to estimate
this uncertainty, but from the lack of systematic wing emis-
sion in our model (Fig. 8) and a comparison of the wing
velocities of CS (2-1) and C3*S (2-1), we estimate that it
corresponds to a velocity uncertainty smaller than the
channel width (0.03 km s~ '). The uncertainty in the size of
the velocity changes across the core is of course much
smaller, at least by a factor of a few. Thus, using our model,
we derive a relative approaching speed of 0.10 km s™*!
toward the northeast (where the peak contrast is largest)
and 0.01 km s~ ! toward the center (where the contrast is
small). This latter value, at the limit of the model precision,
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Fi1c. 8—CS (2-1) spectra toward the center of L1544 as a function of position (histogram) compared to the predictions of our two-layer model (connected
line) using the C3*S (2-1) fits from Fig. 6. The intensity scale goes from —0.3 to 4 K (T,,,) and the velocity scale from 6 to 8.5 km s~ !. Offsets and grid as in
Fig. 6. Positions with no model prediction do not have enough signal to noise in C3*S (2-1) to allow a Gaussian fit (see Fig. 6).
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is in good agreement with the 0.006 km s~ ! that Myers et al.
(1996) estimate toward the same position using their simple
analytic model. The outward motions to the south are of
about 0.03 km s~ ! and affect only a small fraction of the
L1544 core gas.

Although our model is purely kinematic, the best values
of the free parameters are physically meaningful. The X
factor represents the ratio between CS (2-1) and C34S (2-1)
intensities from the background layer, and our X = 10
value is consistent with having a terrestrial abundance ratio
(22.5) and a slightly optically thick CS (2-1) emission in the
background gas (t &~ 2) or having an optically thin back-
ground emission and an abundance ratio of 10, like the
value found by Mundy et al. (1986) in several star-forming
regions. The value of t, ~ 3 for CS (2-1) in the absorbing
gas, on the other hand, implies that our assumption that
this gas is optically thin in C3*S (2-1) is self-consistent.
Finally, the line width of the absorbing component is very
close to the line widths measured for the individual C34S-
emitting components in § 3.2.2. This again shows that very
likely all components are physically related.

3.3.2. Cloud Structure

Having studied the spatial variations of the gas kine-
matics across the core, we now turn our attention to the
conditions necessary to produce deep self absorptions in CS
and none in CO. These spectral signatures appear every-
where in the L1544 core, so they cannot depend on the
details of the gas velocity field studied in the previous
section. For this reason, we now simplify the kinematics of
the model and concentrate on the molecular excitation. We
assume the cloud is spherical and its velocity field consists
of a turbulent component (described below) and a constant
inward velocity of 0.01 km s~ !, as deduced in the previous
section for the central core position. Our goal here is to
simultaneously reproduce the 2CO, 13CO, C'80, CS, and
C34S spectra observed with the FCRAO telescope, because
they constitute a homogeneous set coming from the same
telescope and having similar calibration. Because of the
very different dipole moments of CS and CO, these data are
sensitive to both the high- and low-density gas. In addition,
the combination of abundant and rare isotopic species for
each molecule makes the data sensitive to a large range of
optical, and therefore physical, depths along the line of
sight.

To better constrain the core conditions, we model the
spectra both toward the cloud center (R = 0”) and toward
R = 50" (one FCRAO beam width), which we take as the
average of the spectra 50” away from the center in all four
directions. We solve the equations of statistical equilibrium
and radiative transfer using the Monte Carlo code written
by Bernes (1979), to which we have incorporated collisional
coefficients for CO from Flower & Launay (1985) and for
CS from Turner et al. (1992), and a convolution routine to
simulate observational beam smoothing. We set the outer
radius at 5 x 10!7 cm, corresponding to 240” at the distance
of 140 pc (see Fig. 1), and from the CO analysis in § 3.1 we
assume the gas kinetic temperature increases linearly from
11 K at the center to 13.5 K at the outer edge. As a compro-
mise between the two possible calibrations of the ?CO
(1-0) spectrum (§ 3.1), we use an efficiency factor of 0.53, the
geometrical mean of #,,,, and #,,,.,,- Finally, we model the
presence of two overlapping velocity components in the
core interior and one in the outer layers by using a single
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broad line (thermal width plus a turbulent component with
FWHM of 0.25 km s~ ') in the inner one-third of the core
and a narrower component (thermal width plus a 0.125 km
s~ ! turbulent component) in the rest.

