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A B S T R A C T 

The hydroxyl radical (OH) is a species of high importance in exoplanetary studies, the interstellar medium, and in stellar spectra. 
Terrestrially, it is a significant component of combustion chemistry, an oxidizer in the upper atmosphere, and a source of telluric 
bands. Internally contracted multireference configuration interaction potential energy curves, spin-orbit couplings, electronic 
angular momentum couplings, and (transition) dipole moments for eight electronic states of OH are computed and refined 

against empirical energy levels to produce an OH spectroscopic model. A line list consisting of rovibronic term v alues, allo wed 

electronic dipole transitions, Einstein-A coefficients, and partition functions for varying temperature and a continuum absorption 

data set are then produced by variational solution of the coupled-channel Schr ̈odinger equations using the nuclear motion code 
DUO . MARVEL energy levels substitute equivalent levels in the OH line list, with estimated uncertainties in experimentally 

dark regions, following an established hybridization procedure. Predissociation lifetimes of the A 

2 � 

+ state are calculated 

using a stabilization method and convoluted with natural lifetimes to include predissociati ve ef fects. Continuum absorption 

cross-sections for T ∈ [100 , 200 , ..., 8000] K and zero pressure are provided in the range of 0 → 80 000 cm 

−1 with a step 

size of 0.01 cm 

−1 . Comparison with available literature cross-sections exhibits strong agreement. The line list is suitable for 
high-resolution studies up to 8000 K. The OH MYTHOS data set is available for download via www.exomol.com . 

Key words: molecular data – Earth – Exoplanets – planets and satellites: atmospheres. 
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 I N T RO D U C T I O N  

he hydroxyl radical, OH, is a molecule of high importance in 
errestrial atmospheric chemistry in sev eral conte xts, including 

einel band night-glow (Meinel 1950 ; Chen et al. 2021 ), which
s an important source of heat in the upper atmosphere (Brasseur &
ffermann 1986 ; Kaufmann et al. 2008 ; Franzen et al. 2019 ; Chen

t al. 2021 ); due to its role in the lower atmosphere as an oxidizer,
specially in reactions with ozone-depleting CFCs (Prinn et al. 1995 ), 
nd for its interactions with aromatic molecules such as benzene and 
oluene (Garmash et al. 2020 ). 

OH has been detected in many planets and exoplanets including 
enus (Piccioni et al. 2008 ), Mars (Clancy et al. 2013 ) and ultrahot
upiters Wasp-76b (Landman et al. 2021 ), and Wasp-33b (Nugroho 
t al. 2021 ). Further detections have been made in the interstellar
edium (Weinreb et al. 1963 ; Zannese et al. 2023 ), in protoplanetary

iscs at moderate temperatures (Munoz-Romero et al. 2024 ), and in 
tellar environments such as M-dwarfs (Herbig 1974 ; Jones et al. 
988 ) and sunspots (Berdyugina & Solanki 2001 ). 
Many of the early theoretical studies of hydroxyl spectroscopy 

ere performed by van Dishoeck and Langhoff et al., computing 
otential energy curves (PECs) for many electronic states, their 
 E-mail: j.tennyson@ucl.ac.uk 

b  

2  

i  

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
ipoles, transition spectra, predissociation spectra, and photodisso- 
iation spectra (Langhoff et al. 1982 ; van Dishoeck & Dalgarno
983 ; v an Dishoeck, Langhof f & Dalgarno 1983 ; v an Dishoeck
t al. 1984 ; van Dishoeck & Dalgarno 1984a ; van Dishoeck &
algarno 1984b ; Bauschlicher & Langhoff 1987 ), which form the
ase of the photoabsorption spectrum given by the Leiden database 
Hrodmarsson & van Dishoeck 2023 ). Recent theoretical studies into 
he electronic structure of OH have been performed by Sri v astav a &
ath yamurth y ( 2014 ), Qin & Zhang ( 2014 ), and most notably by van
er Loo & Groenenboom ( 2005 ), which inform most of the electronic
tructure calculations performed in this paper. 

Hydroxyl has seen much experimental and empirical spectroscopic 
tudy, including, but not limited to studies by Colin et al. ( 2002 ),
ernath & Colin ( 2009 ), Brooke et al. ( 2016 ), Yousefi et al. ( 2018 ),
oxon, Sappey & Copeland ( 1991 ), Sulakshina & Borkov ( 2023 ),
ith those by Brooke et al. ( 2016 ) and Yousefi et al. ( 2018 ) appearing

o make up a majority if not all of the current HITRAN line list
Gordon et al. 2022 ). Recently Furtenbacher et al. ( 2022 ) released a

ARVEL data set of energy levels which are used e xtensiv ely here
Section 1.1 ). 

This paper co v ers the formation of a replacement to the current
xoMol line list for OH. The current line list is based on the works
y Brooke et al. ( 2016 ) and Yousefi et al. ( 2018 ) ( MOLLIST , Bernath
020 ), similar to the current HITRAN line list. The moti v ation behind
mproving the line list, in addition to the general atmospheric and
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Summary of all electronic states of OH considered in the 
16 O 

1 H MYTHOS line list and their use case. 

State Line list Predissociation Continuum 

widths absorption 

X 

2 � � � 

A 

2 � 

+ � � � 

a B 

2 � 

+ � � � 

a C 

2 � 

+ � � 

1 2 � 

− � � 

1 4 � 

− � 

1 4 � � 

1 2 � � 

a Predissociation widths are not rigorously calculated for these states, how- 
e ver, the all le vels in these states are assumed to be dissociative due to 
crossings with local repulsive states, as such, are included in line list with 
predissociation widths equal to their natural width. 
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Table 2. Co v erage of MARVEL data set (Furtenbacher et al. 2022 ) energy 
levels for the X 

2 � , A 

2 � 

+ , B 

2 � 

+ , and C 

2 � 

+ states of OH which have 
been used to refine ab initio PECs, SOCs and coupling constants for the 
production of a spectroscopic model. 

v J min J max Number of levels 

X 

2 � 

0 0.5 49 .5 196 
1 0.5 42 .5 154 
2 0.5 41 .5 152 
3 0.5 36 .5 131 
4 0.5 19 .5 77 
5 0.5 19 .5 76 
6 0.5 18 .5 74 
7 0.5 18 .5 74 
8 0.5 18 .5 74 
9 0.5 18 .5 74 
10 0.5 11 .5 42 
11 0.5 8 .5 23 
12 0.5 7 .5 28 
13 0.5 7 .5 27 
Total 0.5 49 .5 1202 

A 

2 � 

+ 

0 0.5 36 .5 73 
1 0.5 28 .5 58 
2 0.5 19 .5 40 
3 0.5 26 .5 54 
4 0.5 19 .5 40 
5 0.5 7 .5 15 
6 0.5 8 .5 17 
7 0.5 7 .5 16 
8 0.5 9 .5 19 
9 0.5 8 .5 17 
Total 0.5 36 .5 349 

B 

2 � 

+ 

0 0.5 10 .5 21 
1 0.5 8 .5 17 
Total 0.5 10 .5 38 

C 

2 � 

+ 

0 0.5 7 .5 15 
1 0.5 7 .5 15 
Total 0.5 7 .5 30 
Grand total 0.5 49.5 1619 
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strophysical interest in OH, is that the MOLLIST data set does not
urrently consider dissociative processes, such as predissociation
nd continuum absorption, which are important sources of opacity in
any astrophysical environments. Furthermore, the MOLLIST line

ist’s intensities in the Meinel bands have recently seen criticism by
edv edev, Ermilo v & Ushakov ( 2024 ), as intensities appear to be

nphysical past �v = 5. Lastly, this update gives the opportunity to
everage the aforementioned MARVEL data set to extend the line list
o include two additional bound electronic states, B 

2 � 

+ and C 

2 � 

+ ,
hereas MOLLIST contains only X 

2 � and A 

2 � 

+ . This new line
ist we call MYTHOS . 

This project starts with the computation of new ab initio PECs
nd their corresponding diagonal and off-diagonal coupling curves
or the electronic states mentioned in Table 1 . These calculations are
ery much based on the work by van der Loo & Groenenboom
 2005 ) and are described in Section 2 . The process of further
efining these curves and forming the spectroscopic model used to
roduce the bound–bound line list is discussed in Section 3 , with
urther discussion into the isolation of bound–bound transitions in
ection 4 . 
The initial study of OH within ExoMol was focused on the com-

utation of predissociation lifetimes of the A 

2 � 

+ state, leveraging
 five-state spectroscopic model containing the X 

2 � , A 

2 � 

+ , and
 ( 2 � 

−, 4 � 

−, 4 � ) states (see Mitev, Yurchenko & Tennyson, 2024 ,
ereafter referred to as Paper I). This returned accurate predisso-
iation widths which are used to inform the lifetime broadening
arameters used for the A 

2 � 

+ ← X 

2 � transition spectrum. Since
his work, the X 

2 � and A 

2 � 

+ state curves have been updated,
s such the methods outlined in P aper I hav e been repeated to
roduce new predissociation lifetimes which are made available in
he supplementary material. A description of the simulation of the
bsorption spectra of OH including the dissociation effects is given
n Section 5 with final results including sample spectra produced in
ection 6 . 

.1 Summary of MARVEL energies and quantum number 
onventions 

urtenbacher et al. ( 2022 ) collected 15938 rovibronic transitions
rom 45 sources and produced values for 1619 empirical rovibronic
nergy levels for the system of electronic states, X 

2 � , A 

2 � 

+ ,
 

2 � 

+ , C 

2 � 

+ . Table 2 summarizes the co v erage of the MARVEL

nergy levels used in this study. 
NRAS 536, 3401–3420 (2025) 
The complete set of quantum numbers used to characterize the
ARVEL energy levels are the state label (X 

2 � , A 

2 � 

+ , 1 2 � 

−,...)
otal angular momentum, J , the vibrational quantum number, v,
he rotationaless parity, e/f , and the projection of the total angular

omentum on the molecular axis, � = � + � , where, � and � are
rojections of the spin and orbital angular momenta on the molecular
xis, respectively. 

In line with the Hund’s case (a) conventions used in DUO , the
ollowing quantum numbers are used to characterize the rovibronic
tates, | J , v, τ, �, �, �, state 〉 where state is a counting number
ssociated with the electronic states as ordered by potential minima,
 e , and τ is the state parity + / − (see Tennyson et al. 2016 for
onversion between e/f and τ ), which can be directly related to the

ARVEL data set. 
Instead of using the Hund’s case (a) conv ention, man y data sets

n the rovibronic state of OH in the literature opt for the rotational
uantum number N and the fine-structure components, F 1 and F 2 

Hund’s case b). In order to correlate these data with our MARVEL
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Table 3. Summary of ab initio electronic structure calculation details. All 
calculations use aug-cc-pV6Z basis set with the first σ orbital closed. Orbitals 
correspond to the point group symmetry C 2 v . 

