
MNRAS 539, 3732–3740 (2025) https://doi.org/10.1093/mnras/staf729 
Advance Access publication 2025 May 2 

ExoMol photodissociation cross-sections – II. Continuum absorption and 

pre-dissociation spectra for the hydroxyl radical 

Georgi B. Mitev, Marco Pezzella, Charles A. Bowesman, Jingxin Zhang , Sergei N. Yurchenko 

and Jonathan Tennyson 

‹

Department of Physics and Astronomy, University College London, Gower St, London WC1E 6BT, UK 

Accepted 2025 May 1. Received 2025 April 30; in original form 2025 March 16 

A B S T R A C T 

The photodissociation of hydroxyl has seen much theoretical study and temperature-independent photodissociation cross- 
sections are available in the Leiden photodissociation and photoionization data base. Such cross-sections are important for 
calculations in UV rich environments, concerning not only abundances of hydroxyl but other hydrogen and oxygen containing 

species, notably water. Temperature-dependent photodissociation cross-sections comprised of smoothed transitions to continuum 

levels of the A 

2 � 

+ , B 

2 � 

+ , 1 

2 � , and 1 

2 � 

− electronic states and appropriately broadened pre-dissociative states of A 

2 � 

+ , 
B 

2 � 

+ , and C 

2 � 

+ are calculated. These are produced using the same model as the ExoMol OH line list, MYTHOS and co v er the 
temperature range of T ∈ [100 , 200 , ..., 8000] K each with a grid spacing of 0.1 nm from 82.8 to 2000 nm. Compared to the data 
presented by Leiden we find increased photodissociation at long wavelengths due to pre-dissociation and strong temperature 
dependence of the photodissociation rates. The OH MYTHOS photodissociation cross-sections and results as a function of 
temperature are available for download via www.exomol.com and are also available in a form suitable for study of non-local 
thermodynamic equilibrium effects. 
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1

T  

Y  

t  

a  

(  

d  

o  

X  

f
 

t  

a  

b  

h  

t  

w  

a  

d  

T  

t  

T  

t  

�

a  

p
 

d  

f  

1  

2  

e  

h  

M  

a  

Y  

p  

(  

2  

C  

a  

N  

e  

t  

e  

v  

w  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/4/3732/8124825 by guest on 17 M
ay 2025
 I N T RO D U C T I O N  

his paper is the third in a series on the hydroxyl radical. In Mitev,
urchenko & Tennyson ( 2024 ), henceforth referred to as Paper I,

he spin-orbit pre-dissociation lifetimes of the A 

2 � 

+ state of OH
re calculated using a modified stabilization method. Mitev et al.
 2025 ) (henceforth referred to as Paper II) introduces the MYTHOS

ata set, containing bound–bound transitions in the form of a line list
f .STATES and .TRANS files, and bound-continuum transitions from
 

2 � to continuum states of A 

2 � 

+ , B 

2 � 

+ , 1 2 � 

−, and 1 2 � in the
orm of .CONT files. 

Paper I studies pre-dissociation, whereby the molecule dissociates
hrough the non-radiative decay from a bound electronic state to
 repulsive electronic state. When pre-dissociation is considered,
ound to bound transitions where the upper state is pre-dissociative
ave an increased lifetime broadening parameter. An example of such
ransitions are those in the A 

2 � 

+ ← X 

2 � band system in OH
here lifetime broadening can be as big as 3 cm 

−1 . Pre-dissociation,
s it is a dissociative process, is a constituent in the temperature-
ependent photodissociation cross-sections discussed in this paper.
he other process that needs to be considered is direct photodissocia-

ion, which will simply be referred to as photodissociation hereafter.
his process is distinct from pre-dissociation as this is due to a

ransition from a bound electronic state directly to the continuum,
 E-mail: j.tennyson@ucl.ac.uk 
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 one-step process. Pre-dissociation on the other hand is a two-step
rocess, going from bound → (quasi-)bound → continuum. 
Photodissociation is an important marker not only of the abun-

ance of photofragments like excited oxygen, but also as a marker
or other hydroxyl containing molecules such as water (Dalgarno
987 ; Wang et al. 2017 ; Schoerghofer et al. 2021 ; Tang et al.
021 ; Tabone, van Dishoeck & Black 2024 ). Water can be formed
fficiently at high temperatures through the reaction between the
ydroxyl radical and molecular hydrogen ( OH + H 2 � H 2 O + H ) .
oreo v er, in the presence of UV radiation, water photodissociates

nd forms OH ( H 2 O + γUV → OH + H ) (Wampfler et al. 2010 ;
uan, Dixon & Yang 2011 ). Laboratory studies also show that
hotodissociation of water can lead to highly excited OH radicals
Czarny, Felenbok & Lefebvre-Brion 1971 ; Harich, Yang & Yang
001 ; Cheng et al. 2011 ; Dixon et al. 2013 ; Heays et al. 2018 ;
hang et al. 2019 , 2020a ) leading to observable emissions from both
stronomical objects (Zhu & Yee 2007 ; Tappe et al. 2008 ; Carr &
ajita 2014 ; Chang et al. 2020b ; Parkinson et al. 2021 ; Tabone

