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Academy of Sciences, Nanjing, China

IRC+10216 is the typical carbon-rich asymptotic giant branch star, and more
than 100 species have been observed in its circumstellar envelope so far. The
use of interferometric arrays to map molecular emission in this source has been
widely reported, but to study the angular extent of molecular emission, single-
dish mapping must be employed. We report here the mapping of the *CO J
= 1-0 and CS J = 2-1 lines towards IRC+10216 using the 13.7 m mm-wave
radio telescope at Purple Mountain Observatory. As far as we know, these maps
are the largest published *CO J = 2-1 and CS J = 2-1 images to date. Both
molecules have roughly spherically symmetric distribution, with **CO having an
emission radius of over 80”and CS extending up to ~50”. Assuming that the
two molecules are in local thermodynamic equilibrium, the column density and
fractional abundance relative to H, for ¥*CO and the lower limits for CS are
obtained. They are 4.35 x 10 cm™ and > 4.72 x 10 cm™, and 5.25 x 107>
and > 2.56 x 107 for CO and CS, respectively.

KEYWORDS

asymptotic giant branch star, circumstellar envelope, IRC+10216, molecular
line, *CO, CS

1 Introduction

When intermediate and low mass stars (0.8-8 M) evolve to the asymptotic giant branch
(AGB) stage, they eject gas and dust material outward in the form of stellar winds, forming a
warm and dense circumstellar envelope (CSE). Based on the amount of oxygen and carbon
that has been convectively dredged up from the star’s core (Weiss and Ferguson, 2009), AGB
stars can be classified as M-type (O-rich, C/O < 1), C-type (C-rich, C/O > 1), or S-type (C/O
~ 1). IRC+10216, also known as CW Leo, is the best-known C-rich AGB star. Its envelope
has a terminal expansion velocity of 14.5 km s™!, and the systemic velocity of the source
with respect to the local standard of rest (V) is —26.5 0.3 km s™! (Cernicharo et al.,
2000). The mass-loss rate of this source is 2 x 107> M yr™! at a distance of 130 pc (Crosas
and Menten, 1997; Agtndez et al., 2012; Menten et al., 2012). To date, astronomers have
detected 106 different species (not including isotopologues) in its CSE (see the references in
McGuire (2022); Tuo et al. (2024) for details). Some diatomic molecules, such as CO and CS,
are efficiently formed in the star’s atmosphere where the chemistry is controlled primarily
by thermodynamic equilibrium and shocks caused by the stellar pulsations (Agundez and
Cernicharo, 2006; Agundez et al., 2012; Velilla-Prieto et al., 2019).
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TABLE 1 Basic observation parameters of the molecules observed by the PMO 13.7 m mm-wave radio telescope.

Molecule Transitions v (MHz) HPBW (') Velocity E,/k (K) Su?
resolution (Debye?)
(kms™)
Bco J=1-0 110201.3543 0.53 50 0.17 5.2888 0.02436
cs J=2-1 97980.9533 0.64 55 0.18 7.0535 7.64426

Note. All the transitions and their properties are taken from the CDMS (Miiller et al., 2005). The information for each column in the table is as follow: column (1): molecule name; column (2):
quantum numbers; column (3): rest frequency; column (4): main beam efficiency; column (5): half-power beam width of the beam size (''); column (6): Velocity resolution; column (7):
upper-level energy E,; column (8): the product of the total torsion-rotational line strength and the square of the electric dipole moment.

The spatial distribution of CO and CS in the CSE of IRC+10216
has been extensively studied. Based on the rotational spectrum of
CO, the mass loss rate of evolved stars can be estimated (Hofner and
Olofsson, 2018). However, CO is optically thick, and observations to
determine the fractional abundance of CO relative to H, are highly
limited. The isotope molecule of CO, *CO, is relatively optically
thin. If chemical fractionation dominates, the photodissociation
radii of *CO and CO are similar (Mamon etal., 1988). In the
CSE of IRC+10216, it has been determined that the isotopic ratio
of 2C/13C is 46.4 + 0.1 (Tuoetal., 2024). Thus, based on the
observed rotation spectrum of '3CO, the fractional abundance
of CO relative to H, can be calculated more accurately, but the
precondition is that the complete extent of the *CO emission
must be known.

