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ABSTRACT

The [C,H]/[C,D] abundance ratio is a useful tool to explore the physical and chemical con-
ditions of cold molecular clouds. Hence, an accurate determination of both the C;H and C,D
abundances is of fundamental interest. Due to the low density of the interstellar medium, the
population of the energy levels of the molecules is not at local thermodynamical equilibrium.
Thus, the accurate modelling of the emission spectra requires the calculation of collisional rate
coefficients with the most abundant interstellar species. Hence, we provide rate coefficients
for the hyperfine excitation of C;H and C,D by para-H,(j=0), the most abundant collisional
partner in cold molecular clouds. State-to-state rate coefficients between the lowest levels were
computed for temperatures ranging from 5 to 80 K. For both isotopologues, the Aj = AF
propensity rule is observed. The comparison between C,H and C,D rate coefficients shows
that differences by up to a factor of two exist, mainly for Aj = AN = 1 transitions. The new
rate coefficients will significantly help in the interpretation of recent observed spectra.

Key words: molecular data—molecular processes — scattering.

1 INTRODUCTION

The C,H ethynyl radical was first detected in the interstellar medium
(ISM) by Tucker, Kutner & Thaddeus (1974). They observed four
components of the N =1 — O rotational transition in several sources
associated with massive star-forming regions. Then, its rotational
spectrum was studied in the laboratory at different millimetre and
submillimetre wavelengths (Sastry et al. 1981; Gottlieb, Gottlieb
& Thaddeus 1983; Miiller, Klaus & Winnewisser 2000; Briunken
et al. 2007) in order to have accurate information on the fine struc-
ture splitting of the rotational states. Indeed, C,H is a 2X ™ elec-
tronic ground state and the Hund’s case (b) limit is well suited to
describe the pattern of internal energy levels. Hence, the total an-
gular momentum j of the molecule is formed as the vector sum of
the rotational N and electronic spin S angular momenta, such as
i=N+S.

C,H is found to be a very abundant interstellar molecule in
standard galactic sources (e.g. Orion, TMC-1) as well as in
other types of sources including photo dominated regions (PDRs)
(Teyssier et al. 2004; Cuadrado et al. 2015), diffuse clouds
(Lucas & Liszt 2000), protoplanetary discs (Dutrey, Guilloteau &
Guelin 1997), pre-stellar cores (Padovani et al. 2009) and high-mass
star-forming regions (Beuther et al. 2008). C,H is by far the most
abundant of the interstellar unsaturated hydrocarbons. Depending
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on the environment, different rotational transitions can be observed.
Recently, the lines associated withthe N=1—- 0, N=2 — 1,
N =3 — 2and N =4 — 3 transitions were observed in the PDR
Orion Bar, and the lines associated with transitions up to N = 10
— 9 were detected in a hotter gas (Cuadrado et al. 2015).

C,D (as well as 3CCH and C'*CH) is also detected and first
observed towards the Orion A ridge and Orion KL star-forming
regions (Combes et al. 1985; Vrtilek et al. 1985; Saleck et al. 1994).
Although the interstellar ratio of deuterium to hydrogen ([H]/[D])
is only ~107 (Roberts & Millar 2000; Pety et al. 2005), the ob-
served degree of deuterium fraction (i.e. the [C,H]/[C,D] abun-
dance ratio) is enhanced by large factors in various astrophysi-
cal environments, including cold dense cores (Guelin, Langer &
Wilson 1982), circumstellar discs (van Dishoeck, Thi & van Zadel-
hoff 2003; Guilloteau et al. 2006), hot molecular cores (Hatchell,
Millar & Rodgers 1998) and PDRs (Leurini et al. 2006; Trevifio-
Morales et al. 2014). With abundances that strongly depend on the
reaction pathways involved in their formation, deuterated species
are important indicators of the physical and chemical evolution of
molecular clouds. As an example, the abundance ratio [C,D]/[C,H]
varies from 0.02 to 0.08 in the ultracompact HII region Mon R2,
according to the observed position, so that [C,D]/[C,H] is found to
be a possible ‘good chemical clock’ for the evolutionary stage of
massive star-forming regions (Trevifio-Morales et al. 2014).

