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ABSTRACT

Photodissociation cross-sections are computed as a function of temperature for the methylidyne radical, CH. The model explicitly
considers the lowest 13 electronic states of CH and are topped up at short-wavelengths using available results. The effects of
predissociation due to curve crossing and tunnelling through a centrifugal barrier are both explicitly considered, alongside direct
photodissociation. Photodissociation rates of CH in standard astronomical radiation fields are large but found to show only minor
dependence on the temperature of the CH, in contrast to previous studies on diatomic hydrides. The SBYT cross-sections are
made available via the ExoPhoto data base www.exomol.com/ExoPhoto.
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1 INTRODUCTION

In ultraviolet (UV)-rich stellar fields, photochemical processes have
a strong influence on the composition and dynamics of molecular
clouds, stellar, and planetary atmospheres. The development of
reliable models of such environments to describe their chemistry,
atmospheric conditions, as well as the interpretation of high-
resolution spectroscopic observations of these objects relies on
the availability of molecular photodissociation and photoionization
data. A major source of these data has been the Leiden database
(Heays, Bosman & van Dishoeck 2017; Hrodmarsson & Van
Dishoeck 2023), where wavelength-dependent cross-sections for
over a 100 atomic and molecular species are tabulated, along with
the respective photodissociation and -ionization rates when these
atoms and molecules are subject to various radiation fields. All
of these theoretical data are provided for O K, where only the
ground vibronic level is considered to be populated, and the cross-
sections are not rotationally resolved. While sufficient for describing
cold objects, such as the interstellar medium, for other astronomical
objects at elevated temperatures the effect of lower state population
should lead to changes in cross-sections and rates. In this work, we
are using the recent methodology developed in ExoMol (Pezzella,
Yurchenko & Tennyson 2021) and a new set of electronic structure
data (Hou & Liu 2024) to calculate temperature-dependent pho-
todissociation cross-sections for CH and its rates in several radiation
fields.

The methylidyne radical, CH, is one of the most studied molecular
species in astrophysics and has been observed in a variety of
astronomical objects, including the Sun (Mélen et al. 1989; Grevesse
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et al. 1991), cool stars (Ridgway et al. 1984), comets (Womack,
Lutz & Wagner 1994), interstellar medium (Lien 1984; Stacey,
Lugten & Genzel 1987), and planetary nebulae (Liu et al. 1997).
Its spectra are present in some of the oxygen-rich stars, most of the
cool carbon-rich stars, and various spectral features of CH are used
in classification of carbon giants (Lambert et al. 1986; Jgrgensen
et al. 1996). Its other uses involve studies of hydrocarbon flames
(Rensberger, Dyer & Copeland 1988; Versailles et al. 2016) and
testing the variations of the fundamental constants based on certain
microwave transitions that can be measured with extremely high
accuracy (De Nijs, Ubachs & Bethlem 2012; Truppe et al. 2014).
The extensive literature on spectroscopic measurements of CH is
collected and summarized by Civi§ et al. (2023) and Furtenbacher
et al. (2022).

As for the photodissociation cross-section data of CH, two main
theoretical data sources exist. The first is the work of van Dishoeck
(1987) used in the Leiden data base, which employs an extensive
multistate model of CH to obtain the cross-sections over a wide spec-
tral range, but only for low temperature. Predissociation processes
are approximated using the Fermi’s golden rule, and direct photoab-
sorption is obtained by solving the scattering problem. The other
source is Kurucz, Van Dishoeck & Tarafdar (1987), where partially
rotationally resolved continuum absorption cross-sections have been
generated for hot conditions 7= 1000-9000 K. Predissociation ef-
fects were not considered there. The data by Kurucz et al. (1987) have
been recently used in Popa et al. (2023) to estimate the magnitude of
non-local thermodynamic equilibrium (LTE) effects in cool stellar
atmospheres of red giants, and the departures from equilibrium have
been found to be non-negligible due to strong and low-threshold pho-
todissociation. To facilitate such studies of hot carbon-rich systems,
this paper aims to provide temperature-dependent photodissociation
cross-sections.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

G20z Jequisoa( 90 Uo 1sanbB Aq 0685GZ8/SE Y L/2/E¥S/BI0NE/SEIUW/ W0 dNO"01WapED.//:SA]Y WOl PAPEOUMOC


http://orcid.org/0000-0002-4161-5189
http://orcid.org/0000-0001-9286-9501
http://orcid.org/0000-0002-4994-5238
file:www.exomol.com\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ExoPhoto
mailto:j.tennyson@ucl.ac.uk
https://creativecommons.org/licenses/by/4.0/

1436  A. Sokolov et al.

100000 7 S
| — X’n
80000 - /‘_/ — A%
] — B
| c%
" 60000 - — o%
o . EN
> ’ —_— — Fn
o ] G
£ 40000 == e
] a's
20000 - o

| — 'z
] d°s

O L L L L | s | |

0.5 1.0 1.5 2.0

2.5 3.0 3.5 4.0

Figure 1. Potential energy curves for the states considered in this work.