The emission radius of CS obtained with JCMT is about
20" (Williams et al., 1989). The spatial distribution of CS in
the interferometric array observations is compact, and the
emission radius is less than or equal to 20" (Lucasetal,
1995; Youngetal,, 2004; Pateletal,, 2011; Velilla-Prieto etal.,
2019). These observations were obtained using the Plateau
de Bure Interferometer (PdBI) and the Submillimeter Array
(SMA).
Array (ALMA) observations show that CS emission is in

Recent Atacama Large Millimeter/submillimeter
distinct clumps with sub-structures arranged in the form of
concentric shells or arcs, with an emission radius of about 20"
(Velilla-Prieto et al., 2019).

Although the internal spatial structure of molecules and
the emission radius of molecules (strictly regarded as the
lower limit (Velilla-Prietoetal, 2019)) can be obtained by
using the interferometric array to map the molecular lines,
mapping observations with single-dish telescopes are needed to
determine the full extent of molecular emission. The *CO J =
1-0 line profile observed by the IRAM 30m telescope, when
averaged over concentric rings of width Ar = 10", shows that
this molecule can be detected up to 130" (Cernicharo etal.,
2015). On the other hand, the spatial distribution of CS J
2-1 came only from the observation with interferometric
arrays. Here, we report the spatial distribution of '*CO J =
1-0 and CS J = 2-1 rotational transition spectral lines in
the CSE of IRC+10216 obtained using the 13.7 m mm-wave
radio telescope at the Purple Mountain Observatory (PMO).
As far as we know, our *CO J = 1-0 and CS J = 2-1 maps
have the largest extent ever observed for these molecules with
On-The-Fly (OTF) mapping.
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2 Observations

We made a single point and OTF mapping observations of
the ?CO J = 1-0 and CS J = 2-1 lines toward IRC+10216
using the PMO 13.7 m mm-wave radio telescope of the Purple
Mountain Observatory at Delingha in China during 2019 August
and September. The central position of the observing pattern
is 09h47m57s + 13°16'44” (J2000). The front end in sideband
separation mode of the PMO 13.7 m telescope uses a nine-beam
Superconducting Spectroscopic Array Receiver, and the back end is
a fast Fourier transform spectrometer, which has a total bandwidth
of 1 GHz and 16,384 channels (Shan et al., 2012). The typical system
temperatures are 120 and 200 K for the lower and upper sidebands,
respectively. The half-power beam width (HPBW) are 50” and
55" for 110.201 and 97.980 GHz, respectively. The total observing
time of the OTF mode is about 47.3h, and the single point
mode is about 0.67 h, which does not include overhead due to the
telescope movement. The pointing accuracy was better than 5”.
The temperature scale is antenna temperature (T 4 ) after correcting
atmospheric absorption and ohmic loss. The T5 is related to the
main beam brightness temperature (T,,) with the expression of
T = 5 /M the values of 77, are ~0.53 for *CO and ~0.64 for
CS'. The observed lines are listed in Table 1, and the transitions’
parameters are taken from the Cologne Database for Molecular
Spectroscopy catalogs2 (CDMS) (Miiller et al., 2005). The data were
reduced using the CLASS and GREG software of the GILDAS
package®.

3 Results
3.1 Spatial distributions of 1*CO and CS

The integrated intensity map of *CO and CS are shown
in Figure 1. In the '*CO integrated intensity map, the black contour
has a value from the lower to the higher level, from 0.537 to
21.118 K km s™", with a step size of 1.79 K km s™". For CS, the black
contour has a value from the lower to the higher level, from 1.704

1 http://english.dlh.pmo.cas.cn/fs/
2 https://cdms.astro.uni-koeln.de/classic/entries/
GILDAS is developed and distributed by the Observatoire de Grenoble

and IRAM.
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The integrated intensities of the **CO (left) and CS (right). The color bars are given in units of K km s™. Contour levels (solid black line) of the **CO
intensity map are 0.537-21.118 in steps of 1.79 K km s7%, and of the CS intensity map are 1.704-58.944 in steps of 5.68 K km s™. The rms noise of *CO
and CSis 0.179 K km s™* and 0.568 K km s™* respectively. White circles in the lower left illustrate the half-power beam size
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FIGURE 2

Velocity channel maps of *CO toward the IRC+10216. The color bar is in units of K km s

half-power beam size (50”) is shown in the =46 km s channel.

to 58.944 K km s~ " with a step size of 5.68 K km s~!. Both *CO and
CS show a centrally peaked distribution, but *CO is more extended
than that of CS.