In order to fit the data, we have explored power-law
density profiles (n ~ r*) with « equal to —2, — 1.5, and —1.
For each value of «, several combinations of the line width,
molecular abundance, and other core parameters were
tried. The optically thin transitions [C3**S (2-1) and C'30
(1-0)], which decrease slowly in intensity from the center to
R = 50", rule out « = —2 or steeper density profiles, except
if the molecular abundance is allowed to decrease inward to
compensate for the sharp density increase. On the other
hand, « = —1 or flatter density profiles do not reproduce
the self-absorbed CS (2-1) lines, because they cannot
combine the large column density of low excitation CS in
the outer layers, necessary to produce the deep dip in the
line, and at the same time have the rather high central
density needed to reproduce the bright CS peaks. Again,
this problem can be eased by allowing a variable CS abun-
dance (this time increasing inward).

If we discard strong abundance variations with radius,
our modeling favors « = — 1.5 density profiles, which allow
reasonable fits using constant molecular abundances and
terrestrial isotopic ratios [X(CS)/X(C3*S) = 22.5, X(*2CO)/
X(*3CO) = 89, X(**CO)/X(C'®0) = 5.5]. In Figure 9 we
show the results for a model that fits reasonably well the
observations and has the following parameters:
X(C'®0)=17%x 1077 (as in Frerking et al. 1982),
X(CS)=9x107° and n(r=5x 10" cm)=2 x 10°
cm 3. Despite the rather good fit, the model deviates from
the data in two systematic ways. First, the C**S (2-1) model
emission drops slightly too fast with radius, suggesting that
the density profile flattens somewhat near the core center.
Second, the observed CO spectra are broader and less
Gaussian than the model predicts. This may in part result
from our simplified treatment of the inner core kinematics
with a single broader Gaussian instead of with two Gauss-
ians side by side, because it would correspond to multiple
components and produce a more rectangular profile. Still, it
is remarkable that such a variety of line profiles and inten-
sities can be fitted simultaneously with a simple model like
ours.

The parameter determination presented here is not
unique, and a few other combinations of outer radius, outer
density, and molecular abundance can also fit the data.
Some results of the modeling, however, are independent of
the exact choice of these parameters, and we summarize
them as follows: First, the fits of Figure 9 illustrate that it is
possible to model both the CO and CS spectra with a single
set of physical conditions, and that the CS self absorption is
caused by core gas and not by an unrelated component that
lies along the line of sight. Second, the width differences
between the spectra of the CO isotopes (especially toward
the center) naturally arise from their different optical
depths, even for a static cloud model where the turbulent
line width increases inward. Third, the self absorption in CS
(2-1) arises from gas in the outer cloud layers that has a
density of several times 103 cm~3 and is strongly sub-
thermally excited. The low energy levels of the CO isotopes
are still thermalized in this gas, in part thanks to photon-
trapping for the abundant *2CO and !3CO. As the excita-
tion temperature of the CO lines is expected to decrease
with rotational J number, our model predicts that high J
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Fi1G. 9—Comparison of observed FCRAO spectra toward L1544 for R =0 and R = 50" (histogram) and the results of the radiative transfer model

described in the text (connected line).

13CO transitions will present self absorption at the line
center (the 2—1 transition is not self-absorbed but extremely
flat-topped, following the expected trend, according to our
own IRAM 30 m unpublished observations). Finally, our
model favors density power laws with an index near
o = —1.5. It is interesting to note that this is the power law
predicted by models of collapsing clouds, both for an initial
singular isothermal sphere (n ~ r~2; Shu 1977) and for a
logotropic sphere (n ~ r~!; McLaughlin & Pudritz 1996,
1997).

4. DISCUSSION

4.1. L1544 in Relation with Other Cores

L1544 is not the only starless core whose dense gas tracer
lines present self-absorbed spectra with brighter blue peak.
The recent survey of 24 starless cores in the lines of CS and
N,H™ by Lee et al. (1998) shows that this spectral feature
occurs in a moderate fraction of systems (4/24, including
L1544) and never with the extreme depth with which it is
observed in L1544. Probably the starless core most similar
to L1544 is 11498, also in the Taurus complex. Lemme et al.
(1995) found double-peaked spectra with brighter blue
peaks in CS (3-2); although from their data they cannot
distinguish between having two components or suffering
from self absorption. The recent observations of Lee et al.
(1998) suggest that self absorption is in fact the cause of the
double peak in L1498, which together with the n ~ r~ 13
density law that Lemme et al. (1995) estimate from their
C'80 data, makes the two cores seem rather similar and
good candidates for gravitational infall. In fact, the detailed
study by Kuiper et al. (1996) suggests that the outer
envelope of L1498 is still growing and that the core is close
to gravitational instability. The deeper CS self-absorption
of L1544 suggests that 11544 is more advanced in its evolu-
tion to become a star-forming core.