2 METHODS

The model employed here was presented in detail by Sokolov,
Yurchenko & Tennyson (2025). Below we summarize this model and
consider details which extend the treatment from the one presented
in our initial study.

2.1 Electronic structure data

Our spectroscopic model of CH consists of potential energy curves
(PECs; see Fig. 1), permanent and transition dipole moments (TDM),
and various electronic couplings which come mainly from a recent
work by Hou & Liu (2024), with some data taken from Brady (2025)
and van Dishoeck (1987). The potentials of the six lowest states
were slightly adjusted as to ensure they go exactly to their respective
dissociation asymptotes. The left well of the G2+ state has been
shifted down by 2902.9 cm~! to improve agreement with theoretical
dissociation energy D, values (Kalemos, Mavridis & Metropoulos
1999; Viazquez et al. 2007) and also bringing the G-X band to
lower frequencies as suggested by the experiment (Herzberg & Johns
1969). The treatment of non-adiabatic couplings among 2X 7 states
and among IT states is described in Appendix A.

2.2 Nuclear motion calculations

The Shrodinger equation for the set of coupled electronic states is
solved variationally using the open-source code DUO by Yurchenko
et al. (2016). Originally designed to treat bound state problems,
it can also produce a discretized representation of unbound states
above the dissociation limit as solution of a particle in box problem.
In our methodology, associated transitions to and from these discrete
states are used to produce photodissociation and photoabsorption
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spectra using a Gaussian-smoothing approach as described in detail
by Pezzella et al. (2021), Mitev et al. (2025), and Uhlikova et al.
(2025).

For the set of electronic structure data selected for our spectro-
scopic model, the DUO calculation produces a complete line list
for CH, and we obtain theoretical, temperature dependent spectra
that are representative up to 100000 cm~! at low temperatures
and roughly 70000 cm™! at higher temperatures, where the lower
levels of radiative transitions belong to excited electronic states.
This is illustrated by the partition function shown in Fig. 2. Up to
3000 K, one only needs to consider the ground electronic state.
At higher temperatures, the lowest quartet state a*%~ starts to
get populated, and as shown in the inset, above 4000 K the total
partition function starts to deviate again as more and more highly
excited states (i.e. A2A, B2X ™) get populated. These are compared
to the partition function by Barklem & Collet (2016) as well as
to the MoLLIST partition function of CH as provided computed
by ExoMol (Wang, Tennyson & Yurchenko 2020).For comparison
purposes, the former is multiplied by gy to conform to the HITRAN
convention (Gamache et al. 2025) used by ExoMol. The MoLLIST
partition function was constructed by summation of states from the
MOoLLIST (Bernath 2020) CH line list over levels up to 500 K and
then patched with the values obtained using Sauval & Tatum (1984).
The agreement among data sets is good up to 4000 K. Above this
temperature, the partition function from this work is larger due to a
more complete spectroscopic model.

2.3 Bound and unbound solutions

Photodissociation can occur as a result of several different pro-
cesses (Herzberg 1939; Schinke 1993; Heays et al. 2017). One
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Figure 2. Comparison of partition functions calculated in this work, Masseron et al. (2014) and Barklem & Collet (2016). The inset shows the region where

incompleteness of input states becomes noticeable.

of them is direct photodissociation, where the radiative transition
happens between bound and continuum states. Another one is
predissociation, a two-step process where absorption transfers the
molecule into a quasi-bound (predissociative) state with the lifetime
Tl that can either dissociate with efficiency 1 = kprea/kiotal =
(1/7prea)/(1/Tiora) OF experience other radiative transitions. Here,
Tpred aNd Ty are the lifetime due to the predissociation only and
the total lifetime, respectively, and kpeq and ki are the corre-
sponding photodissociation rates. Direct photodissociation leads to
broad uniform spectral features, while the predissociation spectrum
consists of individual lines with width depending on the lifetimes
of those quasi-bound states and are defined by the shapes and
relative positions of the potential energy curves involved in the
predissociation, as well as couplings between those electronic
states.

