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David A. Lewis, 14 Matt G. Lodge , 1 Sushuang Ma, 6 Zita Martins, 32 Karan Molaverdikhani , 23 

Giuseppe Morello, 33 Andrei Nikitin, 27 Emilie Panek, 34 Miriam Rengel, 35 Giovanna Rinaldi, 20 

Jack W. Skinner, 36 , 37 Giovanna T inetti, 6 T im A. van Kempen, 38 Jingxuan Yang 

30 

and Tiziano Zingales 39 , 40 

Affiliations are listed at the end of the paper 

Accepted 2024 September 4. Received 2024 August 7; in original form 2024 March 29 

A B S T R A C T 

The goal of this white paper is to provide a snapshot of the data availability and data needs primarily for the Ariel space mission, 
but also for related atmospheric studies of exoplanets and cool stars. It co v ers the following data-related topics: molecular and 

atomic line lists, line profiles, computed cross-sections and opacities, collision-induced absorption and other continuum data, 
optical properties of aerosols and surfaces, atmospheric chemistry, UV photodissociation and photoabsorption cross-sections, 
and standards in the description and format of such data. These data aspects are discussed by addressing the following questions 
for each topic, based on the experience of the ‘data-provider’ and ‘data-user’ communities: (1) what are the types and sources 
of currently available data, (2) what work is currently in progress, and (3) what are the current and anticipated data needs. We 
present a GitHub platform for Ariel -related data, with the goal to provide a go-to place for both data-users and data-providers, 
for the users to make requests for their data needs and for the data-providers to link to their available data. Our aim throughout 
the paper is to provide practical information on existing sources of data whether in data bases, theoretical, or literature sources. 

Key words: Data Methods – Numerical methods – Algorithms – Ariel – Data needs. 
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 I N T RO D U C T I O N  

.1 The Ariel space mission 

he Ariel space mission is due to launch in 2029. It will measure
pectra of exoplanet atmospheres between 0.5 and 7.8 μm ( ∼ 1280–
0 000 cm 

−1 ), with the highest resolving power ( R = 100) between
.95 and 3.9 μm ( ∼ 2500–5100 cm 

−1 ), undertaking a chemical
urv e y of around 1000 of the planets in our galaxy (Tinetti et al.
018 ; Venot et al. 2018a ; Zingales et al. 2018 ). Ariel will be used to
onstrain elemental abundances in hot gas giant atmospheres (Wang
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t al. 2023b ), as well as allowing for detections of rocky Super-
arth atmospheric signatures (Ito et al. 2022 ) and the observation
f temperate exoplanet atmospheres (Encrenaz et al. 2022 ). Ariel
as inspired various data challenges, such as in retrie v als (Barsto w
t al. 2022 ) and machine learning (Changeat & Yip 2023 ; Nikolaou
t al. 2023 ). As highlighted in Tinetti et al. ( 2021 ), there is a synergy
etween Ariel and other exoplanet atmosphere missions; both high-
esolution ground-based spectroscopic observations such as the
elescopio Nazionale Galileo (TNG) (Guilluy et al. 2022 ), and space-
ased missions such as PLATO ( PLAnetary Transits and Oscillations
f stars ) and TESS ( Transiting Exoplanets Survey Satellite ) (K ́alm ́an
t al. 2023 ), and JWST (Changeat et al. 2022 ). 

The Hubble Space Telescope ( HST ) has been widely used in
xoplanet science; in particular the coverage of optical and UV
e gions, for e xample by the Wide Field Camera 3 WFC3/UVIS
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Table 1. Summary of Ariel instruments and their wav elength co v erage and resolving power R = 

λ
�λ

, from Edwards et al. ( 2019b ). AIRS is the 
Ariel InfraRed Spectrometer and NIRSpec the Near-InfraRed Spectrometer. VISPhot, FGS1, and FGS2 are photometers (Szab ́o et al. 2022 ). 

Instrument Wavelength range ( μm) Wavenumber range (cm 

−1 ) R = 

λ
�λ

VISPhot 0.5–0.6 16 667–200 000 Photometric bands 
FGS 1 0.6–0.81 12 346–16 667 Photometric bands 

FGS 2 0.81–1.1 9091–12 346 Photometric bands 
NIRSpec 1.1–1.95 5128–9091 20 

AIRS Ch0 1.95–3.9 2564–5128 100 

AIRS Ch1 3.9–7.8 1282–2564 30 
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nd Space Telescope Imaging Spectrograph (STIS) instruments, are 
mportant for understanding aerosol properties in exoplanet atmo- 
pheres (Wakeford et al. 2020 ; Fairman, Wakeford & MacDonald 
024 ). The WFC3 infrared (IR) instrument has been e xtensiv ely
sed for IR observations of hot exoplanet atmospheres, particularly 
or characterizing H 2 O spectral features which have been detected 
n abundance in such atmospheres (see for example, Iyer et al. 
016 ). The wider spectral co v erage and impro v ement in spectral
esolution of both Ariel and JWST compared to HST/WFC3 allows 
or the impro v ed detection and characterization of several molecular 
pecies in the optical and IR regions (Guilluy et al. 2022 ). While
WST has a larger telescope than Ariel , allowing for observations of
maller cooler exoplanets using less transits (Changeat et al. 2022 ), 
WST was designed to make observations for many more astronomy 
elds than only exoplanets. Ariel , on the other hand, will observe
imultaneously o v er a wide wav elength range; it is the first space
ission fully dedicated to the study of exoplanet atmospheres and 

as the unique ability to probe the atmosphere of warm and hot
xoplanets with a statistical approach, aiming to observe ∼1000 
xoplanet atmospheres during its first tier (Tinetti et al. 2021 ). Ariel
s optimized to observe transiting exoplanets, and can be equally 
r more efficient than JWST for characterizing exoplanets orbiting 
right stars (see fig. 8-2 of Tinetti et al. 2021 ). Meanwhile, some of
he e xoplanets observ ed by JWST will be used by Ariel for calibration
urposes in the first months of observation, and will likely be used
o refine the Ariel target list (Edwards et al. 2019b ), highlighting the
trong synergy between these two missions. 

High-resolution spectroscopy utilizes cross-correlation techniques 
o allow for the detection of individual species present at lower 
bundances than can be observed using the lower resolution obser- 
ations of spectroscopic missions such as Ariel (Guilluy et al. 2022 ).
he two types of observation together allow for a more complete 
nderstanding of an atmosphere (see for example, Brogi & Line 
019 ). 
Overviews of potential exoplanet targets for Ariel can be found in 

dwards et al. ( 2019b ) and Edwards & Tinetti ( 2022 ). The mission’s
nstrument wavelength coverage is summarized in Table 1 . Although 
he main spectral co v erage (besides photometric bands) of Ariel is
rom 1.1 to 7.8 μm, we consider data which co v er the wav elength
egion from the UV to the far infrared, because of their use in
tmospheric models rele v ant to the Ariel mission and other exoplanet
tmosphere applications, such as climate models and analysing 
bserved spectra from complementary exoplanet atmosphere tele- 
copes. To characterize different exoplanet atmospheres, spectra 
re typically modelled using radiative transfer calculations. These 
alculations rely on a priori knowledge, often based on assumptions, 
f a variety of atmospheric processes, such as: molecular absorption 
nd emission, scattering, chemistry, atmospheric dynamics, cloud 
ormation, and atmosphere–surface interaction. 
.2 Atmospheric modelling and retrieval codes 

 comprehensive list of exoplanetary retrie v al codes (as of 2023
arch) can be found in MacDonald & Batalha ( 2023 ), with updates

nline. 1 Another detailed o v ervie w of radiati ve transfer and retrie v al
odes (as of 2023 May) can be found in Rengel & Adamczewski
 2023 ). In the Ariel science team, several radiative transfer retrieval
ackages are available, including ARCiS (Ormel & Min 2019 ; Min
t al. 2020 ), NEMESIS (Irwin et al. 2008 ), Pyrat Bay (Cubillos & Ble-
ic 2021 ), POSEIDON (MacDonald 2023 ), and TauREx3 (Al-Refaie 
t al. 2021 ). The y hav e been compared in the frame of a retrie v al
hallenge for the Ariel mission (Barstow et al. 2022 ). Table 2 lists
 non-e xhaustiv e selection of atmospheric modelling and retrie v al
odes and their respective repositories used in exoplanetary studies. 

hilst these multiple retrie v al codes all perform the same basic
unction – comparing a range of typically 1D, parametric radiative 
ransfer simulations to observed data via a sampling algorithm such 
s MCMC or nested sampling – they each have slightly different 
ethods for parametrizing often complex atmospheric processes. 
re vious retrie v al comparison ef forts by Barsto w et al. ( 2020 , 2022 )
howcase the agreement between them for simple cases where all 
odes are able to implement the same parametrizations. Ho we ver, 
arstow et al. ( 2020 ) compared a range of cloud parametrizations
nd showed that whilst the o v erall conclusions using each method
ere not in disagreement with each other, the different ways of

epresenting cloud in each model meant that the sensitivity to 
ifferent aspects of the cloud varied between approaches. Therefore, 
 multiplicity of retrie v al codes is considered to be an asset for the
riel mission, since each has been written with different priorities 

n mind. Some codes include more complex chemistry than others 
see e.g. Al-Refaie et al. 2022 ) and others have focused particularly
n representation of cloud physics (see e.g. Ormel & Min 2019 ).
pplying multiple retrie v al codes to a single data set is rapidly
ecoming accepted as field best-practice as it allows these different 
trengths to be captured and also provides a useful cross-check for
ases where solutions may be model dependent (see e.g. Kilpatrick 
t al. 2018 ; Lewis et al. 2020 ; Welbanks et al., in preparation).
egardless of any differences in parametrizations in these codes 
sed to model exoplanet atmospheres and interpret observations, 
hey all rely on various data inputs crucial for successful analyses of
tmospheres, as will be discussed in this paper. 

.3 Paper structure 

he intention of this community white paper is to ensure the
ata necessary to interpret observations from exoplanet atmosphere 
RASTAI 3, 636–690 (2024) 
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Table 2. Examples of typical atmospheric retrie v al and modelling codes used by the exoplanetary atmosphere community. 

Code Reference Link 

ARCiS Min et al. ( 2020 ) https://www.exoclouds.com 

ATMO Tremblin et al. ( 2015 ) https://www.erc-atmo.eu 
Helios-r2 Kitzmann et al. ( 2020 ) https:// github.com/ exoclime/ Helios-r2 
NASA Planetary Spectrum Generator (PSG) Villanue v a et al. ( 2018 ) https:// psg.gsfc.nasa.gov/ 
NEMESIS Irwin et al. ( 2008 ) https:// nemesiscode.github.io/ nemesis.html 
NemesisPy Yang, Irwin & Barstow ( 2023 ) https:// github.com/ Jingxuan97/ nemesispy/ 
petitRADTRANS Molli ̀ere et al. ( 2019 ) https:// petitradtrans.readthedocs.io/ en/ latest/ 
PICASO Batalha, Rooney & MacDonald ( 2021 ) https:// natashabatalha.github.io/ picaso/ 
PLATON Zhang et al. ( 2020 ) https:// github.com/ ideasrule/ platon 
POSEIDON MacDonald ( 2023 ) https:// github.com/ MartianColonist/ POSEIDON 

Pyrat Bay Cubillos & Blecic ( 2021 ) https:// pyratbay.readthedocs.io/ en/ latest/ 
TauREx3 Al-Refaie et al. ( 2021 ) http:// github.com/ ucl-exoplanets/ TauREx3 public 
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haracterization missions such as Ariel are up to a standard required
or successful analyses, and to allow comparability between analyses
for example, line lists which are complete and accurate at the rele v ant
tmospheric temperatures for all expected species, refractive indices
or all aerosol types expected in exoplanet atmospheres, etc). We
rovide a summary of the types of data typically used by atmospheric
etrie v al and modelling codes, and we identify potential weaknesses
n the data and therefore moti v ate further research. For different
ata types, as described below, we will provide an overview of
hat data is currently: (1) available, (2) typically used, (3) being
 ork ed on, and (4) needed. Although the focus is on data required

or characterizing exoplanet atmospheres related to the Ariel space
ission, we also include some discussion on more general data usage

n the field of astronomical spectroscopy, for example for broader
av elength re gions. We focus on a number of different data types:
olecular and atomic line lists (Section 2 ), molecular and atomic

ine shapes (Section 3 ), computed absorption cross-sections and
pacities (Section 4 ), collision induced absorption (CIA) and other
ontinuum data (Section 5 ), data for aerosols (Section 6 ), data for
tmospheric chemistry models (Section 7 ), and data required for
V photodissociation or photoabsorption (Section 8 ). Needs for
ata standards, meta data, existing rules, and associated tools are
iscussed in Section 9 . Current data bases providing such data for
haracterizing exoplanet atmospheres are re vie wed across the paper
n the rele v ant sections. Our conclusions can be found in Section 10 .

The information associated with this paper is made available via
he GitHub project. 2 The goal of this platform is to provide a go-
o place both for the data-users and for the data-providers, for the
sers to inform others about their data needs and make requests, and
or the data providers to link to the available or inform about their
oon-to-be-available data (see Section 10.1 ). 

 MO LEC U LAR/ATOMIC  LINE  LISTS  

olecular and atomic line lists contain information about the fre-
uency and strength of spectroscopic transitions, sometimes referred
o as ‘lines,’ often accompanied by information on the associated
nitial and final energy states. When it comes to atomic and molecular
ine lists, the following factors are important: accuracy, which
efers to the frequency or wavelength location of transition lines,
nd completeness, which refers to both spectral and temperature
o v erage; i.e. the number of transitions in the latter case. High-
esolution spectra ( λ � 25 000) of exoplanets, typically measured
ASTAI 3, 636–690 (2024) 

�λ

 https:// github.com/ Ariel-data 

t  

w  

s  
rom ground-based instruments, require very accurate line positions
o be known, usually o v er a shorter wav elength range than required
or observations from low- to mid-resolution space-based telescopes
uch as Ariel and JWST . The cross-correlation technique used to
nalyse observed high-resolution spectra is an efficient tool to
haracterize exoplanet atmospheres, complementary to observations
rom space telescopes. It has resulted in numerous detections in
xoplanetary atmospheres of hot-Jupiters of molecules and atoms,
ncluding CO, H 2 O, TiO, HCN, CH 4 , NH 3 , C 2 H 2 , OH, VO, and CrH,
s well Ca, V, Cr, Fe, Ti, Mg, He, K, Na, and Li (Guillot et al. 2022 ;
andhi et al. 2023 ). 
To interpret the lower resolution ( λ

�λ
� 3000) observations, it is

articularly important for o v erall opacity to be provided by a line
ist, which requires the line list to be considered complete up to
he temperature of the atmosphere being modelled. This metric of
ompleteness is related to the number of spectral line transitions
etween energy levels which are provided by a line list. There
ill be transitions between the so-called hot bands, for example,
hich would not be present for a line list computed or based
n laboratory measurements at room-temperature, but would be
mportant for characterizing the atmospheres of exoplanets at high
emperatures of around 1000–2000 K. It is well known that the choice
f line list can have a huge impact in interpreting high-resolution
pectroscopic observations (see, for example Serindag et al. 2021 ; de
egt et al. 2022 ). Perhaps less intuitive, but the accuracy of line list,
specially of the line positions, can be also critical for interpretation
f lower resolution space-based observations, particularly at elevated
emperatures > 1000 K (see for example, Niraula et al. 2022 ).
herefore it is important that molecular opacities used in the main
tream atmospheric retrie v al packages are initially built at the highest
esolution ( λ

�λ
∼ 100 000) before binning them down to the practical

esolution ( λ
�λ

∼ 3000–15 000) (Chubb et al. 2020b ). The aspects of
ompleteness and accuracy for existing molecular line lists will be
e vie wed belo w. 

.1 State of the art – data availability 

he main data bases which host molecular and atomic line lists are
iven in Table 3 , with more details for a number of the molecular
ata bases found in the subsections below. Of these molecular data
ases, HITRAN and GEISA provide highly accurate data with the
ain focus on terrestrial conditions, while the other listed data bases

ypically have more extended coverage, for example covering up
o higher temperatures, usually > 1000 K. Table 4 summarizes the
avelength and temperature coverage of molecular line lists from

ome of the main spectral data bases. An approximate temperature

https://www.exoclouds.com
https://www.erc-atmo.eu
https://github.com/exoclime/Helios-r2
https://psg.gsfc.nasa.gov/
https://nemesiscode.github.io/nemesis.html
https://github.com/Jingxuan97/nemesispy/
https://petitradtrans.readthedocs.io/en/latest/
https://natashabatalha.github.io/picaso/
https://github.com/ideasrule/platon
https://github.com/MartianColonist/POSEIDON
https://pyratbay.readthedocs.io/en/latest/
http://github.com/ucl-exoplanets/TauREx3_public
https://github.com/Ariel-data
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Table 3. An o v erview of some line list data bases used by the (exo)planetary atmosphere community. 

Database Type of data Reference Link 

CaSDa Theoretical line lists up to high temperatures Richard, Boudon & Rotger ( 2020 ), Richard et al. 

( 2024 ) 

https://vamdc.icb.cnrs.fr

ExoMol Theoretical line lists up to high temperatures Tennyson et al. ( 2020 ) https://exomol.com 

GEISA Accurate line lists for terrestrial conditions Jacquinet-Husson et al. ( 2016 ), Delahaye et al. 

