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ABSTRACT

The isomers of HC3;N, namely HC,NC and HNC;, are widely observed in the interstellar medium and in circumstellar envelopes. Their
abundance has been determined under the assumption of local thermodynamic equilibrium (LTE) conditions or non-LTE radiative
transfer models, but in considering the collisional excitation of HC;N as the same for all isomers. Chemical models for the prototypical
cold cores, TMC-1 and L1544, reproduced the abundance of HC;N fairly well, but they tend to overestimate the abundances of HC,NC
and HNC; with respect to the observations. It is therefore worth revisiting the interpretation of the observational spectra of these
isomers using a rigorous non-LTE modelling. The abundance of HC,NC and HNC; were then determined using non-LTE radiative
transfer calculations based on the proper rate coefficients for the first time in this work. Modelling the brightness temperature of
HC,NC and HNC; when using their proper collision rate coefficients shows that models based on LTE or non-LTE with approximate
collision data may lead to deviations of up to a factor of ~1.5. Reinterpreting the observational spectra led us to significant differences
relative to the observed abundances previously determined. Our findings suggest quite similar abundance ratios for the TMC-1 and
L1544 cold cores as well as the L.483 protostar. This work will encourage further modelling with more robust non-LTE radiative

transfer calculations and future studies to revisit the chemistry of HC;N and its isomers in cold molecular clouds.
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1. Introduction

Understanding the formation and destruction paths of molecules
is one of the most challenging issues in astrochemistry. Com-
paring the abundances of isomers observed in the interstellar
medium (ISM) and circumstellar envelopes (CSEs) is a unique
opportunity to gain better insights into the chemical processes
yielding their formation and destruction. Interesting targets
could be the isomers of HC3;N, namely HC,NC and HNC;,
which are quite abundant in space.

Their detection towards TMC-1 (Kawaguchi et al. 1992b,a),
IRC+10216 (Gensheimer 1997, 1998), L1544 (Jiménez-Serra
et al. 2016; Vastel et al. 2018a), and L483 (Agtindez et al. 2019)
encouraged extensive investigations on the chemistry underlying
their synthesis. For instance, the chemical models of Osamura
etal. (1999) and Vastel et al. (2018a) for the two prototypical cold
cores TMC-1 and L1544, respectively, were constructed consid-
ering that HC3N, HC,NC, and HNC3; mainly originate from the
dissociative recombination of HC3;NH*. Neutral-neutral reac-
tions were also involved for the formation of HC3N. With respect
to the analysis of recent observational spectra by Cernicharo
et al. (2020a) and Vastel et al. (2018a), these models reproduce
the abundance of HC3N fairly well, but they tend to overestimate
the abundances of HC,NC and HNCs;. For instance, the column
density of HNCj derived from the chemical model for TMC-1 is
greater than the value retrieved from the observational spectra by
a factor of 5-10 (Vastel et al. 2018a). These disagreements may
stem from poorly understood formation routes for the isomers
of HC3;N and/or from the interpretation of the detected emission
lines.

From the observational spectra, Vastel et al. (2018a)
derived  abundance ratios = N(HNGC;3;)/N(HC;N)  and
N(HC,;NC)/N(HC3N) of (0.31-1.25) x 1072 and (0.35-1.38) x
107!, respectively, for the L1544 prestellar core.
For the L483 protostar, Agundez et al. (2019) reported
N(HNGC3)/N(HC3N) ~ 1.19x 1073 and N(HC,NC)/N(HC3N)
~1.36x1072. For TMC-1 [IRC+10216], Cernicharo et al.
(2020a) computed HNC; and HC,NC abundances rela-
tive to HC3N of (2.26+0.3)x 1073 and (1.30+0.2) x 1072
[(0.75 +0.08) x 1073 and (0.24 + 0.03) x 1072], respectively.