Extending from the star to about 60", the spatial distribution
of 1*CO is a roughly spherically symmetric structure, while the
envelope above 60" is non-spherically symmetric. Previous studies
have also shown that *CO J = 1-0 can be detected out to
130" (Cernicharo et al., 2015). The emission radius of CS J =
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~1. The width of each velocity channelis 2 km s™. The

2-1 is about 50", and the spatial distribution is approximately
spherically symmetric. The JCMT 15m mapping in the CS
J = 7-6 line shows that the envelope of IRC+10216 is also
approximately spherically symmetric (Williams et al., 1989). The
ALMA maps of the CS J = 2-1 line showed that the molecular
emission is clumpy with sub-structures arranged in the form of

concentric shells or arcs, with emission that extends to about 20"
(Velilla-Prieto et al., 2019).
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FIGURE 3

Velocity channel maps of CS toward the IRC+10216. The color bar is in units of K km s™. The width of each velocity channel is 2 km s™*. The

half-power beam size (55”) is shown in the =46 km s channel.

The contours on the *CO and CS integrated intensity maps
are approximately circular, but their centers are located about 2"
NE of the star. Note, however, that Guélinetal. (1993) found
the centers of the inner bright rings of MgNC, C,H, and C;H
were centered 2" NW of the star. The authors suggested that
this offset could result from an acceleration of the star caused by
the companion star of IRC+10216. This offset is also found in
planetary nebulae (PNe) NGC 6720 (Wesson et al., 2023), PN A39
(Jacoby et al., 2001), and Hu2-1 (Miranda et al., 2001). Wesson et al.
(2023) suggests that the offsets in the central star of NGC 6720
may be due to the original mass loss, the ionization and the hot
stellar wind.

The velocity channel maps of *CO and CS are presented in
Figure 2 and Figure 3, respectively, at a velocity interval of 2 km s 1.
It is clear from these figures that the systemic velocity component
contains the most extended emission, but the emission of CS extends
up to approximately 50" from the star, while the emission of *CO
is relatively diffuse beyond ~40” from the center and its emission
radius is over 80”. For *CO, the integrated intensity gradually
increases and then decreases on the blue and red sides. For CS, the
integrated intensity gradually increases and decreases from the blue
to the red side, and the strongest emission is achieved at the systemic
velocity.

The integrated intensity of CS near the system velocity
(=26 km s7!) shows a central peak distribution, which is consistent
with the previous maps result of CS J = 2-1, ] = 7-6, and ] =
14-13 (Williams et al., 1989; Lucas et al., 1995; Young et al., 2004;
Patel et al., 2011; Velilla-Prieto et al., 2019). The spatial distribution
of J = 2-1 rotational transition line of CS emission, averaged over
the velocity range —28.5 — —21.5 K km s, obtained by Lucas et al.,
1995 using the IRAM Plateau de Bure interferometer shows a ring
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FIGURE 4
Radial intensity of **CO (blue circle) and CS (red circle) profile at the
systemic velocity

of secondary maximum at a radius of about 15", but the structure of
this source is non spherically symmetric. The emission distribution
of CSJ = 14-13 observed with SMA shows neither the phenomenon
of CS J = 2-1 extending to a radius of about 50" nor a clumpy
structure with sub-structures (Young et al., 2004).

The integrated intensity of '*CO J = 1-0at the systemic
velocity also shows a central peak distribution, which is consistent
with the 3 CO J = 2-1 observed with the IRAM 30 m telescope
(Cernicharo et al., 2015). However, the mapping results of *CO
J = 2-1 show that the shell is detected at a radius of 50”, and
the inner shells are not resolved by the 11” beam of IRAM
30m telescope. The 50" beam of the PMO 13.7m telescope
could not resolve the inner and outer shells. The velocity channel

frontiersin.org
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TABLE 2 Basic parameters of the molecular lines obtained via SHELL function fitting using GILDAS.

10.3389/fspas.2024.1434219

Molecule Transitions rms (mK) [Topdv (Kkm s™) Vi (kms™?) Vexp (km's™) Toop (K)
12c0o J=1-0 8285 22.46 (0.457) ~26.20 (1.00) 14.717 (0.045) 0470
cs J=2-1 7286 60.02 (0.468) 2623 (1.12) 13.415 (0.038) 2.443

Note. Except for the Vg, the value in parentheses are the error of SHELL, function fitting. The error in the Vg, is the velocity width of a channel. Starting with the third column, the
information for each column in the table is as follow: column (3): rms is the 1o value of the noise in the off line channels; column (4): velocity-integrated line intensity; column (5): local
standard of rest velocity; column (6): expansion velocity; column (7): main beam brightness temperature.

maps of BCO J = 1-0, obtained with ALMA and IRAM
30m telescopes, show that the distribution of the molecule
is a pattern of thin, almost concentric shell structure within
25" from the central star at the system velocity (Guélin et al,
2018). This indicates that '*CO and CS are the parent molecules
and are formed close to the stellar photosphere. Interestingly,
13CO, like CO and, to a lesser degree, HCN, are distributed
throughout the CSE (Cernicharo etal., 2000). CS also appears
to be distributed throughout the CSE, but the range is smaller
than *CO.