Curve SA-CASSCF Space 

PECs 
X 

2 � X 

2 � x , X 

2 � y 5 σ2 π
A 

2 � 

+ , 1 2 � 

− A 

2 � 

+ , 1 2 � 

− 5 σ2 π
1 4 � 

− A 

2 � 

+ , 1 2 � 

−, 1 4 � 

− 5 σ2 π
1 4 � 1 4 � x ,1 4 � y , A 

2 � 

+ 6 σ2 π

Coupling curves 

〈 X 

2 � | ̂  H SO | A 

2 � 

+ 〉 X 

2 � x , X 

2 � y , A 

2 � 

+ 5 σ2 π
〈 X 

2 � | ̂ L x | A 

2 � 

+ 〉 X 

2 � x , X 

2 � y , A 

2 � 

+ 5 σ2 π
〈 X 

2 � | ̂  H SO | X 

2 � 〉 X 

2 � x , X 

2 � y 5 σ2 π
〈 A 

2 � 

+ | ̂  H SO | 1 2 � 

−〉 A 

2 � 

+ , 1 2 � 

− 5 σ2 π
〈 A 

2 � 

+ | ̂  H SO | 1 4 � 

−〉 A 

2 � 

+ , 1 2 � 

−, 1 4 � 

− 5 σ2 π
〈 A 

2 � 

+ | ̂  H SO | 1 4 � 〉 1 4 � x ,1 4 � y , A 

2 � 

+ 6 σ2 π

(Transition) dipole moments 

〈 X 

2 � | ̂  μz | X 

2 � 〉 X 

2 � x , X 

2 � y 5 σ2 π
〈 A 

2 � 

+ | ̂  μz | A 

2 � 

+ 〉 A 

2 � 

+ , 1 2 � 

− 5 σ2 π
〈 X 

2 � | ̂  μx | A 

2 � 

+ 〉 X 

2 � x , X 

2 � y , A 

2 � 

+ 5 σ2 π
〈 X 

2 � | ̂  μx | 1 2 � 

−〉 X 

2 � x , X 

2 � y , A 

2 � 

+ , 1 2 � 

− 5 σ2 π
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ata set, their representations have been converted into the rigorous 
uantum labels J , e/f using the following relations. 
For the 2 � 

+ states: 

 = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

N + 

1 

2 
for F 1 

N − 1 

2 
for F 2 , 

(1) 

/f = 

{
f for F 1 

e for F 2 . 
(2) 

hese relations arise, in particular, as the (A, B, C) 2 � 

+ state
evels are generally presented using Hund’s case (b), hence the 
elation between J and N , equation ( 1 ) and due to the common
pproximation, 

 F 1 = BN ( N + 1) + 

1 

2 
γN, (3) 

 F 2 = BN ( N + 1) − 1 

2 
γ ( N + 1) . (4) 

herefore, because γ � B, (Brooke et al. 2016 ) where B is the
otational constant and γ is the spin-rotation constant, 

 F 1 > E F 2 ∀ N, J (5) 

nd since the 2 � 

+ states have only parity splitting as � 

2 � + = 0,
he F 1 and F 2 components correspond directly to f and e parities,
espectively (for a given J ) (Herzberg 1989 ). 

For the X 

2 � state the rele v ant Hund’s case (a) approximation is 

 F 1 = B[( J + S) 2 − � 

2 ] − 1 

2 
( A − 2 B) , (6) 

 F 2 = B[( J + S) 2 − � 

2 ] + 

1 

2 
( A − 2 B) , (7) 

here A is the diagonal spin-orbit coupling. This is applied for a
iven parity and correlates with the following relation (Herzberg 
989 ): 

 F 1 = E 

(
� = 

3 

2 

)
< E F 2 , (8) 

 F 2 = E 

(
� = 

1 

2 

)
> E F 1 . (9) 

he quantum number correlations for the quartet 1 ( 4 � 

−, 4 �, 2 � )
tates have not been considered here as there are no experimental 
ata which will require transformation. 

 METHODS:  ELECTRONIC  STRUCTURE  

A L C U L AT I O N S  

nitial electronic structure calculations were performed for the X 

2 � ,
 

2 � 

+ , and 1 ( 2 � 

−, 4 � 

−, 4 � ) electronic states as part of a study
nto the predissociation dynamics of the A 

2 � 

+ state in Paper I.
ollowing this, further calculations were performed to study the 
 

2 � 

+ , C 

2 � 

+ , and 1 2 � states of OH as part of this line list. In line
ith this development, this section is divided into two subsections. 
ection 2.1 co v ers the calculations pertaining to the X 

2 � , A 

2 � 

+ ,
nd 1 ( 2 � 

−, 4 � 

−, 4 � ) electronic states and Section 2.2 builds on
his work, extending it to the B 

2 � 

+ , C 

2 � 

+ , and 1 2 � electronic
tates. 

.1 X 

2 �, A 

2 � 

+ and 1 ( 2 � 

−, 4 � 

−, 4 � ) 

he initial PECs, spin-orbit coupling curves (SOCs) and angular 
omentum coupling curves (AMCs) were computed using the 
OLPRO quantum chemistry program (Werner et al. 2010 , 2012 ,
020 ). Follo wing v an der Loo & Groenenboom ( 2005 ), optimal
olecular orbitals were computed using carefully selected combi- 

ations of state-averaged complete active space self-consistent field 
SA-CASSCF) (Werner & Knowles 1985 ) calculations: details of 
hich are given in Table 3 . These orbitals provide the input to
ultireference configuration interaction (MRCI) calculations which 

ncluded a Davidson correction (Langhoff & Davidson 1974 ) to the
nergies. Final results were computed using an aug-cc-pV6Z basis 
et. The calculations were performed o v er internuclear distances 
anging from 1 to 10 a 0 with a greater density of points around
he equilibrium bond length. We ensured that no 2 � states were
bfuscating the presence of the desired 2 � 

± states by calculating 
ECs for both A 1 and A 2 irreducible representations of C 2 v and
electing the appropriate symmetries. 

MOLPRO produces coupling curves and dipoles with an arbitrary 
hase factor of ±1 or ±i which is not guaranteed consistent between
eometries. This uncertainty in phase leads to discontinuities in 
he curves and hence requires post-processing. Within an MRCI 
alculation informed by a set of SA-CASSCF orbitals, the phase 
ay not be consistent between geometries, ho we ver, it is consistent
 v er all curves computed with those orbitals for a given geometry;
ny discontinuities will appear in the same places for all curves
Patrascu et al. 2014 ). The coupling curves in this study, ho we ver,
ere not all computed with one set of orbitals and instead were

plit up as shown in the SA-CASSCF column in Table 3 . Inter-
A-CASSCF phase consistency was ensured by first smoothing all 
urves with an arbitrary global phase and comparing to a set of
eference curves. These were produced by performing an aug-cc- 
VTZ calculation with all states present in the SA-CASSCF, ensuring
hase consistency between all rele v ant curves. 
The reference curve calculation covers all curves initially com- 

uted with the aug-cc-pV6Z. As all curves in the TZ calculation are
omputed with the same SA-CASSCF, they are phase consistent with 
ach other for a given geometry. In principle, these curves would still
equire smoothing to remo v e discontinuities, and if this is to be done,
t must be ensured that all phase changes are applied consistently. In
his work, all curves came out smooth from MOLPRO and no such
MNRAS 536, 3401–3420 (2025) 
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M

Figure 1. First eight A 1 symmetry PECs of OH as calculated in MOLPRO 

using the aug-cc-pV5Z basis set and 6 σ2 π active space. 
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Table 4. Mapping between dipoles and numerical representation of A 1 states 
in MOLPRO for OH. 

Dipole Numerical representation 

〈 X 

2 � | ̂  μx | 1 2 � 〉 〈 1 . 2 | ̂  μ| 2 . 1 〉 
〈 X 

2 � | ̂  μx | B 

2 � 

+ 〉 〈 1 . 2 | ̂  μ| 3 . 1 〉 
〈 X 

2 � | ̂  μx | C 

2 � 

+ 〉 〈 1 . 2 | ̂  μ| 4 . 1 〉 

Table 5. Details of MOLPRO calculation for the B 

2 � 

+ , C 

2 � 

+ , and 1 2 � 

electronic states of OH all with an active space of 6 σ2 π. 

Curve SA-CASSCF Basis set 

PECs 
B 

2 � 

+ , C 

2 � 

+ , 1 2 � ( A, B, C ) 2 � 

+ , 1 2 � , + 4 A 1 aug-cc-pV6Z 

(T)DMCs 
〈 X 

2 � | ̂  μx | B 

2 � 

+ 〉 ( A, B, C ) 2 � 

+ , 1 2 � , + 4 A 1 aug-cc-pV5Z 

〈 X 

2 � | ̂  μx | C 

2 � 

+ 〉 ( A, B, C ) 2 � 

+ , 1 2 � , + 4 A 1 aug-cc-pV5Z 

〈 X 

2 � | ̂  μx | 1 2 � 〉 ( A, B, C ) 2 � 

+ , 1 2 � , + 4 A 1 aug-cc-pV5Z 

Figure 2. PECs used in the spectroscopic model of OH. Solid lines: 
bound–bound line list, dashed lines: predissociative broadening only, dotted 
lines: continuum absorption only, dotted + dashed: continuum absorption 
+ predissociative broadening. The shaded area contains all A 

2 � 

+ rovibronic 
levels with predissociative broadening. 
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moothing was required. After this calculation, the 6Z curves’ phases
re matched to that of the reference curves to retrieve the final results.

.2 ( B,C ) 2 � 

+ and 1 2 � 

he curves pertaining to the B 

2 � 

+ , C 

2 � 

+ , and 1 2 � states were
omputed similarly as the others as described abo v e. These states
ave A 1 irreducible representation in C 2 v point group symmetry. 
The 1 2 � state has the degenerate A 1 / A 2 representation. To

dentify this state, calculations including both representations were
erformed. The PEC corresponding to the 1 2 � state was found to
e degenerate in these representations, as expected, and so could be
dentified. Results were compared with the curves of van der Loo &
roenenboom ( 2005 ) to verify the shape and asymptotic energy of

he potential. 
B 

2 � 

+ was identified similarly by checking against the asymptotic
imits. It is expected that the energy gap between the A 

2 � 

+ and
 

2 � 

+ asymptotic limits should be of the order of 18 000 cm 

−1 

Kramida et al. 2021 ) as the A 

2 � 

+ state tends to the O( 1 D) + H( 2 S)
tomic limit and the B 

2 � 

+ state tends to the O( 1 S) + H( 2 S) atomic
imit. This was found to be the case and the shape of the curve was
gain verified against van der Loo & Groenenboom ( 2005 ). 

A difficulty in this calculation was identifying the C 

2 � 

+ state,
specially since many states were required in the SA-CASSCF to
chiev e conv ergence. In this calculation, the A 

2 � 

+ , 1 2 � , B 

2 � 

+ ,
nd C 

2 � 

+ states were present, along with a further four A 1 states,
hich have not been used in the production of the spectroscopic
odel. The C 

2 � 

+ state exhibited orbital swapping and a v oided
rossings with the other local states. This is visible in Fig. 1 ; PECs
re labelled [ E] . [ S], where [ E] is the energy ordering label, and
 S] is the irreducible representation in C 2 v where [ S] = 1 , 2 , 3 , 4 =
 1 , B 1 , B 2 , A 2 , respectively. The C 

2 � 

+ state was identified by its
haracteristically high equilibrium bond length at ∼ 3 . 8 a 0 as was
hown by Langhoff et al. ( 1982 ). 

From this, it can be seen that, the third and fourth PECs correspond
o B 

2 � 

+ and C 

2 � 

+ electronic states. The C 

2 � 

+ ab initio PEC (4.1)
s problematic, ho we ver, as the short-range PEC is tangled with high-
ner gy Rydber g states. Untangling the swapped orbitals and dealing
ith a v oided crossings was deemed impractical and unproductive.
NRAS 536, 3401–3420 (2025) 
nstead, this PEC was used to extract a rough guide for the potential
inimum, T e . 
We find from Fig. 1 that the rele v ant dipoles correspond to the

umerical symmetry representations from MOLPRO as in Table 4 .
hese mappings were used when calculating the (transition) dipole
oment curves for these electronic states. Details of these calcula-

ions are given in Table 5 . 
Visual representations of the PECs, SOCs, and EAMC considered

n this section are made available in Figs 2 , 3 , and 4 , respectively.
urther discussion on the (transition) dipole moment curves is given

n Section 6.1.2 . 
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Figure 3. Diagonal and off-diagonal ab initio SOCs of OH as computed in 
MOLPRO . The curves here also have an associated factor of ±i. 

Figure 4. Ab initio L-uncoupling matrix elements for OH as computed in 
MOLPRO . In the Cartesian coordinate system, there is a factor of ±i. 
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 METHODS:  SPECTROSCOPIC  M O D E L  A N D  

INE  LIST  

he aforementioned set of ab initio curves can be used as input to the
uclear motion code DUO (Yurchenko et al. 2016 ), an open-source 
ORTRAN 2009 program which provides variational solutions to the 
oupled rovibronic Schr ̈odinger equations for a general open-shell 
iatomic molecule, obtaining rovibrational energies and transitions. 
Typically, even when a high level of electronic structure theory is

mployed, ab initio curves are insufficient for adequate modelling 
f rovibronic energy structure. This, indeed is the most important 
actor for errors in rovibronic energy calculations. Further to this, 
 xperimental energy lev els include all possible PECs and couplings 
mplicitly. In principle, one could impro v e the accurac y of the ab
nitio model by raising the level of theory used for the initial
alculations and impro v e the treatment of the couplings by computing 
n increasing number of curves with the same high level of theory.
n practice, ho we ver, this is not al w ays feasible. In particular, with
ncreasing energy, the density of electronic states increases, making 
ECs and couplings more challenging to compute. Moreo v er, basis
unctions associated with continuum states can play a large role in
he rovibronic energies of bound states (see e.g. Kozlov, Pazyuk &
tolyarov 2024 ). Here, the electronic structure calculations are 

imited to a selected number of states and associated couplings, 
eaning that whatever effects additional states would have on the 

erm values is rerouted through refining the available PECs, coupling 
urves, and empirical parameters. 