( 2021 ) 

https://geisa.aeris-data.fr

HITEMP Line lists up to high temperatures Rothman et al. ( 2010 ) https:// hitran.org/ hitemp 

HITRAN Accurate line lists for terrestrial conditions Gordon et al. ( 2022 ) https://hitran.org 

Kurucz Semi-empirical line lists up to high temperatures Kurucz ( 1995 ) http:// kurucz.harvard.edu/ molecules.html 

MoLLIST Laboratory line lists up to high temperatures Bernath ( 2020 ) https:// bernath.uwaterloo.ca/ molecularlists.php 

NASA Ames Semi-empirical line lists up to high temperatures e.g. Huang et al. ( 2023b ) http://huang.seti.org 

NIST Atomic line lists up to high temperatures Kramida, Ralchenko & Reader ( 2023 ) https:// physics.nist.gov/ PhysRefData/ ASD/ lines form.html 

S&MPO Spectroscopy and Molecular Properties of Ozone Tyuterev et al. ( 2021 ) http://smpo.iao.ru 

TheoReTs Theoretical line lists up to high temperatures Rey et al. ( 2016a ) https://theorets.tsu.ru 

VALD3 Atomic line lists up to high temperatures Ryabchikova et al. ( 2015 ) http://vald.astro.uu.se 
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p to which the line list is considered complete, in terms of
ompleteness of transition data at a given temperature, is given; either 
ot ( ≥1000 K) or else assumed to be roughly Earth-temperature 
 ≤500 K). The latter usually applies to species in the HITRAN
ata base, which was originally designed for terrestrial atmosphere 
pplications. We note that most molecules in the ExoMol data base 
re complete up to at least 3000 K, and hotter for some diatomic
pecies. Some stable diatomic species such as H 2 and HD 

+ are even
onsidered complete up to 10 000 K. C 2 H 4 is considered complete up
o 700 K in both the TheoReTs (Rey et al. 2016b ) and ExoMol (Mant
t al. 2018 ) data bases; the same applies to HNO 3 (Pavlyuchko,
urchenko & Tennyson 2015 ) in the ExoMol data base, which is also
omplete up to 700 K. An o v erview of some molecular and atomic
ata bases (as of 2022 September) can also be found in Rengel
 2024 ); additional data bases not detailed here include that of JPL

olecular Spectroscopy 3 and the Cologne data base for molecular 
pectroscopy (CDMS). 4 

Atomic line list data can be obtained from various sources such 
s the NIST 

5 (Kramida et al. 2021 ) and Kurucz 6 (Kurucz 2017 ) data
ases, and the Vienna atomic line data base (VALD3) 7 (Ryabchikova 
t al. 2015 ). The appendix of Grimm et al. ( 2021 ) compares the
pacities available from these three data bases. Atomic partition 
unctions are included in the Kurucz and VALD3 data bases, and 
an also be computed by using various sources such as Irwin ( 1981 ).
e note that while the Kurucz data base is well-used and considered

ccurate for atomic line lists, the majority of the Kurucz molecular 
ine lists are more approximate than the other line list data bases
escribed here. 
Fig. 1 (left panel) shows a comparison for methane cross- 

ections computed at 296 K between MeCaSDa (Ba et al. 2013 ),
heoReTs (Rey et al. 2016a ), the latest ExoMol MM line list

Yurchenko et al. 2024d ), HITRAN2020 (Gordon et al. 2022 ), and
ITEMP (Hargreaves et al. 2020 ). These data bases are detailed in the 

ubsections below. It can be seen that all data bases are very similar
t this temperature: the differences are mostly in the ‘transparency 
indows’ between the strongly absorbing polyads. Transitions in 

hese regions are extremely weak and can be purely extrapolated or
 https:// spec.jpl.nasa.gov/ 
 https:// cdms.astro.uni-koeln.de/ 
 https:// physics.nist.gov/ PhysRefData/ ASD/ lines form.html 
 https://l web.cf a.harvard.edu/amp/ampdata/kurucz23/sekur.html ; 
ttp:// kurucz.harvard.edu/ atoms.html 
 http://vald.astro.uu.se 
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ven absent; thus, those regions should be considered with care. For
 xample, HITRAN2020 lacks man y weak lines, but they are present
n HITEMP. 

The situation is ho we v er v ery different at high temperatures. This
s when the line list completeness or lack of it becomes especially
vident and the choice of the line list to be used in retrie v als can
ake a huge difference. In the right display of Fig. 1 we now

ompare cross-sections of methane generated for T = 1500 K. The
ow temperature line lists HITRAN2020 and MeCaSDa lack the 
ssential absorption practically everywhere, with MeCaSDa being 
ore complete at lower wavenumbers. The so-called ‘hot line’ lists 

f TheoReTs, ExoMol MM, and HITEMP all demonstrate a high 
evel of completeness and generally agree with each across the entire
R region, but also show discrepancies in the near infrared (NIR).
he latter are caused by the differences in the theoretical models and
ssentially reflect the lack of the underlying laboratory data used to
onstrain these models. Work on the analysis of the experimental 
pectra of methane in NIR is currently in progress. 

.1.1 Descriptions of molecular data bases 

aSDa: The CaSDa (Calculated Spectroscopic Data bases) data 
ases 8 (see Richard et al. 2020, 2024 ) contain synthetic line lists
esulting from fits of the ef fecti ve Hamiltonian and dipole moment
arameters using assigned experimental laboratory spectra. The 
odels used for the calculations are based on the tensorial formalism

eveloped in the Dijon group, as explained in Boudon et al. ( 2011 ).
urrently, there are 10 CaSDa data bases for 10 different molecules,
hich amount to 39 isotopologues in total. A new data base,
iCaSDa, has been released very recently for three isotopologues 
f SiH 4 (a molecule already observed in the interstellar medium). 
ll these data bases are listed in Table 5 . For the present topic of

xoplanetary spectroscopy, the most rele v ant ones are, of course,
H 4 , C 2 H 4 , and GeH 4 , which are present in the atmospheres of

he giant planets of the Solar System. CF 4 and SiF 4 are naturally
resent in Earth’s atmosphere due to volcanic emissions; SiF 4 has 
een suggested as a possible species on Io by Schaefer & Fe gle y
r. ( 2005 ) and thus may be rele v ant in the case of potential volcanic
xoplanets; CH 3 Cl is present in comets (Hardy et al. 2023 ) and thus
ould be of interest for exo-comets (Janson et al. 2023 ). It was also
uggested and explored as a biomarker in exoplanetary atmospheres 
RASTAI 3, 636–690 (2024) 
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Table 4. An o v erview of the molecules, wav elength co v erage, and tempera- 
ture co v erage for some of the major line lists available from listed data bases 
for the (exo)planetary atmosphere community. See the footnotes to the table 
for a key of data base and wavelength range. Line lists which are considered 
complete up to ≥1000 K are labelled with ( H ), and all others are generally 
assumed to be complete up to ∼ 500 K. A few exceptions are noted in the 
text. 

Molecule λ range Data base 

AlCl IR, Vis, UV Ex( H ),Ku( H ),Mo( H ) 
AlF IR, Vis, UV Ex( H ),Ku( H ),Mo( H ) 
AlH IR, Vis, UV Ex( H ),Ku( H ),Mo( H ) 
AlO IR, Vis, UV Ex( H ) 
AsH 3 IR Ex 
BeH IR, Vis, UV Ex( H ) 
C 2 IR, Vis, UV Ex( H ),Ku( H ) 
C 2 H 2 IR Ex( H ),HI 
C 2 H 4 IR Ex,HI,Th, SDa 
C 2 H 6 IR HI 
C 2 N 2 IR HI 
C 4 H 2 IR HI 
C 3 IR Ex( H ) 
CaF IR, Vis, UV Ex( H ),Mo( H ) 
CaH IR, Vis, UV Ex( H ),Mo( H ) 
CaO IR, Vis, UV Ex( H ) 
CaOH IR,Vis Ex( H ) 
CF 4 IR HI,SDa,Th 
CH IR, Vis, UV Ex( H ),Ku( H ),Mo( H ) 
CH 

+ IR, Vis, UV Ex( H ) 
CH 2 IR Th( H ) 
CH 3 IR Ex( H ),Th( H ) 
CH 3 Br IR HI 
CH 3 Cl IR Ex( H ),HI,SDa,Th 
CH 3 CN IR HI 
CH 3 F IR Ex,HI,Th 
CH 3 I IR HI 
CH 3 OH IR HI 
CH 4 IR, NIR Ex( H ),HI,HT( H ),Th( H ),SDa( H ) 
ClO IR HI 
ClONO 2 IR HI 
CN IR, Vis, UV Ex( H ),Ku( H ),Mo( H ) 
CO IR Ex( H ),HI,HT( H ) 
CO 2 IR Am,Ex( H ),HI,HT( H ) 
COCl 2 IR HI 
COF 2 IR HI 
CP IR Ex( H ) 
CrH NIR Ex( H ),Mo( H ) 
CS IR Ex( H ),HI 
CS 2 IR Am,HI 
FeH NIR Ex( H ),Mo( H ) 
GeH 4 IR HI,SDa,Th 
H 2 IR, Vis, UV Ex( H ),HI( H ) 
H 2 CO IR Ex( H ),HI,Th 
H 2 CS IR Ex( H ) 
H 2 O IR Ex( H ),HI,HT( H ) 
H 2 O 2 IR Ex( H ),HI 
H 2 S IR Ex( H ),HI 
H 

+ 
3 IR Ex( H ) 

H 3 O 

+ IR Ex( H ) 
HBO IR Ex( H ) 
HBr IR Ex( H ),HI( H ) 
HCl IR Ex( H ),HI( H ) 
HCN IR Ex( H ),HI 
HC 3 N IR HI 
HCOOH IR HI 

Table 4 – continued 

Molecule λ range Data base 

HDO IR Ex( H ),HI 
HD 

+ IR Ex( H ) 
HeH + IR Ex( H ) 
HF IR Ex( H ),HI( H ) 
HI IR Ex( H ),HI( H ) 
HNO 3 IR Ex,HI 
HO 2 IR HI 
HOBr IR HI 
HOCl IR HI 
KCl IR Ex( H ) 
KF Ex( H ),Mo( H ) 
KOH IR Ex( H ) 
LaO Vis,UV Ex( H ),Mo( H ) 
LiCl IR Ex( H ),Mo( H ) 
LiF IR Ex( H ),Mo( H ) 
LiH IR Ex( H ) 
LiH 

+ IR Ex( H ) 
LiOH IR Ex( H ) 
MgF IR, Vis, U Ex( H ),Mo( H ) 
MgH IR, Vis, U Ex( H ),Mo( H ) 
MgO IR, Vis, U Ex( H ) 
N 2 IR,UV Ex( H ),HI 
N 2 O IR Am,Ex( H ),HI,HT( H ) 
NaF Ex( H ),Mo( H ) 
NaH IR, Vis, UV Ex( H ) 
NaCl IR Ex( H ) 
NaO IR, Vis, UV Ex( H ) 
NaOH IR Ex( H ) 
NF 3 IR HI,Th 
NH IR, Vis, U Ex( H ),Ku( H ),Mo( H ) 
NH 3 IR Ex( H ),HI 
NO IR, Vis, U Ex( H ),HI,HT( H ) 
NO 

+ IR HI 
NO 2 IR HI,HT( H ) 
NS IR Ex( H ) 
O 2 IR, Vis, UV HI 
O 3 IR HI,SM 

OCS IR Am,Ex( H ),HI 
OH IR, Vis, UV Ex( H ),HI,HT( H ),Mo( H ) 
OH 

+ IR, Vis, UV Ex( H ),Mo( H ) 
PH IR, Vis, UV Ex( H ) 
PH 3 IR Ex( H ),HI,Th( H ) 
PN IR Ex( H ) 
PO IR Ex( H ) 
PS IR Ex( H ) 
S 2 UV HI 
ScH IR, Vis, UV Ex( H ) 
SF 6 IR HI,SDa,Th 
SH IR, Vis, UV Ex( H ),Mo( H ) 
SiF 4 IR SDa 
SiH IR, Vis, UV Ex( H ),Ku( H ) 
SiH 2 IR Ex( H ) 
SiH 4 IR Ex( H ),Th,SDa 
SiO IR, Vis, UV Ex( H ),Ku( H ) 
SiO 2 IR Ex( H ) 
SiH IR, Vis, UV Ex( H ) 
SiS IR Ex( H ) 
SO IR, Vis, UV Ex( H ),HI 
SO 2 IR Am,Ex( H ),HI 
SO 3 IR Ex( H ),HI 
TiH Vis Ex( H ),Mo( H ) 
TiO IR, Vis, UV Ex( H ),Mo( H ),Ku( H ) 
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Table 4 – continued 

Molecule λ range Data base 

VO IR, Vis, UV Ex( H ) 
YO IR, Vis, UV Ex( H ) 
ZnO IR, Vis, UV Ex( H ) 
ZrO IR, Vis, UV Ex( H ) 

Notes . Data bases: Am = NASA Ames; Ex = ExoMol; HI = HITRAN; 
HT = HITEMP; Mo = MoLLIST; K u = K urucz; SDa = TFSiCaSDa, 
MeCaSDa, TFMeCaSDa, GeCaSDa, SiCaSDa, ECaSDa; SM = S&MPO; 
Th = TheoReTS; see Table 3 . 
λ ranges: UV = 0.1–0.4 μm; Vis = 0.4–0.8 μm; IR ≥ 0.8 μm. 
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Seager, Bains & Hu 2013 ). In the near future, the intent is for new
ata (new bands and new isotopologues, like for instance CH 3 D in
eCaSDa) to be added to these data bases (Richard et al. 2024 ), and

or further ones to be developed, especially for some molecules of
strophysical interest, like C 3 H 6 O 3 [trioxane that may be rele v ant for
omets, see Richard, Asselin & Boudon ( 2022 )]. 

These data bases contain calculated line lists for all spectral regions 
f these molecules that could be assigned in experimental laboratory 
pectra and fitted line-by-line using ef fecti ve Hamiltonians and 
ipole moments. The data bases contain extra information, such 
s energy levels with all quantum numbers and eigenvectors. When 
v ailable, dif ferent isotopologues data are included in each data base.
he giv en accurac y of line positions and intensities is equal to the
tandard deviation of the fit; extrapolation is limited to only a few
otational quantum number values outside the existing assignment 
ange. The data output is in the 160-character HITRAN2004 format 
Rothman et al. 2005 ). CaSDa use some specific notations for line
ssignments in the case of CH 3 Cl and C 2 H 4 since they are based on
se of a tensorial formalism similar to that of CH 4 . It is also possible
o compute absorption cross-sections. 

ExoMol 9 is a provider of the molecular and since 2023 also atomic
ata necessary for modelling spectroscopy of exoplanets (Tennyson 
t al. 2024b ). The main data products are line lists, with the emphasis
n the molecules important for exoplanetary and stellar atmospheres, 
ut also for spectroscopy of planets, comets as well as industrial
pplications (see Tennyson & Yurchenko 2021 ). As of today, the 
xoMol data base contains line lists for 92 molecules and 245 iso-

opologues, see Table 6 for the current snapshot of the molecular line
ists available in ExoMol. Up to the ExoMol 2020 release (Tennyson 
t al. 2020 ), the emphasis had been on the completeness of the
ata in terms of the temperature and wavelength coverage especially 
imed at lower to medium resolution exoplanetary studies, usually 
nvolving transit spectroscopy, see Table 4 . ExoMol line lists are 
enerally constructed to be accurate for resolving power R ≤ 10 000 
Tennyson et al. 2024b ), i.e. appropriate for the Ariel and JWST
issions. Higher temperatures applications with the atmospheres of 

ot Jupiters studied by HST instruments being a typical application 
eant that the line lists had an emphasis on completeness (Yurchenko 

t al. 2014 ). Since 2020, the focus of the ExoMol data base has
hifted to high resolution (HR) applications, i.e. ground-based HR 

ross-correlation applications. The ExoMol line lists are currently 
eing upgraded to the quality of the HITRAN line lists, where the
nderlying high-resolution data are available. Other conceptual shifts 
n the ExoMol data structure are the introduction of uncertainties 
or the line positions to enable the data users to select the lines
ccording with their application needs; provision of UV photoab- 
 www.exomol.com 

t
m  

l

orption and photodissociation cross-sections (Pezzella, Tennyson & 

urchenko 2022 ; Tennyson et al. 2023 ) (see Section 8 ); broadening
ue to pre-dissociation (Tennyson et al. 2023 ; Yurchenko et al.
024c ). 
The ExoMol line lists are written as bzip2-compressed ascii files 

sing the two file structure: a States file (.states) and a Transition file
.trans). The States file provides a full description of the (rovibronic)
tates, including the energy (cm 

−1 ), total de generac y, the total
ngular momentum, energy uncertainty (cm 

−1 ), lifetimes, Lande- 
 factors as well as the corresponding quantum numbers, with each
ntry identified by an integer number (State ID). The Transition 
les provide the Einstein coefficients in the following compact 
orm: i j A ij , where i and j are the upper and lower state IDs,
espectively, and A ij is a corresponding Einstein A coefficient (s −1 ).
he quantum numbers in the States file, when available, correspond 

o the standard spectroscopic convention for a given system, but can
lso include alternative conventions. This is strongly dependent on 
ow the line lists have been produced. 
As part of the ExoMol services, a number of useful tools are

rovided, including an online cross-sections app, some efficient pro- 
rams ExoCross and PyExoCross to turn huge line lists into compact
emperature and pressure-dependent cross-sections (Yurchenko, Al- 
efaie & T ennyson 2018d ; Zhang, T ennyson & Yurchenko 2024 ),
olecular radiative lifetimes (Owens et al. 2023 ), molecular specific 

eats (Wang et al. 2023a ), and molecular opacities in four different
ormats appropriate for a variety of atmospheric retrieval codes 
Chubb et al. 2020b ); details of the ExoMolOP opacity data base are
iven in Section 4 . A detailed Atlas of molecular spectra computed
sing the ExoMol line lists can be found in Tennyson & Yurchenko
 2018 ), see Fig. 2 as an example, where the ExoAmes (Underwood
t al. 2016a ) cross-sections of SO 2 are shown. 

