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ABSTRACT

Context. Because of their high reactivity, the CH and OH radicals are of particular interest in astrochemistry. Modeling of CH and
OH molecules requires the calculation of accurate radiative Einstein coefficients and rate coefficients for (de)excitation by collisions
with the most abundant species such as H, and He.

Aims. The present paper focuses on the calculation of inelastic rate coefficients among the lowest OH/CH hyperfine levels in their
ground vibrational state induced by collisions with He atoms.

Methods. Calculations of hyperfine (de)excitation of CH/OH by He were performed using the close-coupling and recoupling methods
from the most recent ab initio potential energy surfaces.

Results. Cross sections for transitions among the 60 and 56 lowest hyperfine levels of CH and OH, respectively, were calculated for
collision energies up to 2500 cm™!. These cross-sections were used to calculate the rate coefficients for temperatures between 10 and
300 K. A propensity rule for transitions with AF = Aj was observed.

Conclusions. The new rate coefficients will help significantly in interpreting the CH/OH spectroscopic data observed with current

and future telescopes, and help to accurately describe the OH masers and the hyperfine anomalies in CH emission spectra.

Key words. molecular processes — ISM: molecules

1. Introduction

The past thirty years have seen an increased understanding of
the role that free radicals play in astrochemistry. This has been
achieved by observations of them in the interstellar medium
together with advances in modeling of astrochemistry. The
hydroxyl (OH) and methylidene (CH) radicals are two of the
most important diatomic radicals in astrochemistry.

Indeed, the OH radical is very abundant in molecular clouds
and OH fine and hyperfine transitions can be employed as a
tracer of both the density (Cotten et al. 2012) and temperature
(Ebisawa et al. 2015) of molecular clouds. They are also key
species in the network of reactions relevant to water and other
oxygen-bearing molecules (Viti et al. 2001; van Dishoeck et al.
2013; Holdship et al. 2017). Also, OH masers have been obser-
ved in many astrophysical objects and their detailed model-
ing is a useful probe of physical conditions. The methylidene
also plays an important role in the interstellar medium (ISM).
It is commonly used as a proxy for molecular hydrogen
(Wiesemeyer et al. 2018).

The molecular abundances of these two radicals can be
derived from interstellar spectra registered by ground- and
space-based telescopes. A general property of these molecular

* The rate coefficients are available in the BASECOL database via
http://basecol.vamdc.eu
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spectra is that the populations of the energy levels are rarely at
local thermodynamical equilibrium (LTE). Indeed, in space, the
density is usually such that the frequency of collisions is nei-
ther negligible nor large enough to maintain LTE. In such con-
ditions, interpreting spectra requires one to simultaneously solve
the radiative transfer equation and a set of statistical equilibrium
equations for the molecular energy levels. Solving the statistical
equilibrium in turn necessitates the availability of the energy lev-
els, the state-to-state rates for spontaneous radiative decay, and
the state-to-state rate coefficients for collisional (de-)excitation
(Roueft & Lique 2013). The predominant collision partners in
the cold interstellar gas are the He atom and the molecular hydro-
gen (Roueff & Lique 2013).

The calculation of collisional rate coefficients for these two
species has always attracted physical chemists. A brief review
of the calculations of astrophysical interest can be found in
Roueff & Lique (2013). Recently, we derive new collisional
rotational rate coefficients for the excitation of OH and CH by
He (Kalugina et al. 2014; Marinakis et al. 2015, 2016, 2019).
Together with the very recent OH-H, and CH-H, collisional
data (Ktos et al. 2017; Dagdigian 2018), these rate coefficients
should enable an accurate determination of CH and OH abun-
dance in molecular clouds. However, in these calculations as
in the recent OH-H,, the hyperfine structure of the target was
neglected. Indeed, the hydrogen atom possesses a non-zero
nuclear spin (I = 1/2) and the coupling between I and the
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rotation j of the molecule results in a splitting of each level into
hyperfine levels.

Resolving the hyperfine structure of a rotational transition
is extremely useful. By assuming that all components have the
same line width and excitation temperature, a simultaneous fit of
all hyperfine components can be performed. The abundance of
the molecule can be directly derived from the fit.