Three fla v ours of curve refinement are available in DUO , parameter
ariation of an analytic representation (hereafter referred to simply as 
arameter variation), morphing (Meuwly & Hutson 1999 ; Sk ok ov,
eterson & Bowman 1999 ; Patrascu et al. 2014 ), and grid-point
ariation. Independent of the type of refinement, the curves are 
teratively modified by solving the nuclear motion problem and 
omparing the rovibronic levels or transitions with experimentally 
eri ved v alues. These are often gi ven in the form of MARVEL data
ets (Section 1.1 ) or in the form of molecular constants which are
hen converted to energy levels using an ef fecti ve Hamiltonian code
uch as PGOPHER (Western 2017 ). At each iteration, a conjugate
radient descent algorithm is applied to compute new curve shapes 
ntil a weighted least-squares solution to the nuclear motion problem 

s found. In this work, parameter variation and morphing are used
nd are described briefly as follows. 

Parameter variation works by first assigning an analytic form to 
he curve in question and then varying the parameters through the
rocedure described abo v e. F or PECs, the analytic forms used in this
tudy are the extended Morse potential (Section 3.2 ) (Lee et al. 1999 ;
e Roy, Huang & Jary 2006 ), and the Morse long-range potential

MLR, Section 3.3 , Le Roy et al. 2006 , 2009 , 2011 ; Le Roy &
enderson 2007 ). Common between them are the parameters which 
escribe the primary features of a PEC, those being the position of the
otential minimum, T e , the asymptotic energy limit, the dissociation 
imit relative to the ground electronic state potential minimum, D e ,
nd the equilibrium bond length, R e . The remaining parameters 
urther refine the shape of the potential, making it narrower , wider ,
r adjusting the shape of the long-range region at internuclear 
eparations greater than R e . This type of refinement is typically only
erformed on PECs as it is necessary to know R e , T e , and D e when
omparing to literature and coupling curves do not have a standard
et of analytic forms which are easy to implement. 

In the case of couplings, morphing is more applicable. Morphing is
imilar to parameter variation fitting with one degree of separation. In
his case, one does not vary the curve in question directly, but instead
aries the parameters describing a morphing function, f m 

( R), which,
n turn, scales the ab initio curve, f ai ( R): 

 morphed ( R) = f ai ( R) f m 

( R) . (10) 

his is not typically applied when refining PECs as it then becomes
ifficult or impossible to arrive at accurate reproduction of the 
quilibrium bond length, R e , directly from the morphing form, which
s a parameter of interest. The form of morphing used here is due
o Meuwly & Hutson ( 1999 ) and has the drawback that scaling a
unction will not alter its value at points where the original function
s zero; the alternative morphing approach due to Sk ok ov et al. ( 1999 )
cales the coordinate not the function which means that these zero
alues can be shifted if not remo v ed. The form given in equation ( 10 )
ro v ed to be satisfactory for the current study. 
MNRAS 536, 3401–3420 (2025) 



3406 G. B. Mitev et al. 

M

3

D  

t  

fi  

c  

f  

b  

t  

s  

p  

t  

o  

8
 

B  

(  

v  

T  

o  

X  

f  

s

3

T  

a  

s  

t  

s  

i  

s  

v  

o  

S  

c  

m  

3

D  

m  

F  

e  

2

V

w  

e  

e  

c  

r  

R

β

ξ

T  

a  

Table 6. Summary of the initial shape sets (see Section 3.2.1 ) for the X 

2 � , 
A 

2 � 

+ , B 

2 � 

+ , and C 

2 � 

+ states of OH. 

Parameter – EMO X 

2 � A 

2 � 

+ 

p L 4 3 
p R 3 3 
N L 6 4 
N R 8 8 

Parameter – MLR B 

2 � 

+ C 

2 � 

+ 

p 2 2 
βmax 3 0 

C n C 6 ≈ 47 686 . 64 cm 

−1 Å
6 

C 1 ≈ 116 140 . 93 cm 

−1 Å
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.1 Global parameters 

UO uses an initial grid in a sinc-DVR (discrete variable represen-
ation) which gives evenly spaced grid points o v er a user-specified
nite region. A J = 0 problem is then solved for each PEC (with all
ouplings neglected) to provide a set of vibrational basis functions
or each state. This means that a number of global parameters need to
e established before running a DUO calculation, they are as follows:
he size of vibrational basis sets ( v max ) for each electronic state, the
tart ( R min ) and end ( R c ) of the calculation box, the number of grid
oints, and the maximum value for J . These considerations are made
o ensure converged solutions for the energy levels. The start and end
f the box was set to 0.53 and 8 Å, respectively, with a grid size of
01 points. 
The value of v max was selected for each electronic state iteratively.

y extracting energy eigenvalues within the rele v ant fitting region
defined by the quantum number co v erage of Table 2 ) for increasing
 max , we can set v max such that the energy levels are converged.
his was found to occur when v X max ≥ 110 and v A max ≥ 90. The size
f the vibrational basis sets were hence set to 110 and 90 for the
 

2 � and A 

2 � 

+ states, respectively. This procedure was repeated
or the B 

2 � 

+ and C 

2 � 

+ states and it was found that v B,C 
max ≥ 10 was

ufficient. The maximum value for J , J max , was set to 49.5. 

.2 Fitting – X 

2 � and A 

2 � 

+ 

he PECs and coupling curves were refined by making constrained
djustments to parameters which describe them with respect to a
et of observed data, which can be of empirical energy levels or
ransitions. These data are supplied by the recent MARVEL data
et’s energy levels (Furtenbacher et al. 2022 ). Curve refinement
s performed in DUO by least-squares fitting to this data set. As
tated earlier, DUO provides three types of fitting one can use:
ariation of parameters that describe a curve (Section 3.2.1 ), variation
f parameters that describe a morphing function ( morphing , see
ection 3.2.2 ), and direct variation of individual grid points. In each
ase, the optimization is based on a non-linear conjugate gradient
ethod (Yurchenko et al. 2016 ) with respect to an empirical data set.

.2.1 Parameter variation fitting – pre-fitting 

uring parameter variation fitting, the curves must have some para-
etric form, and some initial set of parameters must be determined.
or PECs, the form used for the X 

2 � and A 

2 � 

+ states is the
xtended Morse oscillator (EMO) (Lee et al. 1999 ; Le Roy et al.
006 ; Yurchenko et al. 2016 ; Le Roy 2017 ), given by 

 EMO ( R) = T e + ( A e − T e ) 
(
1 − e −β( R )( R −R e ) 

)2 
, (11) 

here T e is the potential minimum, D e = A e − T e is the dissociation
nergy relative to T e , A e is the dissociation asymptote, R e is the
quilibrium bond length, and β( R) is a distance-dependent exponent
oefficient defined by the expansion term with coefficients βi with
espect to the reduced coordinate ξp , first introduced by Šurkus,
akauskas & Bolotin ( 1984 ) and are given by 

( R) = 

N ∑ 

i= 0 

βi ξp ( R) i ; N = 

{
N R for R > R e 

N L for R ≤ R e , 
(12) 

p ( R ) = 

R 

p − R 

p 
e 

R 

p + R 

p 
e 

; p = 

{
p R for R > R e 

p L for R ≤ R e . 
(13) 

his parametric form is flexible in that one can specify the behaviour
round the equilibrium internuclear distance piece-wise using the
NRAS 536, 3401–3420 (2025) 
arameters N L , N R , p L , and p R , where N L ≤ N R . The value of
 R hence defines the order of the expansion. This means one

an establish a family of PECs where the fundamental shape is
etermined by the set of parameters, S, (the shape set) where 

 = { p L , p R , N L , N R } ; { p L , p R , N L , N R } ∈ Z , N R ≥ N L . 

(14) 

 or a giv en S, one can then find P which refines the shape to return
ppropriate energy levels, such that: 

 = { βi , r e , T e , D e } ; i ≤ N R . (15) 

hen fitting a PEC in DUO , S is fixed, and hence should be
arefully chosen before optimizing P . Initial parameter selection was
erformed by extending the methods given in Mitev et al. ( 2022 ).
his problem can be solved iteratively. 
The optimization of S is initiated by establishing the set, 

S = { S 0 , ..., S n } , (16) 

≡ {{ p L 0 , p R 0 , N L 0 , N R 0 } , ..., { p L n , p R n , N L n , N R n }} , (17) 

hich contains n elements of the set, S, as in equation ( 14 ) such that, 

 i �= S j ∀ i, j ; i �= j . (18) 

his is the set of values of p L , p R , N L , and N R o v er which we would
ike to test. The test consists of, for each S i , finding the conjugate P i 

y least-squares fitting against the ab initio grid points in PYTHON .
n each case, we find the reduced χ2 test statistic, χ2 

ν and search for
he S, P which return the lowest value. These parameters are then
sed as a starting point for curve refinement of the PECs against
xperimental data in DUO . See Table 6 for the S parameters for the
 

2 � and A 

2 � 

+ states in this study. 

.2.2 Morphing 

or morphing, a polynomial decay morphing function of the follow-
ng form was used: 

 m 

( R) = 

N ∑ 

k= 0 

B k z 
k (1 − ξp ) + ξp B ∞ 

, (19) 

here 

( r) = ( R − R ref )e 
−β( R −R ref ) 2 −γ ( R −R ref ) 4 , 

p is as in equation ( 13 ), B k are variable expansion coefficients, β
nd γ are static coefficients typically set to 0.8 and 0.02, respectively,
 ∞ 

is typically set to unity to preserve the asymptotic behaviour of
 ai , N is the order of expansion, and R ref is the expansion centre. R ref 



ExoMol line lists – LXI. Hydroxyl radical 3407 

i  

s  

3

T  

c
v  

p

D

T
t
e

3

T
s  

l
k
s
r  

o
s
w  

C  

e
o

s
p
a
fi
u

 

X  

t  

l  

t
s
c  

R  

L

V

U

β

H
i
i  

t  

t  

a  

t  

β

β

T  

T  

p

S

T  

b  

f  

p  

C  

m  

t

C

w
C  

a  

c
t  

C

w  

i  

c
w

 

t  

β  

t  

o  

s  

l
a  

p
i  

b  

w  

(
 

r  

i  

a  

i  

h  

C  

s  

r  

t

t

O

H

D

w  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/4/3401/7931867 by guest on 09 February 2025
s set to the equilibrium bond length of the lower energy electronic
tate. When fitting equation ( 19 ), only the B k parameters are floated.

.2.3 Constraining curves 

he asymptotic energy limit for all the curves in Fig. 2 was
onstrained by setting the value of D 

X 
e based on the experimental 

alue of D 0 from Joens ( 2001 ) with the added offset from the zero-
oint energy of the X 

2 � state, E 

X 
0 calculated in DUO , hence 

 

X 
e = D 0 + E 

X 
0 . (20) 

he remaining curves’ D e where constrained with respect to D 

X 
e such 

hat their respective atomic limit spacings match those of Kramida 
t al. ( 2021 ). 