We wish to distinguish more thoroughly between quasi-bound and
unbound solutions of DUO. The default approach used by the code
is to check the presence of a long oscillating tale in the (ro)vibronic
probability distribution given in terms of the wavefunction by | ; |2
which is characteristic for unbound states. However, this approach
often fails for quasi-bound states that also exhibit this feature while
being much more localized around the potential well minimum. A
more robust approach that we use here is to calculate the expectation
value of the bond length (rcy) in a given state v; or some similar
quantity (Csészdr et al. 2020) which remains smaller for resonance
states than for unbound ones. The distribution of (rcy) values
for various selected states is shown in Fig. 3. The bound states,
characterized by smaller values of (rcy), are located inside their
respective potential energy wells, whereas the unbound states in
our approach are located roughly the middle of the simulation box,
between the right boundary and the repulsive wall of the respective

PECs, (rcy) ~ 3.5 A. The quasi-bound states form the intermediate
group between these two limits. To proceed with the calculation of
dissociation rates, we draw the boundary at (rcyy) = 3 A and label the
states as bound or unbound in DUO’s .states files. This single criterion
works well for the low-lying states (c*X~ and below) with few
couplings, where temperature dependence of rates would show up
the strongest. For highly excited electronic states, a simple criterion
is no longer sufficient. The potential energy wells of Rydberg-like
states become wide (i.e. G2X*, F2II), so their levels or levels
strongly coupled to such states require much larger box sizes or
state-dependent cut-off values.

2.4 Direct photoabsorption

Using the procedure outlined in the previous section, we use
DUO to compute a bound—free line list represented by transitions
from bound to discretized unbound states, which is then used to
produce temperature-dependent bound-free cross-sections using the
ExXOCROSS programme (Yurchenko, Al-Refaie & Tennyson 2018).
Here, the associated discrete lines are smoothed using the particle-in-
a-box analogy of Uhlikové et al. (2025), where each line is broadened
by a Gaussian whose width is given as a function of the v quantum
number. The continuum absorption spectrum and the initial discrete
‘stick’ spectrum for transitions from X ?IT state to various excited
states are shown in Fig. 4. Our procedure appear to produce sensible
spectral shapes, with a sharp and correct boundary for the dissociation
limit, smooth broad features at lower frequencies and no oscillations
in semilog scale due to underbroadening for large v. At higher
frequencies, the theoretical spectrum starts to look more jagged due
to shortcomings of our quasi-bound state classification, where more
and more of quasi-bound states end up identified with the continuum.
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Figure 3. Diagram of the C-H bond length expectation values showing the distribution of selected rovibronic states v; as energies versus associated (rcy)
values. These (rcy) values were used in distinguishing unbound and (quasi-)bound states. Only some states with (rcy) >4 A are plotted to reduce clutter.

To further benchmark our time-independent approach against
the scattering formalism, we compared the cross-sections by van
Dishoeck (1987) to our photoabsorption calculations using their
PECs and TDMs for the B—X and D-X bands as shown in Fig. 5.
For the case of the B—X band, the agreement between the methods
is reasonable. Two differences stand out, the peak in the shaded
predissociative region and the intensity discrepancy at higher fre-
quencies. The peak appears due to the presence of predissociative
upper states in the B—X (1,0) band, and the (rcy) filter helps move
most of it (red versus blue lines) into the bound-quasi-bound part
of the problem, leaving only upper states with (rcy) > 4.3 A in the
blue contribution. As for the intensity in high frequency wing, it
might be overestimated because the v quantum numbers of the upper
unbound states are relatively low, so transitions to those very first
states get overbroadened, see Uhlikov4 et al. (2025, Fig. 6). For the
D-X band, the Franck—Condon factors favour transitions to states
with high v where the particle-in-a-box approximation works well,
and the agreement with scattering calculations is excellent.

2.5 Predissociative transitions

From a theoretical point of view, several kinds of predissociative
processes are possible in diatomic molecules (Herzberg 1939).
Relevant to this work are Type I and Type III. Type I is the
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predissociation due to coupling to the continuum, where a bound
state gets some unbound character from a dissociative curve; in this
case predissociation depends on how strong the couplings are (Fano
1961). Type III is predissociation by rotation, where a state with
energy above the dissociation limit can tunnel through the centrifugal
barrier and reach the continuum. Type I process can occur for any
state above the dissociation limit. Type III process, in turn, requires
a rotational barrier and is relevant for rotationally excited states
that are usually inaccessible by single photon absorption in cold
media. As this study also concerns hot environments, we include
both mechanisms in the model.