The majority of the line lists in the ExoMol data base have been
roduced by the ExoMol group using a combination of quantum 

echanical calculations based on high-level spectroscopic models 
i.e. potential energy surfaces, spin-orbit and other coupling etc.), 
uned by fitting to the experimental data and the so-called post-
roduction MARVELisation (Furtenbacher, Cs ́asz ́ar & Tennyson 
007 ), where some of the computed energies are replaced by
xperimental values (see Section 2.1.4 ). Apart from these ExoMol 
ine lists (co v ering some 70 molecules), the ExoMol data base also
osts line lists from other data providers, including a large number of
iatomics (Wang, Tennyson & Yurchenko 2020a ) from the MoLLIST 

Molecular Line Lists, Intensities, and Spectra) project (Bernath 
020 ), some of the high-temperature species from HITRAN (HF, 
Cl, HBr) (Li et al. 2013 ), and CO from Li et al. ( 2015 ). The
ITEMP line list for NO (Hargreaves et al. 2019 ) is based on the
xoMol NOname line list (Wong et al. 2017 ), combined with other
ata. 
HITRAN and HITEMP: The HITRAN molecular spectroscopic 

ata base has been a go-to source of molecular data for 50 yr
Rothman 2021 ). HITRAN, an acronym of high-resolution trans- 
ission, was primarily established to model the radiative transfer 

hrough the Earth’s atmosphere and consequently included line-by- 
ine parameters to model the dominant terrestrial absorbers. Over 
he years, as observations, experiments, and analytical techniques 
av e impro v ed, the HITRAN data base has been regularly updated
nd expanded to accommodate state-of-the-art molecular parameters 
rom the microwave through to the near UV spectral range. Papers
escribing quadrennial editions of the data base typically receive 
housands of citations. HITRAN2020 (Gordon et al. 2022 ) – the 

ost recent edition of the data base – features a compilation of
ine-by-line parameters, both experimentally derived and calculated, 
RASTAI 3, 636–690 (2024) 
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Figure 1. Comparison of 12 CH 4 cross-sections at 296 K (left) and 1500 K (right) in the far and mid-infrared regions for different data bases: MeCaSDa (Richard 
et al. 2020 ), TheoReTs (Rey et al. 2016a ), the ExoMol MM line list (Yurchenko et al. 2024d ), HITRAN2020 (Gordon et al. 2022 ), and HITEMP (Hargreaves 
et al. 2020 ). 

Table 5. Calculated molecular absorption lines in the CaSDa data bases. 

HITRAN ID Molecule DB name Isotopologues Total nb. of lines Rele v ant for Ariel 

06 CH 4 MeCaSDa 3 12 988 898 ∗
24 CH 3 Cl ChMeCaSDa 2 12 152 
30 SF 6 SHeCaSDa 4 491 500 
38 C 2 H 4 ECaSDa 1 96 397 ∗
42 CF 4 TFMeCaSDa 1 258 208 ∗
52 GeH 4 GeCaSDa 5 60 878 ∗
– RuO 4 RuCaSDa 9 30 205 
– SiF 4 TFSiCaSDa 3 210 401 ∗
– UF 6 UHeCaSDa 8 110 129 
– SiH 4 SiCaSDa 3 20 090 ∗
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or 55 molecules and is freely available from HITRAN online . 10 

able 1 of Gordon et al. ( 2022 ) provides a summary of the spectral
o v erage and the number of lines included in HITRAN for each
sotopologue of every molecule. Each transition in HITRAN includes
he line position, intensity, lower state energy, line shape parameters,
nd assignment information that are necessary for calculating the
bsorption of a transition at a given temperature and concentra-
ion. HITRAN line-by-line parameters are provided at a reference
emperature of 296 K with intensities that account for the typical
atural abundance on Earth. Alongside Voigt line shape parameters
or air- and self-broadening (i.e. the broadening due to the terrestrial
tmosphere and pure gas, respectively), recent editions of HITRAN
ave also accommodated parameters for high-level line shapes and
roadening parameters that are applicable to planetary atmospheres
ther than Earth. This includes atmospheres dominated by H 2 /He,
O 2 (Wilzewski et al. 2016 ; Tan et al. 2022 ), and H 2 O (Tan et al.
019 ). A summary of the additional broadening available via the
ITRAN data base is provided in Table 7 . 
In addition to line-by-line parameters, HITRAN also provides

xperimental absorption cross-sections for over 300 molecules for
hich no reliable quantum mechanical models exist (Kochanov et al.
019 ) (see section 2.1.3.1), collision-induced absorption data for a
ariety of collisional comple x es (Karman et al. 2019 ) (see Section 5 ),
erosol properties (see Section 6 ), and water vapour continuum
ata (Mlawer et al. 2012 ) (see Section 5 ). HITRAN also provides
ASTAI 3, 636–690 (2024) 

0 www.hitran.org 

t  

d  

H

uxiliary data necessary for carrying out calculations of spectra at
ifferent thermodynamic conditions, including total internal partition
ums (Gamache et al. 2017 , 2021 ). The HITRAN Application
rogramming Interface, HAPI (Kochanov et al. 2016 ), allows one

o ef ficiently do wnload HITRAN data and carry out calculations of
pectral absorption, emission, and transmission. HITRAN provides
ine lists for a small number of species which are considered complete
p to high temperatures of around 4000–5000 K: HF, HCl, HBr, HI,
nd H 2 (Li et al. 2013 ). 

HITEMP (Rothman et al. 2010 ) is in principle updated alongside
he HITRAN data base and is specifically aimed at modelling high-
emperature ( � 1000 K) environments where HITRAN data cannot
e reliably applied. This includes the atmospheres of stars, brown
warfs, and planets at ele v ated temperatures, such as hot Jupiters,
ot super-Earths, or Venus. At the moment HITEMP provides
ine lists for eight molecules (H 2 O, CO 2 , N 2 O, CO, CH 4 , NO,
O 2 , OH) and is consistent with HITRAN where possible, but

ypically includes a substantial proportion of calculated ab initio
r semi-empirical parameters. These additional lines account for
ot bands, and other transitions that are ne gligible (i.e. e xtremely
eak) at terrestrial temperatures and therefore not included in the
ITRAN line list. While the number of lines required for each
olecule can reach billions, one goal of HITEMP has been to

emain practical to use in line-by-line radiative transfer calculations.
herefore, the underlying ab initio line lists are analysed and filtered

o reduce the number of lines necessary for each molecule, as
emonstrated for the addition of CH 4 (Hargreaves et al. 2020 ) to

ITEMP. 
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Table 6. An o v erview of the line lists provided by ExoMol, www.exomol.com 

Molecule Reference Molecule Reference Molecule Reference 

AlCl Yurchenko et al. ( 2023 ) H 2 CS Mellor et al. ( 2022 ) NH 3 Coles, Yurchenko & Tennyson ( 2019b ) 
AlF Yousefi & Bernath ( 2018 ) H 

+ 
3 Bowesman et al. ( 2023 ) 15 NH 3 Yurchenko et al. ( 2024e ) 

AlH Yurchenko et al. ( 2024c ) H 3 O 

+ Yurchenko et al. ( 2020b ) NO Wong et al. ( 2017 ) 
AlO P atrascu, Tenn yson & Yurchenko 

( 2015 ) 
HBO Li, Qin & Liu ( 2024 ) NO Qu, Yurchenko & Tennyson ( 2021 ) 

AsH 3 Coles et al. ( 2019a ) HBr Coxon & Hajigeorgiou ( 2015 ) NS Yurchenko et al. ( 2018b ) 
BeH Darby-Lewis et al. ( 2018 ) HCCH Chubb, Tennyson & Yurchenko ( 2020a ) OCS Owens et al. ( 2024b ) 
C 2 Yurchenko et al. ( 2018c ) HCl Li et al. ( 2013 ) OH Brooke et al. ( 2016 ) 
C 2 Brooke et al. ( 2013 ) HCN/HNC Barber et al. ( 2014 ) OH 

+ Hodges, Bittner & Bernath ( 2018 ) 
C 2 H 4 Mant et al. ( 2018 ) HD Amaral et al. ( 2019 ) P 2 H 2 Owens & Yurchenko ( 2019 ) 
C 3 Lynas-Gray et al. ( 2024 ) HD 

+ Amaral et al. ( 2019 ) PF 3 Mant et al. ( 2019 ) 
CaF Hou & Bernath ( 2018 ) HDO Mizus et al. (in preparation) PH Langleben, Yurchenko & Tennyson ( 2019 ) 
CaH Yadin et al. ( 2012 ) HeH 

+ Amaral et al. ( 2019 ) PH 3 Sousa-Silva et al. ( 2015 ) 
CaH Owens et al. ( 2022a ) HF Coxon & Hajigeorgiou ( 2015 ) PN Semenov et al. (in preparation) 
CaO Yurchenko et al. ( 2016 ) HNO 3 Pavlyuchko et al. ( 2015 ) PO Prajapat et al. ( 2017 ) 
CaOH Owens et al. ( 2022a ) HS Yurchenko et al. ( 2018b ) PS Prajapat et al. ( 2017 ) 
CH Masseron et al. ( 2014 ) KCl Barton et al. ( 2014 ) ScH Lodi, Yurchenko & Tennyson ( 2015 ) 
CH 3 Adam et al. ( 2019 ) KF Frohman, Bernath & Brooke ( 2016 ) SH Gorman, Yurchenko & Tennyson ( 2019 ) 
CH 3 Cl Owens et al. ( 2018b ) KOH Owens, Tennyson & Yurchenko ( 2021 ) SiH Yurchenko et al. ( 2018a ) 
CH 3 F Owens et al. ( 2018a ) LaO Bernath, Dodangodage & Li ́evin ( 2022 ) SiH 2 Clark et al. ( 2020 ) 
CH 4 Yurchenko & Tennyson ( 2014 ) LiCl Bittner & Bernath ( 2018 ) SiH 4 Owens et al. ( 2017 ) 
CH 

+ Pearce, Yurchenko & Tennyson 
( 2024 ) 

LiF Bittner & Bernath ( 2018 ) SiN Owens et al. ( 2022a ) 

CH 

4 Kefala et al. ( 2024 ) LiH Coppola, Lodi & Tennyson ( 2011 ) SiO Yurchenko et al. ( 2022 ) 
CN Syme & McKemmish ( 2021 ) LiH 

+ Coppola et al. ( 2011 ) SiO Kurucz ( 2011 ) 
CO Li et al. ( 2015 ) LiOH Owens et al. ( 2024a ) SiO 2 Owens et al. ( 2020 ) 
CO 2 Yurchenko et al. ( 2020a ) MgF Hou & Bernath ( 2017 ) SiS Upadhyay et al. ( 2018 ) 
CP Ram et al. ( 2014 ) MgH Owens et al. ( 2022a ) SO Brady et al. ( 2024 ) 
CrH Chowdhury et al. ( 2006 ) MgH Gharib-Nezhad, Shayesteh & Bernath ( 2013 ) SO 2 Underwood et al. ( 2016a ) 
CS Paulose et al. ( 2015 ) MgO Li, Tennyson & Yurchenko ( 2019 ) SO 3 Underwood et al. ( 2016b ) 
FeH Wende et al. ( 2010 ) N 2 Western et al. ( 2018 ) TiH Burrows et al. ( 2005 ) 
H 2 Roueff et al. ( 2019 ) N 2 O Yurchenko, Mellor & Tennyson ( 2024a ) TiO McKemmish et al. ( 2019 ) 
H 2 

16 O Polyansky et al. ( 2018 ) NaCl Barton et al. ( 2014 ) VO McKemmish, Yurchenko & Tennyson ( 2016 ) 
H 2 

17 , 18 O Polyansky et al. ( 2017 ) NaF Frohman et al. ( 2016 ) VO Bowesman et al. ( 2024 ) 
H 2 CO Al-Refaie et al. ( 2015 ) NaH Rivlin et al. ( 2015 ) YO Yurchenko et al. ( 2024b ) 
H 2 O 2 Al-Refaie et al. ( 2016 ) NaO Mitev et al. ( 2022 ) YO Yurchenko et al. ( 2019 ) 
H 2 S Azzam et al. ( 2016 ) NaOH Owens et al. ( 2021 ) ZrO Perri, Taher & McKemmish ( 2023 ) 
H 

+ 
3 Mizus et al. ( 2017 ) NH Perri & McKemmish ( 2024 ) 

Figure 2. ExoMol Spectral Atlas (Tennyson & Yurchenko 2018 ): Cross-sections of SO 2 computed with the ExoMol line ExoAmes (Underwood et al. 2016a ). 
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Table 7. Reference sources for Voigt line broadening parameters available in 
HITRAN, in addition to air- and self-broadening which are provided for every 
line. W16 refers to Wilzewski et al. ( 2016 ), T19 to Tan et al. ( 2019 ), T22 to Tan 
et al. ( 2022 ), D18 to Dudaryonok & Lavrentie v a ( 2018 ), L20 to Lavrentie v a 
& Dudaryonok ( 2020 ), and self refers to self-broadening parameters (see 
Gordon et al. 2022 ). 

HITRAN Broadening parameters 
ID Molecule H 2 He H 2 O CO 2 

1 H 2 O − − Self −
2 CO 2 T22 T22 T19 T22 
4 N 2 O − T22 T19 T22 
5 CO T22 T22 T19 T22 
6 CH 4 − − T19 −
7 O 2 − − T19 −
9 SO 2 W16 W16 − D18 
11 NH 3 W16 W16 T19 W16 
13 OH T22 T22 − −
14 HF W16 W16 − W16 
15 HCl W16 W16 − W16 
19 OCS T22 T22 − L20 
20 H 2 CO T22 T22 − T22 
23 HCN T22 T22 − −
26 C 2 H 2 W16 W16 − W16 
28 PH 3 T22 T22 − −
31 H 2 S T22 T22 T19 T22 
45 H 2 Self − − −
52 GeH 4 T22 − − −
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In summary, HITRAN and HITEMP both provide essential input
arameters for man y radiativ e transfer codes. These data are used
or a variety of applications, including the modelling of exoplanet
tmospheres at high-resolution. 

NASA Ames data base: The data base from NASA Ames uses
he ‘Best Theory + Reliable High-Resolution Experiment (BTRHE)’
trategy (Huang, Schwenke & Lee 2021 ) to provide accurate and
omplete line lists for species such as SO 2 (5 isotopologues up
o 500 K) (Huang, Schwenke & Lee 2015 , 2016 ), CO 2 (up to
000 K) (Huang et al. 2023b ), NH 3 (Huang et al. 2022b ), N 2 O
Huang, Schwenke & Lee 2023a ), OCS, CS 2 , and their isotopo-
ogues. The most recent NASA Ames releases include hot line lists
re for the four most abundant isotopologues of CO 2 ( 12 C 

16 O 2 ,
3 C 

16 O 2 , 16 O 

12 C 

18 O, and 16 O 

12 C 

17 O) (Huang et al. 2022a ) and ex-
ensive room temperature line lists for N 2 O with its 12 isotopologues
Huang et al. 2023a ). The ExoMol SO 2 line list (Underwood et al.
016a ) was also produced jointly with NASA Ames. Some of the
arlier NASA Ames line lists were formatted using the HITRAN-like
ine-by-line ascii format, while the more recent line lists are provided
n the ExoMol-like format with two parts, states and transitions.
lthough these are ascii files, for transitions (Einstein coefficients

nd states IDs), NASA Ames uses a simple compacting scheme
ased on representing real numbers as integers. The line lists can be
ccessed online. 11 

TheoReTS: Precise knowledge of high-energy molecular states
nd intensities of rovibrational transitions is essential for the
odelling of various planetary atmospheres as well as for the

nderstanding of spectral properties, even in extreme dynamical
nd temperature conditions. This clearly demonstrates the need of
aving consistent line-by-line spectroscopic data bases, with a large
o v erage in terms of both wavelengths and temperatures. Because of
ASTAI 3, 636–690 (2024) 

1 https:// huang.seti.org/ and https:// data.nas.nasa.gov/ ai3000k

c  

1

heir completeness, variational calculations are well designed for the
odelling of planetary atmospheres, unlike traditional spectroscopic

f fecti ve models for which wavenumber extrapolation beyond the
ange of observed data turns out very limited. Within that context,
he TheoReTS (Theoretical Reims-Tomsk Spectral data) project (Rey
t al. 2016a ) − whose philosophy closely follows that of ExoMol
Tennyson et al. 2020 ) − was born in 2016. 12 For the construction of
ccurate variationally computed molecular line lists allowing a com-
lete description of the main spectral features, highly optimized nu-
erical methods and symmetry tools for solving the nuclear-motion

quation as well as high-level ab initio calculations are required. 
The TheoReTS line lists are simple ascii files with three columns:

ij , S ij , E low . For ease of use, quantum numbers and symmetry
abels can be provided upon request using a HITRAN-like format. In
ddition, variational energy levels can be also replaced by rotation-
ibration levels computed from empirical ef fecti ve Hamiltonians
hose parameters are fitted to experimental data, as in the case
f methane (Rey et al. 2018 ). This ensures almost the same quality
s HITRAN2020 (Gordon et al. 2022 ) for the line positions of cold
ands while many new hot bands can be accurately predicted. For
odelling hot exoplanets and brown dwarfs, a methane line list

or the HITEMP (Hargreaves et al. 2020 ) spectroscopic data base
as constructed using the TheoReTS predictions (Rey, Nikitin &
 yuterev 2017 ; W ong et al. 2019 ). Moreo v er, in order to facilitate the
anipulation of the so-called quasi-continuum formed by billions of

ines (e.g. due to line lists of heavy molecules at high-temperatures),
 set of super-lines can be generated at different temperatures to
rastically reduce the total number of lines by several orders of
agnitude (Rey et al. 2016a ). 
In its current form, TheoReTS contains line lists for nine molecules

CH 4 , PH 3 , SF 6 , C 2 H 4 , CF 4 , GeH 4 , SiH 4 , CH 3 F, NF 3 ) and 28
sotopologues. New line lists will be released in 2024, either by
mproving the existing ones or by including new ones for both
emirigid and non-rigid molecules (Rey et al. 2023 ). Among the next
andidates of primary importance − potentially rele v ant for the study
f exoplanetary atmospheres are CH 2 , CH 3 , NH 3 , H 2 CCN, H 2 NCN,
H 3 Cl, C 3 H 4 , H 2 O 2 , CCl 4 , CH 3 CN, or C 2 H 6 that will be gradually
ploaded in TheoReTS. The construction of comprehensive line
ists is now being revisited using a no v el methodology developed
n Reims to derive ab initio ef fecti ve models (Rey 2022 ), combining
he small dimensionality of the spectroscopic polyad models and the
ompleteness of the variational calculation. Fine-tuning of the ab
nitio-based spectroscopic parameters allows matches to observed
ata to be made without much computational effort, unlike a
efinement procedure of the PES which is generally more demanding.
f fecti ve parameters plan to be shared in the upgraded version of
heoReTS. 