Several cores with stars have strongly self-absorbed
spectra with brighter blue peaks in dense gas tracer lines
and therefore appear more similar to L1544 than the star-
less cores. B335, the prototype of these cores, has been
studied in high detail by Zhou et al. (1993) and Choi et al.
(1995), who have successfully modeled both the CS and
H,CO emission using the collapse model of a singular iso-
thermal sphere (Shu 1977). Other cores with similar spectral

signatures include L1527 (Zhou et al. 1994; Mardones et al.
1994; Myers et al. 1995), IRAS 16293 (Walker et al. 1986;
Menten et al. 1987; Zhou 1995), and L1157 (Mardones et al.
1997; Gueth et al. 1997). In all these cases, the self absorp-
tion is as deep as in L1544, and the spectrum reaches almost
zero intensity at the line center. Statistical studies of the
frequency of asymmetries in self-absorbed spectra show that
brighter blue peaks tend to prevail toward the youngest
stellar objects (Gregersen et al. 1997; Mardones et al. 1997),
suggesting that the sense of the peak asymmetry does not
result from random kinematics but from a systematic
motion. Gravitational infall appears as the most natural
explanation.

The similarity of L1544 with some of the infall candidates
is not contradicted by the “anomalies ” in the CS line shape
discussed in § 3.3.1. Reversals of the peak contrast affecting
a small fraction of the core have been found in B335
(Kameya et al. 1987), IRAS 16293 (Menten et al. 1987; Zhou
1995), and L1157 (Gregersen et al. 1997). They have been
attributed to additional kinematics in the dense gas, like
outflows or rotation (Zhou et al. 1993 for B335; Zhou 1995
for IRAS 16293), and, although no kinematical analysis like
the one presented in § 3.3.1 has been done for these objects,
it seems very likely it would show a similar behavior as in
L1544. These perturbations suggest that if the objects are
indeed collapsing, the initial conditions may be more com-
plicated than is usually assumed, so further investigation of
this problem is of first importance for our understanding of
gravitational infall.

From all the above discussion, it seems that 1.1544 shares
more similarities in its physical properties with cores that
contain stars (especially Class O objects) than with other
starless cores. The deep self absorption shows that it has
developed a rather massive and thick envelope, and its
higher central concentration seems more typical of cores
that have undergone (or are presently undergoing) star-
forming collapse. All this suggests that the inward motions
in L1544 may also be of gravitational origin. We dedicate
the next section to discuss this possibility.

4.2. Interpretation of the Inward Motions

The inward motions seen in L.1544 deserve special atten-
tion, because this is the first starless core where such kine-
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matics have been observed. It could be argued that the
motions only represent a random velocity pattern that gives
a deceiving impression of inward motion. However, the sys-
tematics of the pattern, together with the fact that L1544
seems the most centrally concentrated starless core, suggest
that the inward motions in L1544 may be related to its
star-forming nature. In this section, we compare the
observed properties of L1544 with those predicted by
several models of early star formation, in particular, ambi-
polar diffusion and the collapse of a singular isothermal
sphere.

Ambipolar diffusion in a self-gravitating cloud is the
inward gravitational motion of neutrals against the fric-
tional drag force exerted by collisions with ions tied to a
dynamically strong magnetic field. This process has been
investigated extensively (e.g., Mestel & Spitzer 1956;
Mouschovias & Spitzer 1976; Mouschovias 1977; Shu
1983; Lizano & Shu 1989; Ciolek & Mouschovias 1995,
hereafter CM95; Safier, McKee, & Stahler 1997). The
numerical simulation of CM95 is perhaps the most detailed
available. It considers a self-gravitating cloud of molecules
and dust grains, threaded by an initially uniform magnetic
field, flattened along the field direction, and ionized by
cosmic rays and the interstellar ultraviolet radiation field.
According to Figure 7 in CM95, the inward speed of neu-
trals at a radius of 0.05-0.1 pc (corresponding to our map
radius) reaches a maximum of 0.025 km s~ ! during the
quasistatic ambipolar diffusion phase, i.e., up to the time (13
Myr) when the central mass-to-flux ratio becomes equal to
the critical value for collapse. The magnetic field is unlikely
to lie in the plane of the sky, because then the model cloud
would appear highly flattened, in contrast to observations.
Assuming that the field direction lies within 45° of the line
of sight, the line-of-sight component of the maximum
inward neutral speed due to ambipolar diffusion would be
<0.02 km s~ . This upper limit on speed is smaller than
that inferred from the line profile analysis in § 3.3.1 by up to
a factor of 5. Thus it appears unlikely that quasistatic ambi-
polar diffusion as described by CM95 can match the
motions inferred to be present in L1544,