Concerning chemical models, for TMC-1, Osamura
et al. (1999) calculated abundances of ~4.2x 103 cm™ and
~3.4x1072cm™ for HNC; and HC,NC relative to HC;3N,
respectively. For L1544, the chemistry! proposed by Vastel et al.
(2018a) led to an abundance of ~x 107! for both HNC; and
HC,NC with respect to HC3;N. To the best of our knowledge,
the chemistry of HC;N and its isomers has not been studied for
L483 and IRC+10216 yet.

In summary, the abundance ratios determined from observa-
tional spectra vary significantly from one source to another. The
case of IRC+10216 must be treated separately since the chem-
istry in this region is different to that prevailing in cold cores
(Cernicharo et al. 2020a). Among cold environments, the abun-
dance ratios derived from the observations (chemical models)
can differ by an order of magnitude (one to two orders of magni-
tude). Such drastic changes, for quite similar physical conditions
and presumably the same chemistry, deserves to be reassessed.

I This chemical model is based on low-metal abundances and a H,
volume density of 2 x 10* cm™.
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When interpreting the observational spectra, the col-
umn densities of HC,NC and HNC; were determined con-
sidering local thermodynamic equilibrium (LTE) conditions
(Vastel et al. 2018a; Agindez et al. 2019) or using radiative
transfer calculations based on the rate coefficients of HC3;N
(Cernicharo et al. 2020a). These two models are denoted here-
after as Model (1) and Model (2), respectively. Molecular
abundances determined using Model (1) may not be accurate
since the assumed LTE conditions are rarely reached in the ISM
and CSE. For instance, Bop et al. (2021) show that LTE treatment
could overestimate the abundance ratios N(HNC3)/N(HC;N)
and N(HC,NC)/N(HC;N) by up to a factor of 2. On the other
hand, the use of Model (2) to determine the abundance of iso-
mers may be a source of bias since HCsN, HC,NC, and HNC;
display different excitation schemes (Bop et al. 2019, 2021). It is,
therefore, worth using each isomer’s proper collisional data to
model its abundance by means of radiative transfer calculations
(this methodology is denoted hereafter as Model (3)) in order
to draw more robust conclusions regarding the abundance ratios
derived from the observations.

This paper aims to revisit the radiative transfer study of
HC,NC and HNC3; in media where they were observed (TMC-1,
IRC+10216, L483, and L1544) using the escape probability for-
malism along with the rate coefficients reported by Bop et al.
(2021). It is important to note that previously only collisional
rates of HC;N were available in the literature (Wernli et al. 2007;
Faure et al. 2016).

This paper is structured as follows: Sect. 2 presents a brief
description of the scattering calculations and details of the radia-
tive transfer study. In Sect. 3, we analyse and discuss the results
and concluding remarks are given in Sect. 4.

2. Methods

The radiative transfer calculations were performed under the
assumption of the escape probability formalism for a uniform
expanding spherical shell as implemented in the RADEX com-
puter code (Van der Tak et al. 2007). The molecular data (for
HC,NC and HNC;) are composed of collision rate coefficients
supplemented by the line frequencies, energy levels, and Einstein
coefficients of the isomers. Apart from collision rate coeffi-
cients, the spectroscopic data were obtained from the Cologne
Database for Molecular Spectroscopy (CDMS) portal (Endres
et al. 2016).

The rate coefficients reported by Bop et al. (2021) were
derived from integral inelastic cross sections induced by col-
lision with ortho- and para-H, (hereafter denoted as o-H, and
p-Ha, respectively). These data were calculated using the exact
close-coupling quantum mechanical approach (Green 1975).
These scattering calculations were based on potential energy
surfaces (for HC,NC-H, and HNC;-H;) computed at the
CCSD(T)-F12b*/VTZ-F12? level of theory (Adler et al. 2007;
Hill et al. 2010). More computational details can be found in Bop
et al. (2019, 2021).