Then, the present paper aims to advance the above discus-
sion by providing the necessary hyperfine resolved data to obtain
accurate estimates of CH and OH abundances from observa-
tional data. After an outline of the rotational levels of CH and
OH (Sect. 2), the calculation of CH-He and OH-He hyperfine
resolved collisional rate coefficients is presented in Sect. 3. The
results and applications of these rate coefficients are given in
Sect. 4, and the main conclusions of this work are in Sect. 5.

2. Hyperfine energy levels of CH and OH molecules

Both CH and OH are open-shell molecules (radicals) in their
X 211 ground electronic state. In its lowest rovibrational levels,
the CH is a Hund’s case (b) radical and the OH is a Hund’s case
(a) (Brown & Carrington 2003). Because of the (electron) spin-
orbit coupling, there are two spin-orbit manifolds. The *IT;,
spin-orbit is the lowest in CH, and the 1, /2 1s the lowest in OH.
In addition, each rotational level j is split into two A-doublets
because of the interaction between the IT ground electronic state
with the higher-lying X states. The two close lying A-doublet
levels have opposite total parities under space-fixed inversion
operator. Levels with parity (—1)/~1/2 are labeled e, and levels
with parity —(=1)/~1/2 are labeled f. In addition, the hydrogen
atom also possesses a non-zero nuclear spin (/ = 1/2). The cou-
pling of j and I results in a splitting of each A-doublet level
into two hyperfine levels, which correspond to different values
of the grand total angular momentum F quantum number, where
F = j + I. The energies of the first CH hyperfine levels are
shown graphically in Fig. 1 and for those of OH in Fig. 1 in
Marinakis et al. (2016).

3. Scattering calculations

The present paper uses the most recent ab initio potential energy
surface PES for CH-He (Marinakis et al. 2015) and OH-He
(Kalugina et al. 2014). We refer the reader there for a discus-
sion of previous work on these two inelastic systems. We note
that there was a very good agreement between all available
experimental and theoretical data validating the quality of the
PESs. In the present calculations we used Alexander’s method
(Alexander 1985) to study the inelastic scattering between a
’I1 diatomic molecule and structureless atom. Quantum close-
coupling calculations were performed using HIBRIDON pro-
gram (Alexander et al. 2014) in order to obtain the nuclear-spin-
free SY(F;jel; F 1j€'l') scattering matrices between nuclear-
spin-free fine structure levels of CH/OH. In this notation, F;
denotes the spin-orbit manifold, j the rotational level, & can be
either e or f, and [ is the orbital angular momentum quantum
number. The prime is used to denote the post-collisional levels.
In the calculations, all the molecules are in the ground vibra-
tional state, and the OH/CH rotation constants, spin-orbit cou-
pling constants, and the A-doubling parameters are those from
Kalugina et al. (2014) and Marinakis et al. (2015). The CH-He
and OH-He and hyperfine cross-sections were obtained from the
nuclear-spin-free scattering matrix using the recoupling method
(Faure & Lique 2012; Marinakis et al. 2016).
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Fig. 1. Energy level diagram of lowest 60 hyperfine levels of >C'H.
The zero reference energy is defined for the lowest CH rotational level
(I, ;2,J = 1/2). The rotational levels are drawn to scale but the
A-doubling and the hyperfine splittings are not shown to scale for clar-
ity reasons. It should be noted that f levels are lower than e in the F;
spin-orbit manifold but the reverse is true in the F, spin-orbit mani-
fold. Regarding the energy order of the hyperfine levels, higher F cor-
responds to higher energy in F, but the reverse is true in F; (with the
exception for the lowest A-doublet shown in red). The total parity (+)
is also shown.

The corresponding rate coefficients were computed as an
average over the collision energy (E.):

8 2
kaop(T) =
#T) (ﬂ'/lk%T3)

Xf E p - d
O g, ex E.,
r—pB Lc nT c

where 0.4 is the cross-section from initial state « to final state
B, u is the CH/OH-He reduced mass and kg is Boltzmann’s
constant. The transitions involve all levels with j up to 7.5 for
temperatures ranging from 10 to 300K for CH-He collisions,
and for j up to 6.5 and for temperatures ranging from 5 to
300K for OH-He collisions. All these rate coefficients will be
available in the BASECOL (Dubernet et al. 2013) and LAMDA
(Schoier et al. 2005) databases.