In addition to their fine structure that can easily be resolved in
astronomical spectra, the C,H and C,D species exhibit a hyperfine
structure because H and D atoms possess a non-zero nuclear spin
(I = 0.5 for H and 7 = 1 for D). Hence, the energy levels of C;H
and C,D are characterized by the quantum numbers j and F, where

Published by Oxford University Press on behalf of the Royal Astronomical Society

£202 Joquiaoaq g0 Uo 1s8Nb Aq GHZEEBE/BY8L/Z/| LF/OI0NE/SeIUW/WOod"dNoDlWapED.)/:SA]Y WOl PAPEOUMOd


mailto:fabien.dumouchel@univ-lehavre.fr
mailto:francois.lique@univ-lehavre.fr
mailto:francois.lique@univ-lehavre.fr

1850  F. Dumouchel et al.

F results from the coupling of j with I (F = j + I). Each hyperfine
level is labelled by a quantum number F varying between |I — j|
and [ +j.

Due to the low density of the interstellar medium, the energy
levels of the molecules are not at local thermodynamical equilib-
rium. Thus, the modelling of molecular emission of these species
requires excitation calculations using radiative as well as collisional
rate coefficients with the most abundant interstellar species that are
generally He and H, in the cold ISM.

Fine- and hyperfine-structure resolved rate coefficients were cal-
culated for the collisional excitation of C,H by He (Spielfiedel
etal. 2013) for temperatures ranging from 5 to 100 K. Transitions in-
volving the lowest 25 fine-structure levels of C,H were considered.
Recently, collisional excitation by para-H,(j=0) was also studied
using a new ab initio potential energy surface (PES) and rate co-
efficients for (de-)excitation between the 25 lowest fine-structure
levels of C,H were computed for temperatures up to 100 K (Najar
et al. 2014, hereafter Paper I). By comparing the He and H, rate
coefficients for all fine-structure resolved transitions, it was found
that the ratio between the rate coefficients varies from 1 to 10 de-
pending on the transitions. In Paper I, the hyperfine structure of C;H
was neglected. However, hyperfine-resolved data are needed by the
astrophysical community, especially for modelling cold molecular
cloud emission spectra. In this work, we aim at determining the
temperature variation of the hyperfine-resolved C,H-H, rate coef-
ficients. In addition, we also aim to provide the first C,D-H, rate
coefficients that would be very useful for analysing the [C,D]/[C,H]
abundance ratio. As we will see, the comparison between the C,H
and C,D rate coefficients will point out the effects of the isotopic
substitution in the magnitude of the collisional data and confirms
that it is risky to use rate coefficients of the main isotopologue to
analyse secondary isotopologue emission spectra as already noticed
for NH/ND (Dumouchel et al. 2012), H,O/HDO (Faure et al. 2012)
and NH3/NH,D (Wiesenfeld, Scribano & Faure 2011).

This paper is organized as follows. Section 2 provides a brief
description of the PES and describes some theoretical aspects of the
scattering calculations. Collisional rate coefficients between hyper-
fine levels are presented in Section 3 for temperatures up to 80 K. A
comparison between C,H and C,D results is also presented. Con-
cluding remarks are drawn in Section 4.

2 COMPUTATIONAL METHODOLOGY

2.1 Potential energy surface

In the scattering calculations, we employed the PES described in
detail in Paper I. Here, we just describe the main features of the
PES.

The C,H radical in its ground X2X* electronic state has a linear
equilibrium structure. The geometry of the C;H-H, system was
described by four internal Jacobi coordinates. The z-axis of the
body-fixed frame is aligned with the intermolecular vector R con-
necting the centre of masses of the two molecules. The orientation
of C,H and H, relative to R is defined by the polar angles 6 and
', respectively, while the dihedral angle ¢ characterizes the angle
between the two half-planes containing the C,H and H, molecules.

In Paper I, only the collisional excitation of C,H by para-H,
was considered. Indeed, for collisions at a low temperature, the
probability of rotational excitation of H, is low so that the col-
lision is well described using an interaction potential obtained
by an average over angular motion of the H, molecule (Lique
et al. 2008). Thus, the ab initio calculations were performed on
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Figure 1. Jacobi coordinates for CoH-H,- and C,D-Hj-averaged potential
energy surfaces.

a two-dimensional (2D) grid of (R, ) coordinates for three selected
orientations of the H, molecule, defined by (6’, ) angles with fixed
values (/2,0), (7/2,7/2) and (0,0) and the C,H-H,-averaged
PES was obtained at each set of (R, ) by an equipoise averaging
over these three selected orientations. The aug-cc-pVTZ basis set
of Woon & Dunning (1994) was used for the five atoms, together
with the [3s3p2d1f] bond functions of Williams et al. (1995) which
were placed at the mid-distance between the C,H and H, centres of
masses. Calculations of the PES were performed with the partially
spin-restricted coupled-cluster calculations at the RCCSD(T) level
of theory (Knowles, Hampel & Werner 1993) with frozen core or-
bitals. The resulting energies have been corrected for the basis set
superposition error using the Boys & Bernardi (1970) counterpoise
procedure. All ab initio calculations have been carried out with the
MOLPRO suite of programs (Werner et al. 2012).