The line profile of HCO*, shown in Figure 3, also sug-
gests there is no significant drift velocity between neutrals
and ions. In the most extreme form of ambipolar diffusion,
the magnetic field and the ions would remain fixed in space
while the neutrals flowed inward because of gravity. This
behavior is predicted in the envelope of the model of Ciolek
& Mouschovias (1994), where the ionization is due to
cosmic rays alone. Yet the line profile of HCO™ shows
significant infall asymmetry and the largest red-blue ratio of
all the lines shown, even though HCO™ is likely to be the
most abundant molecular ion in the dense core. Indeed,
most of the line profiles of HCO™ in a survey of “Class 0”
protostars show significant infall asymmetry (Gregersen et
al. 1997). It will be useful to quantify the infall speed of
HCO™ through detailed modeling of line profile maps.

The infall of a singular isothermal sphere (Chandrasekhar
1939) has been described by the well-known similarity solu-
tion corresponding to “inside-out™ collapse (Shu 1977). In
this case the infall at each radius is initiated by a rarefaction
wave, propagating outward at the sound speed. The time
for this wave to achieve infall speed 0.1 km s~ ! at radius
0.05-0.1 pc is therefore t = 0.3-0.5 Myr, assuming sound
speed a = 0.19 km s~ ! corresponding to temperature 10 K.
But by this time, since the start of infall, one would expect a
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point source of infrared luminosity
L ~ a®/GR,, , )]

where R, is the protostellar radius (e.g., Shu, Adams, &
Lizano 1987). Taking R, = 3 R, (Stahler 1988), equation
(1) yields L = 7-14 L., a luminosity easily detected by
IRAS at the distance of L1544, where the sensitivity of
IRAS to a steep spectrum embedded source is about 0.1 L
(Myers et al. 1987). We conclude that 1.1544 should have
produced a detectable protostar by now if its extended infall
asymmetry arose from inside-out collapse, whereas no such
protostar is known. A way out of this problem is offered by
the logotropic model of McLaughlin & Pudritz (1996,
1997), in which a shallower density gradient (r ~ 1) delays the
accumulation of the bulk of the star mass to later times.
This model, however, predicts that for typical Taurus star
masses (<10 M), a star-forming core will appear as star-
less for more than 1 Myr, which seems too long given the
approximately equal amounts of starless cores and cores
with stars in Taurus (Beichman et al. 1986) and that the
typical lifetime of a core with star is about 10° yr (Myers et
al. 1987).

Since neither ambipolar diffusion nor inside-out collapse
match the magnitude and spatial extent of the observed
infall asymmetry, we now consider the simplest infall
system, the collapsing uniform sphere (e.g., Spitzer 1978).
The infall speed v at outer radius r of a cold uniform sphere
of initial density n, and initial radius r, can be written

1/2
b= ro|:87tG3mno ("70 _ 1>:| ’ )

where m is the mean molecular mass and G is the gravita-
tional constant. We adopt r = 0.06 pc and v = 0.08 km s !
as the mean radius and infall speed associated with the CS
zone of infall asymmetry in Figure 7 and choose n, =
3 x 10® cm™? according to the results from § 3.2.2. Then
equation (2) yields r/ro = 0.97, and equation (13-46) of
Spitzer (1978) gives the time since the start of infall as 0.13
Myr. This result implies that the observed size and speed
would be consistent with a relatively recent start of infall, so
that the cloud had condensed only slightly, by a factor
(ro/r)* = 1.1. Such a short condensation time, however, is
too small to allow an initially uniform sphere to develop the
steep density gradient we observe in L1544 (see § 3.2.2). The
numerical model of Larson (1969), for example, shows that
an initially uniform cloud needs about 0.4 Myr to become
centrally concentrated. Thus, collapse from an initially
uniform density configuration seems also inconsistent with
our observations.

