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ABSTRACT

Aims. A mapping observation of the J = 1/2 Λ-type doubling transition (3.3 GHz) of CH has been conducted toward Heiles Cloud 2
(HCL2) in the Taurus molecular cloud complex to reveal its molecular cloud-scale distribution.
Methods. The observations were carried out with the Effelsberg 100 m telescope.
Results. The CH emission is found to be extended over the whole region of HCL2. It is brighter in the southeastern part, which
encloses the TMC-1 cyanopolyyne peak than in the northwestern part. Its distribution extends continuously from the peak of the
neutral carbon emission (CI peak) to the TMC-1 ridge, as if it were connecting the distributions of the [C I] and C18O emissions.
Since CH is an intermediate in gas-phase chemical reactions from C to CO, its emission should trace the transition region. The
above distribution of the CH emission is consistent with this chemical behavior. Since the CH abundance is subject to the chemical
evolutionary effect, the CH column density in HCL2 no longer follows a linear correlation wit the H2 column density reported for
diffuse and translucent clouds. More importantly, the CH line profile is found to be composed of the narrow and broad components.
Although the broad component is dominant around the CI peak, the narrow component appears in the TMC-1 ridge and dense core
regions such as L1527 and TMC-1A. This trend seems to reflect a narrowing of the line width during the formation of dense cores.
These results suggest that the 3.3 GHz CH line is a useful tool for tracing the chemical and physical evolution of molecular clouds.

Key words. astrochemistry – ISM: individual objects: HCL2 – ISM: individual objects: Taurus – ISM: individual objects: TMC-1 –
ISM: molecules

1. Introduction

It is widely recognized that chemical abundances show signif-
icant variations within a molecular cloud as well as between
one cloud and another. Understanding this differentiation is an
important topic of astrochemistry and astrophysics. A most fa-
mous and well-studied case is the TMC-1 ridge, which is a part
of Heiles Cloud 2 (HCL2) in the Taurus molecular cloud com-
plex. Carbon-chain molecules such as CCS and HC3N are abun-
dant in its southeastern part (“cyanopolyyne peak”; referred to
hereafter as TMC-1(CP)), whereas NH3 and N2H+ are abundant
in the northwestern part (“ammonia peak”; referred to hereafter
as TMC-1(NH3)) (e.g. Little et al. 1979; Hirahara et al. 1992;
Olano et al. 1988; Pratap et al. 1997). This chemical differen-
tiation is most naturally interpreted in terms of an evolution-
ary effect (e.g. Hirahara et al. 1992), although other possibili-
ties have also been proposed (e.g. Markwick et al. 2000; Garrod
et al. 2007). Carbon-chain molecules are generally abundant in
early stages of the chemical evolution before C is not com-
pletely locked up in CO, while they become deficient in more
advanced stages due to gas-phase destruction and depletion onto
dust grains (Suzuki et al. 1992; Benson et al. 1998; Aikawa et al.
2003). In contrast, NH3 and N2H+ appear in advanced stages be-
cause of their slow formation (Suzuki et al. 1992; Benson et al.
1998). In fact, the protostar IRAS 04381+2540 has been found

� The data cube (in FITS format) is only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/546/A103

near the ammonia peak of the TMC-1 ridge (Terebey et al. 1989),
testifying that this peak is, indeed, more chemically evolved
than the cyanopolyyne peak. All these results suggest that along
the TMC-1 ridge we are observing an evolutionary trend from
less advanced in its southeastern part to more advanced in the
northwestern part.

This evolutionary scenario is supported by observations of
the 492 GHz atomic carbon [C I] 3P1−3P0 fine structure line with
the Mount Fuji Submillimeter-Wave Telescope, see Maezawa
et al. (1999). These authors conducted a large-scale survey of
the [C I] line covering the whole region of HCL2, and found
that the [C I] emission is more intense in the southeastern part
of HCL2 than in the northwestern part by a factor of 2. On the
other hand, the C18O line is generally intense in the northwestern
part. Because the major form of carbon in the gas phase changes
from C to CO, the direction of chemical evolution from less to
more developed is again from the southeast to the northwest.
This is nicely consistent with the CCS and NH3 observations of
the TMC-1 ridge, and important for our understanding of the for-
mation of molecular cloud cores. A similar behavior of C, CO,
and CCS on a much larger scale is observed in the AFGL333 re-
gion of the W3 giant molecular cloud by Sakai et al. (2006).

To examine the above formation process of HCL2 in
more detail, we focus on observations of the CH emission
(3.3 GHz). CH is the first and simplest neutral molecule formed
from C and/or C+ in the gas phase and an important chemical
intermediate in the production pathway of CO from C and C+.
It is also suggested to be a key reactant in the production of
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carbon-chain molecules at early evolutionary stages (Sakai et al.
2007a). Observations of the CH line toward the HCL2 region
were first reported by Rydbeck et al. (1976), although only to-
ward two positions in HCL2 were observed with the 15′ beam.
Very recently, Suutarinen et al. (2011) reported observations
of the CH line along the TMC-1 with the MPIfR 100 m tele-
scope. They found that the abundance of CH has a peak toward
TMC-1(CP) on the basis of a strip map along the ridge. However,
these authors only focused on the TMC-1 ridge, leaving the over-
all distribution of CH in HCL2 unexplored.