We calculated the brightness temperature (7'g), excitation
temperature (7T¢x), and the integrated intensity (W) for the j, —
j1 — 1 (ji1 =1-11) emission lines. Only the cosmic microwave
background (Tcmp = 2.73 K) was included as a background radi-
ation field. The full width at the half-maximum (FWHM) was set

2 Explicitly correlated coupled cluster with single, double, and non-
iterative triple excitation.

3 Polarized valence triple zeta Gaussian basis set which explicitly treats
the correlation of electrons.
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to 1 kms™! since it does not affect the integrated intensity much.
To fully cover the gas kinetic temperature (7') and the H, volume
density [n(Hy)] of TMC-1, IRC+10216, 1L.483, and L1544, that
is to say the sources of interest, we smoothly varied T between
5 K and 50 K and n(H,) from 10> cm™ to 108 cm™3. For the H,
volume density, we assumed different ortho-to-para ratios (7,/p)
following the thermal distribution. For example, r,;, was set to
less than 1:100 for T < 25 K, ~1:10 for 25 K < T <40 K, and
~3:10 for T > 40 K. We note that these ratios do not affect the
models much due to the moderate difference of the o- and p-
H, rate coefficients. In case further modelling is needed, any
ratio could be used since state-to-state rate coefficients for the
HC3N isomers due to collision with both o- and p-H; are avail-
able in the literature (Bop et al. 2021). The column density (N) of
HC,NC and HNC; was first set to 10'° cm™ and then smoothly
increased up to 10'* cm™2. We also checked the opacity of the
lines. The optical depth, which was calculated using a column
density of 10'2cm™2 (10'' cm™2), is found to be smaller than
0.06 (0.02) for HC,NC (HNC;3). For more details, we refer the
readers to Appendix A which presents the dependence of the
opacities on the gas volume density.

3. Results
3.1. The excitation of HCoNC and HNC3;

Bop et al. (2021) show that LTE conditions are reached for gas
densities higher than 10° cm™3, which is larger than the typical
density in molecular clouds. For the excitation temperature, such
an approximation may lead to errors of up to a factor of 2. Further
discussions on the limits of the LTE approximation, in the case
of HC3N and its isomers, can be found in Bop et al. (2021).

To probe the relative increase or decrease in the brightness
temperature upon the use of the proper rate coefficients of the
isomers, we plotted the percentage change in T of Model (2)
relative to that of Model (3) in Fig. 1. The analysis of these
graphs is restricted to the region highlighted in grey (103 < n
(cm™3) < 10°) to simulate the typical gas density of astrophysical
environments such as IRC+10216, TMC-1, L1544, and L483. For
transitions involving low energy levels, Model (2) may underes-
timate the brightness temperature down to 10% in the case of
HC,NC and 15% in the case of HNCj3. On the other hand, when
higher energy levels are involved, Model (2) leads to overestima-
tion of up to 35% for HC,NC and 40% for HNC3. Regarding the
temperature dependency, Model (2) does not correctly describe
transitions among high-lying energy levels (e.g. 11 — 10) in the
cold (T =10K) regime. For the warm (T > 25 K) regime, this
model still fails at reproducing the brightness temperature for
emission lines involving the lower rotational states (e.g. 1 —
0). The disagreement between Model (2) and Model (3) can
be explained by the differences among the rate coefficients of
HC;N, HC,NC, and HNC;. Indeed, Bop et al. (2021) show that
when using p-H; as a collider, the rate coefficients of HC,NC
and HNCj; outweigh those of HC;N by up to an order of magni-
tude. The large differences mostly concern the low temperature
regime and transitions involving high-lying energy levels.

In summary, the accuracy of Model (2) depends on the tran-
sition, the temperature, and the isomer which points out its limits
in modelling the following: (i) HNCj3 in any case; (ii)) HC,NC in
the warm regime using low energy levels; and (iii) HC,NC in the
cold regime using high-lying energy levels. Since HC,NC and
HNC; were mainly observed through their j; =4-11 — 3-10
emission lines (Kawaguchi et al. 1992b,a; Gensheimer 1998;
Vastel et al. 2018a; Agtindez et al. 2019), accurate abundance
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Fig. 1. Relative deviation of T upon Model (2) compared to Model (3) (see text for the description of the models) as a function of the H, volume
density for selected temperatures and transitions. We note that HC,NC and HNC; are represented in the left and right panels, respectively. These
data were calculated for fixed column densities of 10'2 cm™2. The grey band delimits the region where 10* < n (cm™) < 5 x 10*.
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Fig. 2. Same as Fig. 1, but the y axis represents the HC,NC and HNC;
brightness temperature ratios calculated with Model (3).

modelling should be based on Model (3) or more robust radia-
tive transfer calculations, but using the isomers’ specific rate
coefficients.