Experimentally, predissociation in absorption spectra is often
observed as diffuseness and broadening of spectral lines beyond that
which can be expected from other broadening mechanisms. Thus,
accurate low-pressure experiments can provide the width of a transi-
tion and the total lifetime of the upper state 7, (assuming the lower
state is bound). Theory, in turn, helps to obtain radiative lifetimes
from the knowledge of the Einstein A-coefficients T, = 1/ ’ Agi,
as well as predissociative lifetimes Tpeq.

The Einstein coefficients and the radiative lifetimes are ob-
tained as a part of the solution by DUO. Type I predissociation
is treated here using the stabilization approach (Hazi & Taylor
1970; Mandelshtam, Ravuri & Taylor 1993; Mitev et al. 2025); a
detailed study of it has been reported separately (Sokolov et al.
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2025). Briefly, by changing L.y in the DUO input, we monitor the
change in the energy of predissociative states, and the widths of the
resulting energy distributions are used to get the rates, kryp, and
lifetimes.

Rotational predissociation lifetimes are computed using the code
LEVEL (Le Roy 2017) which explicitly allows for the continuum using

the semiclassical WKB (Wentzel-Kramers-Brillouin) approximation
to calculate resonance widths (Le Roy & Bernstein 1971; Huang &
Le Roy 2003). Given a PEC for an isolated electronic state, LEVEL
provides resonance widths for each (quasi-)bound rovibrational state
i, which are then converted to predissociative lifetimes Trype i =
y™W/(2mc). The assignment of rotational quantum numbers N and
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Figure 6. Predissociation efficiency for various rovibronic states of CH. Dashed lines mark the first and second dissociation thresholds.

F; to the DUO results that are needed for merging with LEVEL output
were performed following the conventions of Whiting (1973).

To reiterate, we aim to produce photodissociation cross-sections to
be used in production of photodissociation rates. As discussed above,
we construct these cross-sections from two main contributions (see
Mitev et al. 2025): (1) cross-sections computed from the bound-
free transitions and (2) cross-sections computed from bound—quasi-
bound transitions. While the bound—free cross-sections are obtained
directly from a discretized line list using the Gaussian-smoothing
procedure (see above), the quasi-bound cross-sections are generated
from the bound-bound line list using a proper lifetime broadening
mechanism. To this end, we need assess whether a transition to an
excited state is predissociative as opposed to truly bound, and if so,
how efficient the dissociation process is. In this work, we neglect
collisional effects and consider the predissociation efficiency n as a
fraction of the predissociation rate kpq to the total rate ko

n= kpred/klolah (D
where
1
ktotal = krad + kpred =— 4+ —. (2)
Trad Tpred

If both Type I and III mechanisms contribute to the predissociation,
their rates are added, i.e. kyred = k1ype1 + k1ype - We then modify
the Einstein A coefficients computed by DUO in.trans file by scaling
them with the predissociation efficiency n as

Ay =nsAp. 3)

Since n represents the quasi-continuum portion of the photoab-
sorption, this expression allows to properly account for the quasi-
continuum contributions to photodissociation. Indeed, for the pure
bound-bound states, Tpeq = 0 and 7 = 0 and therefore the corre-
sponding contribution to photodissociation will be zero as well. We
also modify the .states file by replacing the state radiative lifetimes

MNRAS 543, 1435-1446 (2025)

Trad With the total lifetimes Ty = kfmla], which is then used in line
broadening.

In this work, predissociation was considered in detail only for
a few low-lying electronic states, and predissociation efficiency is
illustrated in Fig. 6. For states B2X~,a*%~, and X *T1, only Type III
process is possible, and these were treated with LEVEL. Transitions
to the B-state are by far the most important ones in this group, as
the spin-forbidden a—X radiative transitions have not, to the best of
our knowledge, been observed, while transitions within the ground
electronic state with large Av are weak. At T = 0 K, transitions
to predissociating rotational levels with high J do not occur due
to low populations of the appropriate Jigwer, and this mechanism is
irrelevant for extremely cold media. However, for objects with higher
temperature, these rotational states can become populated, and above
3000 K the contribution to the partition function even from the a* %~
state is not negligible.

Electronic states A2A and C2Z* tend to the second dissociation
limit. For them, both Type I and III processes have been considered,
and numerous rovibrational levels are affected by predissociation
effects. The A2A state supports nine vibrational states, and we
observe different behaviour of n for levels with different v, | 2|, J
shown in red. In the C2>X* state, n shows different behaviour for
groups with different v, J, and parity, and one can see a long-living
component with decreasing predissociation rate for the v = O state
in bright green.