.3 Fitting – B 

2 � 

+ and C 

2 � 

+ 

hese PECs were fit independently of the ground and first excited 
tate as they are well separated from those states and their energy
evels are not mutually perturbed by off-diagonal couplings of any 
ind. DUO calculations with the full vibrational basis in the A 

2 � 

+ 

tate from Section 3.1 were performed and compared with similar 
uns where the A 

2 � 

+ state vibrational basis was set to have a max
f v = 1. Comparing the energy levels of the B 

2 � 

+ and C 

2 � 

+ 

tates in both cases returned the same results. The same procedure 
as performed to see if there is any interplay between the B 

2 � 

+ and
 

2 � 

+ states, and again it was confirmed that they are independent of
ach other, allowing for a very clean environment for fitting, where 
nly one state needed to be considered at a time. 
The need for off-diagonal couplings between the high lying 2 � 

+ 

tates and the ground state was found empirically. A zeroth-order 
olynomial off-diagonal spin-orbit coupling between these states 
nd the ground state was initialized and floated. Upon running the 
tting algorithm, this value div erged, howev er, the energies were 
nchanged, indicating that spin-orbit effects here are negligible. 
The PECs of these states are of a different character to those of
 

2 � and A 

2 � 

+ . As is visible in Fig. 2 , B 

2 � 

+ is very shallow relative
o the other states with D e ( B) ≈ 1400 cm 

−1 . Since the MARVEL

e vels av ailable for the B 

2 � 

+ state are very complete, going up
o dissociation, and since the state is very shallow, the long-range 
hape of this potential is important. The EMO potential has seen 
riticism due to its inability to ef fecti vely model the long-range (Le
oy et al. 2006 ) and as such the MLR (Le Roy & Henderson 2007 ;
e Roy et al. 2009 , 2011 ) is used here instead as given by 

 ( R) = T e + ( A e − T e ) 

(
1 − U ( R) 

U ( R e ) 
e −β( R ) ξp ( R ) 

)2 

, (21) 

( R) = 

∑ 

n 

C n 

R 

n 
, (22) 

( R) = ξp ( R) β∞ 

+ (1 − ξp ( R)) 
β max ∑ 

i= 0 

βi ξq ( R) i . (23) 

ere, the Morse-like parameter β is similar to that of the EMO, where 
t is not a constant but is implemented as a function of R, where ξp 

s the reduced coordinate from equation ( 13 ). The difference here is
hat order, p, is not dependent on whether the potential is calculated
o the left or right of the equilibrium bond length. There is also the
dded parameter q allowing for the use of two separate instances of
his reduced coordinate. In this study, ho we ver, q = p for simplicity.
∞ 

is necessarily constrained to have the following value: 

∞ 

= ln 

(
2 D e 

U ( R e ) 

)
. (24) 

he result of this is constraint is that as R → ∞ , V ( R) → U ( R).
his is the important feature of this potential. The shape set of this
otential hence becomes 

 = { p, βmax , { C i }} ; { p, βmax , { i}} ∈ Z . (25) 

o model the long-range of B 

2 � 

+ , we consider its asymptotic
ehaviour, where it tends to O( 1 S ) + H( 2 S ). In this limit, the primary
orces between two neutral S states is Van der Waals, which has a
otential form proportional to R 

−6 . Hence in the limit that R → ∞ ,
 n = 0 for n �= 6 (see equation 22 ). C 6 values for heteronuclear
olecules ( C 6 ,AB ) can be calculated based on the C 6 coefficients of

he individual atom pairs, C 6 ,AA and C 6 ,BB (Tang 1969 ): 

 6 ,AB = 

2 C 6 ,AA C 6 ,BB 

αA 

αB 

C 6 ,BB + 

αB 

αA 

C 6 ,AA 

, (26) 

here αA,B are the polarizabilities of the individual atoms. Atomic 
 6 and polarizabilities are taken from Gould & Bucko ( 2016 ). We
ssumed that these indi vidual C 6 coef ficients are for the ground state
onfigurations of the atoms, which is an approximation because, in 
he atomic limit of B 

2 � 

+ , the oxygen’s state is in the 1 S state. The
 6 ,B 2 � + coefficient was found using these values in conjunction 
ith equation ( 26 ) and is given in Table 6 along with the summary of

ts shape set. Literature values for C 6 coefficients of excited atomic
onfigurations do not appear to be available, and this approximation 
as deemed appropriate. 
The vibrational structure parameter ( βi ) of B 

2 � 

+ was fitted to
he ab initio curves from Section 2 and was left fixed. While fitting
i to the MARVEL energies did somewhat impro v e the residuals to

he said levels, this resulted in an unphysical curve which would
 v erlap with the C 

2 � 

+ state. B 

2 � 

+ appears to be extremely
ensitive to fitting the vibrational structure. This is likely due to most
evels being close to dissociation, hence long-range effects playing 
 large role in the e v aluation of the energy level positions. This is
robably a consequence of the somewhat crude approximation made 
n determining C 6 . Instead, a best attempt was made to fit this state
y floating only T e and R e with the added spin-rotation constant γ ,
hich has been used in ef fecti ve Hamiltonian models for this state

Coxon et al. 1991 ). 
C 

2 � 

+ also required the use of the MLR potential. While the long-
ange in B 

2 � 

+ is dominated by Van der Waals effects, the long-range
n C 

2 � 

+ is dominated by ionic interactions (Langhoff et al. 1982 )
s can be seen from the ab initio C state permanent dipole, which
s linear in R at long range (see Section 6.1.2 ). The C 

2 � 

+ state
ence tends to O 

− + H 

+ in the atomic limit and so for R → ∞ ,
 n = 0 for n �= 1. Since this is a Coulomb interaction, C 1 must be

uch that it is equal to unity in atomic units, [ E h a 0 ]. So all that is
equired to determine C 1 is a unit conversion to cm 

−1 Å resulting in
he values in Table 6 : 

The dissociation energy of C 

2 � 

+ is determined by considering 
he energy difference: 

 ( 3 P ) + H ( 1 S ) → O 

− + H 

+ . (27) 

ence, D e ( C ) is 

 e ( C ) = D e ( X ) + E I ( H ) − E EA ( O ) − T e ( C ) , (28) 

here E I ( H ) is the ionization energy of hydrogen and has been
aken from Scheidegger & Merkt ( 2024 ) and E EA ( O ) is the electron
MNRAS 536, 3401–3420 (2025) 
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M

Table 7. Summary of the initial parameter sets (see Section 3.2.1 ) for the 
X 

2 � , A 

2 � 

+ , B 

2 � 

+ , and C 

2 � 

+ states of OH. 

EMO 

Parameter X 

2 � A 

2 � 

+ 
T e 0.000 000 000 000 00 32 612.251 248 
R e 0.970 655 034 637 88 1.013 454 0000 
A e 37 269.126 195 7300 53 204.256 220 
p L 4 3 
p L 3 3 
N L 6 4 
N R 8 8 
β0 2.292 052 187 440 86 2.620 3960 
β1 −0.019 995 180 618 05 0.169 7680 
β2 0.198 099 685 501 73 0.465 2890 
β3 0.231 459 916 196 33 0.552 2080 
β4 −0.136 025 0120 3037 0.413 9210 
β5 −0.639 517 770 410 11 −5.174 652 
β6 −0.277 770 705 585 67 9.999 9980 
β7 6.274 892 232 438 52 3.333 8650 
β8 −4.898 195 1459 0987 −9.999 764 

MLR 

Parameter B 

2 � 

+ C 

2 � 

+ 

T e 70 048.640 000 89 072.338 876 a 

R e 1.862 703 0000 2.03204 a 

A e 71 294.380 000 135 395.846 9789 
p 2 2 
β0 −0.656 9361 1 
β1 6.320 934 0 
β2 10 0 
β3 6.522 668 0 
C 1 0 11 6140.926 2795 b 

C 6 47 686.64 b 0 

a Not pre-fitted, but simply taken from ab initio values. 
b Calculated see Section 3.3 . 
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ffinity of oxygen and has been taken from Kristiansson et al. ( 2022 ).
 e ( C ) and C 1 have been left fixed during the fitting procedure

nd the pre-fitting procedure was forsaken here in fa v our of doing
his empirically. This was done due to the ab initio curves being
ncomplete at short R. The ab initio calculation provides a starting
alue for T e . The PEC parameters left floating here are β0 , T e , and R e ,
ith p = 2. As with B 

2 � 

+ , a spin-rotation constant was added as
his had been used in the available effective Hamiltonian treatments
Coxon et al. 1991 ). Summarizing, the shape set is given in Table 6 .
hese were initially paired with the parameter sets in Table 7 . 
Along with the refinement of the PECs and coupling curves as

escribed abo v e, empirical coupling constants were also imple-
ented with more details available in Section 6.1 . When satisfactory

greement was reached with the reference energy levels, the final
ine list is calculated using DUO , producing the .STATES and .TRANS

les. Initially, these files contain all states and transitions, including
ound states and continuum states, the latter of which are treated
n a separate process, leading to continuum absorption ( .CONT ) files
see Section 5.2 ). The methods implemented to isolate bound states
s explained in the following section. 

 ME THODS:  B O U N D  A N D  U N B O U N D  

 OV IBR  O N I C  STATES  

ovibronic states calculated with DUO are constrained by the
oundary condition that the wavefunction, ψ is zero at the end of
he calculation box, R c , where the potential V = ∞ . In this regime,
NRAS 536, 3401–3420 (2025) 
ll states are ef fecti vely treated as bound states, with a node at R c .
o treat continuum states rigorously using DUO , one must have R c 

t ∞ which is not possible. In this section, the categorization of
ound versus unbound states in DUO is discussed. The details of how
nbound states and quasi-bound states are treated in the context of
pectral simulation of continuum absorption is discussed in Section 5 .

An important clarification at this stage is that the rovibronic
evels and their corresponding wavefunctions which are considered
n this section are calculated from a spectroscopic model containing
nly X 

2 � and ( A, B, C ) 2 � 

+ . In this treatment, the quasi-bound
haracter induced by spin-orbit predissociation effects in A 

2 � 

+ do
ot manifest as the rele v ant continuum states and couplings are not
ncluded in this model. Continuum rovibronic states where the term
alue > D e of the respective electronic state continue to be present,
o we ver. 
The assumptions here are that (1) in the full treatment (predis-

ociation included), if a quasi-bound state in A 

2 � 

+ with quantum
umbers, Q exists, then the corresponding state in this four-state
odel with the same Q is bound and (2) all states in the four-

tate model with Q which are unbound remain unbound in the full
reatment. In reality, only levels in X 

2 � and A 

2 � 

+ which are
nergetically lower than the dissociation limit of X 

2 � are truly
ound due to predissociation effects. All other, higher energy states
re either continuum states or quasi-bound states. The aim of this
ection is to find states which should be included in the line list,
hich has the criterion that continuum states are not included, but
uasi-bound states are included. With this assumption in place, states
eferred to as bound hereafter are necessarily bound only in this four-
tate treatment, but may be quasi-bound in the full treatment. 

The purpose of doing this analysis is twofold. First, it constrains
he levels which are included in the final line list. Secondly it
onstrains the range of states in A 

2 � 

+ which require predissociation
ifetime calculation by requiring that such states are bound in this
our-state model and also have energy greater than the dissociation
imit of X 

2 � . Further discussion of predissociation is available in
ection 5.1 . 

.1 Differentiating between bound and unbound states 

s stated abo v e, the boundary condition on ψ results in all states
f fecti vely being treated as bound states. There is, ho we ver, a unique
haracter to the wavefunction of bound states and continuum states
ven in the strictly bound regime in which DUO calculations are
erformed. Due to the presence of an ef fecti ve infinite potential at
he boundary, R c , bound state wavefunction solutions tunnel through
he right-hand side of the potential well to reach zero and exhibit
n exponential decay form in this region. On the other hand, for
ontinuum states, as there is no potential barrier through which
o tunnel, they exhibit a sinusoidal wave form. This difference is
howcased in Fig. 5 . 

As the characteristic of a bound state is a decaying wavefunction
ith close to zero amplitude at R c , in the region between R c − ε and
 c , where ε is some small length, the integral, 

∫ R c 
R c −ε

∣∣ψ 

2 ( R) 
∣∣ d R is

lso close to zero. For unbound states, this integral is not close to
ero. 

In the rigorous case, where R c → ∞ : ∫ R c 

R c −ε

| ψ( R) | 2 d R = 

{
0 for bound states 
> 0 for unbound states 

. (29) 

Numerically, this problem is not so clear cut and one must establish
 threshold value abo v e which states are labelled as unbound. The
alue of the integral is also dependent on ε and as such the threshold
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Figure 5. Example of bound state (upper panel) and unbound state (lower 
panel) wavefunction radial densities for the A 

2 � 

+ state of OH. The red line 
is the ef fecti ve potential V eff ( R) (see equation 31 ), and the blue line is the 
unperturbed potential V ( R). Baseline of the wavefunction has been placed to 
sit at level’s energy, and the amplitude has been scaled for clarity only. 
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s dependent on the value of ε taken. Loosely, one can think of δI 

s a function of ε where the function returns a ‘useful’ value for
he threshold. Hence, we have the threshold, δI ( ε) and equation ( 29 )
ecomes ∫ R c 

R c −ε

| ψ( R) | 2 d R = 

{≤ δI ( ε) for bound states 
> δI ( ε) for unbound states . 