In Fig. 2, we plotted the brightness temperature ratio
[Tg (HNGC3)/Tg( HC,NC)] as a function of the H, volume den-
sity for selected temperatures and transitions. Although more
pronounced in transitions involving low energy levels, the bright-
ness temperature ratio remains much greater than 1 for all
emission lines. We note that there are some contributions due
to the difference between the dipole moments of HC,NC
(2.93 D; Kriiger et al. 1991) and HNC; (5.665 D; Botschwina
et al. 1992). For example, the smallest ratio which occurs at
10 K for the j; =11 — 10 transitions can reach a value of 4 at
n(Hy) =4 x 10° cm™>. In the gas density range [10* < n (cm™)
< 5% 10*] relevant to astrophysical applications, the ratio varies
between 2 and 6 for the most detected lines. Since the bright-
ness temperature is proportional to the column density in the
optically thin regime, equal line intensities would be obtained
if the N(HNC3)/N(HC,NC) abundance ratio was between 0.16
and 0.50.

3.2. Interpretation of the observational spectra of HCoNC and
HNC3;

To determine the abundances of HC,NC and HNC;, we
assumed that the isomers are produced under the same physi-
cal conditions in all sources. In the modelling of Quénard et al.
(2017) and Vastel et al. (2018a) for L1544 and that of Osamura
et al. (1999) for TMC-1, the two species were assumed to form
under the same physical conditions and mainly through the
dissociative recombination of HC;NH*.

Since the frequencies of the observed lines differ by less
than 20%, we expect that the inclusion of filling factors does not
considerably change results (Vastel et al. 2014). Therefore, we
also assumed that the sources fill the beams. We do not pretend
to have interpreted the observational spectra using a sophisti-
cated model, but to have made a sketch of the abundance ratio
of the isomers in cold environments. Indeed, the non-LTE sim-
ulation of the HC,;NC and HNC; excitation using the RADEX
radiative transfer code implied the use of a constant density
and temperature. Such a treatment is well suited for TMC-1
and reasonably correct for L483 and IRC+10216, but much less
adapted for L1544, because of its well-known density and tem-
perature gradients (Quénard et al. 2017). Nevertheless, we expect
the abundance ratio derived from our modelling to be relatively
accurate.

Using the rate coefficients of HC,NC and HNCj3; computed
by Bop et al. (2021), we attempted to derive the column density
of the isomers from the integrated intensities calculated in this
work. The data, retrieved from the observational spectra of the
isomers, to which we refer are presented in Table 1. In practice,
the column density of the isomers and the H, volume density that
best reproduce the observations were selected by calculating the
x? parameter (see Eq. (1)*):

n

) Wobs _yyeal 2
o

i=1

ey

4 Webs and W are the integrated intensities derived from the obser-
vations and our RADEX calculations, respectively. The index n stands
for the number of observed lines and o refers to the uncertainty on the
measurements.
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Table 1. Parameters of the HC,NC and HNC; lines observed towards TMC-1, L1544, 1.483, and IRC+10216.