t al. 2021 ) and the night sky (Meinel 1950 ); this also leads to
he need to treat non-local thermodynamic equilibrium (non-LTE)
ffects in OH. Spectral features resulting from photodissociation are
ery broad, absorbant, and heavily temperature dependent at longer
avelengths. Modelling the photochemistry of hot planetary and

tellar environments requires a description of temperature-dependent
hotodissociation cross sections. 
OH direct photodissociation has several channels. Transitions

rom the ground state to the 1 2 � 

− and 1 2 � electronic states and
ontinuum states of A 

2 � 

+ and B 

2 � 

+ results in photodissociation
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Figure 1. Ab initio doublet potential energy curves of OH reproduced from 

van Dishoeck & Dalgarno ( 1984b ) with permission. 
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van Dishoeck & Dalgarno 1983 ; Nee & Lee 1984a ; Kurucz, van
ishoeck & Tarafdar 1987 ; Radenovi ́c et al. 2008 ; Li & Zhang
011 ). The B 

2 � 

+ state has a shallow bound region with a well
epth of around 2000 cm 

−1 ; this region is modelled as such and
s included in the MYTHOS line list as described in Paper II. In
eneral, ho we ver, all transitions to the B 

2 � 

+ state are dissociative
ue to crossings with the local 2 2 � repulsive state resulting in pre-
issociation (van Dishoeck & Dalgarno 1984a , 1984b ; Sun et al.
020 ). Hwang et al. ( 2001 ) found experimentally that the total
ifetimes of the v = 0 band of B 

2 � 

+ are on the order of 100 ns
or J = 0 . 5 decreasing exponentially to 10 ns for J = 4 . 5, which
hey claim agree well with Sappey, Crosley & Copeland ( 1989 ).
hese data are not available however, and are only given as plots, so
aking use of them is difficult. This pre-dissociative effect has not 

een considered explicitly in this study. 
OH can also directly photodissociate through the 2 2 � state 

Kalyanaraman & Sath yamurth y 1994 ). van Dishoeck & Dalg arno
 1983 ) and van Dishoeck et al. ( 1984 ) calculated ab initio photodis-
ociation cross-sections for transitions from X 

2 � to 1 2 � 

−, 1 2 � ,
 

2 � 

+ , and 2 2 � states. The photodissociation cross-section for
 

2 � ← X 

2 � is centred around ∼95 000 cm 

−1 and is considerably
arrower than the other cross-sections due to narrowness of the 
pper state potential energy curve. Furthermore, there is more than 
his direct photodissociation cross-section in this region involving 
he 2 2 � state. van Dishoeck & Dalgarno ( 1984b ) give a nice
isualization of the many potential energy curves of OH including 
igh energy ion-pair states, such as the C 

2 � 

+ state, and Rydberg
tates, which is reproduced here as Fig. 1 . This figure shows that the
 

2 � state has a significant a v oided crossing with the 3 2 � state.
f one is to diabatise (Brady et al. 2024 ) these curves to remo v e
his crossing, we find that the minimum of the 3 2 � state lies
round the equilibrium geometry of X 

2 � , meaning the Franck-
ondon o v erlap in this re gion is strong. van Dishoeck et al. ( 1984 )

howed that the photodissociation cross-section of 2 2 � is strongly 
ffected by the presence of the 3 2 � state. The 3 2 � state pre-
issociates through the 2 2 � state, meaning that ef fecti ve modelling
f the 2 2 � photodissociation cross-section would also require 
odelling the 3 2 � pre-dissociation. At this stage, this has not been

ttempted. 
The Leiden data base (Hrodmarsson & van Dishoeck 2023 ) 

ontains photodissociation cross-sections for OH, based on the 
alculations of van Dishoeck & Dalgarno ( 1983 , 1984b , a ) and
an Dishoeck et al. ( 1984 ). These cross-sections will be used for
omparison in Section 3 . 

Within the ExoMol project, studying the temperature dependence 
f photodissociation cross-sections started with the work of Pezzella, 
urchenko & Tennyson ( 2021 , 2022 ), where cross-sections for
Cl, HF, NaCl, and BeH 

+ were computed for temperatures up to
0 000 K. This study on diatomics made use of both a modifi-
ation of the stabilization method (which was also used to study
re-dissociation in Paper I) and an implementation of Gaussian 
moothing, whereby a Gaussian line profile with a constant Half- 

idth at Half-Maximum (HWHM) = α is applied to the cross- 
ection to smooth the discretized continuum cross-section while 
aintaining the integral value, hence, the rates. Using the sta- 

ilization method to compute photodissociation cross-sections is 
rohibitiv ely e xpensiv e, so for larger molecules, this smoothing
rocedure is necessary and has recently been applied to HCN 

Pezzella et al. 2024 ). 
In this paper, the temperature-dependent photodissociation cross- 

ections for the X 

2 � → ( A 

2 � 

+ , B 

2 � 

+ , 1 2 � 

−, 1 2 � ) continuum
bsorption transitions are calculated. This is done by adapting the 
aussian smoothing method of Pezzella et al. ( 2021 ). This adaptation

s distinct from the root-finding approach in Pezzella et al. ( 2024 )
nd applies the particle-in-a-box approximation to predict transition 
pacings, this is dubbed energy-dependent smoothing (EDS). The 
oot-dependent smoothing (RDS) and EDS approaches are discussed 
nd compared in Section 2 . Final results of this implementation
s presented in Section 3 along with a summary of constituent
ransitions in this data set. Conclusions and discussions on future 
ork are given in Section 4 . 