(30) 

In studying the wavefunctions of OH, a value of ε is taken at 0.5 Å
hich is default in DUO . One may use other values. As default, the
alue of δI in DUO is set to ∼ 10 −8 . Note, that this value is somewhat
rbitrary and there does not appear to be an intuitive value one can
ake for δI . The question now is how can a reasonable value of δI be
etermined? 
Before continuing further, one can suggest another method to cat- 

gorize bound versus unbound states. The PEC, V ( R) becomes dis-
orted at high rotational quanta, as the molecule becomes stretched. 
ence, the ef fecti ve equilibrium bond length for a given J increases.
o account for this, one can use the ef fecti ve potential form (Kozin,
oberts & Tennyson 1999 ), 

 eff ( R) = V ( R) + B( R) J ( J + 1) , (31) 

here B( R) = 

h 

8 π2 cμR 2 
in cm 

−1 , c is the speed of light, μ is the
educed mass of the molecule, and h is Planck’s constant. This
otational term increases the ef fecti ve dissociation energy (here 
efined as the potential maximum to the right side of R e ), of the
olecule, ˜ D e ( J ) 

(
˜ D e (0) = D e 

)
, and in cases where the reduced mass

s low, such as in OH, this effect can be significant. In Fig. 6 , we see
ow as J increases, so does ˜ D e ( J ). Indeed, T e ( J ) is also increasing
nd the resulting ef fecti ve PEC becomes shallower. The position 
f the minimum, R e is also shifted by the rotational perturbation 
nd becomes a function of J . For higher J at long range, ˜ D e ( J ) is
o longer asymptotic and instead occurs at a turning point at some
 = 

˜ R ( J ), causing a barrier through which the wavefunction can
unnel. This tunnelling broadens the energy level, causing rotational 
redissociation (Yurchenko et al. 2024 ). 
To this end, one can approximately assume that a state is bound

or a given J if its energy falls between T e ( J ) and ˜ D e ( J ). While
his makes some intuitive sense, this is a cruder approximation than
he rigorous analysis of the wavefunctions. It is, ho we ver, useful to
ompare this crude model to the results from the wavefunction in
erms of efficacy in categorizing different state types. 

We arrive at an appropriate value of δI , in part, by comparing these
wo models. We define two categories here, Type C, and Type W
ound/unbound, corresponding to the ef fecti ve, centrifugal potential 
pproximation and wavefunction treatment, respectively. 

An energy level is Type C bound if its term value lies between
 e ( J ) and ˜ D e ( J ) and is Type W bound if 

∫ R c 
R c −ε

∣∣ψ 

2 ( R) 
∣∣ d R< δI . 

We also define three types of potential energy: 
nperturbed ( V ( R) ) , perturbed ( V eff ( R; J ) , with a finite ˜ D e ( J ) 

)
, 

nd repulsive (no minima/maxima). An example of a repulsive type 
s shown in Fig. 6 for V eff at J ≥ 63 . 5. 

We require that all states which are known to be bound experi-
entally, must be bound in the wavefunction treatment. In this case,

his is found by calculating 
∫ R c 

R c −ε

∣∣ψ 

2 ( R) 
∣∣ d R for all states using the

pectroscopic model from Section 3 and isolating the states which 
ppear in the MARVEL data set. This data set is quite complete and
oes up in energy up to D e for the X 

2 � , A 

2 � 

+ , and B 

2 � 

+ states.
ence, this is a good measurement for reasonable bound integral 
alues. For simplicity, here we examine the X 

2 � and A 

2 � 

+ states
nly. 
Fig. 7 plots the values of the integral 

∫ R c 
R c −ε

∣∣ψ 

2 ( R) 
∣∣ d R as a

unction of J for all MARVEL levels of the X 

2 � and A 

2 � 

+ states
f OH. It shows that the majority of experimentally determined 
 MARVEL ) states have integrals below 10 −8 . This supports the
riginal value of the threshold inte gral. Howev er, this threshold does
ot extend well to energies above D e but below 

˜ D e ( J ), which are
uasi-bound due to rotational predissociation effects. 
Extending the plot to higher energies, we notice that at some

 there is a discontinuity in the integral where it suddenly rises,
ndicating that the region is transitioning from bound to unbound. 

e find evidence that this is the case for v = 0 of the A 

2 � 

+ state.
MNRAS 536, 3401–3420 (2025) 
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M

Figure 7. 
∫ R c 

R c −ε

∣
∣ψ 

2 ( R) 
∣
∣ d R for each MARVEL level of the X 

2 � and A 

2 � 

+ 
states of OH. 
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∫ R c 

R c −ε

∣
∣ψ 

2 ( R) 
∣
∣ d R for each v, J of the X 

2 � and A 

2 � 

+ states of 
OH. 

Table 8. Tabulated comparison between Type C and Type W categorizations 
of bound versus unbound states. Type C unbound states are states for which 
T e ( J ) , ˜ D e ( J ) are finite but E > 

˜ D e ( J ), this is distinct from repulsive, where in 
the ef fecti ve potential approximation, all states are unbound as T e ( J ) , ˜ D e ( J ) 
are undefined. Dark states are states where E < T e ( J ) and are present likely 
due to misassignments in the manifold. Calculated with ε = 0 . 5 Å and δI = 

10 −6 . N is the count. 

Manifold Type C N (Type W unbound) N (Type W bound) 

X 

2 � Bound 2300 2250 
Unbound 17195 0 

A 

2 � 

+ Bound 968 547 
Dark 559 0 
Unbound 13 268 0 
Repulsive 300 0 

B 

2 � 

+ Bound 156 59 
Dark 121 0 
Unbound 6383 3 
Repulsive 6443 0 
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his vibrational level contains the most MARVEL levels and goes up
o J = 36 . 5. At this J , the integral is of the order of 10 −13 . When
onsidering all levels that are calculable, at J = 37 . 5 the integral
ncreases suddenly to 10 −3 . A similar discontinuity occurs at v = 1.

The approach in identifying continuum states is to look for
iscontinuities in the J -dependence of 

∫ R c 
R c −ε

∣∣ψ 

2 ( R) 
∣∣ d R. Fig. 8

hows that the majority of states pre-discontinuity appear with
ntegrals < 10 −6 . This threshold allows for the inclusion of many
orderline states, but does not include states which lie at v = 10 + for
he A 

2 � 

+ state, which have not been detected experimentally. The
 

2 � state is clearer in that the integral quite consistently increases
rom 10 −20 to 10 −3 . 

It is clear that this method for determining the appropriate
hreshold δI for the bound/unbound selection is rather approximate.

hen producing a line list, the aim is to have only bound and quasi-
ound states present in the .STATES and .TRANS file. When considering
he A 

2 � 

+ state, where the line between bound and unbound in the
avefunction treatment is not well defined, this is difficult to do.
he decision was made that it is better to include too many states

n the line list rather than too few, especially since states which are
nbound are expected to have very low intensity so should not affect
he spectrum simulation significantly. Such states are not excluded,
o we ver, and are instead treated as continuum absorption transitions
n Section 5.2 . 

With this threshold established, all energy levels from the calcu-
ation have been assigned Type W bound or unbound tags for the
NRAS 536, 3401–3420 (2025) 
hreshold value of δI = 10 −6 . Comparing the Type W and Type C
ags shows that many states in the ef fecti ve potential approximation
hich would be assigned as bound have been assigned as Type W
nbound, see Table 8 . 
We see that approximately two-thirds of A 

2 � 

+ Type C bound
tates have been assigned Type W unbound status and similarly, this
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Figure 9. Toy example of computed wavefunction probabilty distribution 
where Type C is bound but Type W is unbound. Solid lines represent 
unperturbed PECs and dashed lines represent the ef fecti ve A 

2 � 

+ state 
PEC. The probability has been scaled for visibility and shifted so that 
zero probability lies at the correct energy. Region I: R min < R < 

˜ R ( J ) and 
E < 

˜ D e ( J ), Region II: R > 

˜ R ( J ), and Region III: E > 

˜ D e ( J ). 

h  

s  

a  

r
e
l

 

p  

i  

u  

s
 

a
e  

e
 

3  

c  

d  

b  

F
 

t
s
[  

t
m
f

I

w

Q

H  

s  

T

c
d
t  

A  

f  

b  

a
r
s
b  

o  

i

4

F  

t  

o  

A  

s  

t

t  

τ  

c  

o
c  

a  

i  

w

a  

O  

r  

d  

r
l  

a  

p
a
a  

p  

u  

e
 

s
a
l
a
p
f
i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/4/3401/7931867 by guest on 09 February 2025
appens to half of the X 

2 � states. Fig. 9 shows an example of one
uch state in the A 

2 � 

+ state. It is clear that this is state is unbound
s the wavefunction density is entirely located to the right of the
otational barrier. This shows a limitation in considering only the 
nergy in the categorization of quasi-bound and unbound rovibronic 
evels, as this level’s energy lies between T e ( J ) and ˜ D e ( J ). 

Focusing specifically on the X 

2 � and A 

2 � 

+ states for sim-
licity, the av erage inte gral for these oppositely categorized states
s ∼ 6 . 7 × 10 −4 . Increasing the threshold to this average value is
nfa v ourable as this allows for the majority of Type C unbound
tates to be categorized as Type W bound. 

This also further highlights the inefficacy of the ef fecti ve potential
pproximation as it has been applied here. Considering only the 
nergy value of a giv en lev el ignores the details of what is now,
f fecti vely, a scattering problem. 

At this point, it is important to note that all but 12 of the
154 energies with this opposite categorization in Table 8 are for
ases where the energy of the level is greater than the unperturbed
issociation energy of the rele v ant PEC and none of these states have
een observ ed e xperimentally as is corroborated in the discussion of
ig. 7 earlier. 
To conclude the analysis of this problem, it is necessary to consider

he impact of these borderline Type C bound, Type W unbound 
tates on the intensity. Intensity calculations are performed for T = 

300 , 2000 , 5000] K for all transitions where the final state types are

(i) Subset 1 – 1 σ : Type C bound + Type W unbound. 
(ii) Subset 2 – 2 σ : Type C bound + Type W bound. 

The integrated intensities for transitions between states in 1 σ and 
ransitions between states in 2 σ are calculated and compared as a 
easure of this impact. Intensities are calculated using the standard 

ormula: 

 ( f ← i) = 

g tot 
f A f i 

8 πcν2 
f i 

e −c 2 E i /T 
(
1 − e −c 2 νf i /T 

)
Q ( T ) 

, (32) 
here the partition function Q ( T ) is defined as 

 ( T ) = 

∑ 

n 

g tot 
n e −c 2 E n /T . (33) 

ere, g tot 
n = g ns 

n (2 J n + 1) is the total de generac y for the nuclear-spin
tatistic g ns 

n , c 2 = 1 /k b is the second radiation constant in cm K and
 is the temperature in K. 
The intensities for the 1 σ and 2 σ subsets are summed and 

ompared. It was found that the intensity of 2 σ is significantly 
ominant, especially at lo wer temperatures, e ven considering that 
he majority of rovibronic states are not included in this calculation.
t 5000 K, less that 1 per cent of the integrated intensity is accounted

or by states in 1 σ . In light of this analysis, the threshold value has
een chosen such that δI = 10 −6 as this has been found to exclude
ll high-energy unbound states while preserving intensity to highest 
easonable amount. Reiterating, these lines are not excluded in the 
imulation of the absorption cross-section, and are instead shifted to 
e part of the continuum analysis (Section 5.2 ), meaning that none
f this intensity, ho we v er, small, will be ne glected in the data giv en
n the supplementary material. 

.2 Uncertainty in vibrational assignment 

ig. 9 separates the PEC into three distinct re gions. Re gion I co v ers
he potential well, Region II covers the space between the right side
f the well and R c , and Region III covers the space above ˜ D e ( J ).
s was stated abo v e, the ef fecti v e potential cate gorization is not a

ufficient metric for determining if a state is bound or unbound due
o the presence of states in Region II. 