Independently of any infall model, we can use the
observed gas parameters to crudely estimate the mass infall
rate in L1544. The mass flux for gas of density n, mean
molecular mass m, speed v, and area A is simply

dM/dt = Amnv . €)]

We take n =3 x 103 cm™3 as discussed above, so our
estimate refers to the infall rate in the outer layers of the
core (to estimate the inner infall rate, we would need to
know the inward velocity near the core center, which does
not seem possible with present data). For an area
A = (0.06pc)*> and a typical infall speed 0.08 km s~ 1,
equation (3) gives dM/dt =2 x 10”7 M yr~'. This mass
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flux is lower by an order of magnitude than that expected
for the infall of a singular isothermal sphere, and it is prob-
ably too low to form a typical Taurus star in a reasonable
amount of time (a few 10° yr). We can therefore hypothesize
that the observed inward motions in L1544 represent pre-
collapse core kinematics or kinematics at the very early
stages of collapse.

It is probably premature to interpret these motions
further until observations of other starless cores indicate
which features of L1544 are peculiar and which are
common to other starless cores with infall asymmetry. Also,
detailed observations of L1544 in dense gas tracers with self
absorptions less deep than those seen in CS and studied
here (for example C;H, DCO™, or N,H ) should be made
to probe the inward motions closer to the core center. If
L1544 is in fact prototypical, our data pose the following
dilemma: if the motions we observe represent infall, it
appears different from what most theories predict. If is not
infall but some other type of motion that precedes star
forming collapse, the initial conditions for such process are
not of gas at rest, against what is commonly supposed.

5. CONCLUSIONS

We have carried out a multiline study of the starless core
L1544 in Taurus, paying special attention to the physical
structure and kinematics of its molecular gas. The main
conclusions of our work are the following:

1. The L1544 core lies embedded in a more extended,
filamentary, molecular cloud, which contains two addi-
tional cores. One of them (L1544-E) has already been the
place of star formation, as evidenced by the presence of a T
Tauri star. The L1544 core, however, appears to be starless.

2. The whole L1544 cloud contains about 30 M, of gas,
of which about one-third lies in the three cores. The L1544
core is the most massive and opaque core of the cloud, and
toward its center, the optical depth of *2CO (1-0) is about
400. Despite this extreme optical depth, none of the CO
(1-0) lines show evidence for self absorption; the gas kinetic
temperature in L1544 is either constant or increases slightly
toward the outside.

3. In contrast with the CO lines, the optically thick dense
gas tracers show strong self absorption, which in the most
extreme cases makes the line have almost zero intensity at
the center. Most self-absorbed lines have brighter blue
peaks caused by the self absorption being slightly redshifted
with respect to the emission. This asymmetry in the line
indicates that inward motions dominate the gas kinematics
along the line of sight. The inward motion appears very
extended, as it can be seen in the thickest tracers (CS,
H,CO) all over the core (about 0.2 pc in size).

4. Both emitting and absorbing gases appear centrally
concentrated, and a spherical model of a core with constant
temperature and an ~ r~*-> density gradient fits rather well
the combination of self-absorbed CS profiles and nonab-
sorbed CO lines. Different CO and CS isotopes, at different
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core positions, can be fitted in this way, showing that the
self absorption in the dense gas tracers arises from sub-
thermal excitation in the lower density, outer layers of the
core.

5. The self-absorbed dense gas tracer lines show changes
in the peak contrast over the core. Extremely blue lines
appear toward the northwest, while a small region of line
reversal (brighter red peak) can be seen toward the south.
These changes in the peak contrast indicate that the relative
velocity between the front and the back gases varies, reach-
ing values of up to 0.1 km s~ ! in the most extreme locations.
We can satisfactorily reproduce the pattern of line varia-
tions with a simple two-layer model in which foreground
gas absorbs radiation emitted by a background layer. The
absorbing gas has constant velocity over the core, while the
emitting gas changes velocity with position and seems to
contain two components about 0.2 km s~ ! apart.

6. The L1544 core seems peculiar among starless cores
because of its large optical depth, high degree of concentra-
tion, and inward velocity field. In fact, it seems to have more
in common with cores containing Class 0 objects, for which
there is ample evidence for strongly self-absorbed spectra
with brighter blue peaks. We hypothesize that L1544 is a
core near the state of forming stars, and that the inward
velocity pattern may be related to such a process. We
compare the characteristics of L1544 with the predictions
from models of ambipolar diffusion and gravitational col-
lapse. Ambipolar diffusion cannot explain the large front-
back velocities, while the inside-out collapse model of Shu
(1977) cannot explain the simultaneous large extension of
the spectral asymmetry and the lack of an embedded central
star. We also explore other, less standard infall models, but
none of them seems capable of explaining all the features
seen in L1544. If this core is in the process of forming stars,
our observations suggest that it is doing so in a manner not
contemplated by the standard theories of star formation.
Our study of L1544 illustrates how little is still known
about the physical conditions that precede star formation,
and how detailed studies of starless cores are urgently
needed.
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