Integrated intensities and linewidths

Frequency (MHz) TMC-1@ L1544 ® 1483 IRC+10216@
Line HCQNC HNC3 HCQNC HNC3 HC2NC HNC3 HCQNC HNC3 HC2NC HNC3
4 -3 39742549 37346.541 164.7+10 88.8+10 - - - - 75.0+4 64+7
(0.62) (0.70) (=) (=)
5—-4 49678.075 46683.061 138.4+10 73.5+10 - - - - 7806 T77+7
(0.58) (0.58) =) -)
8§ =7 79484.128 74692.105 - - 734+23 31.8+5.6 - - - -
(0.41) (0.57)
9—-8 89419.260 84028.240 - - 440+91 95+40 39.0+3.0 12.0+1.0 - -
(0.37) (0.34) (0.43) (0.43)
10 -9 99354.257 93364.241 - - 292+41 76+20 260+£20 80x1.0 - -
(0.44) (0.51) (0.46) (0.56)
11 - 10 109289.104 - - - 11.7+£3.5 - 15.0+2.0 - - -
(0.45) 0.44)

Notes. From column 4 to 11, the integrated intensities (in mK kms™!) are given in the first entries and the linewidths (in km s™') are shown in the
second entries.  Refers to Cernicharo et al. (2020a). ® Refers to Vastel et al. (2018a). ) Refers to Agtindez et al. (2019). @ Refers to Cernicharo

et al. (2020a).

The gas kinetic temperature of the regions of interest,
TMC-1, L1544, 1483, and IRC+10216, is well constrained in
the literature. Therefore, we varied the temperature by 20%
around (i) 10 K for TMC-1 (Cernicharo et al. 2020b) and 1483
(Agutndez et al. 2019); (ii) 12K for L1544 (Vastel et al. 2018b);
and (iii) 37K for IRC+10216. The latter was derived using the
mass loss rate of Guélin et al. (2018) at 14" from the star,
which corresponds to the peak intensity of HC3;N (Agindez
et al. 2017). We note that a slight change in temperature does
not substantially affect the y? parameter.

In Fig. 3, we plotted the variation of the y? parameter
(for a single value of temperature) as a function of the H;
volume density and the column density of the isomers for
IRC+10216, TMC-1, L1544, and L483. For all sources, a large
set of parameters (density of H, and column density of the
isomers) allowed us to reproduce the observations with con-
fidences better than 90%. We note that the lowest y? value
(marked with the white “+” sign in Fig. 3) may lead to unre-
alistic physical conditions. For example, in the case of L1544,
the HC,NC and HNC; column densities were obtained for
n(H,)=2.0 x 10* cm™3 and n(H,) = 2.5 x 10° cm ™3, respectively.
Being out of the grey region, which is the typical H, density
for cold molecular clouds and circumstellar envelopes, these
solutions are not considered.

In summary, the solutions we are looking for must be located
in the grey band and they must also correspond to similar H,
density for both isomers. The column densities derived for all
sources of interest, except IRC+10216, are summarized in Table 2
for comparison with the results available in the literature.

TMC-1. We obtained column densities of (1.0-
1.7)x 102 cm™? and (1.8-2.7)x 10" cm™2 for HC,NC and
HNGC;, respectively, at n(H;)=(1.0-4.0)x 10*cm™. From
the analysis of the HC3;N emission lines, Cordiner et al.
(2013) and Pratap et al. (1997) reported n(Hy) =1 % 10*cm™3
and n(Hy)~ 8 x 10*cm™, respectively, when using the same
method. Concerning the column densities, we underestimated

A102, page 4 of 8

Table 2. Column densities and abundance ratios of HC,NC and HNC;
derived for TMC-1, L1544, and L483.

TMC-1 L1544 1483

HC,NC (102 cm™2) 1.0-1.7 0.7-1.2 0.5-1.8
3.0+03@ 0.85-22® 0.57+0.28©

HNC; (10" cm™) 1.8-2.7 1.0-3.0 0.8-3.5
52+0.3@ 0.75-2.0® 0.50+0.25©

N(HC,NC)/N(HNGC;) 5.5-6.3 4.3-7.0 5.1-6.3

5.5@ 43-29.3® 11.4©@

~8@ ~1@ —

Notes. For each line, the first and second entries (and third for the
ratios) represent our results and those quoted from the literature, respec-
tively. @ Derived from the observations of Cernicharo et al. (2020a).
® Derived from the observations of Vastel et al. (2018a). © Derived
from the observations of Agindez et al. (2019).  Derived from the
chemical model of Osamura et al. (1999). ¢ Derived from the chemical
model of Vastel et al. (2018a).

the column densities reported by Cernicharo et al. (2020a) by
more than 50%.