The azimuthally averaged integrated intensity distribution at the
systemic velocity is presented in Figure 4. The integrated intensity
of CS changes faster than that of *CO within the inner 60".
Although the integrated intensity of CS is stronger than that of
13CO, BCO extends further out than the CS emission. It has
been confirmed that *CO J = 1-0 can be detected beyond 130"
(Cernicharo et al., 2015).

3.2 Molecular column densities and
fractional abundances

For ¥CO and CS lines, the SHELL function fitting routine in
CLASS is used to derive line parameters, including integration of the
main beam brightness temperature over the velocity (/T ,,dv), local
standard of rest (LSR) velocity (V), expansion velocity (Vy,),
main beam brightness temperature (T, ), which are summarized
in Table 2. The observed spectra lines are shown in Figure 5.
The molecular spectral line profiles and spectral line intensities
observed by single point mode and OTF mode at offset (A R.A,,
A Dec) = (0", 0") are basically the same. The *CO and CS
emission lines appear to be double peaked and truncated parabolic
profiles, respectively, which indicates that they are optically thin
and optically thick, respectively. In a uniformly expanding cloud,
an optically thin line will display a flat-topped profile, and an
optically thick line will display a parabolic profile (Morris et al.,
1975). The ratio of the angular area of the emitting region of
the observed spectral lines to the beam size of the telescope also
affects the line profiles (Zuckerman, 1987). The optically thin
unresolved, optically thin resolved, optically thick unresolved, and
optically thick resolved emission lines show flat-topped, double-
peaked, parabolic, and truncated parabolic profiles, respectively
(Zuckerman, 1987; Olofsson, 2004). It should be mentioned that
we also observed the optically thin molecule I-C;H with a double-
peaked profile.

Assuming local thermodynamic equilibrium (LTE) and
negligible optical depth, the column densities (N,,) and excitation
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The detected lines for *CO (top panel) and CS (bottom panel). The
black, blue, and red lines show the results of the single-point model
observations, OTF model observations (offset = 0,0), and the SHELL
function fitting routine in CLASS, respectively. The corresponding
molecule and observation model are shown in the upper right of each
panel.

temperatures of detected lines can be expressed with the following
equation:
3kW Niot E,

I Ny I I (1)
n—=1In =In -—,
8u 87[3"5[42 Q(Tex) kTex

where N, g, and E, are the population, degeneracy, and excitation
energy of the upper level. k is the Boltzmann constant, W = [
Trdv the integral of the source radiation temperature (Ty) over
the line’s velocity range, v the rest frequency of the line, S the
transition’s intrinsic strength, ¢ the permanent dipole moment, N,
the column density, and Q(T,,) the partition function, which is
related to T.,. The values of Q(T,), E,/k, and Sy? are taken from the
CDMS catalog.

Assuming that the surface brightness has a Gaussian distribution
and considering the beam dilution factor (175p), the relationship
between the T, and the Ty is as follows:

T,

Tp=—2, @)
. 8D
where
fgp = % = (3)
6 +6;
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TABLE 3 A summary of excitation temperature (T,,), column density (N), and fractional abundance relative to H, (fy), of the detected *CO and CS in

this work and the literature.

Molecule Tex (K) N (cm™) B Ref.

30.2 (5.4)*) 4.35 (1.64) x 10'° 525x107° This work

Bco 17 5x 10 (1)

30.2 (5.4) 4.12(0.86) x 10'® 1.07 x 107* (2)
229 (4.3)%) >4.72 (1.44) x 10™ >2.56x 1077 This work

3.0x 10" (1)

[
22.9 (4.3) > 1.57 (0.46) x 10%° >8.12x1077 (2)
28 59x 10" (3)

Note. The value in parentheses are the uncertainties. The uncertainties of column densities of the detected species are calculated from error transfer formula and it also includes the error

introduced by the uncertainty of excitation temperature and 14% calibration uncertainty.

() The excitation temperature adopted from Tuo et al. (2024); (1) Groesbeck and Phillips. (1994); (2) Tuo et al. (2024); (3) Kawaguchi et al. (1995).