.1.2 Laboratory spectroscopy measurements 

s might be expected, the vast majority of laboratory studies have
een undertaken with terrestrial applications in mind, and these
tudies form the basis for many of the line lists discussed throughout
his section. Laboratory studies not only provide empirical mea-
urements of critical parameters such as line positions, intensities,
roadening coefficients, and temperature dependencies (e.g. see
ordon et al. 2022 , which o v erviews e xperimental works included for
ITRAN2020), but they are also used to refine and develop theoreti-

al models, they are essential for constraining calculated parameters,
2 https:// theorets.tsu.ru/ and https:// theorets.univ-reims.fr/ 

https://huang.seti.org/
https://data.nas.nasa.gov/ai3000k
https://theorets.tsu.ru/
https://theorets.univ-reims.fr/
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nd they are often used directly as is the case for absorption cross-
ection measurements (see Section 2.1.3 ). Ho we v er, the e xperimental 
onditions of many studies, such as pressure and temperature, are not 
l w ays directly applicable to non-terrestrial planetary environments, 
hich means spectroscopic parameters derived from them have 

imitations when applied elsewhere. Within our Solar System there 
re atmospheric temperatures, pressures, and constituents that are 
eyond those encountered in the Earth’s atmosphere. Moreover, the 
ariety of exoplanet atmospheres that are already accessible to transit 
easurements, via JWST observations or high-resolution ground- 

ased observations (and those that will be observed by the near- 
uture Ariel mission), mean that the experimental requirements far 
xceed atmospheric environments previously studied and necessitate 
 range of planetary-applicable laboratory measurements to better 
odel these observations (F ortne y et al. 2019 ). 
The value of experimental spectroscopy for characterizing plane- 

ary atmospheres cannot be o v erstated. Ho we ver, this section is not
eant to be a comprehensive overview of the history of spectroscopic 
orks, but instead aims to provide a summary of recent experi- 
ental measurements that highlight key techniques, spectroscopic 

arameters, and molecules currently being investigated for planetary 
pplications. 

Experimental data for Solar System planets: Experimental data 
an support both the study of our Solar System bodies and contribute
ignificantly to the understanding of exoplanet spectroscopy. 

The advent of the ESA Venus Express mission to Venus and the
ASA/Juno and ESA/JUICE missions to the Jovian system pushed 

he interest on new laboratory experiments to study the properties 
f CO 2 at high temperatures and pressures, to simulate the Venusian 
ase, and H 2 and H 2 + He mixtures as representative of collision
nduced absorption (CIA) in Jupiter’s atmosphere. For example, 
wo different experimental apparatus have been used to obtain the 
pectra representative of Venus (Stefani et al. 2013 ) and Jupiter
Snels et al. 2021 ), due to the different pressure and temperature
alues co v ered. In the case of Venus, CO 2 spectra were obtained
n the 1–10 μm spectral band (Stefani et al. 2022a , b ), exploring
emperature and pressure values according to a real Venus vertical 
rofile (Seiff et al. 1985 ). An example is shown in Fig. 3 . For the
upiter case, CIA coefficients of H 2 and H 2 -He were measured (see
ection 5 ). Furthermore, empirical absorption cross-sections for key 
bsorption species observed in the atmospheres of Gas Giant planets 
ave traditionally been implemented in retrie v als when line lists
ere incomplete, as done for CH 4 in the visible (Karkoschka 1994 ).
oreo v er, numerous e xperimental measurements of broadening 

arameters applicable to planetary atmospheres (e.g. H 2 , He, CO 2 , 
nd H 2 O) and their temperature dependencies have been combined 
nto functional forms by Wilzewski et al. ( 2016 ) and Tan et al. ( 2022 )
o populate these parameters in spectroscopic data bases. 

Titan, with its complex atmosphere, has moti v ated data-focused 
xperiments for decades (e.g. McKellar 1989 ; de Vanssay et al. 1995 ;
urtis et al. 2008 ; Sung et al. 2013 ; Hewett et al. 2020 ), valuable
ot just for the analysis of the Saturnine moon but for studies
f the early Earth and its exoplanetary analogues. These studies 
eflect the need for spectroscopic data of hydrocarbons and other 
rganic molecules in nitrogen-rich environments and have already 
ignificantly impro v ed our understanding of the opacities of CH 3 D
nd C 2 H 6 for instance (H ̈orst, Vuitton & Yelle 2008 ; Vuitton et al.
019 ; He et al. 2022b ). 
High-temperature experimental measurements: Experimental 
easurements are relatively sparse outside of the terrestrial temper- 

ture range, but there have been some efforts to address this for
lanetary applications in recent years. In particular, we focus on the 
pectral re gion co v ered by Ariel at ele v ated temperatures, due to the
tmospheric temperatures found in the proposed exoplanet target lists 
Edw ards et al. 2019b ; Edw ards & Tinetti 2022 ). Laboratory studies
t high temperatures consistent with hot planetary atmospheres (i.e. 
bo v e room temperatures and typically up to ∼1000–2000 K), using
 variety of experimental techniques, have provided crucial data for 
xoplanetary studies. Ho we ver, acquiring spectra at high tempera- 
ures is challenging, primarily because of the physical properties 
f laboratory equipment, but also due to decomposition of the 
ample molecule, which can lead to reaction products contaminating 
bservations. 
Man y e xisting e xperimental line lists hav e been built upon spectra

ecorded with Fourier transform spectrometers (FTS) and typically 
pan the infrared region. These measurements provide relatively wide 
pectral co v erage (e.g. multiple vibrational modes) at high spectral
esolution ( � 0.01 cm 

−1 ). It is common to couple Fourier transform
pectrometers with cells capable of reaching ele v ated temperatures. 
nalyses from these measurements hav e pro vided new insight for

ine positions (Hargreaves, Li & Bernath 2012 , for NH 3 ), intensities
Georges et al. 2019 , for CH 4 ), line shape parameters (Delahaye et al.
016 , for H 2 O), and absorption cross-sections (Beale, Hargreaves &
ernath 2016 , for C 3 H 8 ) sufficient for accurate retrie v als of planetary
onditions. Complementary to FTS, cavity ring down spectrometers 
CRDS) are capable of providing similar frequency accuracy to FTS, 
ut the increased ef fecti v e path pro vided by the cavity results in
uch higher sensitivity for weak transitions. This high sensitivity 
akes CRDS well-suited to weaker ‘window’ regions of molecular 

bsorption that are difficult to study with other methods. For example,
ine parameters obtained for weak CH 4 transitions in the NIR 

Campargue et al. 2023 ) can be included in spectroscopic data bases
irectly or used to refine line positions in future iterations of ab
nitio line lists. Moreo v er, CRDS measurements enable constraints 
o be applied to the water vapour continuum (Koroleva et al. 2023a ),
hich is essential for accounting for the total water absorption 

hrough long path lengths (see Section 5 ). Laser-based techniques, 
or e xample, hav e been able to probe limited spectral regions at
ven higher resolutions comparable with millimetre rotational studies 
e.g. �ν < 1.0 ×10 −6 cm 

−1 ). More recently, frequency combs have
nabled highly accurate spectroscopic studies to be acquired o v er
oderately large spectral regions, which can now include whole 

ibrational bands. For example, comb spectroscopy has been used 
or measurements of high-temperature spectra of H 2 O (Schroeder 
t al. 2017 ; Rutkowski et al. 2018 ), CH 4 (Malarich et al. 2021 ),
nd CO 2 (Cole et al. 2023 ) in the 6250–7570 cm 

−1 range. Water
pectra measured in a pre-mixed methane/air flat flame (Rutkowski 
t al. 2018 ) were assigned using the MARVELised POKAZATEL 

ine list, while H 2 O (Schroeder et al. 2017 ) and CH 4 (Malarich
t al. 2021 ) spectra measured in a range of temperatures and sub-
tmospheric pressures were used to assess the accuracy of current 
ditions of HITRAN and HITEMP data bases. The CO 2 spectra 
ere measured at pressures up to 25 bar to test and impro v e

ine mixing models and their temperature dependence (Cole et al. 
023 ). Another de velopment rele v ant for high-temperature appli-
ations is the optical–optical double resonance spectroscopy with 
ontinuous-wave pump and comb probe, which allows measurement 
nd assignment of hot-band transitions with sub-Doppler resolution 
ithout the need to heat the sample (Foltynowicz et al. 2021b ;
ilva de Oliveira et al. 2024 ). This technique has so far been used to
easure and assign hot band transitions in the 3 ν 3 ← ν 3 range of
H 4 (Foltyno wicz et al. 2021a ; Oli veira et al. 2024 ), finding good
greement with the TheoReTS predictions (Rey, Nikitin & Tyuterev 
014b ; Hargreaves et al. 2020 ). See Section 2.1.2 for a detailed
RASTAI 3, 636–690 (2024) 



646 K. L. Chubb et al. 

R

Figure 3. Measured spectra of CO 2 at different temperatures and pressures relevant to the atmosphere of Venus, from Stefani et al. ( 2013 ). 
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potlight o v erview of frequenc y comb spectroscopy for planetary
pplications. 

In addition to providing measurements of line positions, inten-
ities, and line shape parameters, broad-band FTS measurements
f high-temperature gases enclosed in a heated tube cell (up to
1500 K) can also provide essential testing of the accuracy of

urrent line lists available in the literature, such as for the CO 2 line
ist in HITEMP (Bharadwaj & Modest 2007 ; Alberti et al. 2015 ).
uch measurements have also provided valuable absorption cross-
ections that can be used for atmospheric characterization when
ine lists have been incomplete for planetary studies (e.g. Nassar
 Bernath 2003 , for CH 4 ). In addition, spectra obtained from high-

nthalpy sources (Georges et al. 2019 ) and oxyacetylene torches
ith temperatures up to 3000 K (Coheur et al. 2005 ), or time-resolved

pectroscopy in glow discharges (Pastorek et al. 2022 , and references
herein), can be used to investigate combustion environments and
on-local thermodynamic equilibrium (non-LTE) conditions (Dud ́as
t al. 2023 ). Spectroscopic parameters obtained from these studies
an then be used to constrain theoretical line lists, improving the
ccuracy throughout. While FTS measurements combined with tube
urnaces apparatus have formed the bulk of many studies at high
emperatures, often laser based analyses are used in high-temperature
ASTAI 3, 636–690 (2024) 
emote sensing applications of combustion processes (Tancin et al.
020 ). Combining laser spectroscopy techniques with shock-tube
pparatus enables sensitive measurements at higher temperatures and
ressures (Ding, Strand & Hanson 2019 ; Strand et al. 2019 ; Tancin
 Goldenstein 2021 ; Chakraborty et al. 2024 ), which can be difficult

o reach with tube furnaces. In addition, these techniques can also be
ombined with frequency combs to provide accurate measurements
t high-temperature that co v er broad spectral ranges, such as recent
nvestigations for the line-positions of CH 4 (Pinkowski et al. 2021 ;

alarich et al. 2021 ). 
Spectroscopic studies of atomic transitions and diatomic
olecules at high temperatures have historically taken advantage of

he Sun’s photosphere ( ∼5800 K), providing accurate line positions.
 or e xample, telluric-free, high-resolution Solar spectra recorded
rom orbiting satellites have been used to extend laboratory studies,
s done for CH (Melen et al. 1989 ; Colin & Bernath 2010 ), NH (Ram
 Bernath 2010 ), and OH (Melen et al. 1995 ; Bernath & Colin 2009 ;
ivi ̌s et al. 2023 ); similarly Barton, Yurchenko & Tennyson ( 2013 )
sed e xtensiv e sunspot spectra due to Campbell et al. ( 1995 ) to help
reate an e xtensiv e SiO line list. This can pro vide ke y measurements
f spectral lines positions for molecules that are difficult to measure in
he laboratory. A recent re vie w of middle-to-near IR emission spectra

art/rzae039_f3.eps
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f four simple astrophysically rele v ant molecular radicals, OH, NH, 
N, and CH, was given by Civi ̌s et al. ( 2023 ). In addition, key
iatomic species that characterize spectra of brown dwarfs are also 
xpected to be present in exoplanet atmospheres. These molecules 
re challenging for theoretical calculations, and measurements of 
ine positions and intensities are essential for improving models. 
emi-empirical line lists have been developed for these molecules by 
nalysing archived high-temperature, high resolution spectra, such 
s carried out for FeH (Hargreaves et al. 2010 ), and MgH (Shayesteh
t al. 2007 ; Gharib-Nezhad et al. 2013 ; Hinkle et al. 2013 ; Owens
t al. 2022a ), and TiO (Cameron & Bernath 2022 ). These semi-
mpirical works have often been directly implemented into brown 
warf (Bailey & Kedziora-Chudczer 2012 ) and exoplanet (Mukher- 
ee et al. 2023 ) atmospheric models to impro v e characterization. 

Water is a key molecule for our atmosphere, and has been 
rominent in exoplanet observations since early transmission spectra 
Tinetti et al. 2007 ; Swain et al. 2009 ). The water line lists discussed
bo v e hav e relied on numerous e xperimental studies to accurately
etermine spectroscopic parameters (e.g. positions, intensities, line 
hapes, broadening coefficients, pressure shifts, temperature depen- 
encies), and to refine assignments. Indeed, some of the current 
heoretical line lists of H 2 O suitable for high temperature analyses 
ave their origin in earlier works that identified new transitions of
igh-temperature water vapour on the Sun (Wallace et al. 1995 ; 
olyansky et al. 1997 ; Viti et al. 1998 ). Some examples of recent
igh-temperature water vapour studies that use FTS (Zobov et al. 
008 ; Alberti et al. 2015 ), scanned laser spectroscopy (Melin &
anders 2018 ; Melin, Sanders & Nasir 2020 ) and frequency comb
tudies (Schroeder et al. 2017 ; Rutkowski et al. 2018 ) have all helped
o refine spectroscopic parameters for H 2 O line lists and to constrain
b initio calculations. Hot (1723 K) laboratory studies have also been 
sed to test and confirm the accuracy of the available line lists (Melin
t al. 2020 ). 

Small polyatomic molecules such as ammonia and methane can 
av e comple x infrared spectra when observ ed at high resolution, and
pectroscopic analyses at high temperatures provide opportunities for 
 xtending ro vibrational assignments (Barton et al. 2015 ). Simplified 
mpirical line lists have been produced by analysing multiple 
easurements at a variety of different temperatures, as done for 
H 3 (Hargreaves et al. 2012 ) and CH 4 (Beale et al. 2017 ; Ghysels

t al. 2018 ; Malarich et al. 2021 ). These simplified line lists lack
pectroscopic assignments but constitute empirical line positions, 
ntensities, and lower state energies, and are capable of reproducing 
he experimental spectra over the temperature range of the studies and 
an be used to characterize brown dwarf and exoplanet atmospheres. 
nalyses of these line lists can then be performed to determine 

ine assignments and constrain calculated parameters. Furthermore, 
he measured spectra can be converted into experimental absorption 
ross-sections (Wong et al. 2019 ) that can themselves be used as
nput data to planetary models in place of line lists, or can be used
o compared the accuracy of multiple high temperature line lists as
one for CH 4 (Hargreaves et al. 2020 ). Measurements of absorption 
ross-sections up to temperatures of 1600 K (Alrefae, Es-sebbar & 

arooq 2014 ; Es-sebbar & Farooq 2014 ; Wong et al. 2019 ), become
articularly necessary for molecules when no complete line lists 
xists (also Section 2.1.3 ). 

Each edition of the HITRAN data base incorporates a substantial 
roportion of experimentally derived parameters and readers are 
irected towards the paper describing HITRAN2020 (Gordon et al. 
022 , and references therein) for a summary of rele v ant spectroscopic
xperimental studies that apply to molecules given in Table 4 . In
ddition, it should be noted that the MARVEL (measured active 
otation-vibration energy levels) methodology (Furtenbacher et al. 
007 ) (see Section 2.1.4 ), which is used to empirically correct energy
evels of ab initio line lists (e.g. Yurchenko et al. 2022 ), is built upon
n e xtensiv e surv e y of e xperimental measurements, and readers are
lso directed to each work for a summary of rele v ant literature. 

It is worth stressing that experimental measurements can be 
articularly challenging for reactive (or toxic) species, especially at 
igh temperatures, which can limit the availability of parameters. In 
ost cases, the absolute intensities are not available experimentally 

or species and therefore relying on the theory is the only option.
t is therefore not uncommon for some spectroscopic parameters, 
ncluding intensities (and associated lifetimes) as well as pressure- 
roadening (Tan et al. 2022 ), to be based only on limited laboratory
easurements for some molecules (e.g. H 2 broadening of CO 2 ). 
Spot-light: fr equency comb-based spectr oscopy: This sec- 

ion presents a deeper dive into different aspects of frequency 
omb spectroscopy with the emphasis on its potential for providing 
pectroscopic data for exoplanetary spectroscopic studies. 

