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ABSTRACT

We have made synthesis imaging of a starless core in the Taurus molecular cloud L1521F, with two key
chemical evolutionary tracers, CCS ðJN ¼ 32 21Þ, which traces young evolutionary phase of cores, and N2H

+

ðJ ¼ 1 0Þ, which traces until the late evolutionary phase, as well as mapping observations of submillimeter
dust continuum. The peak positions, as well as the radial distributions, of N2H

+ and dust continuum coincide with
each other. Unlike the other tracers, CCS shows a dip at the dust continuum center, suggesting that the abundance
of the molecule decreases at the core center because of depletion and chemical reactions. The channel maps of
both molecular lines clearly revealed clumpy substructures inside the core. Using an automatic and objective
routine, eight and four clumps have been identified in the CCS and N2H

+ channel maps, respectively. The
abundances of the molecules are estimated toward the dust continuum center. Using our derived abundances, the
LTE masses for each clump are estimated. The CCS components, which appear to trace the envelope, show an
overall velocity gradient from east to west, whereas a N2H

+ clump located at the core center shows a gradient
from west to east. Assuming that the velocity gradients are due to rotation, the observational results indicate that
the rotation of the outer envelope (sizeP 0:08 pc �16; 000 AU) and that of the central compact region
(sizeP0:03 pc � 6000 AU) have different axes with almost opposite senses of rotation. The velocity gradients of
the southern and northern CCS components are estimated to be 7.2 and 9.2 km s�1 pc�1 at size scales of 0.05 and
0.04 pc, respectively. The velocity gradient of the N2H

+ components at the core center is estimated to be 15 km
s�1 pc�1 at a size scale of 0.01 pc (�2000 AU). Examining the line width–size correlation of these clumps and of
other cold (kinetic temperature TK P 10 K) starless cores, the slope index is found to be slightly shallower than
those values for cores containing stars. Assuming a spherical, homogeneous sphere, the ratios of rotational to
gravitational energy, �, of these cores are calculated to be �0.3 for the CCS and �1.0 for the N2H

+ components,
respectively. The relation of the specific angular momentum (J/M) to size seen at scales larger than �0.03 pc
(�6000 AU) appears to flatten out at sizes smaller than � 6000 AU, for which the specific angular momentum is
relatively constant at �0.002. This is consistent with results reported by Ohashi et al. Based on a chemical
evolutionary model, the core may be in a young starless cores phase, assuming that the dip of CCS at the core
center is caused by depletion and chemical reaction. L1521F may be in a younger starless-core phase than L1544.

Subject headings: ISM: clouds — ISM: individual (L1521F) — ISM: molecules — radio lines: ISM —
stars: formation

1. INTRODUCTION

The first stage of star formation starts from a process of
contraction of starless cores, which are compact (size �0.1 pc,
i.e., �2� 104 AU), cold (kinetic temperature TK P10 K), and
dense (gas number density n � 104) condensations (Ho,
Barrett, &Martin 1978; Churchwell,Winnewisser, &Walmsley
1978; Myers, Ho, & Benson 1979; Ungerechts, Walmsley, &
Winnewisser 1980; Snell 1981). Starless cores thus are
targets for studying the initial conditions of star formation
before stars form inside them.

The evolutionary sequence of cores with stars is well de-
scribed empirically by their spectral energy distribution (SED)
(Lada 1987). This is supported by theoretical models (Adams,
Lada, & Shu 1987). André, Ward-Thompson, & Barsony
(1993) extended it to a younger phase, naming it the Class 0
phase. The phase is characterized by the existence of a deeply
embedded infrared source with its SED corresponding to a
bolometric temperature of P70 K.
On the other hand, the earliest evolutionary stage of star

formation, i.e., the phase of starless dense cores, is still not
well understood. In particular, the initial conditions of star
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formation are critical in determining fragmentation, contrac-
tion, stellar mass, and the timescales and structures for each
evolutionary phase. In order to understand how stars form in
dense cores, it is crucial to investigate their physical properties
and kinetic structures at different evolutionary stages. Detailed
imaging observations to investigate such structures can test
the validity of theoretical models (e.g., Larson 1969 and
Penston 1969 [purely dynamical isothermal collapse with
spherical symmetry]; Shu 1977 [inside-out collapse model for
a singular isothermal sphere]; McLaughlin & Pudritz 1997 [a
logotropic sphere model]).

So far, a few starless cores have been studied extensively by
observing several molecular lines and dust continuum. Dense
cores in the Taurus molecular cloud (TMC) are good targets for
studying low-mass star formation because the TMC is relatively
nearby, at a distance of 140 pc (Elias 1978). L1544 in the TMC is
one of the starless cores that has been investigated in great
detail. The strong self-absorption feature of the CS J ¼ 2 1
transition shows a global pattern of infall motion (Tafalla et al.
1998). N2H

+ interferometric observations show a slowly
contracting feature (Williams et al. 1999). CCS interferometric
observation reveal infall and rotation in the envelope (Ohashi
et al. 1999). OH Zeeman observations toward the source have
found a magnetic field strength of BLOS ¼ þ11 � 2 �G
(Crutcher & Troland 2000). The degree of linear polarization
in the submillimeter continuum is measured to be 0:93% �
0:27% (Ward-Thompson et al. 2000). Depletion of CS, CCS,
and CO at densities above �105 cm�3 (Caselli et al. 1999;
Ohashi et al. 1999; Tafalla et al. 2002; Lee et al. 2003) and
deuterium fractionation of a couple of molecules (e.g., N2D

+

[Caselli et al. 2002] and H2D
+ [Caselli et al. 2003]) have been

observed in the core. Chemical evolutionary models of the core
are discussed (Aikawa et al. 2001; Li et al. 2002). While many
detailed studies of L1544 core have been reported, other
detailed examples of starless cores are also greatly needed in
order to interpret them with stronger statistical confidence and
in order to extend them toward investigating the evolution of
starless cores, as well as understanding the whole picture of
the star formation process.

We report here a detailed study of L1521F, another dense
starless core in the TMC (Codella et al. 1997). This source has
already been mapped with the ðJ ;KÞ ¼ ð1; 1Þ lines of NH3 and
HC5N J ¼ 5 4 line using the MPIfR 100 m antenna (Codella
et al. 1997), H13CO+ J ¼ 1 2 (Mizuno et al. 1994) with the
Nobeyama 45 m telescope, and C18O J ¼ 1 0 taken with the
Nagoya 4 m telescope (Onishi et al. 1996). Onishi, Mizuno, &
Fukui (1999) reported observations of higher rotational
transitions of HCO+ and the isotope H13CO+ with the CSO
(Caltech Submillimeter Telescope) toward the core center and
revealed the high density of 106 cm�1 within � 1000 AU at the
center and estimated a very short dynamical timescale of
�104 yr. Lee, Myers, & Tafalla (1999) reported the CS J ¼ 2 1
and N2H

+ J ¼ 1 0 spectra toward the core center using the
NEROC Haystack 37 m telescope. The C18O observation
(Onishi et al. 1996) traces a large size core (the radius of which
is 0.16 pc) with a mass of 9.4M�. The H

13CO+ observation with
2000 spatial resolution revealed a 3 M� core with a radius of
0.1 pc (Mizuno et al. 1994). From the ammonia (1, 1) observa-
tions (Codella et al. 1997), the mass of the core had been esti-
mated to be 0.7 M� with the radius of �0.08 pc and n(H2) of
�2�105 cm�3. Here we report the results of imaging observa-
tions of CCS JN ¼ 32 21 and N2H

+ J ¼ 1 0 transitions with
higher angular and frequency resolutions, togetherwithan image
of the dust continuum emission at a submillimeter wavelength.