The 2D grid included 30 values of the intermolecular distance R
ranging from 4.8 to 25a,, with the angle 6 varying uniformly from
0° to 180° by steps of 10°.

The calculated V,, (R, ) interaction energies averaged over H,
rotation were finally fitted to the form of equation (1) following the
procedure described by Werner et al. (1989), including expansion
functions P; up to [, = 36 to represent the overall anisotropy:

Vi(R, 0) = > Vi(R) P(cosb), e))
1

The global minimum was found for the linear C-C-H-H-H arrange-
ment at R = 8.23a, and 6 = 180°, with an associated well depth
of —61.03 cm™! relative to the C,H-H, dissociation limit. A sec-
ondary minimum of —58.29 cm~! is found at R = 7.35a, and 6 =
39°.

Within the Born—Oppenheimer approximation, the electronic
ground state potential is the same for C;H-H, and C,D-H, and
only depends on the mutual distances of the atoms. As C,H-H,
was calculated at the C,H equilibrium distance (i.e. we neglect the
zero-point energy correction), we could use the same intermolecu-
lar distance for the C,D-H, PES. The only difference between the
two PESs is the position of the centre of mass taken for the origin
of the Jacobi coordinates (see Fig. 1). For C,D-H,, we have taken
into account the effect of the displacement of the centre of mass and
hence used new Jacobi coordinates Rp and 6 instead of Ry and 6y
(Dumouchel et al. 2012).

The centre-of-mass displacement leads to a different expansion
(equation 1) of the C,D-H, PES over the Legendre polynomials
compared to the C;H-H, PES. The dependence on R of the two
expansions is displayed in Fig. 2.

First, we note that the differences are very small except for
the A = 1 coefficient that is smaller in the case of C,D-H, than
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Figure 2. Plot of the first four radial Legendre expansion coefficients
(A =0,...,3) as a function of R. Solid lines denote C;H-H, while dashed
lines denote C;D-H>.

Hyperfine excitation of C,H and C,D by H,

Table 1. Fine-structure energies of the C,H and C,D

molecules.

N j E (cm™) CH E (cm™) C,D
0 0.5 0.000 0.000
1 15 2913 2.405
1 0.5 2916 2.408
2 25 8.739 7.217
2 15 8.744 7.221
3 3.5 17.478 14.434
3 2.5 17.486 14.441
4 45 29.131 24.057
4 35 29.140 24.066
5 5.5 43.696 36.086
5 45 43.708 36.097
6 6.5 61.174 50.521
6 5.5 61.188 50.533
7 7.5 81.564 67.360
7 6.5 81.579 67.374
8 8.5 104.864 86.604
8 7.5 104.882 86.620

1851

in the case of C;H—H,. This reflects a smaller anisotropy of the
C,D-H; PES that could influence the values of the corresponding
rate coefficients.

2.2 Scattering calculations

The main focus of this work is to determine hyperfine-resolved
integral cross-sections and rate coefficients of C,H and C,D in col-
lision with H,(j=0). As the rotational structure of H, is neglected,
the problem, in terms of scattering calculations, is equivalent to the
collisional excitation of the rigid rotor C,H and C,D by a structure-
less atom.

The rotational levels of C;H and C,D were computed from ex-
perimental spectroscopic constants of Killian, Gottlieb & Thaddeus
(2007). The energies of the first 17 fine-structure levels of C,H and
C,D considered in this work are given in Table 1. As can be seen in
Table 1, the rotational structures of the two species are different. Due
to the smaller rotational constants of C,D, the energy differences
between the C,D levels are smaller than for the C,H levels.

The hyperfine splitting of the C;H and C,D levels is very small
(about 0.002 cm™"). Hence, as the hyperfine levels can be assumed
to be degenerate (i.e. same energy as that of the associated fine
structure level), it is possible to considerably simplify the hyperfine
scattering problem.