Recent advancements in frequency comb sources and comb-based 
pectroscopic techniques (Gohle et al. 2007 ; Foltynowicz et al. 2011 ;

aslo wski et al. 2016 ; Ko wzan et al. 2016 ; Coddington, Ne wbury
 Swann 2016 ; Changala et al. 2016 ; Weichman et al. 2019 ; Ycas

t al. 2018 ; Krzempek et al. 2019 ; Muraviev, Konnov & Vodopyanov
020 ; Foltynowicz et al. 2021b ) have provided new opportunities
or broad-band precision molecular spectroscopy. The combination 
f large bandwidth, high spectral resolution, and high frequency 
ccurac y pro vided by frequenc y combs make them ideal sources for
igh-precision measurements of spectroscopic molecular parame- 
ers. Such high-resolution measurements are an essential component 
o improving the accuracy of theoretically derived line lists (see 
ections 2.1.2 and 2.1.4 ). Frequency combs can either be used
irectly as light sources for broad-band high-resolution spectroscopy 
which is referred to as direct frequency comb spectroscopy) or 
s references to calibrate the frequency axis of tunable-laser-based 
pectrometers (referred to as comb-referenced spectroscopy). While 
he simultaneous spectral co v erage of most frequency combs cannot
et compete with incoherent sources, the spectral resolution of comb- 
ased spectrometers is orders of magnitude better than that of an
TS spectrometer based on an incoherent light source, allowing the 
easurement of undistorted line profiles at low pressures with sub- 
Hz accuracy on line positions. Moreover, the spectral and spatial 

oherence of the combs make possible the use of path length en-
ancement methods, such as multi-pass cells (Adler et al. 2010b ) and
avities (Adler et al. 2010a ), to increase the absorption sensitivity and
etect weak absorption bands. Comb-referenced cavity-enhanced 
unable-laser-based spectrometers provide even better absorption 
ensitivity and – when combined with saturation spectroscopy –
ine positions with kHz accuracy. 

Below we give an overview of precision measurements using direct 
requency comb spectroscopy and comb-referenced spectroscopy, 
ith a focus on measurements that led to new line lists or substantial

mpro v ement of existing ones for different molecules. We note that an
 xhaustiv e co v erage of all measurements involving frequenc y combs
s beyond the scope of this work. 

Table 8 summarizes a selection of experimental line lists obtained 
rom measurements using different direct frequency comb spec- 
roscopy techniques. Most of these measurements were performed 
t room temperature using direct absorption in multipass cells 
r enhancement cavities. Many of the works provided also line 
ntensities, and pressure broadening and shift parameters. Three of 
he room temperature line lists have already been used to update
he data bases, namely the ν4 band region (3000–3160 cm 

−1 ) of
RASTAI 3, 636–690 (2024) 
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Table 8. Molecular line lists obtained from direct frequency comb spectroscopy measurements using different methods: DCS – dual comb spectroscopy; 
FTS – Fourier transform spectroscopy; Vernier – Vernier spectroscopy; VIPA – spectrometers based on virtually imaged phased array; PAS – photoacoustic 
spectroscopy; OODR – optical–optical double resonance spectroscopy; CE – cavity enhanced. The spectral co v erage and temperature range are also 
indicated; RT – room temperature. All works listed here provided line positions, and some, indicated in the ‘Parameters’ column, provided also intensities, 
S, self, air, and reaction matrix broadening parameters, γself , γair , γp , and self shift parameters, δself . 

Molecule Range (cm 

−1 ) Range ( μm) Method T (K) Parameters Reference 

H 2 O 6800–7200 1.39–1.47 DCS 296–1300 γself , γair Schroeder et al. ( 2017 ) 
6250–6670 1.50–1.60 CE FTS 1950 S Rutkowski et al. ( 2018 ) 

CO 2 5064–5126 1.95–1.97 CE Vernier RT S, γself Siciliani de Cumis et al. ( 2018 ) 
6800–7000 1.43–1.47 DCS 495–977 line mixing Cole et al. ( 2023 ) 

N 2 O 1250–1310 7.63–8.00 FTS RT – Hj ̈alt ́en et al. ( 2021 ) 
CO 6310–6365 1.57–1.58 CE VIPA RT γself , δself Kowzan et al. ( 2019 ) 

2040–2230 4.48–4.90 FTS RT – Nishiyama et al. ( 2024 ) 
CH 4 1250–1380 7.25–8.00 FTS RT S Germann et al. ( 2022 ) 

2900–3050 3.28–3.45 DCS RT – Baumann et al. ( 2011 ) 
5870–6130 1.63–1.70 DCS RT – Zolot et al. ( 2013 ) 
5900–6100 1.64–1.69 OODR 111 – Foltynowicz et al. ( 2021a ) 
5910–5980 1.67–1.69 OODR RT – Oliveira et al. ( 2024 ) 
6770–7570 1.32–1.48 DCS 296–1000 γself , δself Malarich et al. ( 2021 ) 

13 CH 4 1250–1380 7.25–8.00 FTS RT S Germann et al. ( 2022 ) 
14 CH 4 2910–3110 3.22–3.44 PAS RT – Karhu et al. ( 2019 ) 
H 2 CO 1250–1380 7.25–8.00 FTS RT S Germann et al. ( 2024 ) 
H 

13 CN 6390–6535 1.53–1.56 DCS RT S Guay, Genest & Fleisher ( 2018 ) 
C 2 H 2 6430–6630 1.51–1.56 DCS RT – Zolot et al. ( 2013 ) 
CH 3 I 3000-3160 3.16 – 3.3 FTS RT S Sadiek et al. ( 2020 ) 

2930–3160 3.16 – 3.57 FTS RT S Hj ̈alt ́en, Foltynowicz & Sadiek ( 2023 ) 
CS 2 2110–2200 4.55 – 4.74 DCS RT S Karlo v ets et al. ( 2020 ) 
HfF + 11 500–13 000 0.77–0.87 CE VIPA 823 – Cossel et al. ( 2012 ) 
CH 3 NO 2 2940–3090 3.24–3.40 CE FTS 10–20 – Spaun et al. ( 2016 ) 
CH 2 CHBr 3023–3033 3.30–3.31 CE FTS 10–20 – Changala et al. ( 2016 ) 
DOCO 2380–2750 3.64–4.20 CE FTS RT – Bui et al. ( 2018 ) 
C 60 1180–1190 8.40–8.47 CE FTS 150 – Changala et al. ( 2019 ) 
CH 2 OO 1217–1287 7.77–8.22 DCS RT γp Luo ( 2020 ) 
CH 2 Br 2 2960–3120 3.21–3.38 FTS RT – Sadiek et al. ( 2023 ) 
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H 3 I (Sadiek et al. 2020 ) and the ν1 + ν3 band region (2110–
200 cm 

−1 ) of CS 2 (Karlo v ets et al. 2020 ) were used in updates
o the HITRAN2020 data base (Gordon et al. 2022 ), and the ν6 and
4 band region (1250–1380 cm 

−1 ) of H 2 CO measured by Germann
t al. ( 2024 ) was used to impro v e the accuracy of the ExoMol line
ist for H 2 CO (Al-Refaie et al. 2015 ; Al-Derzi et al. 2021 ). 

To study complex molecules, whose spectra are unresolved at room
emperature, buffer gas cooling has been implemented to reduce the
umber of populated rotational and vibrational states. Combining
uffer gas cooling with cavity-enhanced comb spectroscopy allowed
he measurement of rotationally resolved spectra of nitromethane
CH 3 NO 2 ), naphtalene (C 10 H 8 ), adamantane (C 10 H 16 ), and hexam-
thylenetetramine (C 6 N 4 H 12 ) (Spaun et al. 2016 ), and vinyl bromide
CH 2 CHBr) (Changala et al. 2016 ) in the 2850–3070 cm 

−1 range,
s well as the buckminster fullerene (C 60 ) in the 1180–1190 cm 

−1 

ange (Changala et al. 2019 ). 
Cavity-enhanced comb spectroscopy has also been combined with

elocity-modulation to measure four bands of a molecular ion HfF 

+ 

n the 11 500–13 000 cm 

−1 range (Cossel et al. 2012 ). Finally, the
ime-resolved capabilities of comb spectroscopy have been used to

easure high-resolution spectra of trans- and cis-DOCO transients
products of the OD + CO reaction) in the OD stretch region 2380–
750 cm 

−1 (Bui et al. 2018 ), as well as the pressure broadening of
bsorption lines of the short-lived CH 2 OO Criegee intermediate (Luo
020 ) in the 1217–1287 cm 

−1 range. 
Table 9 summarizes a selection of experimental line lists obtained

rom measurements using different comb-referenced spectroscopy
ASTAI 3, 636–690 (2024) 
echniques. Many works using comb-referenced cavity-enhanced
echniques in the near-infrared provided transition frequencies for
 v ertone and combination bands with kHz level accuracy for, e.g.
 2 O (Chen et al. 2018 ; Kassi et al. 2018 ; T ́obi ́as et al. 2020 , 2024 ),
O 2 (Guo et al. 2021 ; Reed et al. 2021 ; Fleurbaey et al. 2023 ),
O (Mondelain et al. 2015 ; Wang et al. 2021 ), and CH 4 (Votava
t al. 2022 ). In the mid-infrared, sub-MHz and kHz level accuracy
as obtained for the fundamental bands of CH 4 (Kocheril et al.
018 ), N 2 O (Knabe et al. 2013 ; Ting et al. 2014 ; AlSaif et al. 2018 ),
HF 3 (Vicentini et al. 2020 ), and CH 3 OH (Santagata et al. 2019 )
sing saturation and Doppler-broadened spectroscopy in absorption
ells, and for CH 4 using sub-Doppler cavity-enhanced spectroscopy
Okubo et al. 2011 ; Abe et al. 2013 ). Three of these works have
lready been used for updating the data bases and are included as part
f HITRAN2020 (Gordon et al. 2022 ). This includes line positions
or the 3 ← 0 and 4 ← 0 bands of CO (Mondelain et al. 2015 ) and the
3 region of CH 4 (Abe et al. 2013 ), with the work of Fleurbaey et al.
 2021 ) included in a fit for line positions of the 1.27 μm band of
 2 . Line intensities were provided only by a couple of works using
RDS in the Doppler-limited regime, since saturation spectroscopy
ften does not yield absolute intensities. 

.1.3 Alternative parametrizations 

bsorption cross-section measurements: Determining an accurate
ine list for a large proportion of known molecules is not prac-
ical, or possible, due to the complexity of assigning congested
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Table 9. Molecular line lists obtained from comb-referenced spectroscopy measurements using different methods: CRDS – cavity ring down spectroscopy; 
NICE-OHMS – noise-immune cavity enhanced optical heterodyne molecular spectroscopy; CRSS – comb-referenced saturation spectroscopy, DAS –
direct absorption spectroscopy; CEAS – cavity enhanced absorption spectroscopy, NICE-VMS – noise-immune cavity enhanced velocity modulation 
spectroscopy. The spectral co v erage of each is also indicated. 

Molecule Band Range (cm 

−1 ) Range ( μm) Method Reference 

H 

16 
2 O (013 ← 000) 12 621–12 665 0.789–0.792 CRDS Chen et al. ( 2018 ) 

(101 ← 000) 7164–7185 1.391–1.396 CRDS Kassi et al. ( 2018 ) 
(200 ← 000) 7000–7350 1.36–1.43 NICE-OHMS a T ́obi ́as et al. ( 2020 ), Diouf et al. ( 2022 ) 

T ́obi ́as et al. ( 2024 ) 
H 2 

17 O (200 ← 000) b 7228–7289 1.37–1.38 NICE-OHMS Melosso et al. ( 2021 ) 
H 2 

18 O (200 ← 000) 7000–7350 1.36–1.43 NICE-OHMS a Diouf et al. ( 2021 ), T ́obi ́as et al. ( 2024 ) 
H 2 O 

c Several d 8041–8633 1.15–1.24 CRDS Korole v a et al. ( 2023b ) 
12 C 

16 O 2 (30012 ← 00001) 6170–6370 1.57–1.62 CRDS Reed et al. ( 2021 ) 
(30013 ← 00001) 
(30012 ← 00001) d 6170–6370 1.57–1.62 CRDS Guo et al. ( 2021 ) 
(20012 ← 00001) 4830–5010 1.99–2.07 CRDS Fleurbaey et al. ( 2023 ) 
(20013 ← 00001) 
(01111 ← 01101) 2306–2312 4.33–4.34 CRSS Galli et al. ( 2013 ) 

14 C 

16 O 2 (00011 ← 00001) 2190–2250 4.44–4.57 CRDS Galli et al. ( 2011 ) 
N 2 O 3 ν1 6518–6578 1.52–1.53 CRDS Liu et al. ( 2019 ) 

3 ν1 6518–6578 1.52–1.53 DAS Iwakuni ( 2022 ) 
ν3 2190–2210 4.52–4.57 DAS Knabe et al. ( 2013 ) 
ν3 2130–2270 4.41–4.69 CRSS Ting et al. ( 2014 ) 
ν1 1250–1310 7.63–8.00 DAS AlSaif et al. ( 2018 ) 

N 2 O 

e – d 8320–8620 1.16–1.20 CRDS Karlo v ets et al. ( 2021 ), Karlo v ets et al. ( 2022 ) 
CO (7 ← 0) d 14300–14500 0.689–0.699 CRDS Balashov et al. ( 2023 ) 

(3 ← 0) 6170–6420 1.56–1.62 CRDS Mondelain et al. ( 2015 ) 
(3 ← 0) 6170–6420 1.56–1.62 CRDS Kowzan et al. ( 2017 ) 
(3 ← 0) 6170–6420 1.56–1.62 CRDS Wang et al. ( 2021 ) 
(4 ← 0) d 8206–8465 1.18–1.22 CRDS Bordet, Kassi & Campargue ( 2021 ) 

CH 4 2 ν3 6015–6115 1.64–1.66 CRDS Votava et al. ( 2022 ) 
ν3 2890–3120 3.21–3.46 CEAS Okubo et al. ( 2011 ), Abe et al. ( 2013 ) 
ν3 2890–3120 3.21–3.46 CRSS Kocheril et al. ( 2018 ) 

O 2 B band d 14 539–14 550 0.687–0.688 CRDS Domysławska et al. ( 2020 ) 
(0,0) d 7800–7960 1.26–1.28 CRDS Fleurbaey et al. ( 2021 ) 

H 

13 CN 2 ν3 6390–6536 1.53–1.56 CRSS Hrabina et al. ( 2022 ) 
D 2 H 

+ ν1 2588–2930 3.41–3.86 NICE-VMS Markus, Kocheril & McCall ( 2019 ) 
CHF 3 ν5 1156–1160 8.62–8.65 CRSS Vicentini et al. ( 2020 ) 
CH 3 OH ν5 970–973 10.29–10.30 CRSS Santagata et al. ( 2019 ) 
Benzene ν11 675–689 14.5–14.8 DAS Lamperti et al. ( 2020 ) 

a : Assisted with spectroscopic networks; b : Hyperfine-resolved; c : Six isotopologues; d : Intensities provided; e : Five isotopologues 
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pectra (Sousa-Silv a, Petko wski & Seager 2019 ; Zapata Trujillo
 McKemmish 2022a , b , 2023 ). In such instances, numerous

ndividual lines typically blend into unresolved spectral bands. 
o we ver, these molecules can still form strong detectable features in

tmospheric spectra, and their spectroscopic signatures are required 
n retrie v al frame works for detection, in addition to improving the
etrie v al accuracy of planetary characteristics or other atmospheric 
pecies. To provide this necessary data, it is common practice to 
arefully measure experimental absorption cross-sections. These 
easurements are required to co v er the expected temperature and 

ressure conditions of the appropriate planetary atmosphere, as well 
s including the appropriate broadening gases (e.g. H 2 , He, N 2 , etc)
t a resolution that provides sufficient details. 

Cross-sections are not just restricted to the infrared or visible 
av elength re gions; man y valuable cross-sections which co v er the
V region are regularly employed in Earth observations, for example. 
here are many cross-sections included in the HITRAN data base 

hat co v er the UV and visible regions, such as SO 2 and O 3 . While
his section will mainly discuss infrared and visible absorption 
ross-sections due to the rele v ance for Ariel , UV absorption cross-
ections are also important for exoplanet atmosphere models used to 
nform our understanding of observed planets. UV cross-sections also 
ave special continuum features related to photodissociation and 
hotoabsorption effects; see Section 8 where we discuss these 
eparately. 

The Pacific Northwest Nation Laboratory (PNNL) produced a 
arge catalogue (Sharpe et al. 2004 ) of infrared absorption cross-
ections for many chemical compounds recorded at 1.0 atm with a
ourier transform spectrometer at temperatures of 5, 25, and 50 ◦C.
pecies included compounds that were difficult to measure in the 

aboratory. These cross-sections are no longer available from PNNL 

irectly, but the majority of these measurements are now included as
art of the HITRAN data base (Gordon et al. 2022 ). The HITRAN
ata base provides experimental absorption cross-sections of o v er 
00 molecules (Kochanov et al. 2019 ), in addition to the line-by-
ine molecules described abo v e. HITRAN also re gularly e xpands the
vailable data with each new edition (Gordon et al. 2022 ). 

It should be noted that many chemical compounds have been 
easured due to signatures appearing in Earth observation measure- 
ents. F or e xample, chlorine-containing compounds (e.g. chloroflu- 

rocarbons) are intensely monitored because their reactions in the 
tmosphere lead to the depletion of stratospheric ozone. Therefore, 
RASTAI 3, 636–690 (2024) 
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he temperature and pressure co v erage of absorption cross-sections is
e gularly e xpanded for impro v ed accurac y of retrie v als, for example,
sing Fourier transform measurements of the molecule contained in
 cold cell (Harrison 2018 ). 