 M E T H O D S  

.1 Leveraging DUO spectroscopic models 

s with the treatment of pre-dissociation lifetimes in Paper I, we
everage the DUO spectroscopic model constructed in Paper II. 
tarting with this model, one can compute an absorption cross- 
ection using EXOCROSS (Yurchenk o, Al-Ref aie & Tennyson 2018 )
r PYEXOCROSS (Zhang, Tennyson & Yurchenko 2024 ). As discussed 
arlier, modelling the continuum with a bound-state-like solution as 
s implemented in DUO results in a discretization of the continuum
nergy levels. This contradicts the infinite number of states expected 
or dissociative electronic states and results in a concentration of the
bsorption cross-section in finite regions. 

The method which was applied by Pezzella et al. ( 2021 , 2022 ) to
emedy this is to distribute discretized transition intensities o v er the
ontinuous spectral region using a normalized Gaussian profile. The 
MNRAS 539, 3732–3740 (2025) 
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orm of the Gaussian distribution is given by 

 ( ̃ ν; ̃  ν0 , α) = 

√ 

ln 2 

π
α−1 exp − ( ̃ ν − ˜ ν0 ) 2 ln 2 

α2 
, (1) 

here ˜ ν is the wavenumber in cm 

−1 , ˜ ν0 is the line position in
m 

−1 , and α is Gaussian HWHM. Applying this filter to the
iscretized spectra has the effect of lowering the maximal intensity
nd smoothing the cross-section into continuum while maintaining
he integral value and, indeed, photodissociation rates (Pezzella et al.
021 ). 
The photodissociation rate, k, of a molecule at temperature, T ,

issociated by a field with flux, F ( λ) between the wavelengths λ1 

nd λ2 , is given by 

( T ) = 

∫ λ2 

λ1 

F ( λ) σ ( λ; T ) d λ, (2) 

here λ ∝ 1 /ν. This value, assuming that λ1 and λ2 co v er the full
ange of the calculated cross-section, remain the same whether or
ot the cross-section is smoothed (Pezzella et al. 2021 ). 
The Gaussian smoothing method was further developed by

ezzella et al. ( 2024 ), where criteria for optimal values of α are
roposed along with an automated procedure to implement them.
hile this method is ef fecti ve and is likely the only viable option for

olyatomic molecules with huge numbers of transitions, for diatomic
olecules, a further optimization can be made and is discussed in
ection 2.2 . 

.2 Energy-dependent smoothing 

ne of the shortcomings of Gaussian smoothing method is the choice
f the parameter α in equation ( 1 ). As was discussed by Uhlikova
t al. ( 2025 ), the optimal value is close to the distance between the
iscretized continuum states and proposed the ‘particle-in-a-box’
odel. In their model, the value of α is estimated using the particle in
 box quantum number. Here we extend this idea to use the separation
f the (discretized) energies of a repulsive state to obtain optimal
alue of α as follows. 

When solving for repulsive states in DUO using a discretized solver,
he gaps between discretized (vibrational) states obtained increase
ith the excitation. Let us consider the model of the particle in a box

or the repulsive state. In this case, the term values (cm 

−1 ) scale as
he square of its counting number n , 

 n = 

n 2 h 

2 

8 mL 

2 
, (3) 

here h is Planck’s constant, L is the length of the box, and m
s the mass of the particle. Within DUO , the discretized solution
an be associated with a ‘vibrational’ quantum number v assigned
y counting states of increasing energies for a given pair of total
ngular momentum, J , and parity, τ , quantum numbers. Using v as
he counting number, and the approximation abo v e, we e xpect that
he energy difference between vibrational levels, 

E( v) = E v+ 1 − E v (4) 

s approximately, 

E( v) = k(2 v + 1) , 

r, in terms of energy, 

E ( E ) = k 

( 

2 

√ 

E 

k 
+ 1 

) 

, (5) 
NRAS 539, 3732–3740 (2025) 
here k is some appropriate constant, which in the case of equa-
ion ( 3 ) is given by 

 = 

h 

2 

8 mL 

2 
. 

ence, the ‘vibrational’ gaps between discretized states can be
xpected to scale linearly with 

√ 

E . Extending this to transition
avenumbers through the analogous treatment for equation ( 5 ), 

˜ v ′′ ,v ′ = E v ′ − E v ′′ (6) 

or the the gaps between the discretized transition wavenumbers 

 ̃ νv ′′ ,v ′ = ˜ νv ′′ ,v ′ + 1 − ˜ νv ′′ ,v ′ (7) 

e obtain 

 ̃ νv ′′ ( ̃ ν) = a 
√ 

˜ ν + b, (8) 

here a and b are some constants. This relationship is found to hold
easonably well, especially at higher ˜ ν as the potential curve of the
epulsive state more closely approximates a vertical potential well as
n the model of a particle in a box. Fig. 2 shows this relationship for
he case of X 

2 � → 1 2 � . 
The relationship here is used to ‘fill in the gaps’ between neigh-

ouring transitions as in the methods described by Pezzella et al.
 2024 ). This method allows one to vary the Gaussian HWHM α for
ach transition based on the lower state vibrational level and the
nergy of the transition or transition wavenumber ˜ ν, 

( v ′′ , ̃  ν) = � ̃ νv ′′ ( ̃ ν) = a 
√ 

˜ ν + b. (9) 

Here, we consider transitions from a given vibrational state in
 

2 � to discretized ‘vibrational’ states in the repulsive states, i.e. 