L1544. For HC,NC and HNCj3;, we found column densities
of (0.7-1.2) x 10"> cm~2 and (1.0-3.0) x 10'! cm™2, respectively,
at n(H,) = (1.5-4.0) x 10* cm™3. We would like to point out that
this gas density for L1544 is in agreement with the result
(~10* cm™3) of Vastel et al. (2018a) obtained from the modelling
of HC;N and HNC;. The HC,NC (HNC3) column densities
we computed are lower (higher) by 30—45% (35-50%) than the
results of Vastel et al. (2018a).

L483. The observations were reproduced for n(H;)=(1.2—
5.0)x 10*cm™. The gas density is in agreement with the
value (~3x10* cm™) commonly used in the literature
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Fig. 3. Variation of the y?> parameter as a function of the H, volume density and the column densities of HC,NC and HNC; for the sources of
interest. The solid blue [red] lines represent confidence contour levels of 63.3%, 90.0%, 99.0%, and 99.9% (from the inner to outer contours) for
the HC,NC [ HNC;] isomer. The ‘+> symbol highlights the position of the minimum value of y2. The blue (red) and grey-shaded regions show the
column density of HC,NC (HNC;) derived using Model (1) or Model (2) (see text) and the typical H, density in molecular clouds, respectively.

(Agtndez et al. 2019). For the column densities, we obtained
N(HC,;NC) =(0.5-1.8) x 10'> cm~2 and N(HNC;) =(0.8-3.5) x
10" cm~2, respectively. The latter values overestimate the data
of Agindez et al. (2019) by factors of ~2 and 3-5 in the case of
HC,NC and HNC;, respectively.

IRC+10216. Our model failed at reproducing the obser-
vations with reasonable physical conditions. In fact, the H;
densities (2.8 x 10°cm™ and 8.0x 10*cm™3 for HC,NC and
HNGC;, respectively) do not agree with the value of (2.3—
4.6) x 10* cm™3 derived using the mass loss rate of Guélin et al.
(2018) at 14” where Agtndez et al. (2017) observed the peak
intensity of HC3;N. We used a temperature of 37K as sug-
gested by the finding of Guélin et al. (2018). We note that
our model reproduces the observations with realistic gas den-
sities only if the temperature is decreased down to ~10 K. This
failure may originate from the simplicity of our model which
does not take the strong temperature and density gradients into
account in IRC+10216. Moreover, in our model the excitation is

exclusively due to the collision with H,, whereas Agtndez et al.
(2017) show that infrared pumping plays a huge role in the
calculation of the HC3;N radial abundance distribution. There-
fore, accurate modelling of the HC,NC and HNC; abundances
must be performed using more sophisticated radiative transfer
codes.

3.3. The HCoNC/HNC3 abundance ratio in cold environments

The abundance ratios (r) were determined taking into account
the dependence of the derived column densities (N;, i={1,2} =
{HC,NC, HNC;3;}) on the H,; volume density, that is
r(n) = Ny(n)/Ny(n). Since the y?> parameter behaves the same
way for both isomers, this procedure helps to reduce the
uncertainty. A good constrain of these data can lead to impor-
tant clues regarding the chemistry underlying the formation and
destruction processes of the isomers. In fact, despite being char-
acterized by similar physical conditions, cold molecular clouds
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Fig. 4. Relative abundance of HC,NC with respect to HNCj in cold
environments. The subscripts “*< and ¢ refer to Osamura et al. (1999),
Vastel et al. (2018a), Cernicharo et al. (2020a), and Agitindez et al.
(2019), respectively.