Here, #pp is the beam dilution factor or beam filling factor,
0, is the half power beam width of the antenna (HPBW),
and 0, is the source size. If multiple transitions of a molecule
are observed over a wide energy coverage, T, and N can
be derived by fitting In(N,/g,) to E kT, using least square
method. We only observed one transition each for '*CO and
CS. Therefore, assuming that their excitation temperatures
are (302 *+ 5.4) and (229 + 4.3) K respectively (Tuo etal,
2024), we can obtain their column densities. According to
the spatial distribution of the molecules, the values of 6
are 160" and 100" for the calculations of '*CO and CS
respectively.

We calculated the fractional abundances of the observed
molecular with respect to molecular hydrogen (fy) through the
formula proposed by Olofsson (1997),

28 VeXp ebD Q(Tex)vz eEl/kTexmebdv

fi=17x10"
X A4H2 guAul

, (4)
i.e e—4x2 In2 g4,

where v, E;, and [T ,,;,dv are the expansion velocity,

ul>

exp? D > MH2’ A
distance, mass-loss rate, spontaneous emission coefficient, energy
of the lower level, and the integral of the main beam brightness
temperature (T';,) over the lin€’s velocity range, respectively. x, ; =
R, ;/(8,D), with R, and R; the outer and inner radii of the shell. We
calculate the fractional abundances of '*CO and CS with respect to
H, by assuming the values of x, and x; are 1 and 0, respectively.

The column densities and fractional abundances of *CO and
CS relative to H, (fx) we calculated and the observational results
from the literature are listed in Table 3. It should be noted that
the transition line of CS is optically thick, and the lower limits for
column density and fractional abundance of CS relative to H, are
calculated here. We note that our estimate of fractional abundance
depends on several stellar parameters, including mass-loss rate,
expansion velocity, and distance, as can be seen from Eq. 4.

The column density of "*CO and the fractional abundance of
B3CO relative to H, obtained by us are basically consistent with the
previous results. The column density of CS we derived is smaller than
the previous result. The excitation temperature and column density

Frontiers in Astronomy and Space Sciences

of CS were derived by Tuo et al. (2024) from the rotational diagram,
but the values for CS have a relatively large dispersion. Groesbeck
and Phillips. (1994) derived column density of CS by first using
the rotation diagram method for C*S (C*S is optically thin) to
obtain T, and N (C**S). Using a *$/**S ratio of 20.2 from Si*?S and
Si**S (Kahane et al., 1988), they derived N (CS). Our observation of
CS is optically thick, giving lower limits to their column density in
Table 3. Millar et al. (2001) found that when the initial abundance
of CS is 4 x 107, the sulfur-bearing carbon chains model results
match the observed C;S and C;S. Agtndez etal. (2014) reported
C,S molecules (n = 2, 3, 4, 5), and they found that the model of
Millar et al. (2001) used an excessively high initial abundance of CS,
which resulted in a 5-6 times higher estimate of the column density
of the C,S chain. Agindezetal. (2012) estimated the fractional
abundance of CS relative to H, of 4 x 107 in the inner layer
and 7 x 1077 in the mid envelope and outer layer. The fractional
abundance of CS relative to H, derived by Henkel et al. (1985) is
1.2 x 1077, which is consistent with our results but smaller than the
value of 7 x 1077 in the mid envelope and outer layer derived by
Agundez et al. (2012).

4 Conclusion

We have made OTF mapping observations and single point
observations of '*CO J = 1-0 and CS J = 2-1 lines in IRC+10216
using the PMO 13.7 m mm-wave radio telescope. This is the first
time that the complete space emissions of CS have been obtained.
The integrated intensity map shows that *CO has an extended
emission with an emission radius of more than 80", and it seems that
CS has an extended emission as well with an emission radius of about
50", which gives the numerical values that this is most likely because
BCO is able to self-shield against the UV radiation field whereas
CS cannot. The velocity channel map shows that the integrated
intensity of *CO increases first and then decreases on both the
blue side and the red side. For CS, the integrated intensity increases
and decreases from the blue side to the red side, with the strongest
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integrated intensity value and the largest emission range at the radial
velocity. The '*CO with double-peaked structure is optically thin,
while truncated parabolic molecular line profile shows that CS is
optically thick. Assuming that these two molecules are in local
thermodynamic equilibrium, we estimate that the column density
and fractional abundance of 1*CO relative to H, are 4.35x10'® cm 2
and 5.25 x 107, respectively. The lower limit of the column density of
CSis4.72x10" cm ™ and the lower limit of the fractional abundance
of CS relative to H, is 2.56 x 107".
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