2. OBSERVATION

2.1. Millimeter-Wave Observations

We made imaging observations with the CCS JN ¼ 32 21
(33.751374 GHz; Yamamoto et al. 1990) and N2H

+J ¼ 1 0
transitions (93.17 GHz; Cazzoli et al. 1985) toward L1521F
using the Berkeley-Illinois-Maryland Association (BIMA)
array1 in 1998. The parameters of the observations are
summarized in Table 1. The observations were conducted in
the B+D configurations for CCS and in the C configuration for
the N2H

+ observations. For the CCS imaging, we used low-
noise receivers utilizing cooled HEMT amplifiers that were
developed for observations of the Sunyaev-Zeldovich effect
(Carlstrom, Marshall, & Grego 1996). Spectral information
was obtained using a digital correlator with 1024 channels
and a total bandwidth of 6.25 MHz, providing a velocity
resolution of 0.054 km s�1 for the CCS and 0.039 km s�1

for the N2H
+ observations. The fields of view are 50 and 1A8

for CCS and N2H
+, respectively. The projected baselines for

CCS range from 0.8 to 26.8 kk, so that the resultant CCS
images are insensitive to structures extended more than 4A3,
corresponding to �28,000 AU at a distance of 140 pc. For
the N2H

+ observations, the projected baselines range from 1.8
to 25.1 kk, so that the N2H

+ images reported here are
insensitive to structures extended more than 1A9, correspond-
ing to �14,000 AU at the distance, 140 pc. The imaging data
were analyzed by the MIRIAD package. The phase was
calibrated by observing 0530+135, and the complex passband
of each baseline was determined from observations of 3C 84.
When CCS and N2H

+ maps were made and cleaned, a
Gaussian taper was applied to the visibility data to improve
sensitivity to the extended low brightness emission. The
resultant beam sizes have similar size scales, i.e., 17B9� 16B8
with a position angle of �34

�
for CCS and 19B9� 16B4 with a

position angle of �56� for N2H
+. Note that the beam size of

N2H
+ shown in this paper is made to be almost the same size

as CCS to improve the signal-to-noise ratio of N2H
+ maps and

for comparison between two molecular components with the
same size scale. The 1 � noise levels for the channel maps are
typically 170 mJy beam�1 for CCS and 720 mJy beam�1 for
N2H

+. The conversion factors from flux density to brightness
temperature are 3.57 K Jy�1 for CCS and 0.432 K Jy�1 for
N2H

+, respectively. For the total intensity maps, the noise
levels at 1 � are 70 mJy beam�1 for CCS and 170 mJy beam�1

for N2H
+. In order to assess the kinetic structure of the N2H

+

component, the JF1F ¼ 101 012 component is used
(among seven hyperfine components; see Table 1) because it
is isolated from the other components in frequency, so that one
can assess the velocity structure free from mixing multiple
transitions. All maps and spectra of N2H

+ shown in this paper
are for the JF1F ¼ 101 012 component. In order to adjust
the center velocity of the main component of the N2H

+ line,
JF1F ¼ 123 012 transition, 8.047 km s�1 is added to the
actual velocity of the isolated component, JF1F ¼ 101 012
transition, based on the results of the laboratory microwave
spectroscopy (Cazzoli et al. 1985).

To derive the optical depth of CCS and assess the missing
flux, we observed the JN ¼ 32 21 lines of CCS and the isotope
CC34S (33.111839 GHz; Yamamoto et al. 1990) toward the

1 Operated by the University of California at Berkeley, the University of
Illinois, and the University of Maryland, with support from the National
Science Foundation.
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center of the core using the Nobeyama 45 m telescope.2 The
single-dish observation was obtained in 1999. The beam size of
the CCS observation is � 5200. The main-beam efficiency was
79% � 3%. The 1024 channel FX spectrometer was used, with
bandwidth 10 MHz and velocity resolution 0.087 km s�1.

2.2. Submillimeter-Wave Observations

Submillimeter-wave dust continuum observations were
obtained in 1997 October using the SCUBA (Submillimeter
Common-User Bolometric Array; Holland et al. 1999) on the
James Clerk Maxwell Telescope.3 Images, each approximately
20 across, were obtained at 850 �m. The pointing was checked
approximately hourly on a nearby source with known
coordinates (CRL 618). The atmospheric opacity was moni-
tored with a tipping radiometer operating at 225 GHz and
was found to be very stable and highly transparent, with

values ranging from 0.05 to 0.06 at 1 mm wavelength (� 0.2 at
850 �m). The data were calibrated to Jy beam�1 by observing
Uranus using the same observation configuration. The data
were reduced and images combined using the ORACDR
pipeline facility within the SURF data reduction package
(Jenness & Lightfoot 1998; Jenness & Economou 1999). The
beam size at 850 �m is �1400.

3. RESULTS

3.1. Physical Properties of the Dense Core: Dust Distributions
and Clumpy Structures

3.1.1. Overall Distribution of CCS and N2
+ Molecules and

Dust Continuum

A contour plot of the 850 �m dust continuum map is shown
in Figure 1. Contour levels are indicated in the figure caption.
Figure 2 shows the total intensity maps of CCS and N2H

+,
summed up over twice the Gaussian dispersion of the lines,
namely, within 6.00–6.76 km s�1 for CCS and 5.92–7.06 km
s�1 for N2H

+ in VLSR. The field center of both molecular line
maps corresponds to the 850 �m dust peak position, i.e.,
� ¼ 4h28m39F27, � ¼ 26�51039B0 (J2000.0). Here we use
140 pc (Elias 1978) as a distance of the core. One can clearly
see that interferometric images show more structures than the

TABLE 1

A Starless Core in Taurus Molecular Cloud

Molecule Transition

�

(MHz)

Beam Size

(arcsec)

Field of View

(arcsec)

Velocity Resolution

(km s�1)

CCS......................... JN = 32–2 1 33751.374a 17.9 � 16.8 300 0.054

N2H
+........................ J F1 F = 1 0 1–0 1 2 93176.2650b 19.9 � 16.4 108 0.039

a Yamamoto et al. 1990.
b Cazzoli et al. 1985.

Fig. 1.—Total intensity map of 850 �m dust continuum of the starless core. The contours start at 2 �, which corresponds to 50 mJy beam�1, with intervals of 2 �.

2 Nobeyama Radio Observatory is a branch of the National Astronomical
Observatory, operated by the Ministry of Education, Science, Sports, and
Culture.