The CH emission (3.3 GHz) has extensively been observed
for diffuse clouds, translucent clouds, bright limbed clouds, out-
flows, and dark clouds (e.g. Lang & Willson 1978; Sandell et al.
1980, 1981; Mattila 1986; Jacq et al. 1987; Sandell et al. 1988;
Magnani et al. 1992; Magnani & Onello 1993). Many of these
previous efforts focused on the correlation between the CH col-
umn density and the optical extinction. With the aid of the
optical data, the CH column density is recognized as a good
tracer of the H2 column density in diffuse and translucent clouds
(e.g. Federman 1982; Danks et al. 1984; Mattila 1986; Sheffer
et al. 2008). Recently, Chastain et al. (2010) conducted the high
spatial resolution observation of the high-latitude translucent
clouds MBM 3 and MBM 40 with the NAIC 305 m telescope
at Arecibo, and found a slight difference between the distribu-
tion of CH and that of CO. This may suggest that the CH col-
umn density does not always correlate to the H2 column density,
and that we have to consider chemical evolutionary effects on
the CH abundance. With these in mind, we have explored the
distribution of the CH line in a whole region of HCL2.

2. Observations

Observations were carried out with the MPIfR 100 m tele-
scope at Effelsberg in August 2007, September 2008, and
September 2009. We observed two hyperfine components of
the J = 1/2 Λ-type doubling transition of CH (F = 1−1;
ν = 3.335482(1) GHz; S μ2 = 1.4205 Debye2: F = 0−1;
ν = 3.349193(3) GHz; S μ2 = 0.7105 Debye2) (McCarthy et al.
2006; Müller et al. 2005 (CDMS)) toward HCL2. Here, the
numbers in parentheses represent the 1 σ error in units of the
last significant digits. We did not observe the F = 1−0 line
(ν = 3.263795(3) GHz) because of the limitation of the back-
end. We used the 9 cm receiver as a frontend, whose system
noise temperature was about 35 K. The beam size and the main
beam efficiency of the telescope are 3.′8 and 0.73, respectively.
The telescope pointing was checked every three hours by ob-
serving nearby continuum sources, and was maintained to be
better than 20′′. A small daily variation of the intensity was
calibrated by repeatedly observing the F = 1−1 main line to-
ward TMC-1(CP). Our backend was the fast Fourier transform
spectrometer, FFTS, with a bandwidth and resolution of 20 MHz
and 1.2 kHz, respectively. This frequency resolution corresponds
to a velocity resolution of 0.1 km s−1. The observations were
carried out in the frequency-switching mode with a frequency
offset of 0.2 MHz. The whole HCL2 region was mapped in the
F = 1−1 main line. Toward a few selected positions, we ob-
served the F = 1−1 main line and the F = 0−1 satellite line
with a higher signal to noise (S/N) ratio to investigate the line
profile.

3. Results

3.1. Line profile

Our first CH observation toward TMC-1(CP) was conducted
in 2007. After a long on-source integration of 25 h for a search
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Fig. 1. Line profiles of CH toward four representative positions
in HCL2.
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Fig. 2. Examples of the double Gaussian fit for TMC-1(CP) and L1527.

for 13CH, the CH lines were detected with a high S/N ratio, as
shown in Fig. 1. In addition to the main line (F = 1−1), the
satellite line (F = 0−1) was also detected. The intensity ratio
between the main and satellite lines is close to the intrinsic in-
tensity ratio of 2, indicating that the lines are optically thin. As
seen in Fig. 1, the line profile apparently consists of narrow and
broad components both for the main and the satellite lines. The
two components can be separated by fitting two Gaussian pro-
files, as shown in Fig. 2. The derived parameters are given in
Table 1.

The narrow component of the main line has an LSR velocity,
VLSR, of 5.916(3) km s−1 and a line width, ΔV , of 0.26(1) km s−1,
where the numbers in parentheses represent the fitting error in
units of the last significant digits. This VLSR value is close to the
velocities observed in various molecular lines toward this po-
sition (e.g. Dickens et al. 2001; Kaifu et al. 2004; Sakai et al.
2008), whereas the line is slightly narrower than those of other
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Table 1. Line parameters of the CH emission observed toward several cores.