 X 

2 �, J ′′ , 
′′ , v ′′ 〉 → | U , J ′ , 
′ , v ′ 〉 , (10) 

here U is a repulsive electronic state and 
 is the quantum number
escribing the projection of the total angular momentum on the
olecular axis. What we are interested in here is the difference

n the transition wavenumbers, � ̃ νv ′′ ( ̃ ν), which is approximated by
he treatment in equations ( 7 ) and ( 8 ) as given by 

 ̃ νv ′′ ,v ′ = ˜ ν( | X 

2 �, J ′′ , 
′′ , v ′′ 〉 → | U , J ′ , 
′ , v ′ + 1 〉 ) 
−˜ ν( | X 

2 �, J ′′ , 
′′ , v ′′ 〉 → | U , J ′ , 
′ , v ′ 〉 ) . (11) 

In this work, we use the value of � ̃ νv ′′ ( ̃ ν) as the value of the
aussian HWHM α. Discrete transition spectra are e v aluated and

ransitions where the X 

2 � state v = v ′′ are grouped to e v aluate
 ̃ νv ′′ ( ̃ ν). Fig. 2 shows an example of such dependence of � ̃ νv ′′ ( ̃ ν)

or X 

2 � → 1 2 � of OH. This is then squared (see the right panel of
ig. 2 ) and a linear regression model is applied to extract an analytic
epresentation of α as the transition energy-dependent vibrational
ap. 

As discussed in Paper II, vibrational quantum labels are not al w ays
eliable, specially abo v e the dissociation energy of D e ( X 

2 � ); indeed
he vibrational labels are only approximate in any multistate system.
his has an implication on the abo v e grouping in equation ( 9 )
hich may introduce outliers thus breaking the linear relationship of
 ̃ νv ′′ ( ̃ ν2 ) in equation ( 9 ). Therefore a Huber loss regression algorithm

Huber & Ronchetti 2009 ; Bowesman et al. 2024 ), which is more
esistant to outliers, was used in place of a least-squares regression. 

For each group of transitions with distinct v ′′ , a new regression
odel, with coefficients a and b, is calculated, stored, and used

o produce α given that the input for the model now becomes the
ndividual transition frequencies in the .TRANS file. 

Smoothing was performed using the program PYEXOCROSS (Zhang
t al. 2024 ) in which one can set a Gaussian HWHM for each
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Figure 2. � ̃ νv ′′ ( ̃ ν) for the set of transitions, X 

2 � → 1 2 � of OH. Points of the same colour correspond to progressively higher v ′ with increasing ν. 
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Figure 3. Photodissociation cross-section for the 1 2 � 

− ← X 

2 � transi- 
tions of OH with Gaussian smoothing applied for α = 400 (top panel) and 
energy-dependent smoothing applied (bottom panel). 
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ransition line by re-purposing the column in the .TRANS file cor- 
esponding to ˜ ν (see Tennyson et al. ( 2023 ) for a description of
uch data structures) to hold instead line-by-line values for α as per 
quation ( 9 ). Essentially, this approach approximates the transition 
requency gap between transitions such as that in equation ( 11 ) by
ccounting for anomalous assignments in v ′ as discussed in Paper II,
nce again, ‘filling in the gaps’ of the discrete spectrum. 
With this, one can produce photodissociation cross- 

ections smoothed as a function of the transition frequency. 
he benefits of this method is that it is simple to implement, as

ine-by-line line profiles are built into PYEXOCROSS . This procedure 
akes use of the implicit energy distribution of continuum states 

n the particle in a box approximation, requiring less supervision 
rom a practitioner than do the procedures of Pezzella et al. ( 2021 ,
022 , 2024 ). It is likely, ho we ver, that this approach is limited to
pplications to diatomic molecules, as the increased degrees of 
reedom in polyatomic molecules make this infeasible to implement. 

To compare our model of adaptive HWHM with the model of
onstant HWHM by Pezzella et al. ( 2024 ), Fig. 3 presents calculated
ross-sections using both models. At low-to-moderate ˜ ν, the cross- 
ections agree well, as α( ̃ ν) in this region is close to the value achieved
ith the uniform Gaussian method. At high ˜ ν, ho we ver, we see

hat discrete structures remain in the top panel, whereas they are 
ppropriately smoothed in the lower panel. 