ey

4. Results

State-to-state hyperfine rate coefficients for A-doublet chang-
ing collisions of CH/OH (X 1, 2, J = 0.5¢) and He are shown
in Figs. 2 and 3, respectively. These A-doublet transitions are
important in astrophysics and especially for interpreting maser
emission. We note that the transition ' = 0 — F = 0 is forbid-
den. In order to examine the rotational dependence of the hyper-
fine A-doublet changing collisions, the rate coefficients between
the j = 1.5 levels in the 213 /2 state are shown in Figs. 4 and 5.
As discussed in the case of OH-He (Marinakis et al. 2016), the
energy difference in these hyperfine levels is negligible and can
be disregarded in the discussion on propensities at usual tem-
peratures. Each A-doublet level has two hyperfine components
that correspond to two different hyperfine quantum numbers
Froax and Fin, With Frax > Foin. In the case of OH-He, it
was shown (Marinakis et al. 2016) that the cross-sections were
larger in the following order: Fax — Fmax = Fmin = Fmin >
Foin @ Fmax = Fmax — Fnin. This is what is observed in
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Fig. 2. Temperature dependence of state-to-state hyperfine rate coeffi-
cients for spin-orbit conserving collisions of CH(X 211, ,2) and He. The
initial and final levels are j = 0.5¢ and j = 0.5f, respectively. The initial
and final F quantum numbers are shown in the graph.
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Fig. 3. Temperature dependence of state-to-state hyperfine rate coeffi-
cients for spin-orbit conserving collisions of OH(X 11, ,2) and He. The
initial and final levels are j = 0.5¢ and j = 0.5f, respectively. The initial
and final F quantum numbers are shown in the graph.

Fig. 6 for the rate coefficients at 100 K of CH/OH-He for all
the rotational levels with the exception of j = 0.5, where as dis-
cussed one out of four transitions is forbidden. This is consistent
with typical hyperfine propensity rules (Lique & Ktos 2011) that
show propensity in favor of Aj = AF transitions, but are also
proportional to the degeneracy (2F’ + 1) of the final hyperfine
level.

The theoretical hyperfine-resolved rate coefficients are
dependent on the propensity rules observed in calculations with-
out taking into account the nuclear spin (i.e., pure rotational
data). The rate coefficients for CH(*I1; 5, j = 0.5¢,F = 1 —
j=1.5-17.5,F") collisions (some of which are shown in Fig. 7)
for spin-orbit changing collisions are on average 5.45 times
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Fig. 4. Temperature dependence of state-to-state hyperfine rate coeffi-
cients for spin-orbit conserving collisions of CH(X Il3/,) and He. The
initial and final levels are j = 1.5f and j = 1.5¢, respectively. The initial
and final F quantum numbers are shown in the graph.
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Fig. 5. Temperature dependence of state-to-state hyperfine rate coeffi-
cients for spin-orbit conserving collisions of OH(X ?I13/,) and He. The
initial and final levels are j = 1.5f and j = 1.5e, respectively. The initial
and final F' quantum numbers are shown in the graph.

larger than for spin-orbit conserving transitions. On the contrary,
in the OH(’Iy ), j=1.5¢, F=2 — j=2.5-6.5, F’) rates (some
of which are shown in Fig. 8) the spin-orbit conserving rates
are on average 10.6 times larger than the corresponding spin-
orbit changing rates. The difference in the rotationally-resolved
spin-orbit propensities for He—CH/OH collisions has been dis-
cussed in previous work, and is due both to the difference in
the spin-orbit constants (28.1468 cm™' and —139.321 cm™! for
CH and OH, respectively) and to the different underlying PESs
(Marinakis et al. 2007; Kalugina et al. 2014; Marinakis et al.
2015).

As discussed by Corey & Alexander (1988) in their study
on hyperfine propensities in OH-H,; collisions, in the absence
of external magnetic fields, the orientation of the I vector
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Fig. 6. Comparison between state-to-state A-doublet ¢ — f changing
hyperfine rate coefficients at 100 K for spin-orbit conserving collisions
of CH/OH (X,v = 0) and He. The spin-orbit states are shown in the
graph. Fi,x — Fmax are shown in filled magenta circles, Fyin — Fiin
transitions are shown in empty black circles, Fiyi, — Fiax in empty blue
squares, and Fpax — Fmin in filled red squares.
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Fig. 7. Comparison between state-to-state rotational-excitation hyper-
fine rate coefficients for spin-orbit conserving (left panel) and changing
(right panel) collisions of CH (ZHI/Z, v=20,j=05e F =1) and He.
The e — e transitions are shown in the upper panel and e — f transi-
tions are shown in the lower panel. The final j and F' quantum numbers
are shown next to the corresponding curves.