Other planets of the Solar System (and their moons) contain
any trace gases, which are typically retrieved using experimental

bsorption cross-sections. F or e xample, Titan, with its rich hydro-
arbon atmosphere, requires cross-section measurements of nitrogen
roadened species at low temperatures (e.g. Sung et al. 2013 , 2018 ;
uitton et al. 2019 ). Similarly, H 2 and He broadened measurements
re required for the Jovian planets (e.g. Sung, Toon & Crawford
016b ; Dodangodage et al. 2020 ). It is expected that some of these
pecies will be present at ele v ated temperatures in warm Gas Giant
xoplanetary atmospheres (Fleury et al. 2023b ), therefore recent
tudies have also provided experimental absorption cross-sections at
le v ated temperatures (e.g. Alrefae et al. 2014 ; Hargreaves et al.
015 ; Beale et al. 2016 ; Bernath & Fernando 2021 ; Adil et al. 2023 ).
The limited number of absorption cross-section measurements for

pecific temperatures and pressures makes them less flexible than
ine lists. Ho we v er, techniques hav e been dev eloped to interpolate
etween measurements with polynomial coefficients (Buehler et al.
022 ) as well as producing pseudo-line lists (Steffens et al. 2023 ).
ach technique does not identify quantum mechanical transitions, as

s the case for spectroscopic line lists (see earlier in Section 2 ), but
nstead empirical parameters are determined that can reproduce the
bsorption cross-section intensity o v er the range of measurements.
o we ver, care should be taken when extrapolating these techniques

o conditions beyond those used from the initial studies. 
Ariel will co v er the ∼2500–5000 cm 

−1 ( ∼2–4 μm) region at a
esolving power of 100 (see Table 1 ), which spans the spectral
ange where key molecular functional groups (e.g. C-H stretch at

3000–3300 cm 

−1 ) exhibit strong absorption. The majority of the
bsorption cross-sections described abo v e and included in HITRAN
ave spectral features within this region. Some of these molecules
ave already been proposed as biosignatures (Zhan et al. 2021 )
r technosignatures (Haqq-Misra et al. 2022 ), due to their distinct
pectral features and limited pathways for synthesis. Indeed, it was
n this spectral range that the recent tentative detection of dimethyl
ulphide (DMS or (CH 3 ) 2 S) was made from transit spectra of K2-
8b recorded using JWST (Madhusudhan et al. 2023 ) and absorption
ross-sections in HITRAN. 

Polycyclic aromatic hydrocarbons (PAHs) and tholins are
nown to contribute significantly to the optical properties of Solar
ystem planetary spectra (Abdel-Shafy & Mansour 2016 ; Zhao
t al. 2018 ). The y hav e an optical slope similar to cloud/hazes,
otentially causing a de generac y in the interpretation of spectral
ata caused by aerosols (see Section 6 , and, for example, fig.
 of Ercolano et al. ( 2022 )). Ercolano et al. ( 2022 ) explore the
etectability of PAHs observed with Ariel (Tinetti et al. 2018 ) and
winkle (Edwards et al. 2019a ), finding there is a possibility of
etection. Dubey et al. ( 2023 ) investigate the formation processes
f various PAHs on the thermalized atmospheres of hot Jupiter
xoplanets, and found that planets with an ef fecti ve temperature
f around 1300 K are the most promising targets for investigating
AHs, particularly for atmospheres with a high carbon-to-oxygen
atio (C/O) and high metallicity. A follow-up study by Gr ̈ubel et al. (in
reparation) focuses on the intercomparison of different cloud/haze,
AHs and tholin models while retrieving the best case scenario
or a particular planet, Wasp-6 b. The cross-sections presented by
rcolano et al. ( 2022 ), based on calculations of Draine & Li ( 2007 ),

epresent a combined effect observed from a collection of crystalline
AHs. These cross-sections are consistent with observations of the
ASTAI 3, 636–690 (2024) 
nterstellar medium (ISM) and thus presumably originate from a
i verse PAH mixture. Gi ven the sheer amount of different molecules,
hey currently represent the most convenient way to implement PAHs
n atmospheric retrie v als. The NASA Ames PAH IR Spectral Data
ase is a source of cross-section data for PAHs (Boersma et al. 2014 ;
auschlicher et al. 2018 ; Mattioda et al. 2020 ), 13 of fering extensi ve
ata on thousands of PAHs, although primarily for the identification
ithin interstellar emission spectra rather than for their detection in

xoplanetary atmospheres. 
Vibrational frequency calculations: The computation of a full

o-vibrational line list for one species can be very time consuming,
nd often takes years to produce. There has thus been work on
omputing the vibrational spectra for a large number of species, and
hen adding rotational substructure (for example using software such
s PGOPHER; Western 2017 ), in order to indicate where prominent
pectral features are expected. Root mean square errors of such com-
utations are typically on the order of 15–25 cm 

−1 (Zapata Trujillo
 McKemmish 2022a ), with higher order computational chemistry

r laboratory-derived data required to be incorporated for higher ac-
uracies. There are some notable absorption features in the observed
pectra of some exoplanet atmospheres, for example in WASP-39b’s
tmosphere at 4.56 μm as observed by JWST (Alderson et al. 2023 ),
hich have yet to be identified among the species with available ro-
ibrational spectra. There is benefit in identifying potential species
r types of species which could fit such features, which could then
i ve incenti ve for more detailed work into the full ro-vibrational
pectra. The computation of such vibrational frequencies for large
umbers of molecules is facilitated by studies into the best practice
or appropriate model chemistry choices for harmonic frequency
alculations, such as Zapata Trujillo & McKemmish ( 2022a , 2023 ).
IBFREQ1295 (Zapata Trujillo & McKemmish 2022b ) is a data
ase of vibrational frequency calculations. RASCALL (Rapid Ap-
roximate Spectral Calculations for ALL) (Sousa-Silva et al. 2019 )
s an approach which can simulate spectra consisting of approximate
and centres and qualitative intensities for a huge number of species.
he approximate spectra for a large number of phosphorus-bearing
pecies was computed by Zapata Trujillo et al. ( 2021 ), building upon
he RASCALL data base by using quantum chemistry to impro v e on
he accuracy of the approximate spectra for these species. 

In addition, computations are available which focus on the vi-
rational spectra of nanoclusters, such as (TiO 2 ) n , which can be
mportant for exoplanet atmosphere models or observations in the
R (Sindel et al. 2023 ). Vibrational frequencies of other nanoclusters
ave been computed, such as (VO) n up to n = 10 (Lecoq-Molinos
t al. 2024 ), (VO 2 ) n up to n = 10 (Lecoq-Molinos et al. 2024 ),
V 2 O 5 ) n up to n = 4 (Lecoq-Molinos et al. 2024 ), Ti x O y (Jeong
t al. 2000 ), and (MgO) x (Chen, Felmy & Dixon 2014 ). 

.1.4 How high-resolution laboratory spectroscopy can help 
mprove the accuracy of theoretically computed line lists 

here are several ways in which laboratory spectroscopy can con-
ribute to the data needs of exoplanetary atmospheric studies, some
f which are already in active use and some require more investment.
he most common and efficient methodology of the production of
pectroscopic data is semi-empirical, in which molecular spectra are
rst measured at given laboratory conditions (temperature, pressures,
avelength range etc), analysed, and then inter- or extrapolated to

onditions dictated by the retrie v al frame works. A typical example

https://www.astrochem.org/pahdb/
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llustrating the need for such extrapolations is that most of the existing
xperimental molecular spectra have been recorded at, or close to, 
he ambient atmospheric conditions on Earth, i.e. room temperature 
nd pressure, and for specific spectroscopic ranges dictated by the 
xperimental setup. A typical retrie v al procedure, on the other hand,
equires a broad range of temperatures, pressures, and wavelengths, 
n dense grids of the corresponding values (for example, pressures 
etween at least 1 ×10 −5 –100 bar, and temperatures ∼100–3000 K). 
his is achieved by representing the experimental data in some 

unctional forms, the so-called spectroscopic models, of different 
omplexity and extrapolation power. 

This is a powerful, well established procedure, which is ho we ver
ery hungry for experimental data. Some molecules have almost 
o spectra measured, especially those corresponding to extreme 
onditions such as suggested for the atmospheres of the so-called 
ava planets, including SiO 2 , KOH, NaOH, and MgOH (Schaefer, 
odders & Fe gle y 2012 ; Tenn yson & Yurchenko 2017 ). Apart from

he mainstream atmospheric molecules, such as those described in 
ection 2.1.2 , with relatively accessible spectra, there is a serious

ack of analysed laboratory spectra for a large number of molecules 
t higher temperatures and lower wavelengths. 

The so-called ef fecti ve Hamiltonians (such as used by CaSDa) 
ased on Taylor-type expansions with respect to the angular momenta 
ith a large set of empirical spectroscopic constants provide very 

ccurate description of the experimental spectra (usually recorded at 
oom temperature) but with rather limited extrapolation power (e.g. 
o higher temperatures and especially to higher energies). These 
ethods usually benefit from an e xtensiv e rotational co v erage of

ndividual vibrational bands in a given spectroscopic regions and 
hus are ideally suitable for the analysis of the FTS-like broad-band 
echniques, as mentioned abo v e. The so-called empirically adjusted 
b initio techniques (employed by ExoMol, ThoReTS, and NASA 

mes) are based on the empirical refinement of the underlying 
nter-nuclear ab initio spectroscopic properties, such e.g. potential 
nergy surfaces (PES). These methods hugely benefit from analysed 
aboratory data (line positions and energies), ideally with an e xtensiv e 
o v erage of the vibrational excitations at the lowest rotational 
xcitations to minimize the coupling between the rotational and 
ibrational degrees of freedom. Put simply, experimental information 
n vibrations is especially important to increase the quality of the 
xtrapolation of the empirical model, while the rotational information 
s more useful for interpolation and benchmarking of the models. 
hese type of empirical techniques are less accurate than ef fecti ve
amiltonians when it comes to matching the experiment, but are 
ery powerful when extrapolating to higher temperatures and even 
igher energies. 
The MARVEL (Measured Active Rotation–Vibration Energy 

evels) (Furtenbacher et al. 2007 ) process involves analysing high- 
ccuracy laboratory measured spectra to get out experimentally 
etermined energy levels. These energy levels are then used in 
heoretically computed line lists to impro v e the accurac y of all
ransitions which involve those levels. In the case of the ExoMol
ata base, the MARVEL process has been applied to molecular line 
ists for species such as C 2 H 2 (Chubb et al. 2018a ), TiO (McKemmish
t al. 2017 ), H 2 CS (Mellor et al. 2022 ), C 2 (Furtenbacher et al. 2016 ;
cKemmish et al. 2020 ), CaOH (Wang et al. 2020b ), H 2 S (Chubb

t al. 2018b ), NH 3 (Al-Derzi et al. 2015 ; Furtenbacher et al. 2020 ),
lO (Bowesman et al. 2021 ), H 2 CO (Al-Derzi et al. 2021 ; Germann

t al. 2024 ), H 

+ 

3 (Bowesman et al. 2022 ), and OCS (Xu & Tennyson
024 ) as well as ongoing efforts to refine the line list of PH 3 . Due to
ew laboratory data becoming available, the MARVEL process for 
mpro ving the accurac y of theoretical line lists need to be assessed
eriodically. The opacities computed from line lists therefore also 
deally need recomputing periodically, as the accuracy and coverage 
f line lists impro v e (see Section 4 ). 
Regardless of the method used to improve the accuracy of 

heoretically computed line lists, their key common feature is the 
trong dependence on experimental laboratory data. Even the best 
odern ab initio methods, except perhaps of very limited systems, do

ot have the required quality to be used in atmospheric applications
nd need to be either completely constructed from scratch, such as for
he ef fecti ve Hamiltonians, by fitting the corresponding expansion, 
he so-called spectroscopic, parameters, or refined, such as for the ab
nitio methods, by fitting the corresponding analytic descriptions of 
he spectroscopic models to the experimental data. 

Our general appeal to the experimental spectroscopists who would 
ike to engage with exoplanetary atmospheric studies is to talk to
he atmospheric modellers about their direct needs in terms of the
pecies, temperature, and wavelength coverage and also talk to the 
ine list providers about their needs in terms of the vibrational and
otational co v erage. 

.2 Data used by retrieval codes 

wing to the importance of the line lists for atmospheric retrie v als,
t would not be an exaggeration to say that all, or close to all, the
ine lists discussed throughout this section, have already been or are
n the process of being included in the main (exo-)planetary retrie v al
rameworks. It is the usual practice of exoplanetary atmospheric 
odellers to implement new line lists or important updates into 

heir retrie v al programs periodically; this usually inv olves b uilding
olecular opacities in the form of cross-sections or k-tables. Details 

n opacities used in various retrieval codes can be found in Section 4 .

.3 What’s being w ork ed on? 

(i) ExoMol: at the time of writing, the following line lists are
n progress by the ExoMol project (see Section 2.1.1 ‘ExoMol’), 
ither as new species or impro v ements/updates to existing line lists;
iatomics: OH, PN, CO, CH, CS, OH 

+ , NO 

+ , NiH, CrH, AlF, BH,
rS; triatomics in IR: HCN, HOD; triatomics (electronic): HCN; 

arger polyatomic (IR): C 2 H 2 , C 2 H 6 . MARVEL studies for N 2 O
sotopologues [see Tennyson et al. ( 2024a ) for 14 N 

16 
2 O], CO 2 (see

brahim et al. 2024 ; Alatoom et al. 2024 ), CO, HCN/HNC, HCO 

+ ,
H, CS 2 , C 2 H 4 , and 15 NH 3 are being performed as well as updates

o 14 NH 3 , HCCH, and inevitably, water. 
(ii) TheoReTS: line lists for several species including CH 2 , CH 3 ,

H 3 , H 2 CCN, H 2 NCN, CH 3 Cl, C 3 H 4 , H 2 O 2 , CCl 4 , CH 3 CN, or C 2 H 6 

re being w ork ed on, and will be gradually uploaded to the TheoReTS
ata base (see Section 2.1.1 ‘TheoReTS’). 
(iii) CaSDa: the CaSDa data base is working on producing new 

R data for the existing species listed in Table 5 , including new
ands and new isotopologues (e.g. for CH 3 D). They also plan to
e velop ne w line lists for species such as SiH 4 and C 3 H 6 O 3 (see
ection 2.1.1 ‘CaSDa’). 
(iv) NASA Ames: line lists for sulphur-bearing species OCS and 

S 2 (see Section 2.1.1 ‘NASA Ames data base’). 
(v) HITRAN and HITEMP: Work toward the next edition of 

he HITRAN data base is underway, which will include works 
ighlighted in the HITRAN2020 paper (Gordon et al. 2022 ) and
dditional recent literature. Examples include expanding the 3800–
800 cm 

−1 region of NH 3 , the addition of new molecules such as S 2 

Gomez, Hargreaves & Gordon 2024 ). 
RASTAI 3, 636–690 (2024) 
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(vi) Non-LTE conditions: although most studies of exoplanet at-
ospheres assume species to be in local thermodynamic equilibrium

LTE), effects arising from non-LTE conditions are known to be
mportant in Earth’s upper atmosphere, as well as in the atmospheres
f other Solar System planets. In the most accurate treatment, non-
TE radiative transfer calculations determine the populations of
ll the atomic and molecular states involved by considering the
ele v ant species’ rates with respect to radiative decay and collisional
 xcitation, de-e xcitation as well as potentially ionization and other
rocesses (Wright, Waldmann & Yurchenko 2022 ). Ho we ver, com-
lete data sets are rarely available for this purpose; even for the Non-
TE of H atoms, some of the collisional data are not so well known.
n particular, data for collisions of H atoms with heavy particles
atoms/molecules) are lacking (Garc ́ıa Mu ̃ noz & Schneider 2019 ).
tudies such as Wright et al. ( 2022 ) are working towards improving
ata and models for non-LTE effects in exoplanet atmospheres. In
 recent work, Garc ́ıa Mu ̃ noz, Asensio Ramos & Faure ( 2024 ) also
onsidered non-LTE effects and emphasized the importance of H 2 O–
 2 O excitation collisions, especially for the vibrational modes of the
olecule. 
(vii) Vibrational modes of molecular clusters: vibrational spec-

ra from DFT calculations are in progress for species such as (TiO) n 
lusters up to n = 10 and (SiO) n clusters up to n = 20 (Lecoq-
olinos, in preparation). 
(viii) Quantum computing approaches: ab initio line list pa-

ameters are currently calculated using modern high-performance
omputers, particularly crucial for line lists containing millions to
illions of transitions. Ho we ver, the algorithms used can become
omputationally intensive and time consuming, scaling with the
omplexity of the molecule and temperature co v erage. Quantum
omputers could be an alternati ve solution, e ven though fault-
olerant quantum computers are unlikely to be available in the
mmediate future. Variational quantum algorithms (VQAs) and, in
articular, variational quantum eigensolvers (QVEs) are promising
lass of algorithms to estimate the eigenstates and the corresponding
igenvalues of a given Hamiltonian (Cerezo et al. 2021 ; Tilly et al.
022 ). This kind of technology demonstrates the potential, from
 theoretical point of view, to describe the electronic structure of
omplex molecules faster. In the near future, a quantum speedup
ould be ideal to describe precise line lists (Innan, Al-Zafar Khan &
ennai 2024 ). 