.3 Pre-dissociati v e transitions 

ecause A 

2 � 

+ , B 

2 � 

+ , and C 

2 � 

+ are lying in the continuum region
f the X 

2 � states (abo v e the first dissociation channel D 0 ( X)), the
orresponding rovibronic states in A 

2 � 

+ , B 

2 � 

+ , and C 

2 � 

+ are
re-dissociative, as well as the transitions to these states from the 
round X 

2 � rovibronic states. These transitions are all included in 
he temperature-dependent photodissociation cross-sections σ ( λ, T ), 
here λ is the wavelength of the photodissociating photon, produced 

n this paper. Individual lines are modelled using the Doppler and 
ifetime broadening effects by using Voigt profiles. These cross- 
ections are generated in a wavelength grid λ of 0.01 nm from 82.8 to
000 nm for temperatures from 100 to 10 000 K with a step of 100 K
n line with previous cross-sections (Pezzella et al. 2022 ); as is usual
or photodissociation cross-sections, zero pressure was assumed. Pre- 
issociation broadening for the A 

2 � 

+ state due to the interactions 
ith the repulsive state 1 2 � 

− is accounted for explicitly as given in
apers I and II by convoluting the pre-dissociation lifetime, τp , with

he radiative lifetime, τrad , to produce the total lifetime, 

tot = 

τrad + τp 

τrad τp 
(12) 

eturning the Lorentzian lifetime broadening parameter, �, 

 = 

1 

2 πcτ
(13) 

hich is then substituted into the Voigt line profile along with
he Doppler component. In principle, pressure effects can also be 
ncluded in the Voigt profile, but here all results are for P = 0. 

.4 Photodissociation rates 

he photodissociation rate, k, of a molecule dissociated by a field
ith flux dependent on wavelength F ( λ) through the photodissocia-

ion cross-sections σ ( λ; T ) is given by equation ( 2 ). There are many
MNRAS 539, 3732–3740 (2025) 
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tandard fluxes which are used to model different environments.
n the recent ExoMol photodissociation cross-section release by
ezzella et al. ( 2022 ), the interstellar radiation field (ISRF), Solar
adiation field, two models of the Proxima Centauri field, taken from
HOENIX (Husser et al. 2013 ) and MUSCLES (France et al. 2016 ;
oyd et al. 2016 ; Youngblood et al. 2016 ), and a blackbody radiation
eld (BB), B( λ, T rad ), defined as, 

( λ, T rad ) = 

2 × 10 4 

4 πλ4 

1 

e 
hc 

λk B T rad − 1 
, (14) 

here k B is the Boltzmann constant, h is Planck’s constant, c is the
peed of light, and T rad is the temperature of the blackbody, were
sed to compute rates. 
In this study the ISRF, BB, and Solar radiation fields will

e used to produce temperature-dependent rates of OH for
 ∈ [300 , 1000 , 2000 , 5000] K . OH is known to be photodis-
ociati vely acti ve in interstellar clouds, especially through the
 

2 � 

− ← X 

2 � band, which is the primary destructor of OH
n this medium (van Dishoeck & Dalgarno 1983 ; Radenovi ́c et al.
008 ). Also as OH is known to be present in sunspots (Berdyugina &
olanki 2001 ), BB and Solar flux modelling are sensible choices. 
Other available OH photodissociation rates are largely computed

sing one or more of the first three radiation fields listed abo v e
van Dishoeck & Dalgarno 1984b ; Nee & Lee 1985 ). The Leiden
ata base (Hrodmarsson & van Dishoeck 2023 ) offers rates using the
SRF radiation field using the fit from Draine ( 1978 ), which is fit from
1.2 and 200 nm using the extension to higher wavelengths from van
ishoeck & Black ( 1982 ), the Solar radiation field compiled from

he measurements of Woods et al. ( 1996 ) and Curdt et al. ( 2001 ), and
lackbody radiation fields for T rad ∈ [4000 , 10000 , 20000] K . 

.5 Short wavelength top-up 

aper II showed that the computed photoabsorption cross-section dis-
grees significantly with that of the Leiden data base (Hrodmarsson &
an Dishoeck 2023 ) abo v e 80 000 cm 

−1 ( λ < 125 nm) as some high
nergy electronic states such as 2 2 � and 3 2 � were not included
n our model. These states were not modelled as part of Paper II
s experimental transitions are not available and ab initio electronic
tructure calculations pro v ed unsuccessful due to comple x a v oided
rossing structures. Omitting these states from the photodissociation
ross-section calculation results in underestimated photodissociation
ates for the ISRF, BB10K, and BB20K radiation fields as these flux
istributions are relatively flat. 
Since the calculated photodissociation cross-sections here are

ot suitable for rate calculations where λ < 125 nm is required,
e truncate them to > 125 nm and substitute with the cross-

ections from the Leiden data base for this region of the shorter
avelengths. While the Leiden spectra do not consider temperature,

nd so are somewhat incompatible with this data set for extension,
emperature-dependent effects manifest themselves mainly at long
avelength, where our model is accurate. This top-up method is

herefore deemed to be appropriate, ho we ver, it should be noted that
he resultant cross-sections do not consider temperature effects for
< 125 nm. 