For the G2X* state, 5 is obtained from our radiative lifetimes
and krype; is estimated from van Dishoeck (1987). Although our
spontaneous radiative rates kg ~ 1.2 x 108 s~! are twice as high
as previously reported, the lower limit for the predissociation rate
kprea = 7.6 x 10° s~! is still ~ 60 times larger and these states
predissociate almost completely (cyan points in Fig. 6).

Such (almost) complete predissociation of bound levels is a general
feature of highly excited electronic states with a lot of couplings and
a dense continuum of lower lying states. Li & Lee (1999) extracted
experimental lifetimes for D2Z+, v =0 states from absorption
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spectra measurements and obtained values of the order of ze,, ~ 1 ps
compared to our T,,q > 100 ns. The discrepancy must be attributed to
predissociation which happens with almost 100 per cent efficiency.
The reduction of lifetime also leads to broadening, and these lines
have halfwidths over 2 cm~!. DUO predicts four bound vibrational
states in D2+ electronic state, but in the experiment the lines
with the upper v = 1 state are so broad they are not observed at all
(Herzberg & Johns 1969; Li & Lee 1999). Metropoulos & Mavridis
(2000) calculate Tyeq for E2I1, v =0, 1,2, and F2IT v =0, 1,2
which range from 2 ps to 2 fs. Our radiative lifetimes for these do not
fall below 2 ns, and again n & 1. Data are not available for the two
remaining bound electronic states in our set, H2IT and c*X~. The
H [T state is strongly coupled to E >IT and F >T1, both with Short Tyeq,
SO wWe set Tpreq = 1 fs for H?II. As for the quartet state, it crosses
a number of curves where the spin-orbit coupling is small, but not
zero, and here we also assumed a short lifetime of 1 fs and n = 1.
To calculate the cross-sections, we modify the Einstein coefficient
of each predissociative transition by predissociative efficiency as
discussed above. Each line is also broadened with the Voigt profile,
where the Lorentzian component comes from the total lifetime, and
the Doppler component uses the temperature of the gas. A 100 cm™!
cut-off is used to truncate the line wings, and to conserve the intensity,
we transfer the same amount of intensity from the wings into the

‘pedestal’ of the line. Note that for r = 1 ps, the half-width is y =
2.65 cm™!, and such a cut-off is adequate, but for shorter lifetimes,
i.e.T =5fs,y = 530 cm~!. This means that a significant portion of
the line wings for lines above ~ 5 eV gets folded back, and a feature
that would appear broad instead looks sharp. Using a larger cut-off
negatively affects the lines at lower frequencies, where the slowly
decaying wings can spread beyond the wavelength, corresponding to
Do.

2.6 Short wavelength top-up

Despite a large number of PECs and TDMs used in this work,
some data for the higher electronic states of CH are still missing.
van Dishoeck (1987) discusses the contributions from absorption
into the 42X 7 state at 8.6 eV, the three states constituting the 3d
Rydberg complex, 22A, 5211, 52X+, at around 9 eV (Vizquez
et al. 2007), and the 32A state at 9.4 eV. Absorption into those
states always leads to molecular dissociation. Also mentioned are
the higher lying doublet states of Rydberg character that converge
to the first ionization threshold (10.64 eV) and those states of the
neutral CH radical that converge to the excited states of the CH*
ion, a3Tl, and A 'IT (Chakrabarti, Ghosh & Choudhury 2019). In
this region, dissociation starts to compete with ionization of the

MNRAS 543, 1435-1446 (2025)

G20z Jaquieoeq 90 Uo 1senb Aq 0685528/SEY L/2/E ¥S/aI0IME/SEIUW/WOD dNO"OlWaPEDE//:SARY WO POPEOJUMOQ



1442  A. Sokolov et al.

wavelength, um / energy, eV
0.15

04 0.3 0.2 0.1
‘]()'13 ] (O L =] ; 1 . ‘ . 1
B P4
107° 4
& 47 |
5 107
s 1 .
5107 ] M
(0]
(73]
tl’) | e
8 10% | | =
= - -
1024 | 2
(] e T — —
40000 60000 80000 100000
wavenumber, cm™’
wavelength, um / energy, eV
100 1 0.5 0.3 0.2 0.15 0.1
- L1 1 | | | | | |
10-13 _O ‘1 l2 13 l4 I5 ‘B IT ‘5 I9 10 1 12
B Temperature, K
45 1000
o 107 - 3000
= - — 5000
O 17
g ' i VI |
-§ 10719 % ooc-,q 38 VL%».-—J‘ ‘I‘i ‘I‘
» g, —
g oo°ac.h5.
O 4n-21 X
5 10 % 0(,03100:'
[+5)
1023 ' °:‘..
. oo Q;OO
2000 4000 60000 80000 100000

wavenumber, cm™

Figure 8. Comparison of photodissociation cross-sections from this work with the literature data. Top: comparison of 1 K cross-section with the Leiden data
base (Hrodmarsson & Van Dishoeck 2023). Bottom: comparison with Kurucz et al. (1987) for high temperatures.