Source Transition TMB ΔV VLSR

∫
TMBdv

(α2000, δ2000) [K] [km s−1] [km s−1] [K km s−1]
TMC-1(CP) F = 1−1 narrow 0.536(12) 0.26(1) 5.916(3) 0.787(3)
(04h41m42.s88, 25◦41′27.′′0) F = 1−1 broad 0.429(8) 1.28(2) 6.123(8) –

F = 0−1 narrow 0.237(8) 0.27(1) 5.693(4) 0.333(3)
F = 0−1 broad 0.181(5) 1.29(3) 5.892(13) –

TMC-1(NH3) F = 1−1 0.445(22) 1.40(8) 5.97(3) 0.665(22)
(04h41m18.s50, 25◦48′13.′′6) F = 0−1 0.205(21) 1.44(17) 5.81(7) 0.349(21)
CI peak F = 1−1 0.407(21) 1.60(9) 5.97(4) 0.759(23)
(04h42m08.s70, 25◦21′25.′′3) F = 0−1 0.193(20) 1.46(18) 5.85(8) 0.305(22)
L1527 F = 1−1 narrow 0.333(58) 0.22(5) 6.26(2) 0.607(22)
(04h39m53.s89, 26◦03′11.′′0) F = 1−1 broad 0.310(30) 1.57(14) 6.34(5) –

F = 0−1 narrow 0.204(64) 0.31(11) 6.02(3) 0.179(17)
F = 0−1 broad 0.089(57) 1.13(46) 6.12(16) –

Notes. TMB, ΔV , and VLSR are obtained by a Gaussian fit. The error in the parentheses denotes one standard deviation in units of the last significant
digits. The VLSR values refer to the rest frequencies given in Sect. 2, and the error of VLSR does not include the uncertainty of the rest frequency.
A slight difference of the VLSR values between the F = 1−1 (main) and F = 0−1 (satellite) component likely originates from the error of the rest
frequency of the F = 0−1 component. See text for details.

molecules. It should be noted that the 1 σ uncertainty of the
rest frequencies for the main and satellite hyperfine components
are 1 and 3 kHz, respectively, corresponding to velocities of 0.09
and 0.27 km s−1, respectively (Table 1) (McCarthy et al. 2006).
Therefore, we cannot definitively identify which velocity com-
ponent appears as the narrow component among several velocity
components known for other molecules (e.g. Langer et al. 1995).
We also note that the VLSR value of the narrow component for the
satellite line is lower by 0.2 km s−1 than that of the main line. It
is likely that this also originates from the insufficient accuracy of
the rest frequency measurement.

In contrast to the narrow component, the broad component
has not been discussed broadly toward TMC-1(CP). Motivated
by this result, we additionally observed the CH emission to-
ward three other positions in HCL2, TMC-1(NH3), L1527,
and the CI peak, where the CI peak is the intensity peak of
the [C I] emission in HCL2 (Maezawa et al. 1999). The CH lines
were detected toward all positions, as shown in Fig. 1. Again,
the intensity ratios between the main and satellite lines are
close to 2. On the other hand, the line shape is found to vary
from position to position. The broad and narrow components are
also seen in L1527, whereas only the broad component is seen
in TMC-1(NH3) and the CI peak. We fitted the observed pro-
file for L1527 by two Gaussian functions (Fig. 2), while we em-
ployed single Gaussian fitting for TMC-1(NH3) and the CI peak.
The line parameters are summarized in Table 1.

3.2. Column densities

The column density of CH is evaluated by assuming optically
thin emission. This is justified, because the intensity ratio be-
tween the main and satellite hyperfine components is close
to the ratio of their intrinsic intensities, as mentioned before.
HCL2 is a quiescent cloud not influenced by high-mass star for-
mation activities, although several low-mass protostars such as
IRAS 04381+2540 and IRAS 04368+2557 are associated with
it. Therefore, the gas kinetic temperature is as low as 10 K in
its dense parts. This means that almost all the CH molecules
are populated in the J = 1/2 Λ-type doubling levels, and the
populations of the higher J levels are negligible. In the cloud
peripheries, the temperature would be higher than 10 K due
to photoelectric heating by interstellar UV radiation. In this

Table 2. Column densities of CH.

Sources N(CH) [cm−2]

TMC-1(CP) narrow (0.41 ± 0.05) × 1014

broad (1.57 ± 0.12) × 1014

TMC-1(NH3) (1.79 ± 0.42) × 1014

CI peak (1.88 ± 0.45) × 1014

L1527 narrow (0.21 ± 0.18) × 1014

broad (1.39 ± 0.57) × 1014

Notes. The error is evaluated from three times the standard deviation of
the line parameters. Tex is assumed to be −60 K. See text.

case, the density is too low to excite CH even to the first ro-
tationally excited state (J = 3/2), because the critical density
required for the excitation of the lowest rotational transition
(J = 3/2−1/2; 530 GHz) is as high as 106 cm−3. Hence, practi-
cally all CH molecules are in the J = 1/2 levels. For this reason,
we only considered the J = 1/2 levels for calculations of the
partition function in the evaluation of the column density.