3 The James Clerk Maxwell Telescope is operated by the Joint Astronomy
Centre on behalf of the Particle Physics and Astronomy Research Council of the
United Kingdom, the Netherlands Organization for Scientific Research, and the
National Research Council of Canada.
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the single-dish submillimeter continuum map. The CCS
component has an elongated distribution in the northwest-
southeast direction, similar to that of the H13CO+J ¼ 1 0
(Mizuno et al. 1994) and the NH3 (1, 1) map (Codella et al.
1997), with a similar size (�30 � 20, i.e.,�0:12� 0:08 pc at 3 �
level in brightness). The 850 �m dust continuum map also
shows a similar elongation in the same direction. In the
interferometric CCS map, one can see two major components,
namely, a brighter component with a � 9� peak in the south and
a smaller northern component that has a 6 � peak. The southern
component extends �12000 � 6000 (�0:08 pc� 0:04 pc) in
the north-south direction. The northern component has a
dimension of �6000 � 3000 (�0:04 pc� 0:02 pc) at FWHM,
elongated northeast-southwest direction. Although the dust
map does not cover all the area of the northern component, there
is no obvious extended feature in the direction of the northern
component. This may imply that this northern component is in a
younger phase compared with the southern one. On the other
hand, the N2H

+ distribution is compact. The FWHM size of the
N2H

+ component has �5000 � 3000. Compared to the peak
position of the 850 �m dust continuum, the center of N2H

+ is
�400 apart in the southern direction. These peak positions are
within their pointing error range. The CCS distribution is more
extended than the dust distribution.

In order to assess the difference of the radial distribution
traced by each molecule, an ellipse centered at the N2H

+ core
was fitted to the N2H

+ total intensity map. The averaged flux
density was calculated in each elliptical annuli of 1000 width in
the two dimensions of the CCS and N2H

+ total intensity maps.
Figure 3 shows the resultant radial brightness distribution of
each molecular component. The average radial profile of the
dust continuum is also shown in the same diagram. The profiles
of dust and N2H

+ are quite similar, suggesting that N2H
+ traces

the core well, including the center. For CCS, the radial profile is
quite different from the dust profile. CCS well traces an
extended envelope component, rather than the core center.
Clearly, the CCS has a weak peak at a radius of �2000 2500

(�3000 AU) from the center. This is due to the three extended

peaks at a similar distance of �2000 – 2500 from the core center.
The dip at the core center may be caused either by (1) the
existence of some extended structures larger than 4A3 in size
(see x 2.1) or by (2) an abundance decrease of the molecule at
the center due to depletion and chemical reactions. Possibility 1,
however, would be unlikely because (a) the measured missing
flux of CCS, which is described in x 3.1.2, is not significant, and
(b) typical patterns of such a tendency are not found in the
channel maps, shown in x 3.1.5. One would be able to confirm
it by making single-dish mapping observations of these tran-
sitions of the molecule.

3.1.2. Physical Properties toward the Core Center

To derive the optical depth, CCS and the isotope CC34S
JN ¼ 32 21 lines have been observed toward the dust peak
position, i.e., the core center. Figure 4 shows the spectra taken
with the Nobeyama 45 m telescope. The optical depth � of the
molecular lines, �CCS and �CC34S, can be estimated from the
ratio of the observed brightness temperatures of these tran-
sitions using

TB½CCS�
TB½CC34S�

¼ JCCSðTEXÞ � JCCSðTbgÞ
JCC34SðTEXÞ � JCC34SðTbgÞ

1� exp ð��CCSÞ
1� exp ð��CC34SÞ

;

ð1Þ

where

JðTÞ ¼ h�=k

exp ðh�=kTÞ � 1
;

TB is the brightness temperature, TEX is the excitation
temperature, Tbg is the cosmic background radiation temper-
ature, h is the Planck’s constant, � is the center frequency of a
molecular transition, and k is the Boltzmann constant.
Assuming an excitation temperature of 10 K, which is a
typical value for dark cloud cores, and a solar abundance ratio

Fig. 2.—Total intensity map of the CCS JN ¼ 32 21 (black contour) and N2H
+ J ;F1;F
� �

¼ 1 0 1 0 1 2ð Þ (gray contour) lines. The beam sizes for each map are
shown in the left corner with the same colors of the contours. The contour spacing is 1.5 �, starting at � 3 �with 1.5 � ¼ 105 mJy beam�1, for CCS and 1.5 �, starting
at � 3 � with 1.5 � ¼ 255 mJy beam�1, for N2H

+. Negative contours are drawn by dashed lines. The cross represents the field center of both maps.
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of [32S]/½34S� ¼ 23, �CCS is estimated to be 0.87. This is an
upper limit due to the poor signal-to-noise ratio of the CC34S
line. The observed FWHM line width taken with the single-
dish telescope is 0:33 � 0:02 km s�1.

Figure 5 displays the N2H
+ spectrum at � ¼ 4h28m39F76,

� ¼ 26�51035B1 (J2000.0) taken with the Haystack 37 m
telescope (Lee et al. 1999). The beam size is 2700, and the main-
beam efficiency is 18% � 3%. Fitting the N2H

+ spectrum, the
excitation temperature and optical depth can be estimated by
the following equations under the LTE condition:

TB ¼ ½JðTEXÞ � JðTbgÞ� 1� exp ��ðvÞ½ �f g þ �; ð2Þ

where

�ðvÞ ¼ �total
Xj

m¼1

Cm exp
�ðv� v0 þ vmÞ2

2�2
vobs

" #
;

�2
vobs

¼
�v2FWHMobs

8 ln 2
:

In these equations, �ðvÞ is the optical depth at the observed
velocity v, � is the baseline error, � total is the total optical depth
of all the hyperfine components, m stands for the mth hyperfine
component, Cm is the normalized relative intensities of each
hyperfine component, v is the LSR velocity, v0 is the center LSR
velocity of the cloud, vm is the velocity difference from the
standard velocity of different components, �vobs is the velocity
dispersion of the observed line, and �vFWHMobs

is the intrinsic
FWHM observed line width. The value of j is 7 for the
transition that we observed. We used the parameters of the
molecule measured in laboratory (Cazzoli et al. 1985). By
fitting equation (2) to the spectrum, the excitation temperature
of the N2H

+ component is estimated to be 5:0 � 0:2 K. For the
isolated component, JF1F ¼ 101 012 at 93.176310 GHz
(Cazzoli et al. 1985), which is used for our kinematic analysis,
the optical depth is estimated to be 1:2 � 0:1. The measured
� total was 11 � 1:3. The �vFWHMobs

of N2H
+ with the single-

dish telescope is 0:38 � 0:09 km s�1.
In order to estimate the missing flux, the spectra taken with

the single-dish telescopes and the interferometer are compared.
Figure 6 shows the spectra of both molecular transitions. For

each line, the spectra were measured at the same position. In
addition, the spectra obtained with the interferometer were
convolved with the same beam sizes as those of corresponding
single-dish observations. The missing flux is estimated from
1� Ii=Isð Þ½ �, where Ii and Is are integrated intensity of the
spectra taken with interferometer and the single-dish telescope,
respectively. The missing fluxes of CCS and N2H

+ were
estimated to be 15% � 4% and 56% � 4%, respectively.
Thanks to the short antenna spacings and the large primary
beam of the CCS observations at the long wavelength of the

Fig. 4.—Spectra of JN ¼ 32 21 transition of CCS and the isotope CC34S,
taken with the Nobeyama 45 m telescope toward the dust continuum peak.
The dotted lines indicates the Gaussian fitting of the spectra.

Fig. 5.—Spectrum of J ¼ 1 0 transition of N2H
+ at � ¼ 4h28m39F76,

� ¼ 26�51035B1 (J2000.0) taken with the Haystack 37 m telescope. The
dashed line shows the Gaussian fitting.

Fig. 3.—Average radial profile of CCS (solid line), N2H
+ (dashed line), and

the dust continuum (gray line) flux.
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transition, its missing flux is relatively small. Note that these
missing flux values for each molecular observation are good
only toward the central 5200 (i.e., the beam of the single-dish
observations) direction with the same beam size. Missing flux
at each position depends on the spatial frequency (i.e., the
structure) of the core traced by the molecules.