The integral cross-sections corresponding to transitions between
hyperfine levels of the C,H and C, D molecules can be obtained from
the scattering nuclear spin-free S-matrix using a recoupling method
(Alexander & Dagdigian 1985; Faure & Lique 2012). Within such
approach, we first perform nuclear spin-free close-coupling calcu-
lations to obtain the S/(NjI|N'j'l') diffusion matrix elements between
C,H (C,D) fine-structure levels, where J denotes the total angular
momentum (without including the nuclear spin of the target) and /
the relative orbital angular momentum (J = j + 1). Then, the total
angular momentum Jr of the colliding system including the nuclear
spin is given by

Jr=J+L
In the recoupling scheme, inelastic cross-sections associated with

a transition from an initial hyperfine level NjF to a final hyperfine

MNRAS 471, 1849-1855 (2017)
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level N'j'F' were thus obtained as follows:
b4 1
= oo 2@+
KRr 2F +1 4

<> 888 drr — ST (NJLFIN'j'T )P,

i

ONjF—-N'j F'

(@)

where ST (NjIF|N'j'l'F’) denotes the S-matrix for that total an-
gular momentum J7 associated with a transition from an initial
hyperfine level NjF to a final hyperfine level N'j'F’. The transfor-
mation between the S’ -matrix elements and the nuclear spin-free
S/-matrix is given by

SU(NJIFIN'GUF) =3 [@F + DQF + 1] @1 + 1)

J
. 1 jJ
_NFHF 20 J
x(=1) {1 Jr F}
l, i’ J . T
x { ; ;T F,}SJ(NJ”NJI). 3)

From the rotationally inelastic cross-sections oy;r— nj/ ' (Ec), one
can obtain the corresponding thermal rate coefficients at tempera-
ture 7 by an average over the collision energy (E;):

8 2
k iF—N'i'F' T = _
NjF N_]['( ) (JT,LL(kBT)%)

oo N
_ Ec
X/ onjr-njiF Ece BT dE., 4
0

where kg is the Boltzmann’s constant and the integral extends over
all values of the collision energy.

Recent scattering calculations considering the fine structure exci-
tation of C,H by para-H,(j = 0) have been published in Paper 1. We
use the same methodology to calculate the fine-structure-resolved
scattering matrices, cross-sections and rate coefficients for C,D.
Hyperfine-resolved C,H and C,D cross-sections and rate coeffi-
cients are obtained from fine-structure-resolved scattering matrices
using the transformation given by equation (3). The reduced mass
of the C;H-H, system is © = 1.8655 amu whereas the reduced
mass of C;D-H; is u = 1.8707 amu. All the scattering calculations
were performed with the HIBRIDON scattering program. !

3 RESULTS

3.1 Hyperfine structure excitation

Figs 3 and 4 present the temperature variation of the hyperfine
C,H-H,; and C,D-Hj rate coefficients, respectively, for the selected
Aj = AN and Aj # AN transitions.

From these figures, one can see a propensity for Aj = AN tran-
sitions whatever the hyperfine states F are. A strong propensity in
the favour of AF = Aj transitions is also observed confirming that
hyperfine rate coefficients cannot be accurately estimated from fine-
structure rate coefficients using approximate formulae, such as the

! The miBRIDON package was written by M. H. Alexander, D. E. Manolopou-
los, H.-J. Werner and B. Follmeg, with contributions by P. F. Vohralik, D.
Lemoine, G. Corey, R. Gordon, B. Johnson, T. Orlikowski, A. Berning, A.
Degli-Esposti, C. Rist, P. Dagdigian, B. Pouilly, G. van der Sanden, M. Yang,
F. de Weerd, S. Gregurick, J. Klos and F. Lique. http://www2.chem.umd.
edu/groups/alexander/
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Figure 3. Temperature dependence of variation of the hyperfine-resolved
C,H-H; rate coefficients for the selected Aj = AN and Aj # AN transitions.
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M; randomizing limit. The same trends, predicted theoretically by
Alexander & Dagdigian (1985), were obtained recently for CN-He
(Lique & Ktos 2011), CN-H, (Kalugina, Lique & Ktos 2012), C,H-
He (Spielfiedel etal. 2013) and NH/ND-He (Dumouchel et al. 2012)
collisions.

The complete set of (de-)excitation rate coefficients will be made
available through the LAMDA (Schoier et al. 2005) and BASECOL
(Dubernet et al. 2013) data bases.

3.2 Comparison between C,;H-H, and C,D-H, rate
coefficients

It is generally assumed that collisional rate coefficients of the main
isotopologue can be used to estimate rate coefficients for the sec-
ondary isotopologues. This approximation is reliable in the case
of heavy atom substitution, as found for '3C versus '>C (Flower
& Lique 2015) and "*N versus '*N (Daniel et al. 2016), but is
questionable in the case of H/D substitution, as observed in the
case of H,O/D,0O (Scribano, Faure & Wiesenfeld 2010), NH/ND
(Dumouchel et al. 2012) and to a lesser extent for HCO*/DCO™
(Buffa, Dore & Meuwly 2009; Buffa 2012).