It is well known that the populations of the J = 1/2 Λ-type
doubling levels are inverted over a wide range of physical con-
ditions (Genzel et al. 1979; Bujarrabal et al. 1984; Sandell et al.
1988; Liszt & Lucas 2002). Hence, the excitation temperatures
are usually negative for the F = 1−1, 1−0, and 0−1 lines. In par-
ticular, a strong excitation anomaly occurs for the F = 0−1 line,
which sometimes appears as an absorption against the back-
ground continuum sources (e.g. Genzel et al. 1979). In contrast,
the F = 1−1 main line behaves quite normally. Under the as-
sumption of optically thin emission, the column density of CH,
N(CH), can be related to the integrated intensity (W in K km s−1)
of the F = 1−1 line as

N(CH) = 2.82 × 1014 Tex/ (Tex − Tb) W cm−2, (1)

where Tex and Tb represent the excitation temperature and the
cosmic microwave background temperature, respectively (e.g.
Sandell et al. 1988). Assuming an effective excitation temper-
ature of −60 K reported for dark clouds (Genzel et al. 1979),
we calculated the column densities, as summarized in Table 2.
As expected from Eq. (1), the uncertainty of the excitation tem-
perature does not contribute to the error of the column density
very much, unless Tex is as low as Tb. Even if we change the
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Fig. 3. Profile map of the CH (F = 1−1) main line. The spacing of the spectra is 4′ in each direction. Approximate positions of the CI peak,
TMC-1(CP), TMC-1(NH3), L1527, TMC-1C, and TMC-1A are given. The typical rms noise level is about 0.1 K.

excitation temperature by ±30 K, the column density varies only
within 5%.

3.3. Distribution

To explore the distribution of the CH emission and the origin
of the line shape variation, we then conducted mapping obser-
vations of the whole HCL2 region. To do this within the lim-
ited observation time, we employed a roughly FWHM-sized grid
spacing of 4′. Therefore, the map is undersampled. The inte-
gration time for each position was typically 10 min. Figure 3
shows a profile map of the CH main line, and Fig. 4a shows
the corresponding integrated intensity map. The CH emission

is distributed throughout the HCL2 region. The ring structure
of HCL2 can be seen, and the TMC-1 ridge structure is also evi-
dent. In addition to these, the CH emission is observed with mod-
erate intensities around the CI peak. It is generally brighter in the
southeastern part, which includes TMC-1(CP), than in the north-
ern part. Figures 5a and 5b show the integrated intensity map
of CH overlaid on the images of the [C I] and C18O (J = 1−0)
emission, respectively. The distribution of CH looks continuous
from the CI peak to the TMC-1 ridge, as if it connected the dis-
tributions of [C I] and C18O.

Next, we focused on the line profile. As shown in Fig. 3,
the line profile systematically changes from the CI peak to
the TMC-1 ridge. The CH line is quite broad (typically 3 km s−1)
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L1527

TMC-1A

Fig. 4. a) Integrated intensity map of the CH emission from 5.0 to 7.2 km s−1. Contours show every 0.1 K km s−1 from 0.1 K km s−1. b) Integrated
intensity map of the broad component of the CH emission (4.7−5.8 and 6.6−7.2 km s−1). Contours show every 0.1 K km s−1 from 0.2 K km s−1.
c) Integrated intensity map of the narrow component of the CH emission. Since the narrow component velocity slightly changes in a large scale,
the 0.2 km s−1 span centered at the peak velocity is integrated to extract the narrow component. Hence, it should be noted that a part of the broad
component is contaminated. Contours show every 0.05 K km s−1 from 0.1 K km s−1. Filled circle, filled square, open square, star, cross mark,
and x symbols correspond to the position of the CI peak, TMC-1(CP), TMC-1(NH3), L1527, TMC-1C, and TMC-1A, respectively, as shown in c).

(b) 
*

(a) 
*

Fig. 5. a) Contours show the integrated intensity map of CH overlaid on the color image of the [C I] (3P1 −3 P0: 492 GHz) distribution taken with
the Mount Fuji Submillimter-Wave Telescope (Maezawa et al. 1999). The velocity range of the integration for the CH line is from 5.0 to 7.2 km s−1.
The lowest contour and the contour interval is 0.1 K km s−1. b) Contours show the integrated intensity map of CH overlaid on the color image of
the C18O (J = 1−0) distribution taken with the Nobeyama 45 m telescope (archival data). The velocity range of the integration of the C18O line is
from 5.0 to 7.2 km s−1.

toward the CI peak and its surroundings, while a narrower
component appears in the TMC-1 ridge traced by the C18O
and CCS lines. Both the broad and the narrow components are
blended toward the cyanopolyyne peak, as mentioned before.
When we look at the TMC-1C core, which is located north of
the TMC-1 ridge (Δα = −1′, Δδ = 19′ from TMC-1(CP)), a nar-
row component is dominant. A similar line-profile change can
be seen from the south part of HCL2 to the TMC-1A region.