(TMC-1, L1544, and L483) present very different relative abun-
dances for the isomers of HC3;N, according to the data available
in the literature. Typically, when interpreting the observational
spectra, the ratio obtained for L483 (Agindez et al. 2019) is
twice as great as the relative abundance reported for TMC-1
(Cernicharo et al. 2020a). For L1544 (Vastel et al. 2018a), there
is nearly a factor of 7 between the lower and the upper limits of
the interval of the abundance ratio.

Regarding chemical models, the abundance ratio computed
by Osamura et al. (1999) for TMC-1 overestimated the obser-
vations of Cernicharo et al. (2020a) by nearly a factor of 1.5.
For L1544, the chemical model of Vastel et al. (2018a) predicts
nearly the same amounts of HC,NC and HNCj;. These authors
state that their model overestimates the abundance of HNC; by
a factor of 5-10 relative to the observations.

In this work, we obtained very close abundance ratios for
all of the molecular clouds studied (TMC-1, L1544, and 1L.483);
readers can refer to Table 2 for the exact values. For a bet-
ter appreciation of the ratios obtained, we show a compari-
son of these abundance ratios with the previous estimates in
Fig. 4. With respect to the observations, our model agrees with
Cernicharo et al. (2020a), constrains the interval derived from
Vastel et al. (2018a), and reduces the results of Agilindez et al.
(2019) by a factor of 1.5-2.5. For the chemical models, our find-
ings are in reasonable agreement with the data of Osamura et al.
(1999), but they are incompatible with those of Vastel et al.
(2018a) since their model predicts equal amounts for HC,NC
and HNGC;.

4. Conclusion

We performed non-LTE radiative transfer calculations to esti-
mate the impact of the new rate coefficients on the excitation
scheme of HC,NC and HNCj; and to model the abundance
of the isomers in cold molecular clouds TMC-1, L1544, and
L4383 as well as the circumstellar envelope IRC+10216. We found
that the use of the rate coefficients of HC3N when investi-
gating the excitation in the ISM of HC,NC or HC3N may
lead to underestimation down to ~15% or overestimation up
to ~40% for 10* < n(Hy) (cm™) < 5% 10*. The deviations
depend on the emission line, the kinetic temperature, and the
isomer.
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Using a fixed temperature for each astrophysical environ-
ment, we derived (i) the gas density of the cold media which
agrees fairly well with the results in the literature and (ii) the col-
umn density of the isomers. For the latter, we found significant
differences with respect to the previous modelling performed for
TMC-1, L1544, and L483. In contrast with previous determina-
tions of the N(HC,NC)/N(HNC3;) abundance ratios, focused on
an individual source each, which found a high dispersion of val-
ues, our simulation suggests similar ratios in cold media. This
finding, supplemented by the fact that TMC-1, L1544, and L483
are characterized by similar physical conditions, let us believe
that the same chemistry governs the formation and destruction
paths of HC;N, HC,NC, and HNC;3 in these cold media. Due
to the simplicity of our model which does not take the tempera-
ture and density gradients of IRC+10216 into account, we could
not reproduce the observational spectra with reasonable gas den-
sities. We expect that the problem discussed in this paper will
encourage further modelling with more robust non-LTE radia-
tive transfer tools and future studies to revisit the chemistry of
HC;N and its isomers in cold molecular clouds.
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Appendix A: Optical depth of the HC,NC and HNC;
emission lines

In this section, we present the dependence of the optical depths
(1) of the HC,NC and HNCj; emission lines on the H, volume
density for selected temperatures. We used column density val-
ues of 102cm™2 and 10" cm™2, similar to those derived in
our fit, for HC,NC and HNC;, respectively. Figs. A.l1 and A.2
show very low opacities, suggesting that the lines are optically
thin. Since 7 is proportional to the column density, using higher
column densities does not change the optically thin regime.
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Fig. A.1. Dependence of the optical depth for the HC,NC observed emission lines on the gas density for selected temperatures. The blue and red
lines stand for temperatures of 10 K and 40 K, respectively. The calculations were performed using a column density of 10'? cm=2.
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Fig. A.2. Same as Fig. A.1, but for HNC; using a column density of 10'' cm™2.
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