molecule and the photodissociation rate quickly goes down. We use
these estimates from the Leiden data base (van Dishoeck 1987) as
a short-wavelength top-up without any changes and do not include
the temperature dependence of cross-sections or rates coming from
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transitions to these states. The integral of the photodissociation
cross-sections for those bands beyond 8.5 eV is 6.18x 107 cm,
which is roughly a third of the entire cross-section given by
Leiden.
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Figure 9. Photodissociation rates for various gas temperatures and radiation fields (four blackbody fields for different radiation field temperatures and the
interstellar radiation field). Horizontal lines are O K rates from Leiden. For each radiation field, the rates are scaled according to Hrodmarsson & Van Dishoeck

(2023).

2.7 Photodissociation cross-sections and rates

The photodissociation cross-section is that part of the (total) photoab-
sorption cross-section that contributes to the process of molecular
break-up into neutral fragments. Here, we provide photodissociation
cross-sections per molecule calculated from the DUO outputs using
ExOCROSS on 0.1 nm grid for 34 temperatures (Pezzella, Tennyson &
Yurchenko 2022). The current data set, named SBYT after the names
of the present authors, is provided in the standard ExoMol format (Ni
etal. 2025). Fig. 7 shows the temperature-dependence of these cross-
sections against frequency; wavelength and energy units are also
shown for convenience. We can see that for low gas temperatures,
there is a clear threshold for the (UV) photon energy needed to
induce photodissociation, marked by the dashed line. As the tem-
perature increases, more and more excited rovibronic levels become
populated. Because of this, the photon energy needed to reach the
quasi-bound levels of CH drops, and so the threshold shifts towards
lower frequencies. It is this behaviour of the cross-sections that is
responsible for temperature dependence of photodissociation rates
in radiation fields which peak at long wavelengths.

Fig. 8 compares our cross-sections with the literature data. The
first panel shows comparison with the Leiden data base for cold
temperatures. This work shows more numerous, rovibrationally
resolved sharp predissociation features. Compared to Leiden, the
positions of some lower energy features are shifted due to the
different set of potential energy curves and couplings used here.

The second panel shows that the overall shape of high-temperature
continuum absorption cross-sections of Kurucz et al. (1987) is very
close to ours. However, our new data include predissociation effects
and more electronic states not considered by Kurucz et al. (1987),
which explains the differences at both low and high frequencies,
respectively.

The photodissociation rates (s~! molecule™!) are computed as

k(T):/F()»)U()»;T)d)», (@)

where o ()) are the wavelength-dependent photodissociation cross-
sections and F()) is the spectral irradiance per unit wavelength
for various light sources. The expression for blackbody radiation

(photons s~! em™2 nm™!) is given by

BN 8mc 1

271013 . 4 exp [he/ (AT — 17
where all the input quantities are in SI. The expression for the
interstellar radiation field (ISRF) is taken from Hrodmarsson & Van
Dishoeck (2023). The rates in this work are computed with the Leiden
convention (Heays et al. 2017; Hrodmarsson & Van Dishoeck 2023),
where the irradiance for each light source is renormalized such that
the energy density between 91.2 and 200 nm is equal to that of
the Draine field. The actual dissociation rates in the blackbody field
increase drastically with radiation temperature, while the opposite is
observed when the flux is renormalized.

(&)
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Figure 10. Contributions to photodissociation rates from predissociation (bound—bound transitions) and direct photoabsorption (bound—unbound transitions)

for two radiation fields.

Fig. 9 shows the temperature dependence of the CH photodissocia-
tion rates for various light sources. Dashed horizontal lines represent
the (temperature-independent) values from the Leiden data base ob-
tained by integrating their low temperature cross-sections with the ap-
propriate flux. These data agree very well with our calculations at 1 K,
differing for BB4k (blackbody at 4000 K), BB10k, and ISRF by 0.86,
0.91, and 0.99, respectively. The cross-section top-up has no affect for
BB4k rates, but increases the BB10k and ISRF rates by 3 per cent and
22 per cent, respectively. This shows the importance of considering
the highly excited electronic states in extremely UV-rich environ-
ments, but for low-temperature stars the contribution to photodisso-
ciation from those high-frequency transitions will be negligible.