The maps of the narrow and broad components are shown
in Figs. 4b and 4c, respectively. The narrow component seems
to be associated with the dense cores in HCL2, such as
the TMC-1 ridge and TMC-1A. Note that there exists a small
region in the southwest end of HCL2 (Δα = −28′, Δδ = −24′
from TMC-1(CP)) that exhibits a narrow line profile (see Fig. 3).
There is no report of a dense core toward this direction, as far as
we know, and hence, its origin is unclear. On the other hand,

the broad component is extended over the HCL2 cloud, even
toward the southern part around the CI peak (Fig. 4b), where
the H2 density (5.4 × 103 cm−3) is lower than that in the dense
cores (∼105 cm−3) (Maezawa et al. 1999). Judging from the
wide distribution of the broad component, it likely traces a less-
dense envelope surrounding the dense cores of HCL2.

4. Discussion

4.1. Abundance of CH

The column densities of CH toward TMC-1(CP) are evaluated
to be (0.41 ± 0.05) × 1014 and (1.57 ± 0.12) × 1014 cm−2 for the
narrow and broad components, respectively. The error denotes
three times the standard deviation. The total column density is
(1.98 ± 0.17) × 1014 cm−2. Rydbeck et al. (1976) reported the
column density of CH toward TMC-1 to be 3 × 1014 cm−2 with
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the 15′ beam, assuming a beam dilution factor of 2. The total
column density derived in our study is consistent with theirs.
Furthermore, our column density toward TMC-1(CP) is also
consistent with that reported by Suutarinen et al. (2011).

If we assume an H2 column density of 1.5×1022 cm−2 for the
narrow component (Maezawa et al. 1999), we calculate a frac-
tional abundance of CH of 2.7 × 10−9. The H2 column density
of the broad component is uncertain. Obviously, its upper limit
would be the H2 column density of the narrow component. Then,
the fractional abundance of the broad component is higher than
1.0× 10−8. This indicates that the CH abundance is higher in the
less dense component. In dense core regions, the reaction of CH
with O proceeds rapidly to produce CO, and hence, the CH abun-
dance becomes relatively low, particularly in the late stages of
chemical evolution (e.g. Herbst & Leung 1989). A similar trend
can also be seen for the column densities of the narrow and broad
components in L1527, as shown in Table 2. Note that the narrow
component emission may be diluted by the telescope beam (3.′8),
since the dense core of L1527 is as small as 2′ (Benson & Myers
1989).

On the other hand, the CH column density toward the
CI peak is evaluated to be (1.88 ± 0.45) × 1014 cm−2. Since
the H2 column density toward this position is reported to be
6 × 1021 cm−2 or higher (Maezawa et al. 1999), the fractional
abundance of CH is evaluated to be about 3 × 10−8. The column
density and the fractional abundance of CH are close to those
found in the broad component toward TMC-1(CP). Furthermore,
they are almost comparable to the CH abundance in diffuse
clouds ((4.3± 1.9)× 10−8; Liszt & Lucas 2002: (3.5+2.1

−1.4) × 10−8;
Sheffer et al. 2008). The high abundance of CH is consistent with
our interpretation that the broad component traces less-dense
envelopes.

4.2. Distribution of CH

In the present study, we mapped the 0.8 × 1.0 deg2 region
of HCL2 in the J = 1/2 Λ-type doubling transition of CH. We
here compare the distribution of CH with those of C18O (J =
1−0) and [C I]. As seen in Fig. 5b, the C18O distribution
traces the TMC-1 ridge well and also several low-mass star-
forming cores such as L1527 and TMC-1A. On the other hand,
the [C I] emission shows a much more extended distribution
(Fig. 5a). In particular, the [C I] emission is extended to the
southern part of HCL2, where the C18O emission is fairly faint.
Hence, the distributions of C18O and [C I] are anticorrelated to
each other, as suggested by Maezawa et al. (1999). They sug-
gest that the anticorrelation represents a chemical evolutionary
sequence from C to CO. However, the [C I] and C18O distri-
butions are very different, and their mutual relationship is not
very clear. When we focus on the TMC-1 ridge traced by C18O,
for instance, its distribution is suddenly disrupted at its southern
end, and there seems to exist a certain gap between the ridge and
the CI peak. Now, we find that the CH emission is distributed
as if it continuously bridged the CI peak and the TMC-1 ridge.
Therefore, it is likely that the CI peak and the TMC-1 ridge are
physically related to each other.

This argument can be supported from the chemical point of
view. Figure 6 shows a schematic diagram of the basic hydrocar-
bon chemistry and its connection to the production of CO. CH is
one of the simplest neutral species first produced from C+ or C
in molecular clouds. The reaction of CH with O is an important
route to produce CO, although there are other pathways produc-
ing CO, such as C + OH. Hence, CH can be regarded as an in-
termediate species between C and CO. The distribution of CH

H3
+

O

CH2

C+

C CH+

CH2
+

H2

CO

C+
H2 CH3

+
H2 CH5

+

ee

CH

H2

C+

e

CH4

e e

CH3

C+ C+

Carbon Chains

OH

H3
+

e
HCO+CO+

H2

OH H2O

Fig. 6. Schematic diagram of the basic hydrocarbon chemistry and its
link to CO.