.4 Data needs: what’s missing and urgent? 

he main molecules expected to be observed by Ariel and JWST
re the usual atmospheric suspects, H 2 O, CO 2 , and CH 4 , as well
s the recently detected SO 2 . The line lists for these species are
enerally in a good shape both in terms of temperature completeness
nd in terms of accuracy, at least as far as space-based observations
n the IR are concerned. This applies to other potentially detectable,
ommon atmospheric absorbers such as NH 3 , HCN, N 2 O, NO, C 2 H 2 

tc. While the existing data for these species should be at a high level
f readiness for the majority of low-to-medium resolution studies
ncluding JWST or Ariel , not all line lists extend to low enough
av elengths to co v er the entire range observed by these telescopes
see for example, the wavelength ranges in tables 7–15 of Chubb

t al. ( 2020b ) for a number of high-temperature line lists and should
e considered when interpreting observed spectra which includes a
av elength re gion not co v ered by a giv en line list. Not taking this into

ccount could cause some biases in analyses which extend beyond
he wavelength range of current line lists. Extending current line lists
nto the optical is therefore very important. Less mainstream or more
ASTAI 3, 636–690 (2024) 
xotic molecules are not at such a good readiness level, some of
hich we re vie w in the follo wing. The line lists for high resolution

HR) applications require even more work. With some exceptions,
uch as H 2 O or CO 2 in the mid-IR, HR applications demand further
mpro v ement of the quality and quantity of the laboratory data at high
emperatures for most of the molecules. The data needs discussed
elow are mostly for the IR and optical regions as directly imposed
y the observational and associated retrieval co v erage of Ariel and
WST . Ho we ver, the data needs in shorter wavelengths, UV, and
ven far-UV, are dictated by the atmospheric chemistry models (see
ection 7 ). 

(i) Species occurring in JWST studies: The recent potential
etection of CS 2 in the exoplanetary atmosphere of TOI-270d
Benneke et al. 2024 ; Holmberg & Madhusudhan 2024 ) is an example
f a molecule requiring impro v ement of the spectral co v erage of
ssociated molecular data, highlighting the need for line lists of
ulphur species such as CS 2 up to high temperatures. The recent
bservation of SO 2 in the atmosphere of hot gas giant exoplanet
ASP-39 b (Tsai et al. 2023 ; Powell et al. 2024 ) and in the

tmosphere of warm Neptune WASP-107 b (Dyrek et al. 2024 )
rompted an increase in interest in sulphur species, with theoretical
tudies such as Janssen et al. ( 2023 ) predicting the importance of
hem also in hot rocky exoplanet atmospheres. The SO 2 line list
f Underwood et al. ( 2016a ) is considered complete up to high
emperatures of ∼2000 K in the wavelength range it covers, but
nly co v ers wav elengths down to 1.25 μm. This will lead to an
nderestimation of opacity in the wavelength region below 1.25 μm
or model atmospheres including SO 2 . The main reason for the
ack of wavelength coverage of the line list is that the quantum
hemistry computations used for computing a high-temperature line
ist can become extremely computationally e xtensiv e with increasing
nergy (decreasing wavelength), especially for molecules composed
f heavier atoms. Considering the recent SO 2 detections in exoplanet
tmospheres, having a high temperature line list extending to lower
avelengths is a high priority. 
(ii) Ti- and V-bearing species: Hoeijmakers et al. ( 2020 ) predict

ignificant concentrations of gas-phase TiO 2 , VO 2 , and TiS in the
tmosphere of hot Jupiter exoplanet WASP-121b. These could be
mportant absorbers, potentially accessible both by the high and low
esolution observational methods, which currently do not have any
vailable ro-vibrational (IR) or rovibronic (Vis and UV) line lists. 

(iii) Species relevant to lava planets: recent studies suggested
hat modelling the atmospheric properties of hot-Super Earth (lava)
xoplanets require different types species to be considered, including
OH, NaOH, SiO 2 , CaOH, FeO, MgO, MgOH (Schaefer et al.
012 ; Mahapatra, Helling & Miguel 2017 ; Tennyson & Yurchenko
017 ). There have therefore been calls for line lists for these species
panning the IR and visible spectral region. We note these calls
ave been somewhat addressed and there are no w av ailable line lists
rom ExoMol for KOH and NaOH (IR) (Owens et al. 2021 ), SiO 2 

IR) (Owens et al. 2020 ), CaOH (IR, Vis) (Owens et al. 2022b ),
gO (IR, UV) (Li et al. 2019 ). Theoretically, FeO is particularly

hallenging; there are more than fifty low-lying electronic states
Sakellaris, Miliordos & Mavridis 2011 ; Tennyson & Yurchenko
017 ). 
(iv) Carbon and hydrocarbon species: for example, C 3 which

an be important for high-temperature carbon atmospheres (Aringer
t al. 2009 ). An ExoMol IR line list for C 3 has just been completed
Lynas-Gray et al. 2024 ). Martin-Drumel et al. ( 2023 ) report recent
aboratory work on the infrared spectra of C 3 , with a combined fit
f available infrared and optical laboratory data performed using
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he PGOPHER (Western 2017 ) package; these and other data were 
sed as input for a MARVEL study (Tennyson 2024 ). Molecular line
ists are required for the following hydrocarbon species, in IR for
irect retrie v als and at shorter wavelengths for atmospheric chemistry 
odellings (see more in Section 7 ). C 4 H is considered to be important

n the upper atmosphere of low-metallicity objects (Bilger, Rimmer 
 Helling 2013 ). Allene (CH 2 CHCH) and propyne (CH 3 CCH)

re isomers of one another which have both been detected on 
itan (Lombardo et al. 2019 ; Nixon et al. 2013 ). Propene has also
een observed on Earth (Blake et al. 1996 ), and is expected on
aturn (Moses et al. 2000 ). There are some known cross-sections for
ropene (Bernath et al. 2023 ), including some hosted by the HITRAN
atabase (Sung et al. 2018 ), but not a line list. 
(v) PAHs: can be important for Earth and Titan-like atmo- 

pheres (L ́opez-Puertas et al. 2013 ). As previously mentioned, one 
f the main sources of PAH cross-sections is the NASA Ames PAH
ata base (Boersma et al. 2014 ; Bauschlicher et al. 2018 ; Mattioda
t al. 2020 ), 14 which is tailored for characterizing species in the
old temperatures of the ISM. To be able to fully comprehend the
bundance and role of PAHs on exoplanets, there is a need for new
AH opacities to be calculated or measured o v er a broad parameter
pace of environmental conditions and easily implementable for 
etrie v al applications. This necessity extends beyond the infrared 
pectrum, as the availability of temperature-dependent UV cross- 
ections is quite limited (see Section 8 for the availability of UV
AH photionization and photoabsorption cross-sections). 

(vi) Species relevant to Archean atmospheres: another special 
ype of exoplanetary atmosphere with special data requirements are 
rchean atmospheres, necessitating line lists for species including 
C 3 N (Rimmer et al. 2019 , 2021 ). 
(vii) Molecular ions: Bourgalais et al. ( 2020 ) performed labo- 

atory experiments to help identify ions observable by Ariel in the 
pper atmospheres of sub-Neptunes. Their results pointed towards 
 3 O 

+ and H 

+ 

3 being the most promising. Partly as a consequence
f this study ExoMol provides IR line lists for H 3 O 

+ (Yurchenko
t al. 2020b ) and H 

+ 

3 (Mizus et al. 2017 ; Bowesman et al. 2023 ). The
xoMol data base also provides line lists for a number of other ions

ncluding CH 

+ (Pearce et al. 2024 ), OH 

+ Hodges & Bernath ( 2017 ),
odges et al. ( 2018 ) and HeH 

+ (Amaral et al. 2019 ) co v ering a v ery
road wavelength range. Other potentially important ions for which 
here are no suitable line lists at present include HCO 

+ , N 2 H 

+ , and
 2 O 

+ , as well as NO 

+ which is the dominant molecular ion in the
arth’s ionosphere. 
(viii) Radicals: such as OH, HO 2 , C 2 H, CH 2 , C 3 H 3 , NH 2 , N 2 H 3 

re known to be important on Earth (Seinfeld & Pandis 2016 ),
ars (McElroy & Donahue 1972 ), Titan (Wilson & Atreya 2004 ),

nd other planetary atmospheres (Catling & Kasting 2017 ). Out of
hese species, the required molecular data are only in a good shape
or OH. There are high quality (accurate and complete) rovibronic 
ata for OH applicable for IR and UV studies (Bernath 2020 ; Mitev,
urchenko & Tennyson 2024 ). Construction of an IR line list for
H 2 is in progress as part of TheoReTs. 
(ix) Line lists are needed extending into the UV and optical. 

xtension down to the UV is needed for all major species such as,
 2 O, CO 2 , CO, OH, CH 4 , HCN, N 2 , NH 3 , C 2 H 2 , C 2 H 4 , C 2 H 6 , H 

+ 

3 ,
 

+ 

2 , H 3 O 

+ , OH 

+ , SO, SH, H 2 S, SO 2 , OCS, S 2 , CS. See Section 8
or further discussion on UV photoabsorption and photodissociation 
ata. In some of these cases (such as HCN, NH 3 , C 2 H 2 , C 2 H 4 ,
 2 H 6 , H 3 O 

+ , H 2 S, SO 2 , OCS), data in the optical as well as the
4 https:// www.astrochem.org/ pahdb/ 

1

1

V is also lacking or only partially co v ered for line lists which are
ppropriate up to high temperatures. Extending even just down to 
he optical region is even more pressing for direct use of these line
ists in interpreting and modelling Ariel and JWST observations. We 
ote that spectroscopic measurements of excited states of some of 
hese species in the UV region are available in the literature, for
xample for NH 3 from Langford et al. ( 1998 ). See Section 2.1.4 for
 discussion on how measured data such as these can be used to
ompute an accurate and complete line list up to high temperatures. 

(x) Isotopologues: Very recently Lew et al. ( 2024 ) used JWST
o detect isotopologues of CO. Similar studies have been performed 
n cool stars from the ground (Pavlenk o, Yurchenk o & Tennyson
020b ; Pavlenko et al. 2020a ); such isotope-resolv ed studies hav e
he potential to provide a lot of extra information about atmospheres.
ome atoms have more than one isotope with relatively large 

errestrial abundances, e.g. Cl is 75 per cent 35 Cl and 25 per cent
7 Cl. In other cases, isotopic abundances can be very different from
olar abundances, e.g. Mg and C. The importance of H means that
ven if deuterium (D) is a minor fraction, D containing molecules
uch HD, HOD, and CH 3 D can be highly abundant. We note that all
hese species have different symmetry to the parent (unsubstituted) 
olecule which means that the spectra of the two species differ

ignificantly. The ExoMol data base provides line lists for HOD 

Voronin et al. 2010 ) and the weak IR spectrum of HD (Amaral et al.
019 ), while CH 3 D has been considered by TheoReTs (Rey, Nikitin
 Tyuterev 2014a ). Lines for isotopically substituted species which 

o not break their symmetry are straightforward to compute given a
pectroscopic model for the parent molecule, and this done routinely 
y ExoMol; methods to impro v e the accurac y of these line lists have
een developed (Polyansky et al. 2017 ; McKemmish et al. 2024 ). A
ist of natural (terrestrial) abundances of various species included in 
he HITRAN data base can be found online, 15 as well as elemental
sotopic compositions from NIST. 16 

(xi) Vibrational modes of molecular clusters: K ̈ohn et al. ( 2021 )
oint out that the onset of cloud formation may be observable through
ibrational bands of (TiO 2 ) 4 , (TiO 2 ) 5 , and (TiO 2 ) 6 , potentially via the
id-infrared instrument on JWST or the extremely large telescope’s 
id-IR imager, but more complete line-list data are required first. 
e note that the full quantum chemical computation of line lists for

uch large clusters is challenging, and so may require computations 
f vibrational frequencies only, at least as a starting point. There
s some discussion on this in Section 2.1.3 ‘Vibrational frequency 
alculations’. We note some vibrational data for TiO 2 nanoclusters 
ave recently been computed (Sindel et al. 2023 ). 

 LI NE  SHAPES:  M O L E C U L A R  A N D  ATO MIC  

.1 Theor etical appr oaches to line-shape parameters: 
olecules 

he Voigt profile. In order to simulate a spectrum of a single
olecule at given pressure and temperature, three main components 

re required; line position, line intensity, and line profile. In this
ection, the latter is re vie wed. The most popular line profile used
n the majority of atmospheric applications (and beyond) is the 
oigt profile. It refers to the so-called ‘intermediate’ pressure regime 
nd accounts for collision (pressure) and Doppler (thermal motion) 
roadenings considered as statistically independent processes and 
RASTAI 3, 636–690 (2024) 

5 https:// hitran.org/ docs/ iso-meta/ 
6 http:// physics.nist.gov/ Comp 

https://www.astrochem.org/pahdb/
https://hitran.org/docs/iso-meta/
http://physics.nist.gov/Comp
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as been the standard for high-resolution line-by-line modelling of
nfrared molecular absorption (Armstrong 1967 ). The Voigt profile
epresents a convolution of the associated Lorentzian and Gaussian
rofiles, representing the collisional and Doppler effects, and tends to
hese two shapes in the limiting cases of high and low gas densities,
espectively. The Voigt profile has no closed analytical form and is
ften related to the complex probability function. Several special
umerical algorithms exist in the literature for efficient evaluation
f the Voigt profile (Humblicek 1982 ; Kuntz 1997 ), see the recent
omputational and numerical comparison by Zhang et al. ( 2024 );
ome numerical approaches allow one to take advantage of the
onvolution of the entire spectrum at once (van den Bekerom &
annier 2021 ). While for the Doppler contribution, the corresponding
half) line width γD is a simple function of the molecular mass, gas
emperature, and the line positions (frequency): 

D = 

√ 

2 N A k B T ln 2 

M 

˜ νf i 

c 
, (1) 

here is no simple analytic description of the line (half) width γL ,
efining the Lorentzian contribution, at least in the general case.
he molecular parameters γL strongly depend on the system (the
olecule and the perturbing partner), as well as on the gas conditions,

.e. pressure and temperature. Together with the line positions ˜ ν,
ransition probabilities (e.g. oscillator strength gf or Einstein A co-
fficients), the Lorentzian width (usually half-width-at-maximum, or
WHM) γL are an integral part of spectroscopic data bases. They are

ypically obtained empirically either through direct measurements
ith different level of parametric modelling or semi-empirically,
here a more sophisticated theory tuned to available experimental
ata is involved such as, e.g. the semi-empirical approaches (Bykov,
avrentie v a & Sinitsa 2004 ) representing a simplification of the
obert-Bonamy formulae to Anderson-type expressions with fitted
orrection-factor parameters or modified complex Robert-Bonamy
alculations (Ma, Tipping & Boulet 2007 ) with adjusted atom–atom
nteraction parameters. Application of fully first-principles methods
re currently limited to simple system or low temperatures (Wcisło
t al. 2021 ). 

The pressure-broadening of spectral lines corresponding to pure
otational (microwave, MW) and rovibrational (infrared, IR) transi-
ions is mainly go v erned by inelastic collisions (De Lucia & Green
988 ) and exhibit (except for light perturbers such as hydrogen and
elium) strongly pronounced dependence on the rotational quantum
umber J . 
Apart from the line broadening effect, collisions also affect the

ine positions by introducing the so-called line shift δ. These are also
rovided by the spectroscopic data bases, especially those focusing
n high resolution applications, such as terrestrial, planetary (Sung
 Varanasi 2005 ), Solar, and in some cases stellar, but so far have

ot featured very much in the low-mid resolution spectroscopy of
xoplanets, as would be applicable to the Ariel mission. It is also
oteworthy that ro-vibrational line shifts are typically smaller than
he associated line widths by some orders of magnitude. 

In the context of the Ariel mission, the temperature and pressure
ependencies of line widths are crucial. For Voigt line widths γ (in
m 

−1 atm 

−1 ), the following power law is almost al w ays assumed: 

( T ) = γ0 ( T ref , P ref ) 

(
T ref 

T 

)n 
P 

P ref 
, (2) 

here T ref and P ref are some reference temperature and pressure (e.g.
 atm and 296 K, respectively). Then the parameters γ0 (reference
alue of HWHM) and n (temperature exponents) are tabulated by the
ata bases for each perturber. This model works quite well for many
ASTAI 3, 636–690 (2024) 
olecular systems but for a given set of parameters it can deviate
hen a description of a large range of temperatures is required. 
The Lorentzian (and therefore Voigt) as an isolated line profile
odel is known to fail in the far wings, always leading to an
 v erestimation of the opacity at high pressure, especially for the
ystems with closely spaced lines (Chapter IV Hartmann, Boulet
 Robert 2008 ), e.g. in heavier molecules. As a work-around,
 cut-off the far wings at some distance from the centre of the
ine is applied. The common standards are to use a 25 cm 

−1 cut-
ff, employed by HITRAN, ExoMol, and now also by MAESTRO
Molecules and Atoms in Exoplanet Science: Tools and Resources for
pacities) (Gharib-Nezhad et al. 2024 ). A detailed analysis of line-
ing profiles and cutoffs in the context of exoplanet atmospheres,

ncluding the Voigt profile, can be found in Gharib-Nezhad et al.
 2024 ). 