This introduces another element of uncertainty when considering 
he quantum number labelling. In the DUO solution method, J and

are the only rigorous labels applied along with an enumerator n ,
ounting up in energy. The rest are best estimates based on energy
rdering and/or basis set contributions. The scheme in which the 
alculations for OH are performed is such that the vibrational quanta
re counted in order of energy within the J , τ symmetry block. This
s already not a perfect solution, but becomes even more problematic
hen considering the presence of states in Region II. 
Vibrational quanta are counted, assigned to an electronic state, 

nd then normalized to start at 0 for the given electronic state.
ne can visualize the PEC in Region II, ef fecti vely as an induced

epulsive PEC, A 

∗ 2 � 

+ . During the calculation, it is not easy to
ifferentiate whether a state belongs to A 

2 � 

+ or A 

∗ 2 � 

+ . These
epulsive states then have a meaningful effect on the vibrational 
abelling of the bound states, which results in bound states with
nomalously high vibrational quanta labelled as bound. This is not a
roblem when simulating the spectrum, as these quantum numbers 
re not considered, only the rigorous quantum numbers from before 
long with their enumerator, n . This does mean, ho we ver, that when
roducing the line list, that the quantum labels must be considered
nreliable for all levels with energy above D e for their respective
lectronic state. 

At this stage, the line list has been ef fecti vely separated into
ubsets containing bound–bound/quasi-bound transitions ( .STATES 

nd .TRANS files) and bound–unbound transitions ( .CONT files). In 
ine with ExoMol standards for .STATES files, the radiative lifetimes 
re calculated at this stage and are convoluted with available 
redissociation lifetimes to produce the lifetimes column. Land ́e g- 
actors are calculated, and estimates for uncertainties are produced 
n line with the predicted shifts (PSs) method. 
MNRAS 536, 3401–3420 (2025) 
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.3 Predicted shifts method 

nterpolated observed – calculated corrections are fit based on the
nown observed – calculated energy shifts seen in other levels with
he same spin-orbit, parity and vibronic assignments (Bowesman
t al. 2024 ). This procedures a v oids discontinuities between MARVEL

nergy levels and those calculated with Duo (McKemmish et al.
024 ). The spin-orbit, parity and vibronic assignments are used to
ivide the data into different groups, such that independent fits can
e performed o v er each subset. This means perturbations that may
ppear in one subset can be treated independently, without impacting
he quality of the fits to other data. Within these subsets of levels,
he observed – calculated energy differences are fit as a numerical
unction of the principal quantum number, which was taken as J 
ere. Once a fit to the known data has been performed, predictions
an be made for any levels not contained within the MARVEL data
et based on their corresponding values of J . Similarly, uncertainties
an be determined for levels corrected with these predicted energy
hifts, based on the uncertainties in the MARVEL energies that were
t to, and based on the mean standard error of the fit. For a level
ith an energy set with PSs, ˜ E PS , obtained from a fit to n observed –

alculated data points, the uncertainty in this energy is obtained as 

 ̃

 E PS = 

n ∑ 

i= 1 

� ̃

 E i + | δi − δ
pred 
i | 

n 
, (34) 

here δi a the observed – calculated value of the ith level fit to and
pred 
i is the corresponding observed – calculated value obtained in the
t. 

 ME THODS:  SIMULATION  O F  ABSORPTION  

PECTRA  

e follow the conv ention (Tenn yson et al. 2023 ) of including all
ound–bound and bound–quasi-bound transitions (see Section 4 ) in
he standard ExoMol .STATES and .TRANS files (Tennyson, Hill &
urchenko 2013 ), while bound–unbound transitions are compiled in
eparate .CONT (continuum absorption) files. This file was produced
sing PYEXOCROSS for T ∈ [100 , 200 , ..., 8000] K with a grid
pacing of 0.01 cm 

−1 with the procedure co v ered in 5.2 . 

.1 Predissociation lifetimes 

redissociation lifetimes for the A 

2 � 

+ state of OH were made avail-
ble in the supplementary material of Paper I. As mentioned before,
hese lifetimes are not based on the updated spectroscopic model
resented here and so are recalculated using the same method. The
ork in Section 4 constrained analysis of predissociation in A 

2 � 

+ 

o 547 rovibronic levels, returning 414 non-trivial predissociation
ifetimes. 

Total lifetimes are included in the .STATES file in a dedicated
ifetime column (Tennyson et al. 2023 ). As standard, this column is
opulated with the radiative lifetime, which is related to the reduced
um of Einstein-A coefficients that pertain to that state: 

rad ( f ) = 

∑ 

i<f 

1 

A f i 

, (35) 

here τrad is the radiative lifetime of the upper state f and A f i are
ts Einstein-A coefficients. To include the predissociation lifetime of
he A 

2 � 

+ state, τprediss , we consider that the lifetime of the upper
tate in a transition determines the lifetime broadening parameter, �,
NRAS 536, 3401–3420 (2025) 
he full width at half-maximum, 

( f ) = 

1 

2 πcτ ( f ) 
, (36) 

here the f denotes that this is the lifetime of the upper state in the
ransition, τ is the lifetime in s, and c is the speed of light in cm s −1 .
o account for the two sources of lifetime broadening, one sums their

ndividual broadening parameters, 

 tot = � rad + � prediss . (37) 

ence, as per equation ( 36 ), we arrive at the total lifetime, 

tot = 

τrad + τprediss 

τrad τprediss 
(38) 

hich, for the A 

2 � 

+ state is reported instead of the radiative lifetime.
he B 

2 � 

+ state is also known to predissociate due to crossings with
he local 2 2 � state (van Dishoeck & Dalgarno 1984a , 1984b ; Sun
t al. 2020 ). Hwang et al. ( 2001 ) experimentally found that the total
ifetimes of the v = 0 band of B 

2 � 

+ are of the order of 100 ns for J =
 . 5 decreasing exponentially to 10 ns for J = 4 . 5, which they claim
gree well with Sappe y, Crosle y & Copeland ( 1989 ). These data are
ot av ailable ho we ver, and are only gi ven as plots, so making use of
hem is difficult. Furthermore, the 2 2 � state and its coupling to the
 

2 � 

+ state has not been considered in this study so calculating these
ifetimes is not possible. Similarly, due to the high-lying nature of the
 

2 � 

+ state and the presence of many Rydberg states in this region,
ome of which may be repulsive, it is expected that this state would
e predissociative. The computations required to assess this are,
o we ver, prohibiti vely expensi ve. Lastly, transitions in the region of
he B 

2 � 

+ and C 

2 � 

+ bands are dominated by continuum absorption,
eaning that these effects are likely unimportant, as total integrated

ntensity does not change upon the inclusion of predissociation, only
he distribution of intensity. These predissociative effects have not
een considered in this study and the radiative lifetimes for B 

2 � 

+ and
 

2 � 

+ are reported instead, with further study into the predissociation
f OH left as future work. 

.2 Continuum absorption spectra 

long with the .STATES and .TRANS files, the convention of including
ontinuum absorption spectra in separate .CONT files began with the
lHambra line list for AlH (Yurchenko et al. 2024 ) and is replicated
ere. Direct continuum transitions going from X → R where R ∈
1 2 � 

−, 1 2 �, A 

2 � 

+ , B 

2 � 

+ ] is a repulsive electronic state are
omputed. Note that for A 

2 � 

+ ← X 

2 � and B 

2 � 

+ ← X 

2 � , only
tates which are Type W unbound (see Section 4 ) are considered in
his calculation. 

As discussed before, in the DUO treatment, all states – continuum
r not – are treated as bound states. Due to the bound-like boundary
onditions imposed in this solution of the Schr ̈odinger equation, the
ontinuum spectrum is ef fecti vely discretized, and requires further
ost-processing to return physical results. An example from OH
s given in Fig. 10 , where the continuum absorption spectra are
roduced using EXOCROSS at 300 K with a Gaussian HWHM, α =
0 cm 

−1 which showcases this discrete nature. This is unphysical
s continuum absorption spectra are expected to be continuous
ue to the infinite density of states of repulsive PECs. Pezzella,
urchenko & Tennyson ( 2021 ) developed a method to deal with this

hrough the use of Gaussian smoothing and this has been applied
o HCl and HF by Pezzella, Yurchenko & Tennyson ( 2022 ) giving
ood agreement with continuous cross-sections from literature. Here,
his method is modified somewhat for application to OH to produce
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Figure 10. Initial continuum absorption cross-sections calculated for OH 

using EXOCROSS with α = 10 cm 

−1 . 
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Table 9. RMS errors for each v, State in the MYTHOS model energies as 
compared to empirical energy levels from MARVEL data set by Furtenbacher 
et al. ( 2022 ). Total RMS = 2.673 70 cm 

−1 . 

RMS( v) 
v X 

2 � A 

2 � 

+ B 

2 � 

+ C 

2 � 

+ 

0 0.258 37 0.136 91 19.475 53 0.423 61 
1 0.152 37 0.168 64 12.130 49 0.522 67 
2 0.214 68 1.066 52 
3 0.121 11 0.832 90 
4 0.103 89 0.656 88 
5 0.071 03 1.865 16 
6 0.096 88 2.874 05 
7 0.143 97 4.362 75 
8 0.153 29 1.997 29 
9 0.287 88 4.332 98 
10 0.308 26 
11 0.526 50 
12 0.931 93 
13 0.839 94 
Total 0.274 62 1.688 78 16.596 41 0.475 72 
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ptimally smoothed continuum absorption cross-sections (Pezzella 
t al. 2024 ); full details of this methodology are the subject of a
orthcoming paper (Mitev et al., in preparation). 

 RESULTS  

.1 Spectroscopic model of OH 

he resulting ab initio PECs and coupling curves obtained for the 
 

2 � and A,B,C ( 2 � 

+ ) electronic states were fit against empirically
erived MARVEL energy levels from Furtenbacher et al. ( 2022 ) as per
he methodology described in Section 3 . The fitted model reproduces 
xperimental data with a root mean square error (RMS) of the order
f 2.7 cm 

−1 . While this is significantly higher than typical ExoMol
ine lists, this figure is skewed by residuals in the B 

2 � 

+ state, which
ould not be adequately fit due to difficulties in modelling the long-
ange and its energy levels’ anomalously high sensitivity to the shape 
f the potential. Furthermore, fitting in the C 

2 � 

+ state is halted at a
igher RMS than is typical as energy levels here have uncertainties 
n average at ∼ 0 . 5 cm 

−1 ; fitting to higher resolution would likely
esult in an o v erfitted model. Finally, the A 

2 � 

+ state is strongly
erturbed by the local continuum states 1 ( 2 � 

−, 4 � 

−, 4 � ) (Paper I;
ozlov et al. 2024 ), whose effects could not be fully included, which

eroutes off-diagonal rotational structure considerations entirely to 
he 〈 X | ˆ H SO | A 〉 term. These challenges are circumvented through the
se of hybridization and the PSs methodology, which is made more 
obust by the completeness of the MARVEL energies in X 

2 � and
 

2 � 

+ . Average RMS values are given for each v, State in Table 9 . 

.1.1 Potential energy and coupling curves 

he curves which compose the spectroscopic model of OH were 
efined to reproduce the empirical MARVEL data set by Furtenbacher 
t al. ( 2022 ) by floating the parameters R e ( X,A,B,C ), T e ( X,A,B,C ),
i ( X,A,C ) (PECs), and B k (spin-orbit and L-uncoupling curves). 
Couplings to other electronic states have not been considered 

ere for sake of simplicity in the model. Furthermore, couplings 
o the repulsive electronic states, 1 ( 2 � 

−, 2 �, 4 � 

−, 4 � ), have not
een considered either. To have included these couplings would 
ave made the fitting calculations prohibitively expensive and the 
esulting spectroscopic model dependent on the box size selected in 
UO (Mitev 2024 ; Mitev et al., in preparation). 
Along with the adjusted PECs and the morphed coupling curves, 

wo more empirical, diagonal constants have been introduced to 
ccount for the aforementioned missing considerations (Tennyson 
t al. 2016 ). These are the spin-rotation, γ ( X,A,B,C ), and the � -
oubling, αp2 q ( X ) and q( X ) (Brown, Cheung & Merer 1987 ). The
nclusion of such factors was necessary to refine the energy level
eproduction without the introduction of further electronic states or 
ff-diagonal couplings. These factors have been seen in effective 
amiltonian treatments of these states (Coxon et al. 1991 ; Brooke

t al. 2016 ; Yousefi et al. 2018 ) 
A polynomial function C( R) has been used as the parametric

epresentation for these empirical factors, 

( R) = 

∑ 

i= 0 

A i ( R − R e ) 
i , (39) 

here A i is the polynomial expansion coefficient. For all factors, 
 i = 0 for i ≥ 1, except for γ ( B ), where A 1 has also been fitted due to

he complex rotational structure. In DUO , one can fit the spectroscopic 
odel both against data sets of energy levels and of transitions. The

rocess taken in this work was to fit against the experimentally
erived MARVEL energy levels by Furtenbacher et al. ( 2022 ). The
tted parameters for PECs, SOCs, EAMCs, and empirical coupling 
onstants are made available in the supplementary input files, see 
ection 7 . 
Visualizations of the final PECs and morphed coupling curves are 

iven in Figs 2 , 11 , and 12 . 