3.1.3. Deriving Masses

Assuming LTE, we can derive masses of the cores and
clumps traced by the molecular lines. For molecular spectra of
rotational transitions, the following equation is valid under the
LTE condition:

TB ¼ 8	3

3hc

�

��
SJþ1;J�

2 nJ

gJ
� nJþ1

gJþ1

� �
L; ð3Þ

where c is the speed of light,�� is the line width in frequency,
SJþ1;J is the transition strength for the rotational transition of
J þ 1 ! J , � is the dipole moment of the molecule, nJ and gJ
are the number of particles and the degeneracy (=2J þ 1) at
the transition level J, and L is the path length of a molecular
dense clump. The following equations are defined by the LTE
condition:

nJþ1

nJ
¼ gJþ1

gJ
exp � �E

kTEX

� �
; ð4Þ

nJ ¼
ngJ
Q

exp � EJ

kTEX

� �
; ð5Þ

where �E is the energy difference between the transitions
(=h�), n is the total number density of the molecule, EJ is the

energy of the J level, and Q is the partition function described
by

Q ¼
X1
J¼0

gJ exp � EJ

kTEX

� �
: ð6Þ

Using equations (4)–(6), equation (3) can be modified in order
to derive the column density N of the molecule as follows:

N ¼
Z L

0

nds ¼ 3h

8	3

Q

SJþ1;J�2
exp

EJ

kTEX

� �

� 1

1� exp ð�h�=kTEXÞ
�

1� exp ð��Þ

Z
v

TB dv: ð7Þ

For CCS, � and SJþ1;J are 2.8 (Murakami 1990) and 2.976D
(Yamamoto et al. 1990), respectively, for the JN ¼ 32 21
transition. The column density of molecular hydrogen is es-
timated by using

NðH2Þ ¼
N

X
; ð8Þ

where X is the abundance ratio of the molecule to molecular
hydrogen (X is estimated in x 3.1.4). To estimate the LTE
masses of clumps, MLTE at a distance of 140 pc, we use

MLTE

M�
� 5:163� 10�31 lmajlmin

arcsec2
d2

pc2
NðH2Þ
cm�2

; ð9Þ

where lmaj and lmin are the FWHM dimensions of the major and
minor axes in arcseconds, d is the distance in parsecs, and N is
column density in cm�2. From the observed velocity dispersion
of the spectra, the virial masses of the clumps, MVIR, with a
density distributions of 
 / R�e (
 is the density, R is the radius,
and e is an integer, 0C eC 2) can be estimated using

MVIR ¼ ð5� 2eÞR
ð3� eÞG �2

vtotal
; ð10Þ

where G is the gravitational constant and �vtotal is the full
turbulent velocity dispersion, including thermal and non-
thermal components, in three dimensions averaged over the
whole system for a clump. Note that the virial mass above is
calculated without considering the external pressure because it
is not easy to estimate it and also because it would be negligible
when the temperature is similar over the core or cooler at the
outer regions of the core. If the external pressure is not
negligible, then the clumps not virialized could be still
confined. We can describe �vtotal as

�vtotal ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2
vobs

þ kTK
1

mH2þHe

� 1

mobs

� �s
; ð11Þ

where TK is the kinetic temperature, mH2þHe is the average
mass unit (=2.33 amu), and mobs is the mass of the observed

Fig. 6.—Comparison of the spectra of the molecular transitions (a) for CCS
and (b) for N2H

+ measured with the single-dish telescopes (the Nobeyama 45
m telescope for CCS and the Haystack 37 m telescope for N2H

+; solid lines)
and the interferometer (dotted lines). The spectra taken with the interferometer
are corrected for the difference in the solid angles between each measurement.

STARLESS CORE IN TAURUS MOLECULAR CLOUD 967No. 2, 2004



molecule; mobs for CCS and N2H
+ is 56 and 29 amu, re-

spectively. The virial masses for the different density dis-
tributions of uniform (model 1), 
 / R�1(model 2), and / R�2

(model 3) are estimated according to equation (10). To cal-
culate the virial masses of the clumps, R is considered to be
lmajlmin

� �1=2
in this paper.

3.1.4. Abundances of the Molecules

Molecular abundances can be estimated from a comparison
between the LTE column density of the molecule and the gas
and dust column density. To estimate the gas and dust mass,
Mgasþdust, we use

Mgasþdust ¼
F�d

2

��B�ðTdÞ
; ð12Þ

where �� is the mass absorption coefficient by dust grain, B� is
the Planck function, F� is the flux density of the continuum
emission at frequency �, and Td is the dust temperature. The
dust temperature is assumed to be 10 K, and the gas-to-
dust ratio is assumed to be 100. The flux density of 850 �m
toward the core center is measured to be 0.35 Jy beam�1.
Here the opacity per gram of gas and dust at frequency,
��352:7 GHzð¼k850 �mÞ, is assumed to be 2� 10�2 cm2 g�1

(Shirley et al. 2000). This �� is obtained by a model for thin
ice mantles (Ossenkopf & Henning 1994). Toward the core
center, the abundances X of these molecules were estimated to
be (8 � 3Þ � 10�9 for CCS and ð7 � 3Þ � 10�9 for N2H

+,
respectively. One should keep in mind that these values would
be upper limits because there is missing flux for both
observations (see x 3.1.2). However, these X values are in
the same range as the values previously investigated toward
other dense cores by several authors (Langer et al. 1995; Peng
et al. 1998; Benson, Caselli, & Myers 1998; Dickens et al.
2000). For simplicity, the abundances are assumed to be
constant over the core to estimate densities and masses in this
paper. Although the abundance of CCS is most likely
decreased at the core center (see x 3.1.1), it is hard to estimate
the abundances except at the core center because the dust
continuum is not detected in the outer region of the core.
Accordingly, the X of CCS estimated toward the core center is
used as a representative value in this paper.

One can estimate the mass of the core from equation (12).
The total flux density of the dust continuum at 850 �m is
4:72 � 0:05 Jy. Under the same assumptions described above,
the estimated mass of the core is 1:51 � 0:02 M�.

3.1.5. Clumpy Structures inside the Core

Figures 7 and 8 show the channel maps of CCS and N2H
+,

respectively. Both maps clearly reveal clumpy structures
inside the core.