10
12

10
13

10
14

N
(C

H
) 

[c
m

-2
]

10
20

10
21

10
22

10
19

N(H2) [cm-2]

Fig. 7. Correlation plot between the CH column density and the H2 col-
umn density. Cross marks denote the present data for HCL2. Open and
closed circles represent the data taken from Mattila et al. (1986) and
Lang & Willson (1978), respectively. Open and closed squares repre-
sent the data taken from Danks et al. (1984) and Federman (1982), re-
spectively. The solid line represents the least-square fit for all the data
except for HCL2. The solid line is almost identical with that reported
by Sheffer et al. (2008).

bridging the spatial gap between those of C18O and [C I] seems
to be a natural consequence of this chemical characteristic
of CH, giving a yet another verification of the evolutionary pic-
ture in HCL2.

Furthermore, the distribution of the narrow component
of CH in the TMC-1 ridge has a maximum at the cyanopolyyne
peak. The narrow component becomes weaker in the northern
part of the ridge around the ammonia peak, just as in the case
of carbon-chain molecules (e.g. Little et al. 1979; Hirahara et al.
1992; Olano et al. 1988). Since CH is converted to CO rapidly
in dense cores (e.g. Herbst & Leung 1989), it is abundant in
the young stage. This is consistent with the chemical youth
of TMC-1(CP) in comparison with TMC-1(NH3) (Hirahara et al.
1992).

It is known that the CH column density shows a good cor-
relation with the H2 column density in diffuse and translucent
clouds with Av < 3 (e.g. Mattila 1986; Danks et al. 1984;
Federman 1982; Sheffer et al. 2008). At the same time, a hint
of the turnover for higher Av region is suggested in the obser-
vation toward the dark cloud L134N (Mattila 1986). To explore
the N(CH)−N(H2) relation in HCL2, we prepared the correla-
tion diagram (Fig. 7). Since N(H2) is known to be proportional
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to E(B−V), we employed the E(B−V) data reported by Schlegel
et al. (1998) to evaluate N(H2). For comparison, our CH data is
smoothed to the 6.1′ resolution, which is the resolution of the
E(B − V) data. The range of E(B− V) of our observed positions
is from 1.4 to 3.2, which corresponds to the range of N(H2) from
4.1×1021 to 9.3×1021 cm−2. Our CH data are not smoothly con-
nected with the CH data taken toward the diffuse and translucent
clouds. The CH column density in the higher N(H2) region is
much lower than that expected from the correlation found in the
lower N(H2) region.

Such a break, although maybe at even lower H2 column den-
sities (of order 1021 cm−2), was also noted by Qin et al. (2010).
These authors used the Heterodyne Instrument for the Far-
Infrared (HIFI) aboard Herschel to observe the 533 and 537 GHz
fundamental spin-rotational transitions of CH in absorption to-
ward the strong submillimeter continuum emission from the star-
forming region Sgr B2(M) near the Galactic center. In addition to
absorption from the Sgr B2(M) itself, absorption is also detected
over a wide LSR velocity range toward Galactic center gas as
well as a series of diffuse and translucent clouds in intervening
spiral arms that have H2 column densities between 8 × 1020 and
6 × 1021 cm−2. The data point for Sgr B2(M) itself, which, com-
pared to the other absorbing clouds has a much greater N(H2)
of 5.4 × 1023 cm−2, but a significantly (3.3−56 times) lower
CH abundance, falls on the trend established by these N(H2) >
1021 cm−2 absorbers.

4.3. CH as a tracer of cloud evolution

The most puzzling question of our study is the origin of the broad
component. So far, the broad component (or “pedestal” compo-
nent) has not been recognized in the HCL2 region. In fact, it is
not seen clearly in 13CO (J = 1−0 and 2−1), C18O (J = 1−0
and 2−1), and CI (3P1 −3 P0) (Langer et al. 1995; Schilke et al.
1995; Tatematsu et al. 1999), probably because of overwhelm-
ing emission of the core components. Our CH observation has
clearly established its existence in HCL2, which might be an im-
portant clue for understanding the formation process of HCL2.
A broad “pedestal” component of spectral lines from CH and
other molecules not originating from protostellar outflows has
been found in some molecular clouds and translucent clouds
(e.g. Magnani et al. 1990; Magnani & Onello 1993; Shore et al.
2006). It has, for instance, been proposed that the “pedestal”
component may represent a gas flowing at the interface of two
colliding clouds (e.g. Keto & Lattanzio 1989). However, it is not
obvious whether this picture could be applied to HCL2.