C,H and C,D molecules do not have the same hyperfine structure.
So hereafter we compare their respective fine-structure-resolved rate
coefficients (i.e. rate coefficients summed over the final hyperfine
structure). This comparison is performed between de-excitation rate
coefficients to avoid the existing threshold effects when excitation
rate coefficients are considered.

Fig. 5 presents the thermal dependence of the state-to-state
C,H and C,D rate coefficients for a selection of Aj = AN =1,
Aj= AN =2 and Aj # AN transitions. One can clearly see that the
C,H and C,D rate coefficients are different, especially for transi-
tions with Aj = AN = 1 that correspond to the radiative transitions.

We report in Fig. 6 the C,D-H, de-excitation rate coefficients
at 30 K as a function of the C;H-H, ones, for all fine-structure-
resolved transitions N, j — N/, j/ with N, N' < 8. All the rate
coefficients agree within a factor two. The dominant C,H-H, and
C,D-H, rate coefficients corresponding to Aj = AN = 2 transitions
are in very good agreement. On the contrary, C,D-H, data for
Aj = AN = 1 transitions are systematically lower than the C; H-H,
data.

As discussed in Dumouchel et al. (2012), three effects may ex-
plain the differences due to D/H substitution:

(i) The reduced masses of C,H-H, (1.8655 amu) and C,D-H,
(1.8707 amu) differ.

(i) The rotational constants of C;H and C,D are not the same.

(iii) The different positions of the centre of mass (see Fig. 1)
modify the PES expansion.

Considering the small differences in the reduced masses of the
two species, one can estimate that the difference obtained in the
Aj = AN = 1 rate coefficients could come from the effects (ii)
and (iii). Most probably, the difference is induced by effect (iii) as
effect (ii) would affect the data for all the transitions. The difference
in the position of the centre of mass leads to a different C,D-H,
and C,H-H, PESs expansion and thus different the magnitude of
cross-sections and rate coefficients. Indeed, Fig. 2 shows that the
V, radial coefficient is larger for CoH than for C,D. As this term
directly couples two levels with Aj = AN = 1, it is not surprising
that, for Aj = AN = 1 transitions, the C;H-H, rate coefficients are
larger than those of C,D-H,.

Hyperfine excitation of C,H and C,D by H, 1853
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Figure 5. Temperature variation of the fine-structure-resolved CoH-H»
(solid line) and C,D-H; (dashed line) de-excitation rate coefficients for the
selected N, j — N', j transitions.

4 SUMMARY AND CONCLUSION

The hyperfine excitation of both C,H and C,D have been inves-
tigated. We have obtained rate coefficients for the lowest levels
and temperatures ranging from 5 to 80 K. As found previously
for the excitation of C;H by He and for many other systems, the
AN = Aj = AF propensity rule is observed for the hyperfine tran-
sitions for both isotopologues.

The comparison between C,H and C,D rate coefficients shows
that the two sets of data differ by less than a factor two on average,
the largest difference being obtained for Aj = AN = 1 transitions.
This difference is explained by the different positions of the centre of
masses of the two species in interaction with H,. Such a difference
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Figure 6. Comparison between Co,H-H, and C,D-H; rate coefficients at
30 K. Blue squares denote rates for Aj = AN = 2 transitions, red circles
denote rates for Aj = AN = 1 transitions and black markers denote rates
for all other transitions. The straight lines show equal C;H-C;D rates (full
line) and C;H rates multiplied and divided by 2 (dashed lines).

could be crucial for the astrophysical modelling since these rate
coefficients correspond to the radiative transitions that are usually
detected.

Indeed, the magnitude of the emission lines is proportional to the
population of the excited states of the molecules in the interstellar
clouds. Two processes contribute to the population of the excited
states, and the radiative and the collisional processes. The mag-
nitude of the emission lines will hence depend on the magnitude
of both the dipole moment and the collisional rate coefficients. As
C,H and C,D molecules share the same dipole moment, the in-
tensity of the emission lines will mainly depend on the magnitude
of the rate coefficients.? In this study, we found that the C,H rate
coefficients for transitions with |Aj| = 1 are stronger by a factor
~~2 than that of C,D. Hence, C,H should then present a stronger
emission spectrum than C,D, assuming that the two molecules are
present in the same environment and under similar physical con-
ditions. Such results should lead to a decrease in the [C,H]/[C,D]
abundance ratio derived in previous studies (Combes et al. 1985;
Vrtilek et al. 1985) as none of these studies consider the different
excitation mechanism of the two isotopologues. More generally,
the present calculations imply that an accurate determination of the
[C,H])/[C,D] abundance ratio will rely on non-LTE analysis using
both collisional and radiative data.
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