To identify clumps, an automatic and objective routine
(Williams, de Guess, & Blitz 1994) is used. The peak of each
clump is required to be detected above the 4 � level. The
contrast (�T ) of each clump, which is one of the input
parameters in the program, is set to be 2� Trms to avoid a high
percentage of false detections. This condition gives us an
expected rate of false detection P 2% (Williams & Teuben
1997). In Figures 7 and 8 the clumps are labeled C1, C2, and
so forth for the CCS and N1, N2, and so on for the N2H

+

clumps, respectively. The dotted line in Figure 8 represents the
interferometer primary-beam half-power for the molecular line
observation. The primary-beam FWHP of the CCS observation

is mostly out of the diagram (see Table 1). Figures 9 and 10
show the spectra of each clump. The spectra are made by
considering regions brighter than 3 � level on the integrated
intensity maps of each clump. When there are multiple
components along a given direction toward a clump, the spectra
are fitted by multivelocity components. The dotted lines indi-
cate Gaussian fittings for the components.
The parameters for each clump are cataloged in Tables 2

and 3 for CCS and N2H
+, respectively. The masses of each

clump are derived using the equations described in x 3.1.3. For
the CCS clump C6, the mass cannot be estimated because of
the contamination by other extended components surround-
ing the clump. Note that the observed FWHM velocity widths
in the tables are the values after the instrumental broadening
effect have been subtracted. The abundances of the molecules
derived in x 3.1.4 are used to derive the LTE mass. The listed
LTE masses in Tables 2 and 3 are lower limits because of
unknown missing flux for every clump, as described in x 3.1.2.
There are no clumps that coincide in both molecular images in
both position and velocity. That would most likely be because
these molecular lines trace different regions; namely, N2H

+

traces the denser core center region where CCS does not trace,
as described in x 3.1.1. Further discussion of this issue will be
found in x 4.1.
The average radius of the CCS clumps is 3:3� 10�2 pc

(�6600 AU), slightly larger than the average radius of the
N2H

+ clumps of 2:1� 10�2 pc (�4200 AU). The average
FWHM velocity width of the CCS clumps, 0.21 km s�1, is
also larger than that of the N2H

+ clumps, 0.17 km s�1. The
average LTE mass of the N2H

+ clumps, 0.072 M�, is much
smaller than that of the CCS clumps, 0.24 M�, which may be
due to significant missing flux in the N2H

+ data. If we assume
the missing flux of 15% for CCS and 56% for the N2H

+, the
average mass of CCS and N2H

+ would be 0.28 and 0.17 M�,
respectively.
The comparison between the LTE mass and the virial mass

enables us to infer gravitational stability for each clump. In
Tables 2 and 3, three cases of virial masses calculated by the
mass distributions are listed. One must be aware that the LTE
mass would be a lower limit because of the missing flux effect,
as described in the previous paragraph. If one assumes that a
clump with LTE mass MLTEk 1

2
MVIR in model 1 (constant

density distribution; see x 3.1.3) is bound, CCS clump C1 and
N2H

+ clump N1 may be gravitationally bound. If one uses the
criterion that a structure has mass MLTEk 1

2
MVIR in model 3

(
 / R�2) for virialization, then all the CCS clumps except for
C8 and the N2H

+ clumps N1 and N3 are virialized. Model 2 is
between models 1 and 3. The detailed kinetic structure there is
described in x 3.2. In the spectrum of N3, one can see a
negative feature centered at VLSR � 6:43 km s�1. This is
because there is an offset between the position of N3 and the
N2H

+ center peak. Imaging procedures can produce this kind
of dip because of a strong component at the core center. N4 is
an extreme case among the clumps identified here in terms of
the velocity dispersion. This clump in the channel map has a
5 � peak in brightness with a typical size of the clumps and
has extremely narrow velocity dispersion. This narrow line
width is most likely much narrower than the actual line width,
mainly because of the low signal-to-noise ratio. However, the
probability that this clump is not real is only �0.01%, derived
by a simple statistics estimation to have 5 � peak in one of
the 30 channel maps. One cannot tell whether N4 is vir-
ialized or not because it is hard to estimate the real line width.
N4 is excluded from the detailed analysis of the clumps,
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described in x 4, because of the difficulty of estimating the real
line width.

3.2. Kinetic Structure Inside the Core

To infer the kinetic structure within the core, position-
velocity diagrams are made for the CCS and N2H

+ com-
ponents. Fitting an elliptical Gaussian to the total intensity
map of the N2H

+ component, the major and minor axes have
been determined, as shown in Figure 11a.

Figure 11b shows the position-velocity diagrams of the
molecular lines along the major axis. The CCS northern
component, which is located at offsets ��6000 to �13000 in the
diagram in Figure 11b, coincides with no N2H

+ components,
because of lack of sensitivity of the N2H

+ data in the area (see
Fig. 8). The CCS position-velocity structure in the diagram
shows some interesting characteristics worthy of note. First of
all, the CCS components are distributed along half of a ring in
the diagram. Secondly, the half-ring center is located at
��3000 from the dust center, which is located at 0 in position
in the diagram in Figure 11b. The dust center should be
identical to the dynamical center. A ring shaped position-
velocity structure traced by the same molecular transition is
found in L1544 (Ohashi et al. 1999) and can be explained by
simultaneous infall and rotation. If the half-ring structure of
CCS of this core can also be explained by rotation and infall,
as shown in the L1544 case, the center of the rotation and
infall, i.e., the dynamical center of the system, must be
located at the dust center. However, the observational results
show that these positions are different in the L1521F case.
The difference of the centers may suggest that either (1)
there is some extended large-scale structure, which is not
detected with the interferometric observations and would be

significant in determining the dynamical center, or (2) the
CCS northern component has a different dynamical center
from the southern one, so that one should consider only the
components located within �6000 for the southern component.
The possibility of (1) would be low because the reasons
described in x 3.1.1.

On the other hand, in the same diagram (Fig. 11b), there are
four major N2H

+ components. The main N2H
+ component in

Figure 11b is the one closest to the center. It traces part of the
clump N2. It is distributed along a line in the diagram and has
quite a different elongation from that of CCS in the diagram.
Three of the four N2H

+ components coincide with the positions
of the CCS components. Two of the four N2H

+ components,
which are at �2000 and �3500 in the position, are located at twoof
the CCS peaks in the diagram. It would be most likely that they
trace the same physical entities. One of the N2H

+ components
that does not have any counterpart in the CCS components is
located along the line of the main N2H

+ component, N2. This
traces part of the N2H

+ clump, N4. The line connecting N2 and
N4 is elongated almost perpendicularly to the tangent line of
the ring of the CCS component. This means that the velocity
gradient of the N2H

+ component is not in the same sense as that
of the CCS component. We discuss these velocity gradients in
x 4.2.

Figure 11c shows the position-velocity diagram of these
molecules along the minor axis. One can see two N2H

+

components in the diagram. These trace part of the N2H
+

clumps of N2 and N4. These two components are separated
from each other by 0.16 km s�1. The prominent CCS
component in the diagram is part of the biggest CCS clump,
C1. There is almost no correlation between CCS and N2H

+

components in the diagram.

Fig. 7.—Channel map of the CCS line. The contour spacing is �1.5 �, starting at �3 � with 510 mJy beam�1. The VLSR for each panel is given in the upper left-
hand corner. The heavy cross represents the field center, same as Fig. 2.
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In order to delineate the overall velocity structure, the
velocity maps of CCS and N2H

+ are shown in Figures 12 and
13, respectively. The CCS has a global velocity gradient from
east to west. On the other hand, N2H

+ does not have a global
gradient. This is consistent with the result shown in Figure 11b.
At the N2H

+ core center, a systematic velocity gradient is found
from west to east, which is in the opposite sense to the global
velocity gradient of CCS. This systematic velocity gradient is
observed in the clumps N2 and N4. Assuming that the velocity
gradients are explained by rotation, the observational results
indicate that the rotation of the outer envelope (size �0:08 pc)
and that of the central compact region (size �0:03 pc) have
different axes with almost opposite sense of rotation. This
clearly means that N2H

+ is dynamically independent from the
major CCS components.

This kind of velocity gradient has never before been
recognized toward any dense cores and clumps. For example,
for L1544, both CCS (Ohashi et al. 1999) and N2H

+ (Williams
et al. 1999) imaging show the velocity gradients with the same
direction. This issue will be discussed further in x 4.3. A
possible model which may explain the multiple kinetic
structure will be described elsewhere. Clump N2, which has

a scale of �4900 AU � 3900 AU and is located at the dust
center, might evolve into a protostar in the future.