It is known that for a cloud envelope, the velocity width in-
creases as the cloud size increases (e.g. Falgarone et al. 1992;
Larson 1981; Myers & Goodman 1988; Caselli & Myers 1995).
On the other hand, the velocity width is reported to be almost
constant for an evolved dense core, where it is close to the ther-
mal linewidth of H2 (Myers 1983). This feature was named a
“coherent core” by Goodman et al. (1998). It has recently been
demonstrated for the B5 cloud in Perseus that the transition from
the envelope to the core is not continuous, but very sharp (Pineda
et al. 2010). Our observational result for CH in HCL2 seems to
be consistent with the sharp transition picture in the following
two points. First, there exist the narrow and broad components
in HCL2, which correspond to the core and the envelope, respec-
tively. The broad component is more spatially extended than the
narrow component. Second, we cannot see a gradual increase
of the line width from the core to the envelope, but can only
see a change in the relative peak intensity between the narrow
and broad components. This seems to reflect the sharp transition

of the velocity width from the broad component to the narrow
component along with the dense core formation. Although the
sharp transition is not resolved spatially with the relatively wide
beam width of our observation, the transition is reflected in the
line profile. The physical mechanism of such a sharp transition
is not well understood (Pineda et al. 2010). However, this phe-
nomenon might be related to the turbulence dissipation during
the core formation, and understanding it is essential for a deep
understanding of the physical evolution of molecular clouds.

It should be noted that Magnani et al. (1993) pointed out that
the coherent transient structure can be formed even in a turbu-
lent medium. In our case, it is evident that the dense cores are
actually formed in the HCL2 cloud, and the narrow component
traces those dense cores, as mentioned before. Therefore, the
sharp component would not be such a transient structure caused
in a turbulent medium, although we need to investigate the dis-
tribution of the narrow components with higher S/N ratios and
higher spatial resolution for a definitive conclusion. A key dif-
ference between HCL2 and the translucent structures studied by
Magnani et al. (1993) is that the translucent structures are not
dominated by gravity, whereas HCL2 would be.

The observed increase of the narrow component contribution
from the CI peak to the TMC-1 ridge is consistent with the chem-
ical evolutionary picture. From the CI peak to the TMC-1 ridge,
dense cores are formed through the sharp transition, and the C
to CO conversion proceeds through CH as an intermediate. With
the present observation of CH, the evolutionary picture of HCL2
suggested by the [CI] observations (Maezawa et al. 1999) is fur-
ther strengthened.

Our observations demonstrate that the physical and chemi-
cal evolution of molecular clouds particularly in the dense-core
formation phase can well be traced by the CH Λ-type doubling
transition. This line has a low critical density (∼10 cm−3) be-
cause of its low Einstein A coefficient ((1−3)×10−10 s−1), and is
optically thin. Furthermore, CH exists both in diffuse and dense
clouds with moderate abundances. Hence, the CH line can trace
a relatively wide range of physical and chemical conditions.

4.4. Outlook

Along with CH, the OH molecule would also trace dense core
formation from diffuse clouds, which has the Λ-type doubling
transitions of the J = 3/2 state at the wavelength of 18 cm. Harju
et al. (2000) observed the OH lines toward the TMC-1 ridge with
the Effelsberg 100 m telescope. They reported that the OH dis-
tribution shows the TMC-1 ridge structure, and the intensity
peak is located south of TMC-1 (CP). The overall feature of
the intensity distribution of OH is similar to that of CH in
the TMC-1 ridge. Furthermore, the OH spectral line profile
seems to be composed of the narrow and broad components,
as seen in the CH spectrum, although the board component is
much more significant in the OH line profile. Since OH is also
an important intermediate for production of CO, it is interesting
to compare the distribution of OH with that of CH. However,
the OH map by Harju et al. (2000) only covers a part of HCL2.
For such a comparison, we have recently mapped a whole region
of HCL2 with the OH line with the Effelsberg 100 m telescope,
which will be reported separately.

In this paper, we have studied the CH distribution in HCL2,
an interesting cloud containing unique sources. In addition
to the famous carbon-chain-rich starless core, TMC-1(CP),
the star-forming core, L1527, with its extraordinary richness
of carbon-chain molecules resulting from warm carbon-chain
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chemistry (WCCC) exists in its northern part (e.g. Sakai
et al. 2007b, 2008). An origin of the richness of carbon-chain
molecules in these two sources might be related to the formation
process of HCL2 (Sakai et al. 2009). In this relation, it seems
interesting to observe the Lupus-1 cloud with the CH Λ-type
doubling transition lines. The Lupus-1 cloud contains a young
starless core, Lupus-1A, with abundant carbon-chain molecules
like TMC-1(CP) (Sakai et al. 2010). Indeed, the abundances of
carbon-chain molecules are comparable to those in TMC-1(CP).
In addition, the WCCC source IRAS 15398-3359 is also associ-
ated in this region (Sakai et al. 2009). A similarity of the Lupus-1
cloud and HCL2 would be related to a similarity of the formation
process of dense cores, which can be explored by the large-scale
distributions of the [C I], CH, and C18O lines.
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Federman, S. R. 1982, A&A, 257, 125
Garrod, R. T., Wakelam, V., & Herbst, E. 2007, A&A, 467, 1103
Genzel, R., Dawnes, D., Pauls, T., Wilson, T. L., & Bieging, J. 1979, A&A, 73,