cannot be changed because the intermolecular potential is purely
electrostatic. Therefore, only changes in the relative orientation
of the j and I vectors can lead to a change in the magnitude
of the resultant F vector (Corey & Alexander 1988). Because
of the tendency for preservation of the j vector and of the
general propensity for AF = Aj, a propensity for AF = 0
is often observed (Corey & Alexander 1988; Offer et al. 1994;
Marinakis et al. 2016).
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Fig. 8. Comparison between state-to-state rotational-excitation hyper-
fine rate coefficients for spin-orbit conserving (left panel) and changing
(right panel) collisions of OH (*Tl3/5, v = 0, j = 1.5¢, F = 2) and He.
The e — e transitions are shown in the upper panel and e — f transi-
tions are shown in the lower panel. The final j and F quantum numbers
are shown next to the corresponding curves.

As discussed in previous work (Dagdigian etal. 1989;
Marinakis et al. 2015), there is a propensity for transitions into
antisymmetric rotational levels (II(A”) levels, meaning F' f,
Fe), in He—CH(X) upward transitions. That propensity appears
in the cross-sections at various collision energies at high rota-
tional levels but sometimes the reverse is true at low rota-
tional levels, and this is related to the rotational dependence
of the degree of electron alignment (Macdonald & Liu 1989).
Also, a propensity for spin-orbit manifold conserving transitions
over spin-orbit manifold changing transitions was not observed
in agreement with previous work on purely rotational excita-
tion (Marinakis et al. 2015). Although a detailed discussion of
propensities is beyond the scope of this work, a visual com-
parison between rate coefficients for spin-orbit conserving and
spin-orbit changing (left and right), and ¢ — e versus e — f
transitions for He-CH/OH collisions is shown in Figs. 7 and 8§,
respectively. The initial level was chosen to be the lowest e level
in the lowest spin-orbit manifold with the highest F quantum
number, that is j = 0.5¢, F = 1 for CH, and j = 1.5¢, F = 2 for
OH. Different choices of the initial level can be considered in
order to examine all the propensities. The final levels were from
Jj = 2.51t0 6.5. Some of these rates are shown in Figs. 7 and 8.
From these He—CH collisions, on average, the propensity is for
final levels in 2H3/2 f> 2H1/2 f >2 H1/2 e > 2H3/2 e. In the case
of He + OH collisions, on average, the propensity is for final
levels in 2H3/2 f > 2H3/2 e > 2H1/2 f > 2H1/2 e.

In order to simplify the notation in the following discussion,
let us call m and M the lowest and highest values for F, respec-
tively, for any rotational level, j. Regarding CH(*I1y;, — 2I1;),
starting from j = 0.5,F = 1 for various Aj transitions, at
the high j-limit, the propensity is em > eM > fM > fm.
For OH(’I1;;; — 2I1;,), the propensity at the high j-limit is
fM > fm > em > eM. For CH(2H3/2 e 21_[3/2), we have
fM > (fm,eM) > em, where the order of fm versus eM alter-
nates with j. For OH(*I13/, — *I13), the propensity at the high-
jlimitis eM > em > fM > fm.
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5. Discussion and conclusions

The newly obtained hyperfine rate coefficients for He—CH/OH
collisions can be used for accurate modeling in astrophysical
chemistry. CH is an important proxy for H, especially at high
column densities, and the He—CH hyperfine-resolved rate coeffi-
cients may help in more sophisticated calculations for CH in the
interstellar medium. For example, using reduced mass from He
to para-H; as collision partner, Wiesemeyer et al. (2018) scaled
the He—CH rotational coefficients (Marinakis et al. 2015) with-
out taking into account the hyperfine levels.

Neither the observations of inverted lines in CH spectra
nor the relative intensities of the emissions are well understood
(Bouloy et al. 1984; Dagdigian 2018). Future radiative-collisional
simulations may explain the anomalous hyperfine signals by tak-
inginto account the overlap of the far-infrared hyperfine lines, pos-
sible propensities in various recombination and photodissociation
pathways of CH production, and turbulence.
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