4. DISCUSSION

4.1. Line Width–Size Correlation of Starless Dense
Cores and Clumps

Clumpy structures are found inside the core by imaging
with the CCS and N2H

+ transitions. Although there are no
clumps obviously detected in the dust map (Fig. 1), these
clumpy structures would reflect real physical entities for the
following reasons. First of all, synthesis imaging is more
sensitive to clumpy structures than single-dish mapping
because extended structures are resolved out with synthesis
imaging (see also x 2.1). Second, the dust continuum map
shows only the mass distribution integrated along the line of
sight, without any velocity information, while N2H

+ and CCS
maps have velocity information, so that one can distinguish
components located along the same line of sight but having
different velocities. In fact, the clumpy structures are identified
on channel maps of N2H

+ and CCS.

Fig. 8.—Channel map of the N2H
+ line. The annotation is the same as in Fig. 7. The contour spacing is �1.5 �, starting at �3 � with 2.16 Jy beam�1. The heavy

cross marks the field center, same as Fig. 2. The map area is the same as Fig. 7 for comparison. The dashed gray line represents the interferometer primary-beam
half-power point.
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We note that there are no clumps detected in both N2H
+ and

CCS, even though we could expect clumps to be detected in
both lines if they are real physical entities. We should note,
however, that N2H

+ and CCS mostly traces different areas of
the core: N2H

+ mainly traces the innermost of the core, while
CCS traces the outer parts of the core (see Fig. 3). Hence, we
cannot really expect each clump to be detected in both lines.
Although there are two velocity components detected in both
CCS and N2H

+, they are not identified as clumps, as shown in
x 3.2.

In order to compare the physical and statistical properties
of the clumps that are found in this work with other clumps
and cores previously reported (Fuller & Myers 1992; Langer
et al. 1995; Peng et al. 1998; Jijina, Myers, & Adams 1999),
their line width–size correlations have been investigated.
Here observations with C18O, NH3, CCS, CS, and N2H

+

toward several dense cores and clumps are included for
comparison; mobs for C

18O, NH3, and CS is taken to be 30,
17, and 44 amu, respectively. For the NH3 cores (Jijina et al.
1999), only those with temperatures lower than 10 K are
included.

Figure 14 shows the line width–size relations of the CCS and
N2H

+ clumps, plotted with previous results done by several
authors for comparison. The nonthermal velocity dispersion �vnt
is derived as

�vnt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2
vtotal

� kTK

mH2þHe

s
: ð13Þ

The top plot shows the observed velocity dispersion �vobs -size
relation. The middle is the turbulent velocity dispersion �vtotal -
size relation. The bottom shows the nonthermal line width �vnt -
size relation. These relations can be fitted by

�v ¼ ARP; ð14Þ

where �v is the velocity dispersion (in km s�1) and R is size
(radius) of a clump in parsecs. For the �vobs -size relation, P is
0:40 � 0:04 and A is 0:29 � 0:02. These values are similar to
those found by Peng et al. (1998) and Fuller & Myers (1992).
For the �vnt -size relation, P is 0:45 � 0:05 and A is 0:28 � 0:03.
It is slightly shallower than the result 0:7 � 0:1 reported by
Fuller & Myers (1992) but steeper than the values reported by
Barranco & Goodman (1998) and Goodman et al. (1998).
Regarding the �vtotal -size relation, P ¼ 0:11 � 0:01 and A ¼
0:29 � 0:01 are obtained. Compared with the other results
(Larson 1981; Fuller & Myers 1992), this slope is obviously
shallower than the value 0.38 reported by Larson (1981);
however, it is closer to the slope 0:20 � 0:04 obtained by Fuller
& Myers (1992). Although the small number of clumps
reported in this paper do not improve the statistics of the line
width–size correlation significantly, they do extend the relation
to much smaller clumps, and they basically follow the line
width–size correlation slope. In any case, this indicates that
some coherence mechanism that forms observed cores and
clumps exists even to this small scale (order of 10�2 pc, i.e.,
103 AU).

Fig. 9.—Black lines show spectra of CCS for each clump, with dashed lines for the Gaussian fittings. An arrow is marked for the component of C8 to distinguish
it from the other component detected along the same line of sight.
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If one assumes Kolmogorov turbulence diffusion (Kolmo-
gorov 1941) for the dense cloud cores and clumps, the slope, P,
for the �vtotal -size relation will be 1

3
(Larson 1981). The slope

obtained here for the total velocity dispersion is smaller than
that of Kolmogorov turbulence. From the virial theorem,

�vtotal / R
ffiffiffi
n

p
; ð15Þ

where n is the total number density of the gas per cm3. If we
assume that the energy transformation rate from kinetic to

thermal energy per cm3 (��3
vtotal

R�1 in Kolmogorov’s law), �0,
is also proportional to the number density (and assuming the
relation works for compressible gas), the following equation
can be written:

�0 /
n�3

vtotal

R
: ð16Þ

According to Kolmogorov’s assumption, �0 is constant. Since
both n in the equations (15) and (16) should be the same, P in

Fig. 10.—Spectra of the N2H
+ clumps are shown in black lines. Each of them is fitted by a Gaussian, shown by dotted lines. The components of N1 and N4 are

marked with an arrow for each to distinguish the clumps’ components from the other components detected along the same line of sight.

TABLE 2

Catalog of CCS Clumps

Center Position

(J2000)

MVIR(M�)

Clump � �

VLSR
a

(km s�1)

Sizeb

(arcsec)

�vFWHMobs

a,c

(km s�1)

R
TBdv

a,d

(K km s�1)

N(CCS)a,e,f

(1013cm�2)

MLTE
a

(M�)
Model
1g

Model
2h

Model
3i

C1....... 4 28 39.87 26 52 2.5 6.38(1) 72 � 51 0.28(2) 0.8(1) 3.0(3) 0.52(7) 0.92 0.86 0.55

C2....... 4 28 38.37 26 50 57.0 6.42(1) 61 � 32 0.27(3) 0.6(1) 2.0(3) 0.18(3) 0.60 0.54 0.36

C3....... 4 28 38.97 26 52 43.3 6.45(1) 42 � 40 0.22(3) 0.5(1) 1.8(3) 0.14(3) 0.55 0.50 0.33

C4....... 4 28 37.33 26 52 55.0 6.47(1) 60 � 38 0.21(2) 0.5(1) 2.0(3) 0.21(4) 0.56 0.51 0.34

C5....... 4 28 35.34 26 52 51.0 6.53(1) 53 � 48 0.21(2) 0.6(1) 2.0(3) 0.24(3) 0.63 0.57 0.38

C6....... 4 28 37.18 26 52 33.0 6.53(1) . . . 0.18(2) 0.5(1) 1.8(3) . . . . . . . . . . . .