.1.2 Transition and permanent dipole moment curves 

he ab initio permanent and transition dipole moments for the OH
olecule are presented in Figs 13 and 14 , respectively. The transition

ipole moments are in good agreement with the available literature 
 alues from v an der Loo & Groenenboom ( 2005 ), Yousefi et al.
 2018 ), Langhoff et al. ( 1982 ), van Dishoeck et al. ( 1983 ), Brooke
t al. ( 2016 ), Yarkony ( 1992 ), and a comparison is given in Fig. 15 .
MNRAS 536, 3401–3420 (2025) 
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Figure 11. Spin-orbit couplings are used in the spectroscopic model of OH. 
Solid lines: bound–bound line list, dashed lines: predissociative broadening 
only. 

Figure 12. L-uncoupling curve used in spectroscopic model of OH. 
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Figure 13. Permanent dipole moment curves used in spectroscopic model 
of OH. These are ab initio , and are taken directly from MOLPRO . 

Figure 14. Transition dipole moment curves used in spectroscopic model of 
OH. These are ab initio , and are taken directly from MOLPRO , x -component 
only. Solid lines: bound–bound line list, dotted lines: continuum absorption 
only. 
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he C 

2 � 

+ is ionic at long range as is confirmed by its permanent
ipole moment from Fig. 13 which, at long range, scales linearly
ith R. 
The dipoles presented in these figures are ab initio and are used

s such in the DUO input file for the calculation of Einstein-A
oefficients. In the nuclear motion calculation, the ground state
ermanent dipole was originally represented in the form of 28
rid points between ∼ 0.53 and ∼ 5.3 Å. The DUO defined grid
s significantly more dense, with 1001 points between 0.53 and 8
. Values between the input grid points are found by interpolation
sing cubic splines in DUO . X–X transition intensities are expected
o be ne gativ ely correlated with vibrational excitations and that there
NRAS 536, 3401–3420 (2025) 
s some proportionality such that, 

log 10 I ( � v ) = −K v � v , (40) 

here � v = v f − v i , I is the intensity, and K is some constant
f proportionality. It was found by Medvedev et al. ( 2016 ) that at
igh � v , this relationship can be broken resulting in an unphysical
attening, and even an increase of the intensity. They identify that the
rimary culprit in this situation is the numerical noise added by the
forementioned interpolation. Hence, the representation of the dipole
s an important aspect in physical modelling. The method suggested
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Figure 15. Comparison of ab initio (T)DMCs from this work and those from 

(Langhof f et al. 1982 ; v an Dishoeck et al. 1983 ; v an Dishoeck & Dalgarno 
1983 ; van der Loo & Groenenboom 2005 ; Brooke et al. 2016 ; Yousefi et al. 
2018 ). 
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Figure 16. Grid point and analytic representations of the X–X permanent 
dipole moment of OH. Left panel: this w ork. Right panel: Brook e et al. 
( 2016 ). 

Figure 17. Hydroxyl ground-to-ground transitions with different representa- 
tion of the ground state permanent dipole. Dipoles from section 2 and Brooke 
et al. ( 2016 ). Numbers represent � v . Dots are maxima for given � v . Straight 
line is a fitted linear relationship through points with � v ≤ 12. 
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n this work is to represent the dipole not as grid points, and instead
o find an analytic representation. Medvedev & Ushakov ( 2022 ) 
uggested the irregular DMC form as in equation ( 41 ) which is fitted
o the ab initio grid points to produce an analytical representation of
he ab initio dipole moment as given by 

 ( R ) = χ ( R; c 2 , ..., c 6 ) 
∑ 6 

i= 0 b i T i ( z( R)) , (41) 

( R; c 2 , ..., c 6 ) = 

( 1 −e −c 2 R ) 3 √ 

( R 2 −c 2 3 ) 
2 + c 2 4 

√ 

( R 2 −c 2 5 ) 
2 + c 2 6 

, (42) 

( R) = 1 − 2e −c 1 R , (43) 

here T i are the Chebyshev polynomials of the first kind. b i and c i 
re variable parameters. This form was successfully used by Brady 
t al. ( 2023 ) to produce such a representation for the ground state
ermanent dipole of SO. Medvedev et al. ( 2024 ) found that the
ntensities past � v ≥ 6 from Brooke et al. ( 2016 ) are unreliable due
o the aforementioned intensity flattening. To test this, intensities are 
alculated using the original grid point representation from this work, 
he grid point representation from Brooke et al. ( 2016 ), and analytic
epresentations of both curves, and are examined. Fig. 16 presents 
he grid point and analytic representations of these dipoles along 
ith their fit residuals. Intensities are then computed and plotted in 

hunks co v ering a single � v , the maximum of each subset is then
ound and equation ( 40 ) is fit to these points. The resulting R 

2 value.
quation ( 44 ) is measured by fitting between v = 0 and 12. 

 

2 = 1 −
∑ 

i 

(
ˆ μ

grid 
i − ˆ μfitted 

i 

)2 

∑ 

i 

(
ˆ μ

grid 
i −

〈 

ˆ μ
grid 
i 

〉 )2 . (44) 

rom Fig. 17 , it appears that the dipole from Brooke et al. ( 2016 )
s not appropriate for modelling transitions with � v > 7 → 9, a
imilar conclusion to that of Medvedev et al. ( 2024 ). The grid point
epresentation returns unphysical intensities at � v = 9. Fitting the 
ipole returns an unphysical intensity at � v = 7, ho we ver, which
s unexpected. Fitting an analytic representation of the dipole is 
hallenging, and the best fit for this dipole returned an RMS of the
rder of 10 −4 . This is likely an insufficient accuracy for modelling
hese intensities. The ab initio dipole from this work returned better
esults, with intensities obeying equation ( 40 ) up to � v = 11 for the
rid point representation and � v = 12 for the analytic representation, 
ith a fit RMS of the order of 10 −5 . In this work, the fitted ab initio
ipole was hence chosen to model the intensities and Meinel band
ransitions with �v > 12 are remo v ed. 

Recently, Chang et al. ( 2023 ) measured experimental line inten-
ities for the P-branch rovibrational transitions in X 

2 � for the
 

′′ → v ′′ = 0 → 1 vibrational band, reporting that the intensities of
he HITRAN line list are ∼ 1 . 4 times stronger than their measured
ntensities. These transition intensities were compared with the 
orresponding calculated intensities from this work and it was 
ound that agreement with HITRAN is conserved. The HITRAN 

ntensity uncertainties for OH are all ≥ 10 per cent , and an average
f ∼ 5 per cent difference is found between the MYTHOS and 
ITRAN intensities is found, with all lines agreeing within uncer- 

ainty. Disagreement is found between MYTHOS and the recently 
MNRAS 536, 3401–3420 (2025) 
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Table 10. Comparison between calculated (MYTHOS) line intensities in the X 

2 � state v ′′ → v ′′ = 0 → 1 vibrational band and their HITRAN (Gordon et 
al. 2022 ) and measured (Chang et al. 2023 ) counterparts. Percentage differences are calculated as � = ( I MYTHOS − I Reference ) / ( I Reference ) × 100. 〈 � 〉 is the 
average percentage difference. 

Quantum numbers Line Intensities/cm molecule −1 × 10 −20 � / per cent 
Branch computed by including e/f’ MYTHOS HITRAN Measured HITRAN Measured 

P 2.5 e 5.93 5.60 4.15 5.85 per cent 42.84 per cent 
P 2.5 e 3.29 3.14 2.41 4.86 per cent 36.62 per cent 
P 2.5 f 5.86 5.59 4.15 4.78 per cent 41.13 per cent 
P 2.5 f 3.30 3.14 2.41 5.11 per cent 36.94 per cent 
P 3.5 f 2.69 2.54 1.91 5.94 per cent 40.89 per cent 
P 3.5 e 2.66 2.55 1.91 4.38 per cent 39.36 per cent 
P 4.5 e 4.89 4.56 3.38 7.14 per cent 44.55 per cent 
P 4.5 e 1.60 1.54 1.09 4.09 per cent 47.07 per cent 
P 4.5 f 4.74 4.54 3.38 4.37 per cent 40.19 per cent 
P 4.5 f 1.63 1.54 1.09 6.16 per cent 49.98 per cent 

〈 � 〉 5.27 per cent 41.96 per cent 
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easured lines of Chang et al. ( 2023 ), with our intensities being
round 40 per cent higher, see Table 10 . 

While this discrepancy is troubling, it does not provide sufficient
vidence to scale the current dipoles in the model as the measured
alues only co v er a narrow slice in J and v, furthermore, Chang
t al. ( 2023 ) only consider one branch of transitions. It is not known
f such a similar trend is followed by other rovibrational transitions,
nd so, for the time being, the dipole model is left as is. 

.2 Partition function 

he temperature-dependent partition function for OH was calculated
s the sum from equation ( 33 ). For convenience, the equation is
ewritten as follows: 

 ( T ) = 

∑ 

n 

g tot 
n e −c 2 E n /T . (45) 

s Q ( T ) is expressed as a sum o v er J , the value of Q ( T ) at some T 
epends on the value of J max . To ensure completeness of the line list,
t is a requirement that, up to a given temperature, in the case of this
ine list, 8000 K, the value of Q ( T = 8000) converges with J max . In
rder to test this convergence against J max , one can study how the
alue J max impacts the value of Q ( T ). Defining Q ( T ; J max ) as Q ( T )
omputed by including only states with J n ≤ J max . 

We define the difference � Q 

( T , J max ) as follows: 

 Q 

( T , J max ) = Q ( T ; J max ) − Q ( T ; J max − 1) . (46) 

n this study, the rotational basis is set to a maximum J max = 49 . 5.
n estimate for the convergence, � Q 

is hence given by 

 Q 

( T ) = 1 − � Q 

( T , J max ) 

Q ( T ; J max − 1) 
. (47) 

 visualization of this is presented in Fig. 18 , where it is clear that
p to 10 000 K, there is a good level of convergence and � Q 

( T =
0 000) = 99 . 87 per cent . 
The JPL database (Pickett et al. 1998 ) provides partition function

alues up to T = 300 K. Barklem & Collet ( 2016 ) provide numerical
alues for the partition functions of OH up to 10 000 K which have
een multiplied by 2 to account for difference treatments of the
uclear spin de generac y, which for OH has a value of g ns = 2.
auval & Tatum ( 1984 ) provide a polynomial expansion form of

he partition function of OH which they claim is good between 1000
NRAS 536, 3401–3420 (2025) 
nd 9000 K. The polynomial takes the form: 

log 10 Q ( T ) = 

n max ∑ 

0 

a n log 10 (5040 /T ) n . (48) 

 n here is given up to n = 3. Again, the results of this polynomial
ave been multiplied by 2 to account for the nuclear spin de generac y.
ig. 19 presents a comparison between this work and the sources

isted abo v e. There is good agreement with Pickett et al. ( 1998 ) at
ll temperatures, ho we v er, our results are slightly higher as we hav e
 larger vibrational basis and more electronic states. We return good
greement with HITRAN (Gamache et al. 2017 ). 

For lower temperatures, there is poor agreement with Barklem &
ollet ( 2016 ) and Sauval & Tatum ( 1984 ) and good agreement is

eturned at higher temperatures. The values from these sources are
ased on calculated, rather than experimental molecular constants
rom Huber & Herzberg ( 1979 ), ho we ver, and we belie ve that our
artition function in this region is correct as the energy levels from
his work’s model have been supplemented with the MARVEL energy
evels from Furtenbacher et al. ( 2022 ) as per the procedures by
owesman et al. ( 2021 , 2024 ), and McKemmish et al. ( 2024 ). 

.3 Line list and bound-to-bound transitions 

UO was used to produce an OH line list which is called MYTHOS
nd is part of the ExoMol 2024 data release (Tennyson et al. 2024 ).
his line list is given in the ExoMol format (Tennyson et al. 2014 ,
020 ) according to the latest standards (Tennyson et al. 2023 ). In this
tandard we include the predissociation lifetimes convoluted with
he radiative lifetime as per equation ( 38 ). 