As for the effect of gas temperature, weak dependence is observed
for those rates where the flux has a flat spectral profile across the
region of molecular absorption, i.e. for ISRF and BB10k. For lower
temperature radiation fields, the effect of gas temperature on rates
is much more pronounced peaking for BB3k, where the difference
in rates reaches kg3 (3000 K)/kgpa(1 K) ~ 5.5 times. As cooler
stars usually have higher CH abundance (Kurucz et al. 1987), the
temperature dependence of these rates will have a stronger impact on
their opacities. Fig. 10 shows contributions to our photodissociation
rates (calculated without the cross-section top-up) from predissoci-
ation (squares) and direct photoabsorption (triangles) for 4000 and
10000 K BB fluxes. The largest contribution in both cases comes

MNRAS 543, 1435-1446 (2025)

from predissociation of quasi-bound states, while bound—unbound
transitions are more sensitive to temperature effects.

Overall, the effect of the gas temperature on the rates for CH is
much less extreme than that obtained for other hydrides. OH shows
an order of magnitude increase for ISRF and four orders difference
for BB4k rates (Mitev et al. 2025). This appears to result from a
single large bound-free spectral feature that shifts from ~ 200 nm to
longer wavelengths as the temperature increases. A similar change
is obtained for HF by Pezzella et al. (2022), while a more mild
change of about a factor of 100 in kgp4x rates is obtained for HCL. We
believe this can be explained by the type and position of electronically
excited states.The 1 K BB4k dissociation rates for CH, OH, HCI,
and HF are, respectively, 1.5 x 1077, 2.8 x 1071°,9.4 x 10!, and
5.3 x 107!* 5!, This indicates a much higher dissociation rate for
CH which, as shown on Fig. 10, comes mainly from predissociation.
Indeed, CH has a number of electronic states that support quasi-
bound levels in the energy range between 3.6 and 9 eV and only two
states of the same multiplicity with a repulsive slope in the Franck—
Condon region. The intensity of those B2X~ and D27 features is
rather small compared to other bound—bound features (compare, for
example, Fig. 7 with Mitev et al. 2025, Fig. 4). In contrast, within
the same energy region OH has just a single bound state and three
repulsive ones, while both HC1 and HF have just a single repulsive
state. As Fig. 10 shows, it is mainly the bound—free transitions that
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are responsible for strong temperature dependence of dissociation
rates.

Another curious feature in the present results is the drop in rates for
high-energy flux distributions at high molecular temperatures. One of
the reasons for this is the approximate, temperature-independent top-
up for high-energy cross-sections. Another reason is the emerging
competition between photodissociation and photoionization. We can
expect a shift of the photoionization cross-sections to lower frequen-
cies with temperature similar to the one we observe for molecular
dissociation processes. Recently, Penson et al. (2025) studied the
photoionization cross-sections of CH starting at v =0, 1, 2 of the
X 2T1 state and showed that the onset shifts from 10.62 to 10.1 eV
when starting from higher v. Moreover, at 10 000 K the a 437, AZA,
and B2X~ states are sufficiently occupied, so even absorption of an
8 eV photon can cause a transition to the ionic states of CH". This
hints at possible temperature effects of photoionization rates, and
that including more electronic states beyond those already consider
in the top-up is unlikely to lead to meaningful changes in dissociation
rates of CH.

3 CONCLUSIONS

We present calculated photodissociation cross-section set for CH
called SBYT. All the rovibronic states above the first dissocia-
tion limit have been considered in predissociation processes, with
particular attention to A2A and C2X7 states in the near-UV. We
considered Type I mechanism in detail for A2A and C2X™ states
and roughly for the G2 X7 state, and Type III mechanism for X ?I1,
AZA,B?X~, C2xt, and a*X~ states. The rest of the rovibronic
states are assumed to dissociate with 100 per cent efficiency based
on the comparison of the total experimental and theoretical radiative
lifetimes (D 2+, E 2T, F2IT) or on the energy values of those states
and the strength of couplings (c*X~, H2IT). Direct photoabsorption
has been calculated from all bound and quasi-bound levels where
TDM curves between the initial and final electronic states are
available.