.6 Non-LTE cross-sections 

he calculations thus far are performed for a molecule assumed to be
n local thermodynamic equilibrium (LTE), so that the populations
f initial states follow a Boltzmann distribution. Many different
rocesses including chemical reactions and photodissociation can
NRAS 539, 3732–3740 (2025) 
esult in products which are not in thermodynamic equilibrium. So
n the cases where OH may be produced by such a process, the
nitial populations are not adequately characterized by the Boltzmann
istribution. These lead to non-LTE spectral features where intensity
s distributed rather differently, as populations are informed by the
re-requisite processes. 
As such, the inclusion of non-LTE ef fects allo ws for more

obust modelling of exoplanet atmospheric chemistry and chemical
ynamics (Clark & Yurchenko 2021 ). In radiation-rich environments,
uch as those in exoplanets close to their mother star, where
hotodissociative processes are important (Pezzella et al. 2021 ),
odelling non-LTE spectral features in photodissociation could be

seful in detecting precursors of the dissociating molecule. One
mportant example would be OH, whose non-LTE effects have been
tudied for their capacity for measuring the ef fecti ve temperature
f hot-Jupiter atmospheres (Wright et al. 2023 ). Moreo v er, OH is a
issociation product of water (Wang et al. 2017 ; Zannese et al. 2023 ),
nd in environments where an OH product is likely to dissociate
rior to reaching thermal equilibrium, understanding its non-LTE
hotodissociation spectra can be useful not only in detecting OH,
ut also as an indirect tool for detecting water. These factors drive a
eed for cross-sections which are suitable for non-LTE studies where
he populations of the initial states can be modified 

The temperature-dependent intensity for a given transition in a
hermalized molecule is given by, 

 ( f ← i, T ) = 

g tot 
f A f i 

8 πc ̃ ν2 
f i 

· e −c 2 ̃  E i /T 
(
1 − e −c 2 ̃ νf i /T 

)
Q ( T ) 

, (15) 

here f and i denote final and initial states respectively, g tot 
f is the

otal de generac y of the final state, ˜ νf i is the line centre (in cm 

−1 ),
 f i is the Einstein- A coefficient (s −1 ), ˜ E i is the initial state energy

erm value (cm 

−1 ), c 2 is the second radiation constant (K/cm 

−1 ),
 is the temperature (K), and Q ( T ) is the partition function. This
orm assumes that initial populations are Boltzmann distributed with
opulation, n B : 

 B ( T ) = 

g tot 
i 

Q ( T ) 
e −c 2 ̃  E i /T . (16) 

iven this, one can rewrite equation ( 15 ) as, 

 ( f ← i, T ) = 

n B ( T ) g tot 
f A f i 

8 πc ̃ ν2 
f i g 

tot 
i 

S( ̃ νf i , T ) , (17) 

here S( ̃ νf i , T ) is the self-absorption term. Except at high tem-
eratures S( ̃ νf i , T ) is close to unity at wavelengths rele v ant to
hotodissociation and it is neglected. Setting the thermal population
 B to unity, we define a temperature-independent, state-dependent

ine intensity (or absorption coefficient) for each state as 

 ( f ← i) = 

g tot 
f A f i 

8 πc ̃ ν2 
f i g 

tot 
i 

. (18) 

quation ( 18 ) is then used to produce separated cross-sections com-
ining transitions for each rele v ant initial state, i, and summed o v er
ll possible final states, f , for a given the dissociation channel. 

We thus provide cross-sections σ ( λ, i), for each initial state, i.
hese can then be used to form the population scaled (Non-LTE)
ross-section σ ( λ) by summing all the contributions scaled with the
ssociated lower state populations n i . Computing cross-sections is
omputationally time consuming, especially for a fine grid spacing;
o pre-computed cross-sections separated out by lower states with
ntensities independent of thermal effects give flexibility to the end
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Table 1. Electronic bands of OH is included in the photodissociation 
spectrum and their associated dissociative properties. 
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ser, as problem-specific populations can be used to produce full 
ross-sections at low cost. 

It should be noted from equation ( 18 ) that our state-dependent
ross-sections do not account for the self-absorption term seen in 
quation ( 15 ). The term should be reintroduced when combining 
he cross-sections, ho we ver, with the desired temperature/population 
istribution. As the temperature increases the effects of the self- 
bsorption term, it becomes increasingly impactful at shorter wave- 
engths. The self-absorption term will al w ays have a maximum effect
t the low-wavelength end of the spectrum, i.e. at the 125 nm end.
t low temperatures this is ne gligible, howev er scales poorly as

emperature is increased; at 1000 K it gives rise to a less than
 1 per cent reduction in intensity and at 5000 K it accounts for
 roughly 24 per cent reduction. At the 2000 nm end ho we ver,
emperatures of roughly 25 000 K (i.e. abo v e our limit) are required
or the self-absorption term to account for even a 1 per cent reduction
n intensity. 

 RESULTS  

emperature-dependent photodissociation cross-sections for the hy- 
roxyl radical are produced in the range of T ∈ [100 , 10000] K in
teps of 100 K on a wavelength grid of 0.1 nm ranging from 82.8 to
000 nm. Table 1 summarizes the transitions which are included in 
he photodissociation spectrum of OH, and the types of transitions 
hey are. Transitions which exhibit direct photodissociation or pre- 
issociation are included in the photodissociation cross-sections. 
Pre-dissociation cross-sections are calculated using PYEXOCROSS 

ith a binned Voigt line profile (Zhang et al. 2024 ) and a non-uniform
avenumber grid such that upon conversion a uniform wavelength 
rid is reco v ered. Direct photodissociation cross-sections are simi- 
arly computed on a non-uniform wavenumber grid, with their Gaus- 
ian broadening parameters informed by the treatment in Section 2.2 . 