C7....... 4 28 32.00 26 52 23.9 6.66(1) 56 � 46 0.17(2) 0.4(1) 1.5(3) 0.18(4) 0.56 0.51 0.34

C8....... 4 28 35.98 26 51 45.0 6.66(1) 44 � 38 0.13(2) 0.3(1) 1.1(3) 0.09(2) 0.42 0.38 0.25

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a The numbers in parentheses represent one standard deviation in units of the last significant digit.
b Major and minor axes of the FWHM clump area.
c Instrumental effect is subtracted.
d The integrated intensity.
e It is derived by assuming the LTE condition with excitation temperature of 10 K.
f CCS fractional abundance X(CCS) is 8:0� 10�9; � is set to be 2� 10�2 cm2 g�1 with the condition of the dust temperature of 10 K.
g Virial mass for uniform density distribution, assumed TK ¼ 10 K.
h Virial mass for density distribution of the form 
 � R�1, assumed TK ¼ 10 K.
i Virial mass for density distribution of the form 
 � R�2, assumed TK ¼ 10 K.
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TABLE 3

Catalog of N
2
H

+
Clumps

Center Position

(J2000)

MVIR (M�)

Clump � �

VLSR
a,b

(km s�1)

Sizec

(arcsec)

�vFWHMobs

a,d

(km s�1)

R
TBdv

a,e

(K km s�1)

N(N2H
+)a,f

(1012 cm�2)

MLTE
a,g

(M�)
Model
1h

Model
2i

Model
3j

N1........... 4 28 39.17 26 51 39.0 6.35(1) 28 � 30 0.17(3) 0.12(2) 9(2) 0.11(3) 0.33 0.30 0.20

N2........... 4 28 39.06 26 51 43.8 6.52(2) 35 � 28 0.36(4) 0.14(2) 11(2) 0.16(1) 0.66 0.60 0.40

N3........... 4 28 42.11 26 51 13.0 6.62(1) 43 � 23 0.10(3) 0.08(3) 6(2) 0.09(4) 0.31 0.28 0.18

N4........... 4 28 40.32 26 51 31.0 6.74(1) 36 � 29 . . . 0.02(2) 2(1) 0.03(2) . . . . . . . . .

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a The numbers in parentheses represent one standard deviation in units of the last significant digit.
b To adjust the center velocity of the main component, JF1F ¼ 1 2 3 0 1 2 transition, 8.047 km s�1 is added to the actual velocity of the isolated

component, JF1F ¼ 101 012 transition.
c Major and minor axes of the FWHM clump area.
d Instrumental effect is subtracted.
e The integrated intensity.
f It is derived by assuming the LTE condition with excitation temperature of 10 K.
g N2H

+ fractional abundance X(N2H
+) is 6:7� 10�10; � is set to be 2� 10�2 cm2 g�1 with the condition of the dust temperature of 10 K.

h Virial mass for uniform density distribution, assumed TK ¼ 10 K.
i Virial mass for density distribution of the form: 
 � R�1, assumed TK ¼ 10 K.
j Virial mass for density distribution of the form: 
 � R�2, assumed TK ¼ 10 K.

Fig. 11.—(a) Same as Fig. 2, overlaid with the major and minor axes of the fitted elliptical Gaussian to the N2H
+ component, shown with the gray dash-dotted

lines. Position-velocity diagrams of the CCS (black contour) and N2H
+ (gray contour) components along (b) the major axis and (c) the minor axis are shown. In the

diagrams (b) and (c), positions are measured from the core center traced by the N2H
+ line. Positive in position corresponds to the east direction. The black and gray

contours represent the CCS and the N2H
+ components, respectively. The contour spacing in (b) and (c) is �1 �, starting at �2 �. Negative contours are drawn by

dashed lines for each molecular component with the same colors. The dashed gray lines on the diagrams in (a), (b), and (c) represent the edge of the primary-beam
half-power points of N2H

+ imaging.



equation (14) would be equal to 3
5
. However, this is much

larger than the value derived from our work, and even higher
than the original Kolmogorov’s case. There are several pos-
sibilities that could cause this difference. For example, (1) the
energy input for the turbulence may not be supplied at the
largest scale, (2) the energy dissipation may not be isotropic at
each scale, and furthermore, (3) the effect of the magnetic
field could not be neglected, and so forth. In order to inves-
tigate more precisely, detailed observational studies are
needed, including magnetic field observations of clumps and
cores at different scales.

4.2. Velocity Gradient of the Core Center and the Envelope

Velocity gradients G in the L1521F core are estimated and
compared to the results of other cores. The velocity gradient of
a clump at a distance of d is written as

G ¼ jrvLSRj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p

d
; ð17Þ

where

vLSR ¼ v0 þ a�� þ b��; ð18Þ

v0 is the center LSR velocity of the system, and a and b are
projections of the gradient per radian on the � and � axes. As
seen in x 3.2, the observational results indicate that the

rotation of the outer envelope (size �0:08 pc) and that of the
central compact region (size �0:03 pc) are dynamically
independent and that the CCS northern component would
have a different dynamical center from that of the CCS
southern component. Also, since the CCS northern component
is dynamically independent from the CCS southern compo-
nent, as shown in x 3.2, one can consider that there are three
independent components that have clear velocity gradients
here, i.e., the CCS southern and northern components and the
major N2H

+ component detected toward the core center. For
the CCS southern component, G is 7:2 � 1:0 km s�1 pc�1, and
G of the CCS northern component is 9:2 � 1:0 km s�1 pc�1,
which is larger than that of the southern component. These are
found in 0.05 and 0.04 pc scales, respectively. For the N2H

+

component, the velocity gradient around the center is even
higher than the northern CCS component, 15 � 2 km s�1 pc�1,
found in the 0.01 pc (�2000 AU) scale. To compare these
gradients with the other cores reported by Goodman et al.
(1993), the correlation diagram between velocity gradient G
and R is shown in Figure 15. The top plot of Figure 15 shows
the correlation between velocity gradient and size of the cores
and clumps. The data are fitted by the equation G / Rð1:4�0:1Þ,
which is much steeper than the slope when only the other
larger scale cores are considered (G / Rð0:4�0:2Þ; reported by
Goodman et al. 1993).
If the velocity gradient comes from the rotation of the

clumps and cores, the rotational kinetic energy can be
estimated and compared with the gravitational energy. The
parameter �, defined as the ratio of the rotational kinetic

Fig. 12.—Velocity map of the CCS core brighter than 2 � in brightness. The colors indicate the velocities of the component. The global velocity gradient is
observed from east to west. The big and thick cross indicates the field center. Small crosses indicate the positions of the CCS clumps.
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energy to gravitational energy, can be derived to infer the
dynamical status in cores and clumps and can be written as

� ¼ 3

ð5� eÞ

4v2LSR= sin

2�

4�
¼ 3

ð5� eÞ

ðG= sin �Þ2

4	G
avr
; ð19Þ

where 
 is 3
5
for constant density distribution, 1 for e ¼ 1,

and 3 for e ¼ 2; � is the gravitational potential, 
avr is
average density of the core, and � is the inclination angle to
the line-of-sight direction (e has the definition described in
x 3.1.3). Sin � is assumed to be 1. The middle diagram of the
Figure 15 shows the correlation between size (R) and �
under constant density distribution of the cores. For the
N2H

+ clump, � ¼ 0:83. For the southern and northern CCS
clumps, the �-values are 0.26 and 0.29, respectively. For
the different density distributions, i.e., e ¼ 1 and 2, the �-
value is multiplied by 3

4
and 1

3
, respectively. No strong cor-

relation between � and size is found in the diagram. There may
be a weak correlation in which � becomes higher when the
size is smaller, but it is not clear from the results shown here.