We find the effects of predissociation, largely neglected or treated
more simplistically in previous studies, to be important but the
dependence of the photodissociation rate on the gas temperature
to be significantly weaker than found in our previous studies.
Results of this study can be obtained from the ExoPhoto data
base (Ni et al. 2025) at www.exomol.com/exophoto. The cross-
sections presented in the ExoPhoto data base use the assumption
that the CH molecule is in LTE. In practice, our calculations which
are performed state-by-state. If needed, these state-resolved cross-
sections can be used to create non-LTE photodissociation rates
(Mitev et al. 2025). The set of state-resolved cross-section, which
form a much larger data set then the temperature-dependent cross-
sections provided by ExoPhoto, can be obtained from the authors on
request.

This work is part of series of studies on the photoabsorption
properties of CH. This spectroscopic model used here, but adjusted
to experiment is currently being used to produce an accurate,
temperature-dependent CH line list (Yurchenko et al. 2025) as part of
the ExoMol project. An analysis of the competition between radiative
and predissociative decay mechanisms in excited electronic states
of CH radical is being published elsewhere (Sokolov et al. 2025).
These studies give good agreement with extensive experimental
measurement of the properties considered. As the current calculations
are based on essentially the same CH spectroscopic model, these
comparisons give us confidence in the reliability of the cross-
sections we present.

Photodissociation rates of CH 1445
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APPENDIX A: TREATMENT OF
NON-ADIABATIC COUPLINGS

If electronic states of the same symmetry are present in the model,
one also needs to consider non-adiabatic couplings (NAC) to describe
the avoided crossings regions and improve the accuracy of nuclear
motion calculations. The inclusion of NACs can considerably change
the intensity distribution for transitions to the coupled states (Brady
etal. 2024; Brady & Yurchenko 2025; Perri et al. 2025). van Dishoeck
(1987) considers such radial nuclear couplings among the excited *IT
states, as well as between C2X* and D2X* in their spectroscopic
model. For the former group of states, NACs lead to emergence of
complicated resonance structures within the broad photoabsorption

features. Hou & Liu (2024) also consider NACs and diabatize their set
of ab initio PECs using the property-based diabatization approach

for the two state pairs E2IT-F2IT and F2IT-H?I1. In our work,
we use the N-state hybrid asymptotic property based diabatization
(HyAP) algorithm (Brady 2025) to simultaneously couple multiple
states of the same symmetry and apply it to the A = 0 states (C2X+,
D2%+, G2x1), and to the A = 1 states (E*I1, F2I1, H2II). The
NACs for the 2% 7 states are taken directly from Brady (2025) as the
set of potentials for these states is not too dissimilar to Hou & Liu
(2024). The PECs for the 11 states, however, significantly differ in
their minima positions between van Dishoeck (1987) and Hou & Liu
(2024), and the NACs themselves are much stronger. As a result of
using Hy AP, we therefore regularize the NACs using ab initio NACs
from van Dishoeck (1987) as starting estimates together with PECs
from Hou & Liu (2024) to ensure smooth diabats for the coupled
states.

This paper has been typeset from a TEX/IATEX file prepared by the author.

© The Author(s) 2025.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 543, 1435-1446 (2025)

G20z Jaquieoeq 90 Uo 1senb Aq 0685528/SEY L/2/E ¥S/aI0IME/SEIUW/WOD dNO"OlWaPEDE//:SARY WO POPEOJUMOQ


http://dx.doi.org/10.1016/0022-2852(89)90317-2
http://dx.doi.org/10.1016/S0009-2614(00)01156-8
http://dx.doi.org/10.1093/mnras/staf729
http://dx.doi.org/10.1093/rasti/rzaf020
http://dx.doi.org/10.1103/PhysRevA.111.013105
http://dx.doi.org/10.1039/D1CP02162A
http://dx.doi.org/10.1093/mnras/stac1634
http://dx.doi.org/10.1051/0004-6361/202245503
http://dx.doi.org/10.1364/AO.27.003679
http://dx.doi.org/10.1086/190925
http://dx.doi.org/10.1086/190980
http://dx.doi.org/10.1086/165025
http://dx.doi.org/10.1016/j.jms.2014.03.008
http://dx.doi.org/10.1063/5.0262447
http://dx.doi.org/10.1063/1.452610
http://dx.doi.org/10.1063/1.2721535
http://dx.doi.org/10.1016/j.combustflame.2015.11.001
http://dx.doi.org/10.3390/atoms8010007
http://dx.doi.org/10.1086/174697
http://dx.doi.org/10.1016/j.cpc.2015.12.021
http://dx.doi.org/10.1051/0004-6361/201732531
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf1563#supplementary-data
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODS
	3 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A: TREATMENT OF NON-ADIABATIC COUPLINGS