The resulting photodissociation cross-sections contain smoothed 
irect photodissociation cross-sections (Section 2.2 ) and 
nsmoothed, appropriately broadened pre-dissociation cross- 
ections (Section 2.3 ). Example cross-sections and a comparison 
ith the available Leiden photodissociation cross-sections are 
iven in Fig. 4 . There is generally good agreement in the position
f transition lines and cross-section intensity with the cross- 
ection provided by the Leiden data base (Heays et al. 2017 ).
o we ver, the long wavelength cross-section is much sparser 

ompared to our calculations which is likely due to an insufficient 
reatment of the pre-dissociative effects in the A 

2 � 

+ state in Leiden
ata base cross-sections. Indeed, it appears that in the Leiden data 
ase that the A 

2 � 

+ state pre-dissociation intensity is concentrated 
ntirely into the A − X, v ′ = 2 absorption band whereas we identify
ontributions from several bands. The cross-sections are available 
rom the ExoMol photodissociation data base, ExoPhoto Ni et al. 
 2025 ), at www.e xomol.com/e xophoto/OH . 

.1 Non-LTE cross-sections 

he spectroscopic model used here includes 2250 unique states 
n X 

2 � which comprise the set of initial states, { i} . Thus, for
ach dissociation channel, D , 2250 state-dependent cross-sections, 
( λ; D , i) are calculated and pro vided. F or initial states which have
o associated final states, cross-sections with all zeros are given for
onsistency. This data is given in the supplementary material as a
NLTE file with the format that the first column is the wavelength with
olumn label lambda on a grid of 125 to 2000 nm with a 0.1 nm grid
pacing. 

The remaining columns have labels i D, where i is the initial state,
 and D is the dissociation channel for D = [ A,S,D,B,C,T ], where
he labels correspond to the A 

2 � 

+ , 1 2 � 

−, D 

2 � 

−, B 

2 � 

+ , C 

2 � 

+ ,
pper state cross-sections, respectively, and T corresponds to the 
otal cross-section. An extract of this data set is given in Table 2 . 

.2 Rates 

hotodissociation rates for OH can be calculated using the energy- 
ependent smoothed model of OH from Fig. 4 and the standard
uxes such as provided by the Leiden data base (Heays et al. 2017 ).
he photodissociation cross-section of Leiden are complete down to 
2 nm; as such the rate, k 82 nm 

( T ), can be e v aluated using equation ( 2 )
ith a lower limit λ1 set to 82 nm and the upper limit λ2 defined by the
avelength range of the given radiation field. To compare with the

vailable literature rates, k 82 nm 

( T = 1 K ) is calculated for various
adiation fields; as Fig. 5 shows, good agreement is found. Rates
gree closely with Leiden except for the BB4K radiation field. This
s expected as BB4K is close to zero at ∼ 125 nm and rises with
av elength. We believ e our rates are correct as the cross-sections in

he Leiden data base appear to be too low in A 

2 � 

+ ← X 

2 � pre-
issociativ e re gion. 
Temperature-dependent rates for T ∈ [1 , 300 , 2000 , 8000] K are

resented in Fig. 6 . Here we see the importance of not neglecting
emperature effects when producing rates. In Fig. 5 we see an
verage rate difference of ∼ 2 . 5 per cent when calculated at T = 1 K .

hen temperature effects are considered, however, we see that the 
hotodissociation rates vary by orders of magnitude, especially for 
he 4000 K blackbody (BB4K) and Solar fluxes, where a three
rder of magnitude range is found. Modelling photodissociation in a 
ot environment with temperature independent cross-sections can 
herefore result in significantly underestimated photodissociation 
ates. 

 C O N C L U S I O N S  A N D  F U T U R E  WO R K  

nergy-dependent smoothing is presented as a fast, easy to imple- 
ent, and pragmatic method for producing temperature-dependent 

ross-sections, lev eraging pre-e xisting DUO models. The photodisso- 
iation cross-sections and rates are in line with the available data from
he Leiden data base (Heays et al. 2017 ). A rate roughly 30 per cent
igher than that of Leiden is reported for the B( λ, 4000 K ), a much
igher photodissociation rate than previously expected, increasing 
ramatically with temperature. Due to the increased rate in this 
egion, it is likely that these calculations would be particularly useful
or studying OH photodissociation in sunspots and other similar 
ain-sequence stars. 
MNRAS 539, 3732–3740 (2025) 

https://www.exomol.com/exophoto/OH


3738 G. B. Mitev et al. 

M

Figure 4. Photodissociation cross-section of OH at T = 1 , 300 , 2000 , 8000 K. Solid lines are the energy-dependent smoothed cross-section, the dashed line in 
the top left panel is the Leiden data base cross-section (Heays, Bosman & van Dishoeck 2017 ). The panel for 1 K is plotted on a truncated wavelength grid to 
better show differences between our calculated cross-section and that of the literature. 