The line list contains 10 606 rovibronic bound and quasi-bound
tates and 1268 570 dipole allowed X–X, A–A, B–B, C–C, and
–ABC transitions between bound–bound and bound–quasi-bound

tates, comprising the ExoMol line list .STATES and .TRANS files. 
Before the procedure in Section 4 , 58 289 states and 47 419 460

ransitions were calculated, the identified continuum states and tran-
itions are used in the continuum absorption cross-sections ( .CONT

les) alongside the transitions from X 

2 � to 1 2 � 

− and 1 2 � . 
Furthermore, this data set is, wherever possible, supplemented

ith the MARVEL energy levels from Furtenbacher et al. ( 2022 ),
ncluding calculated and interpolated levels and uncertainties as per
he hybridization procedure. 

In line with current standards, the last two columns in the
STATES file are ‘Type’ indicating whether a state has the MARVEL
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Figur e 18. Conver gence of the partition function of OH as a function of 
J max . 
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Figure 19. Comparison of partition function between this work and 
Barklem & Collet ( 2016 ), Sauval & Tatum ( 1984 ), Pickett et al. ( 1998 ), 
and Gordon et al. ( 2022 ). 
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nergy (Ma), calculated from the spectroscopic model (Ca), or been 
roduced from the PSs algorithm (Bowesman et al. 2021 , 2024 ;
cKemmish et al. 2024 ) and E Calc , giving the calculated energy,
hich, in cases that Type is Ca, would be equal to the energy column,
. A sample from the .STATES file is given in Table 11 . Similarly, an

xtract of the .TRANS file is given in Table 12 . 

.4 Simulation of absorption spectrum 

he absorption spectrum of OH is simulated in two 
arts, bound–bound/quasibound transitions which are broad- 
ned appropriately using Voigt profiles, and the bound–
nbound continuum absorption transition which are dis- 
ussed in more detail by Mitev et al. (in preparation). 
he cross-sections are computed using PYEXOCROSS (Zhang, 
ennyson & Yurchenko 2024 ) and for the two cases the calculations
re done independently and then added together afterwards. 

A comparison between the transition stick spectra of this work and
he available spectra from HITRAN is given in Fig. 20 . This reference
ine list from HITRAN (Gordon et al. 2022 ) is based on the available

oLLIST data (Yousefi et al. 2018 ). The MYTHOS line list extends
he X–A transitions and provides previously unavailable transitions 
o the B and C states. Where quantum numbers coincide, there is good
greement on position and intensity. Transition frequencies abo v e 
0 000 cm 

−1 are not included in the line list due to poor agreement
ith available cross-section data (see Fig. 22 and discussion). 
o we ver, transitions to the C 

2 � 

+ state from high v X 

2 � states
re still included and are visible at high temperatures as hot bands.
he full photoabsorption cross-section is simulated by applying a 
oigt profile to all bound–bound transitions to include their lifetime, 
oppler, and pressure-broadening effects. 
In addition, the aforementioned continuum absorption cross- 

ections are included. These co v er transitions between the X 

2 �

tate and the unbound regions of A 

2 � 

+ , B 

2 � 

+ (Section 4 ),
 

2 � 

−, and 1 2 � . .CONT files are given for a specific temperature,
 for T ∈ [100 , 200 , ..., 8000] K , 0 bar of pressure, and in steps
f 0.01 cm 

−1 . Examples of the complete photoabsorption cross- 
ection are given for T ∈ [300 , 1000 , 2000 , 5000] K in Fig. 21 . The
eiden database (Hrodmarsson & van Dishoeck 2023 ) provides 
hotoabsorption cross-sections for OH. These cross-sections do not 
onsider temperature and so are assumed to be at low T . A 1 K
alculation is produced and Fig. 22 presents a comparison between 
he cross-sections from this work and from Leiden. It appears that
he reference material does not consider much of the lower energy
e gions co v ered by ro vibrational transitions in X 

2 � and misses much
f the predissociation structure of the A 

2 � 

+ state. Otherwise, there
ppears to be a good agreement in the continuum absorption region,
xcept for the small ‘bump’ around 55 000 cm 

−1 . It is not certain
hat this is caused by. Abo v e 80 000 cm 

−1 agreement is poor, this
s because the model in this work fails to include the effects caused
y higher energy Rydberg states which had not been included in the
ARVEL data set (Furtenbacher et al. 2022 ) such as the 2 2 � , 3 2 � ,
MNRAS 536, 3401–3420 (2025) 
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Table 11. Sample of the .STATES file produced by DUO for OH. Uncertainties using PSs procedure from Bowesman et al. ( 2021 , 2024 ), McKemmish et al. 
( 2024 ), lifetimes are convolutions of predissociative and radiative lifetimes (Paper I), and Land ́e g factors, ( g L ) are produced using DUO as per Semenov, 
Yurchenko & Tennyson ( 2017 ). 

n E g tot J � τ g L + / − e/f State v � � � Type E Calc 

1 126 .292 196 4 0.5 0.001 000 28 .5630 −0.000 755 + e X(2PI) 0 1 −0.5 0.5 Ma 126 .252 576 
2 3695 .355 577 4 0.5 0.001 118 0 .0565 −0.000 755 + e X(2PI) 1 1 −0.5 0.5 Ma 3695 .476 889 
3 7098 .826 455 4 0.5 0.001 118 0 .0300 −0.000 755 + e X(2PI) 2 1 −0.5 0.5 Ma 7098 .923 205 
4 10 338 .617 460 4 0.5 0.001 225 0 .0206 −0.000 754 + e X(2PI) 3 1 −0.5 0.5 Ma 10 338 .753 725 
5 13 415 .819 989 4 0.5 0.001 225 0 .0154 −0.000 754 + e X(2PI) 4 1 −0.5 0.5 Ma 13 416 .012 960 
6 16 330 .523 242 4 0.5 0.001 225 0 .0119 −0.000 754 + e X(2PI) 5 1 −0.5 0.5 Ma 16 330 .622 842 
7 19 081 .594 976 4 0.5 0.001 225 0 .0094 −0.000 754 + e X(2PI) 6 1 −0.5 0.5 Ma 19 081 .510 489 
8 21 666 .391 134 4 0.5 0.001 225 0 .0075 −0.000 753 + e X(2PI) 7 1 −0.5 0.5 Ma 21 666 .224 458 
9 24 080 .351 827 4 0.5 0.001 225 0 .0061 −0.000 753 + e X(2PI) 8 1 −0.5 0.5 Ma 24 080 .302 420 
10 26 316 .481 722 4 0.5 0.001 225 0 .0051 −0.000 753 + e X(2PI) 9 1 −0.5 0.5 Ma 26 316 .585 759 

Notes. n : state counting number. 
E: state energy in cm 

−1 . 
g tot : total de generac y of the state. 
J : angular momentum quantum number. 
� : energy level uncertainty in cm 

−1 . 
τ : lifetime of the state in seconds. 
g L : Land ́e g factor (Semenov et al. 2017 ). 
+ / −: parity. 
e/f : rotationless parity. 
State: electronic state, X(2PI), A(2SIGMA + ), B(2SIGMA + ), or C(2SIGMA + ). 
v: vibrational quantum number. 
� : projection of electronic angular momentum. 
�: projection of electronic spin. 
�: � + � (Projection of total electron angular momentum). 
Type: Ma – marvelized, Ca – calculated, PS – predicted shifts interpolation. 
E Calc : calculated DUO energy directly from spectroscopic model. 

Table 12. Sample of the .TRANS file produced by DUO for OH. 

n f n i A ( s −1 ) ν ( cm 

−1 )

1114 988 6.4725E-17 0.001 643 
636 510 1.1482E-16 0.002 989 
254 381 1.9358E-15 0.003 251 
1268 1394 5.8108E-17 0.004 522 
252 379 2.8534E-14 0.006 179 
1385 1259 1.4371E-15 0.006 428 
763 890 5.7538E-16 0.006 531 
1261 1387 1.8765E-15 0.007 636 
250 377 1.5369E-13 0.009 289 
1142 1016 1.2792E-15 0.010 669 
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Figure 20. Comparison of stick spectra produced with 16 O 

1 H MYTHOS line 
list and the HITRAN line list (Gordon et al. 2022 ) at 296 K. Wavenumbers 
abo v e 80 000 cm 

−1 are not included in the MYTHOS line list. 
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nd D 

2 � 

− states. Therefore, both the ExoMol line list ( .STATES and
TRANS ) and the continuum absorption cross-sections ( .CONT ) are
runcated to include only transitions of frequency < 80 000 cm 

−1 . 

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

 new OH line list called MYTHOS is presented co v ering re gions
p to 80 000 cm 

−1 in energy ( > 125 nm in wavelength). Ab initio
lectronic structure calculations of eight electronic states have been
erformed co v ering these states’ PECs, corresponding diagonal/off-
iagonal coupling curves, and (transition) dipole moment curves
Section 2 ). This ab initio study was heavily influenced by the works
f van der Loo & Groenenboom ( 2005 ), who provided optimal CAS-
CF active spaces for use in MOLPRO . 
The line list’s constituent files contain all bound states and bound–

ound transitions, ideally with little or no excess unbound lines.
o achieve this, a framework for identifying bound and unbound
NRAS 536, 3401–3420 (2025) 
tates was e xplored, lev eraging the close-to-boundary regions of the
avefunctions of individual states; this leads to bound–bound (line

ist) and bound–unbound ( .CONT ) data sets. 
Temperature-dependent photoabsorption spectra for

 ∈ [1 , 300 , 1000 , 2000 , 5000] K are presented in Figs 21
nd 22 , with good agreement with the available Leiden data set
Hrodmarsson & van Dishoeck 2023 ) up to 80 000 cm 

−1 ( ∼125 nm)
t 1 K. The photoabsorption cross-section presented here
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Figure 21. Computed temperature dependent photoabsorption cross- 
sections of the transitions of OH for varying temperature. Shaded regions 
are not provided in supplementary material, see the text. 

Figure 22. Comparison between the photoabsorption cross-section of OH 

computed in this work (darker line) at 1 K and cross-section given by Leiden 
database (Hrodmarsson & van Dishoeck 2023 ) (lighter line). 

p
∼
X
o  

c
1

 

o
b  

e  

D  

o  

a  

B  

f  

2  

q  

a
h

 

M  

a
t

A

W  

p
t
(
o  

P

D

T  

p
o  

m

a

R

B
B
B
B
B
B  

B  

B  

B
B  

B  

C  

C
C
C  

C  

F  

F  

G
G
G
G
G  

H
H  

H
H  

H  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/4/3401/7931867 by guest on 09 February 2025
rovides more information on the structure of transitions below 

50 000 cm 

−1 
(
� 200 nm 

)
, including rovibrational transitions in 

 

2 � and a complete description of the predissociative transitions 
f A 

2 � 

+ ← X 

2 � . Continuum absorption effects abo v e ∼ 50 000
m 

−1 
(
� 200 nm 

)
stem from transitions from the X 

2 � state to the 
 

2 � 

− 1 2 � , A 

2 � 

+ , and B 

2 � 

+ states. 
Abo v e 80 000 cm 

−1 , one must consider the effects of multiple
ther states to properly model the spectrum. These states include, 
ut are not limited to the 2 2 � , 3 2 � , and D 

2 � 

− states. These
lectronic states have been studied by van Dishoeck et al. ( 1984 ), van
ishoeck & Dalgarno ( 1984b ) and are known to be important sources
f dissociation for OH abo v e 80 000 cm 

−1 through direct continuum
bsorption from X 

2 � → 2 2 � , predissociation to the 2 2 � state from
 

2 � 

+ , 3 2 � , C 

2 � 

+ , and D 

2 � 

−, and spontaneous radiative decay
rom D 

2 � 

− (van Dishoeck & Dalgarno 1984b ; Greenslade et al.
005 ; van der Loo & Groenenboom 2005 ). Performing further, high-
uality electronic structure calculations to co v er some of these states,
nd modelling their spectra including their dissociative mechanisms 
as hence been left as future work. 

For the time being, ho we ver, this model extends the current Exo-
ol and HITRAN OH line list higher in energy by ∼ 35 000 cm 

−1 ,
nd produces a photoabsorption spectrum with good agreement with 
he reference material. 
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