253
Goodman, A. A., Barranco, J. A., Wilner, D. J., & Heyer, M. H. 1998, ApJ, 504,

223
Harju, J., Winnberg, A., & Wouterloot, J. G. A. 2000, A&A, 353, 1065
Herbst, E., & Leung, C. M. 1989, ApJS, 69, 271
Hirahara, Y., Suzuki, H., Yamamoto, S., et al. 1992, ApJ, 394, 539

Jacq, T., Bauclry, A., Depois, D., Gérard, E., & Johanson, L. E. B. 1987, A&A,
173, 347

Kaifu, N., Ohishi, M., Kawaguchi, K., et al. 2004, PASJ, 56, 69
Keto, E. R., & Lattanzio, J. C. 1989, ApJ, 346, 184
Larson, R. B. 1981, MNRAS, 194, 809
Lang, K. R., & Willson, R. F. 1978, ApJ, 224, 125
Langer, W. D., Velusamy, T., Kuiper, T. B. H., et al. 1995, ApJ, 453, 293
Little, L. T., Macdonald, G. H., Riley, P. W., & Matheson, D. N. 1979, MNRAS,

189, 539
Liszt, H., & Lucas, R. 2002, A&A, 391, 693
Maezawa, H., Ikeda, M., Ito, T., et al. 1999, ApJ, 524, L129
Magnani, L., & Onello, J. S. 1993, ApJ, 408, 559
Magnani, L., Carpenter, J. M., Blitz, L., & Nath, B. B. 1990, ApJS, 73, 747
Magnani, L., Sandel, G., & Lada, E. A. 1992, A&AS, 93, 509
Magnani, L., LaRosa, T. N., & Shore, S. N. 1993, ApJ, 402, 226
Markwick, A. J., Millar, T. J., & Charnley, S. B. 2000, ApJ, 535, 256
Mattila, K. 1986, A&A, 160, 157
McCarthy, M. C., Mohamed, S., Brown, J. M., & Thaddeus, P. 2006, PNAS, 103,

No 33, 12263
Müller, H. S. P., Schlöder, F., Stutzki, J., & Winnewisser, G. 2005, J. Mol. Struct.,

742, 215
Myers, P. C. 1983, ApJ, 270, 105
Myers, P. C., & Goodman, A. A. 1988, ApJ, 326, L27
Olano, C. A., Warmsley, C. M., & Wilson, T. L. 1988, A&A, 196, 194
Pineda, J. E., Goodman, A. A., Arce, H. G., et al. 2010, ApJ, 712, L116
Pratap, P., Dickens, J. E., Snell, R. L., et al. 1997, ApJ, 486, 862
Qin, S.-L., Schilke, P., Comito, C., et al. 2010, A&A, 521, L14
Rydbeck, O. E. H., Kollberg, E., Hjalmarson, Å., et al. 1976, ApJS, 31, 333
Sakai, T., Oka, T., & Yamamoto, S. 2006, ApJ, 649, 268
Sakai, N., Ikeda, M., Morita, M., et al. 2007a, ApJ, 663, 1174
Sakai, N., Sakai, T., Osamura, Y., & Yamamoto, S. 2007b, ApJ, 667, L65
Sakai, N., Sakai, T., Hirota, T., & Yamamoto, S. 2008, ApJ, 672, 371
Sakai, N., Sakai, T., Hirota, T., Burton, M., & Yamamoto, S. 2009, ApJ, 697, 769
Sakai, N., Shiino, T., Hirota,T., Sakai, T., & Yamamoto, S. 2010, ApJ, 718, L49
Sandell, G., Höglund, B., & Friberg, P. 1980, A&A, 83, 226
Sandell, G., Johansson, L. E. B., Nguyen-Q-Rieu, & Mattila, K. 1981, A&A, 97,

317
Sandell, G., Magnani, L., & Lada, E. A. 1988, ApJ, 329, 920
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Schilke, P., Keene, J., Bourlot, J. L., Pineau des Forets, G., & Roueff, E. 1995,

A&A, 294, L17
Sheffer, Y., Rogers, M., Federman, S. R., et al. 2008, ApJ, 687, 1075
Shore, S. N., LaRosa, T. N., Chastain, R. J., & Magnani, L. A&A, 457, 197
Suutarinen, A., Geppert, W. D., Harju, J., et al. 2011, A&A, 531, A121
Suzuki, H., Yamamoto, S., Ohishi, M., et al. 1992, ApJ, 392, 551
Tatematsu, K., Jaffe, D. T., Plume, R., Evans, N. J. II, & Keene, J. 1999, ApJ,

526, 295
Terebey, S., Vogel, S. N., & Myers, P. C. 1989, ApJ, 340, 472

A103, page 8 of 8


	Introduction
	Observations
	Results
	Line profile
	Column densities
	Distribution

	Discussion
	Abundance of CH
	Distribution of CH
	CH as a tracer of cloud evolution
	Outlook

	References