Table 2. Extract of the OH .NLTE file containing non-LTE photodissociation cross-sections for 2250 initial states in X 

2 � as calculated using the 
methodology is 2.6 . This is available in the supplementary material. 

lambda 1 T 1 A 1 S 1 D 1 B 1 C 2 T . . . 

125 .00 1 .69818194E-18 6 .00884347E-28 7 .69257744E-21 1 .62911998E-18 6 .13693791E-20 0 .00000000E + 00 1 .66048939E-18 . . . 

125 .10 1 .70431633E-18 6 .10418458E-28 7 .96601936E-21 1 .63698878E-18 5 .93615265E-20 0 .00000000E + 00 1 .65194727E-18 . . . 

125 .20 1 .71021224E-18 6 .20077117E-28 8 .25059803E-21 1 .64455500E-18 5 .74066384E-20 0 .00000000E + 00 1 .64286351E-18 . . . 

125 .30 1 .71582283E-18 6 .29850747E-28 8 .54676313E-21 1 .65177767E-18 5 .54983972E-20 0 .00000000E + 00 1 .63325500E-18 . . . 

125 .40 1 .72111293E-18 6 .39724060E-28 8 .85493004E-21 1 .65862201E-18 5 .36359871E-20 0 .00000000E + 00 1 .62313196E-18 . . . 

125 .50 1 .72607225E-18 6 .49682231E-28 9 .17548603E-21 1 .66507309E-18 5 .18236781E-20 0 .00000000E + 00 1 .61248882E-18 . . . 

125 .60 1 .73071496E-18 6 .59717052E-28 9 .50881062E-21 1 .67114061E-18 5 .00655434E-20 0 .00000000E + 00 1 .60131253E-18 . . . 

125 .70 1 .73506892E-18 6 .69830544E-28 9 .85530471E-21 1 .67685293E-18 4 .83606847E-20 0 .00000000E + 00 1 .58960261E-18 . . . 

125 .80 1 .73916172E-18 6 .80034502E-28 1 .02154197E-20 1 .68224275E-18 4 .67035491E-20 0 .00000000E + 00 1 .57738677E-18 . . . 

125 .90 1 .74300937E-18 6 .90346041E-28 1 .05896770E-20 1 .68733095E-18 4 .50887436E-20 0 .00000000E + 00 1 .56471671E-18 . . . 

Figure 5. Comparison of photodissociation rates between those of Hrod- 
marsson & van Dishoeck ( 2023 ) and this work; our data are for a temperature 
of 1 K. 

Figure 6. Our calculated temperature-dependent photodissociation rates of 
OH for various standard fluxes from Hrodmarsson & van Dishoeck ( 2023 ). 
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Furthermore, in diffuse, optically thin interstellar clouds, the 
rimary channel for the destruction of OH through direct photodis- 
ociation is 1 2 � 

− ← X 

2 � , followed closely by 3 2 � ← X 

2 �

nd 1 2 � ← X 

2 � , with relative rates in the ratio of ∼ 1 :
 . 9 : 0 . 4, respecti vely (v an Dishoeck & Dalgarno 1983 ). The
 

2 � 

− ← X 

2 � cross-section is of good quality, as the energy
evels of X 

2 � are experimental and the pre-dissociation lifetimes 
f A 

2 � 

+ presented in Papers I (Mitev et al. 2024 ) and II (Mitev
t al. 2025 ) show good agreement with experiment. As the continuum
tates’ curv es hav e not been refined like those of the bound states, one
an base their accuracy on the quality of the ab initio calculations.
dditional evidence is given by the demonstrated accuracy of the 
 

2 � 

+ state pre-dissociation lifetimes, which rely heavily on ab 
nitio curves. These results indicate that it the theoretical curves 
hould be sufficiently accurate for modelling continuum absorption 
ross-sections. 

OH is a very complex dissociation prone molecule, with some sort
f dissociative mechanism available for all excited electronic states. 
he notable exception to this is the small fully bound region in A 

2 � 

+ 

elow D 0 ( X ). Photodissociation of the A 

2 � 

+ state in the region is
ot considered in this work but could be important, see Livingston
arge & Kliewer ( 2024 ). Abo v e the threshold to dissociation, all

ransitions are at least pre-dissociative or photodissociative. Some 
echanisms that have not been considered fully here are rotational 

re-dissociation, indirect pre-dissociation, and spontaneous radiative 
ecay, the latter effect has been studied by Czarny et al. ( 1971 ), van
er Loo & Groenenboom ( 2005 ), Greenslade et al. ( 2005 ), Heays
t al. ( 2018 ) in the D 

2 � 

− state and is a logical extension to studying
issociation dynamics of OH and extending the energy co v erage of
he cross-sections. The photodissociation of OD has also seen much 
tudy (van Dishoeck & Dalgarno 1984a ; Nee & Lee 1984b , 1985 ;
adenovi ́c et al. 2003 ). Along with extending modelling to more
issociation mechanisms and including higher energy electronic 
tates; including the OD and 18 OH isotopologues are sensible ex- 
ensions. Further testing of energy-dependent smoothing is required 
nd new implementations will be needed to extend treatment to 
olyatomics. 
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emperature-dependent photodissociation cross-sections for T ∈ 
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tate dependent cross-sections suitable for Non-LTE studies are 
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