The specific angular momentum, J=M , can be written

J=M ¼ 2

5� e
R2 G

sin �
: ð20Þ

As seen in the equation above, the density distribution affects
only the constant factor in J=M . The bottom of Figure 15

shows the J=M -size correlation when e ¼ 0. Sin � is assumed
to be 1 for this diagram as well. There is a strong correlation
between J=M and size scale larger than 0.03 pc. However, for
scales smaller than about 0.03 pc, the correlation seems to be
ended, and the value J=M �0:002 is maintained over the
range. More statistics are needed to assert whether or not J=M
indeed remains constant on scales smaller than 0.03 pc. No
inconsistency is found in the size scale, 0.03 pc, reported by
Ohashi et al. (1997) toward IRAS 04169+2702 and IRAS
04365+2535.

4.3. Chemical Evolution

To assess the evolutionary status of starless cores, it is im-
portant to take their chemical evolution into account. Suzuki et
al. (1976) first established a simulation to investigate the for-
mation of molecules in a contracting molecular cloud over a
wide range of densities (from 10 to 107 cm�3). Their results
clearly showed that abundances of molecules are not in a
steady state in the optically thick stages because their reaction
timescales are very long (1012.5–1013.5 s) compared with the
contraction timescales. Following this study, many simulation
studies have been done. In order to explain differences in
various molecular distributions in L1544, several authors
(Aikawa et al. 2001; Caselli et al. 2002; Li et al. 2002)
investigated theoretically the evolution and distribution of
molecules in collapsing starless cores. They found that their
models could explain the observations of the L1544 core quite
well. These simulations of chemical evolution models show

Fig. 13.—Velocity map of N2H
+, brighter than 2 � in brightness. The colors indicate the velocity of the component. The big and thick cross indicates the position

of the field center. Around the center of the map, a velocity gradient is observed from west to east, which is in the opposite sense to the CCS global velocity gradient.
The systematic velocity gradient is observed within the clump N2. Small crosses stand for the positions of the N2H

+ clumps.
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the possibility of estimating the evolutionary stages of cores by
observing key molecules.

Figure 3 is the distribution of CCS and N2H
+ from the core

center, as explained in x 3.1.1. The CCS dip (hole) at the dust
center may be explained by the decrease of CCS abundance
because of depletion and chemical reactions. Assuming that
these are the cause of the dip, one can estimate the age of the
core based on chemical models. The averaged CCS density of
the molecules toward the core center is estimated to be
�3:7� 1013 cm�2, assuming that the excitation temperature is
10 K. Compared with the CCS density of L1544 (Suzuki et al.
1992), that of L1521F is larger. Assuming that there is no
effect from the inclinations of the asymmetric structures of
both L1521F and L1544 cores, this would support that
L1521F may be in a younger phase than L1544. From
Figure 3, the size of the CCS dip is estimated to be �2000,
which is �2.7 times smaller than that of L1544 (Ohashi et al.
1999), assuming no effect from the inclination of the
asymmetric structures of the cores. If these CCS holes are
created as a result of depletion and chemical reactions of the
molecule, this would also indicate that L1544 would be more

evolved than L1521F. The chemical model based on the
Larson-Penston solution done by Aikawa et al. (2001) predicts
that the age of L1521F is estimated to be ð1:5 1:9Þ � 105 yr,
from the CCS density of the core center. It would be in a
young phase of starless core.
Although the L1521F and L1544 starless cores look

similar, there is one significant difference between them. The
L1544 peak positions of the total intensity maps of the same
N2H

+ transition (1 0 1–0 1 2) imaging (Williams et al. 1999)
and the 850 �m dust continuum (Ward-Thompson et al.
1994; Shirley et al. 2000) have an offset (�4000), while
L1521F has the same peak for both dust and N2H

+. The
N2H

+ component detected in synthesis imaging is located at
the position close to the northern CCS component of the
imaging map (Ohashi et al. 1999). The peak position of the
single-dish N2H

+ map of the L1544 core (Tafalla et al. 1998)
coincides with that of the 850 �m continuum map (�700

apart), considering their pointing accuracies. The phase
center of the N2H

+ imaging of L1544 (Williams et al.

Fig. 14.—Line width–size relations toward dense cloud cores. In these
diagrams, the clumps that are found in this study are compared with other
dense cores and clumps reported previously by several authors (Peng et al.
1998; Langer et al. 1995; Fuller & Myers 1992; Jijina et al. 1999).

Fig. 15.—Diagrams of the correlation between size, R, and velocity gra-
dient (top), � (middle), and specific angular momentum (bottom) of dense
cloud cores and clumps are shown. The clumps found in this study are
compared with the other cores reported by Goodman et al. (1993). The filled
circles indicate the data shown in this study.
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1999) is set to be at the peak position of the N2H
+ single-dish

observation of the core. If any clumpy N2H
+ components

exist at the core center, they should be detected. For L1521F,
as shown in this paper, there are N2H

+ clumps detected at the
core center. The comparison between the N2H

+ imaging
result (Williams et al. 1999) and the single-dish mapping
result (Tafalla et al. 1998) may indicate that the depletion of
N2H

+ has already started at the very core center of L1544
with �1500 AU scale. If that is the case, this would also
support that L1521F is in a younger evolutionary phase than
L1544.

5. SUMMARY

High-resolution imaging observation with the CCS JN ¼
32 21 and N2H

þJ ¼ 1 0 transitions and submillimeter dust
mapping observations have been made toward a dense starless
core, L1521F, in the Taurus molecular cloud. The observations
show that the CCS emission well traces the envelope region of
the core, �30 � 20 (i.e., 0:12 pc� 0:08 pc at 140 pc). On the
other hand, the N2H

+ components are distributed compactly
(�10 � 0B5, i.e., 0:04 pc� 0:02 pc), peaked at the dust
continuum center. Comparing with the dust continuum, the
abundances of the molecules are estimated toward the dust
center and found to be similar to those previously reported
toward dark cloud cores. Using the abundances, the LTE
masses for each clump are estimated. The CCS molecule has a
dip at the core center, which may suggest the decrease of the
molecular abundance there. The channel maps of both
molecular lines clearly reveal clumpy structures in the core.
Furthermore, the observations reveal the multiple-kinematics
structure inside the core, which has not been recognized before
toward any starless dense cores. The envelope traced via CCS
shows an overall velocity gradient from east to west. The

velocity gradients of the southern and northern CCS compo-
nents are estimated to be 7.2 and 9.2 km s�1 pc�1 at size scales
of 0.05 and 0.04 pc, respectively. On the other hand, the core
center traced by N2H

+ shows a velocity gradient from west to
east, which is in the opposite sense of the global CCS velocity
gradient. The N2H

+ velocity gradient is estimated to be 15 km
s�1 pc�1 at a size scale of 0.01 pc. Assuming that the velocity
gradients are explained by rotation, the observational results
would indicate that the rotation of the outer envelope
(size � 0:08 pc) and that of central compact region
(size � 0:03 pc) have different axes. Examining the line
width–size relation of cold (TK P 10) dense cores, the slope
index is found to be slightly shallower than values previously
reported by several authors. Assuming a spherical, uniform
density sphere, the ratios of rotational to gravitational energy,
�, of these cores are calculated to be �0.3 for the CCS
components and �1.0 for the N2H

+ core, respectively. For the
specific angular momentum (J=M )-size relation, a strong
correlation seen at the scales larger than �0.03 pc looks
terminated for the smaller scale, consistent with the results
reported by Ohashi et al. (1997). On the basis of a chemical
evolutionary model and assuming the depletion occurring at
the core center, the age of the core is estimated to be ð1:5
1:9Þ � 105 yr, which would be a young starless-core phase.
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