Beyond the Voigt line profile. Recent experimental studies
owered by the development of experimental techniques in the last
ew decades have demonstrated the importance of the departure of the
ine shape description from the simple Voigt profile model, at least for
igh resolution applications. This moti v ated the spectroscopic data
ases also to provide parameters for more accurate profile models.
ne of such departures is due to the effect of collisional (Dicke) line
arrowing. 
The line narrowing can be described either as a reduction of the

oppler component (velocity-changing collisions resulting in molec-
lar confinement) or the dependence of the collisional relaxation
ates on the relative molecular speed. In the first case, velocity-
hanging collisions are often considered as strong (no memory
ffects, Maxwell-Boltzmann re-distribution of velocities after each
ollision) and the most frequently used associated profile is that of
autian & Sobel’man ( 1966 , 1967 ), although the soft-collision model

light perturbers, many collisions required to modify significantly
he active-molecule velocity) developed by Galatry ( 1961 ) is used
y some researchers too. It is now understood that both mechanisms
an be important across any pressure regimes, from very low to very
igh (D’Eu, Lemoine & Rohart 2002 ). 
In the second case, the speed-dependence (SD) of the collisional

elaxation rates dominates the line narrowing and the corresponding
odels forming the so-called speed-dependent Voigt (SDV) profiles.
he most accurate description of the dependence on the absolute ab-
orber’s speed (Berman 1972 ; Pickett 1980 ) is by the hypergeometric
onfluent function (hgSDV model), which ho we ver, leads to high
omputational costs. As a more practical approach, a modification
f hgSDV based on the mean quadratic speed (Rohart, M ̈ader &
icolaisen 1994 ; K ̈ohler, M ̈ader & Nicolaisen 1995 ; Rohart et al.
007 ) is used (qSDV model, often referred to as simply SDV),
or which an efficient numerical-calculation algorithm is available
Boone, Walker & Bernath 2007 ). 

Both mechanisms, with the velocity-changing collisions and with
he speed dependence viewed as independent, are accounted for in
combined’ line-shape models, such as speed-dependent Rautian
SDR) or speed-dependent Galatry (SDG) profiles. The partial
orrelation of these effects is considered by the partially correlated
uadratic-speed-dependent hard-collision profile (pCqSDHCP), de-
eloped by Tran, Ngo & Hartmann ( 2013 ) (called the Hartmann-
ran profile or HTP profile) and recommended for high resolution
pectroscopy in a IUPAC technical report (Tennyson et al. 2014 ).
arameters for this advanced profile have been incorporated into

he HITRAN data base (Gordon et al. 2022 ) since 2016 for the
ydrogen molecule as well as some transitions of water vapour and
olecular oxygen. The line narrowing effects, being routinely used in

igh-resolution terrestrial and planetary applications, have not been
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onsidered in the mainstream exoplanetary spectroscopic studies yet, 
nd likely first requires studies to demonstrate the impact of such line
rofiles on different atmospheric models. 
Another important deficiency of the common line profile method- 

logy used in spectral modelling is due to the breakdown of the
solated lines approximation. This phenomenon, also caused by 
olecular collisions, is associated with the so-called line-mixing 

r line-interference effect. While the line narrowing effects are 
ostly noticeable at lower pressure (well below 1 atm for most

ases), line-mixing usually becomes rele v ant at higher pressure 
hen individual lines start to broaden and o v erlap. Line-mixing 

ffects can be especially significant in the line wings regions where 
ntensity is never truly zero, and there is al w ays some degree of
 v erlapping with others lines. Because of this effect, the intensity
n the wings of a band falls off faster than predicted by the sum of
orentzians (see figures in Hartmann et al. 2010 ). To a lesser extent,

he troughs between individual lines or branches can also be affected. 
n practice, as stated abo v e, cross-sections calculations employ sums
f Voigt profiles with certain wing cut-offs, say ±25 cm 

−1 from line
entres. Such treatment bypasses a proper account of line-mixing 
nd prevents overestimation of absorption away from band centres 
hich would come from addition of billions of line wings (recall 

hat the wings of the Voigt profile fall off as Lorentzians ∝ ω 

−2 

nd not exponentially). Ho we ver, such cut-of fs may lead to another
on-physical situation, where the calculated cross-sections between 
trong bands end up being exactly zero. In reality, line-mixing would 
ause a sub-Lorentzian shape that far enough from strong absorption 
ands would contribute to continuum absorption (see Section 5 for a 
iscussion on continuum absorption). An in-depth discussion of wing 
ut-offs is presented in Gharib-Nezhad et al. ( 2024 ). An empirical
ethod of far-wing corrections involving χ -factors is discussed in 

he following sections. 
At higher pressure where even line cores significantly o v erlap, 

ine-mixing can lead to a noticeable intensity redistribution within 
 branch or an entire band. This is known to happen for closely
paced lines in Q-branches and band heads even at sub-atmospheric 
ressures, and these features may appear stronger and more narrow 

han one would expect from the sum of isolated lines. This presents
otential interest for more reliable confirmation of molecular species’ 
etection, where features like these are often the most noticeable. 
he case of very high pressure has been considered before in order

o describe the deep venusian atmosphere (Buldyre v a, Gennadie v &
ilippo v 2013 ; Filippo v et al. 2013 ). In such conditions, the rotational
tructure is entirely collapsed and the band shape differs significantly 
rom the sum of individual spectral lines. This is rele v ant to modelling
f radiative transfer in hot dense atmospheres. 
Proper analysis of line-mixing is complicated, and usually a 

erturbative approach is taken on a band-by-band basis for the most
ntense bands. At present, line-mixing is not typically implemented 
n suites for producing opacities for exoplanetary atmospheric 
etrie v als, although these ef fects may become more important with
ewer instruments that can probe high-pressure regions of around 
–10 bar. 
Calculations of line widths and shifts. The needs of MW/IR 

ressure-broadened line widths and pressure-induced line shifts for 
tmospheric applications moti v ated an extensi ve de velopment of
heoretical methods. The most developed and commonly accepted 
ypothesis of the impact approximation completed by various 
hoices for the translational dynamics gave birth to semi-classical 
Anderson 1949 ; Tsao & Curnutte 1962 ), classical (Gordon 1966 ),
nd quantum-mechanical (Baranger 1958c ; Shafer & Gordon 1973 ) 
pproaches. Besides, there are statistical approaches, e.g. Margenau 
 1935 ), whose two-particle static limit is the opposite case to the
mpact approximation. Static limit works well for low molecular 
 elocities (ne gligible rate of change of intermolecular interactions) 
nd is applicable at large frequency detunings, i.e. in the far
pectral wings which are hardly observable at IR wavelengths. 
herefore, approaches based on the impact approximation remain 
ajor tools for predicting collisional line-shape parameters. High 

omputational cost and absence of refined potential-energy surfaces 
PES) set limits to the use of quantum-mechanical methods as soon
s polyatomic/‘exotic’ molecular pairs and/or high temperatures are 
oncerned. 

Quantum-mechanical approaches. The most rigorous method, 
lose coupling (CC), is usually applied to predict parameters of 
urely rotational transitions at room temperature, and only some 
tudies address hot environments. Such data, provided the vibrational 
ontribution to line-broadening is small, can technically be reused for 
ther lines in the infrared. Certain simplifications of this formalism, 
uch as the coupled-states (CS) approximation (used, for example, 
n Thibault et al. 2011 ), the infinite-order sudden (IOS) approxi-
ation (Goldflam, Green & Kouri 1977 ), and the nearest neighbour
oriolis coupling (NNCC) (Yang et al. 2018 ; Selim, van der Avoird &
roenenboom 2022 ) can make calculations more manageable while 
reserving the accuracy in the high-temperature limit for most lines 
n the band. The main issue of quantum-mechanical approaches at 
igher temperatures is that the number of rotational functions needed 
o construct a complete basis grows too fast, making calculations 
f the scattering matrix impractical. A useful feature of quantum- 
echanical approaches is that they allow estimating parameters of 

eyond-Voigt profiles mentioned above. Semiclassical approaches 
an provide the Lorentzian component of the profile, and with some
xtra work, the speed-dependence parameters. If all the parameters of 
he extended Hartmann-Tran profile are required, one could employ 
he generalized Hess approach along with CC for the scattering 

atrix computation. This has been done recently for H 2 and HD
ith helium as the perturber (Stankiewicz et al. 2021 ; Wcisło et al.
021 ) up to 1000 K. 
Semiclassical approaches. The need for accurate potential energy 

urfaces (PES) and long-time statistics accumulation also disadvan- 
age purely classical computations. As a result, advanced semiclas- 
ical approaches are typically employed, such as the formalism 

f Robert and Bonamy (Robert & Bonamy 1979 ) and its fully
omplex implementation (Lynch, Gamache & Neshyba 1996 ) further 
upplied by exact trajectories (Buldyre v a, Bonamy & Robert 1999 ),
 corrected average over the perturber’s states (Antony et al. 2006 ;
a et al. 2007 ) and an account for line coupling (Ma, Boulet &

ipping 2013 ). In cases where large volumes of line-shape data
re to be produced with a minimal CPU cost, the semi-empirical
ethod (Bykov et al. 2004 ) is used which represents a simplification

f the Robert-Bonamy expressions to the Anderson-Tsao-Curnutte 
orms with a correction factor with empirically fitted parameters. 
lthough some experimental values are necessary, the adjusted 
odel parameters are practically temperature-independent and can 

e used for calculations at other required temperatures (not too low
o keep the validity of the trajectory notion). 

Machine lear ning . Giv en the high volume of line broadening
ata that is required to model the effects of various different
xoplanet compositions, machine learning appears to provide a 
ractical approach to the problem. Recently Guest, Tennyson & 

urchenko ( 2024 ) have completed an initial machine learning 
tudy of air-broadening based on data in the HITRAN data base.
tudies which look at the effect of changing the broadener are
nderway. 
RASTAI 3, 636–690 (2024) 



656 K. L. Chubb et al. 

R

 

t  

r  

e  

r  

e  

o  

l  

h  

u  

s
 

v  

n  

o  

t  

t  

a  

l  

A
b  

l  

fi  

u  

m  

F  

e  

s  

e  

l  

e  

a  

i  

i  

(  

w  

w  

a  

P  

r  

s  

a  

a  

a  

a  

t  

s  

C  

w  

e  

l  

s
 

i  

v  

c  

e  

d  

t  

s  

s  

l  

i  

s  

r  

b  

a

3

T  

h  

w  

S  

e  

t  

m  

i  

c  

l  

m  

e  

t  

t  

o  

w  

l
 

o

I

w  

c  

c  

s  

a  

a  

I  

o  

a




t  

p




w  

l  

c  


  

w  

d  

e  

i  

h  

i  

w  

e  

i  

u  

a  

t  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/rasti/article/3/1/636/7762190 by guest on 03 D

ecem
ber 2024
UV and visible frequency ranges. Spectra which involve transi-
ions between electronic states (i.e. rotation-vibration-electronic or
ovibronic transitions), typically between the ground and an excited
lectronic state, occur, with some exceptions, in the UV and/or visible
egion. In these cases, the line broadening due to pre-dissociative
ffects can dominate the collisional (pressure) broadening by some
rders of magnitude. These broadening are caused by the associated
ifetimes of quasi-bound transitions decreased. A new data format
as recently been proposed to capture (Tennyson et al. 2023 ) and
se (Yurchenko et al. 2024 ) the pre-dissociative line broadening in
pectroscopic data bases. 

In the case of rovibronic transitions between bound low-lying
ibrational levels of electronic states, available measurements show
o well pronounced J -dependencies in the collisional broadening
f rovibronic transitions. The absence of rotational dependence of
he collisional (pressure) broadening means that rotational energy
ransfer is of minor importance and the broadening parameters
re mainly influenced by elastic collisions. For such transitions
ine widths and line shifts have the same orders of magnitude.
s mentioned by Margenau ( 1936 ), lines of rovibronic (bound–
ound) transitions are broadened and shifted similarly to atomic
ines of a similar type and a similar energy jump. Indeed, the
rst theoretical approaches to pressure-induced line widths/shifts
sed the model of a classical oscillating radiator whose phase is
odified during collision by a random amount, leading thus, via
 ourier-inte gral analysis, to a ‘dispersion’ (Lorentz) profile. For
xample, Lindholm ( 1945 ) and Foley ( 1946 ) successfully developed
uch theories. F ole y ( 1946 ), in particular, argued that non-adiabatic
ffects are small for atoms due to large gaps between their electronic
evels but can occur for molecular IR transitions because of similar
nergy differences between the rotational levels of the radiator
nd perturber. Detailed analyses of some representative one-term
nteractions (dipole–dipole, quadrupole–quadrupole, and dispersive)
n the framework of phase-shift theory were made by Mizushima
 1951 ) who also considered velocity averaging and derived line-
idth and line-shift expressions (intended for microwave transitions)
ith explicit temperature dependencies. These expressions served

s a basis for the power law of equation ( 2 ). Later, Hindmarsh,
etford & Smith ( 1967 ) accounted additionally for short-range
epulsive forces via a Lennard-Jones 12-6 potential model but for
implicity conducted their deri v ation with the mean-thermal-velocity
pproximation. Temperature dependence of collisional broadening
nd shifts of atomic and molecular rovibronic lines has been also
ddressed by Cybulski et al. ( 2013 ). Quantum-mechanical adiabatic
pproaches were initiated by Jablonski ( 1937 , 1945 ) who assumed
he gas to be a very large ‘molecule’ and calculated the stationary
tates of internal motion. A unified model relying on the Franck-
ondon principle and containing both impact and quasi-static limits
as proposed by Szudy & Baylis ( 1975 ). The authors retrieved the

xpressions of Lindholm ( 1945 ) and Foley ( 1946 ) in the classical
imit and suggested also a first-order correcting term leading to line
hapes with an asymmetry effect. 

When there is an interaction with one or more dissociative states,
.e. pre-dissociations, the broadening can vary significantly due to a
ariation in the lifetimes of the excited states. The broadening in this
ase is a manifestation of such interaction with the continuum. The
xtent of the line broadening (or lifetime of the state in question)
erives from the strength of the pre-dissociation, i.e. the strength of
he coupling between the bound excited states and the dissociative
tates. Typically non-radiative lifetimes of electronically excited
tates are ca. 10 −8 s which result in widths of 5 × 10 −4 cm 

−1 . For
ifetimes of 10 −13 s the linewidth will be 50 cm 

−1 which will result
ASTAI 3, 636–690 (2024) 
n the rotational structure disappearing. For non-radiative lifetimes
horter than 10 −15 s, the vibrational structure disappears and will
esemble a continuum. These types of pre-dissociation-induced line
roadenings have been well documented experimentally for o v er half
 century (see chapter 7.4.2 in L ́efebvre-Brion & Field 2004 ). 

.2 Theor etical appr oaches to line-shape parameters: atoms 

he broadening of alkali lines by rare gases is a problem which
as been e xtensiv ely inv estigated in e xperimental and theoretical
ork (Allard & Kielkopf 1982 ; Burrows & Volobuyev 2003 ; Allard,
piegelman & Kielkopf 2016 ; Allard et al. 2019 , 2023 , 2024 ; Peach
t al. 2020 ). A theory of spectral line broadening has been developed
o calculate neutral atom spectra given the interaction and transition
oments for rele v ant states of the radiating atom with other atoms in

ts en vironment. W ithin this framework it is possible to compute the
omplete spectrum with a unified approach. Unlike impact theories of
ine broadening which predict a Lorentzian line or the approximation
ethods of Szudy & Baylis ( 1975 , 1996 ) the unified theory of Allard

t al. ( 1999 ) provides an accurate spectrum from the line centre
o the extreme wing. Complete details and the deri v ation of the
heory are given by Allard et al. ( 1999 ). The approach is based
n quantum theory of spectral line shapes by Baranger ( 1958a , b )
ith an adiabatic representation to include the de generac y of atomic

evels. 
The spectrum I ( �ω) can be written as the Fourier transform (FT)

f the dipole autocorrelation function 
 (s), 

 ( �ω ) = 

1 

π
Re 

∫ +∞ 

0 

 ( s) e −i�ωs d s , (3) 

here �ω is the angular frequency difference from the unperturbed
entre of the spectral line. The autocorrelation function 
 (s) is
alculated with the assumptions that the radiator is stationary in
pace, the perturbers are mutually independent, and in the adiabatic
pproach the interaction potentials give contributions that are scalar
dditive. This last simplifying assumption allows the total profile
 ( �ω) to be calculated when all the perturbers interact, as the FT
f the N 

th power of the autocorrelation function φ(s) of a unique
tom-perturber pair. Therefore, 

 ( s) = ( φ( s)) N , (4) 

hat is to say, the interperturber correlations are ne glected. F or a
erturber density n p , 

 ( s) = e −n p g( s) , (5) 

here decay of the autocorrelation function with time leads to atomic
ine broadening. When n p is high, the spectrum is e v aluated by
omputing the FT of equation ( 5 ). The real part of n p g( s) damps
 ( s) for large s but this calculation is not feasible when extended
ings have to be computed at low density because of the very slow
ecrease of the autocorrelation function. An alternative is to use the
xpansion of the spectrum I ( �ω) in powers of the density described
n Royer ( 1971 ). For the implementation of alkali lines perturbed by
elium and molecular hydrogen in atmosphere codes, the line opacity
s calculated by splitting the profile into a core component described
ith a Lorentzian profile, and the line wings computed using an

xpansion of the autocorrelation function in powers of density. The
mpact approximation determines the asymptotic behavior of the
nified line shape correlation function. In this way the results are
pplicable to a more general line profile and opacity e v aluation for
he same perturbers at any given layer in the photosphere or planetary
tmosphere. 
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In Allard et al. ( 2019 ) the use of a density expansion in the opacity
ables is re vie wed. When the expansion is stopped at the first order
t is equi v alent to the one-perturber approximation. Previous opacity 
ables were constructed to third order allowing us to obtain line 
rofiles up to N He / N H 2 = 10 19 cm 

−3 . The new tables are constructed
o a higher order allowing line profiles to N He / N H 2 = 10 21 cm 

−3 . 

.3 State-of-the-art – data availability 

.3.1 Molecular line profiles 

oigt parameters: it is now recognized in the (exo-)atmospheric 
ommunity that Earth’s conditions with the oxygen and nitrogen as 
he main collisional broadeners are not default ones, especially for hot 
upiter exoplanets, where hydrogen and helium dominate molecular 
ollisions. Although, as noted below, broadening parameters are 
ecoming available for a small number of systems which deviate 
rom the Voigt profile, the vast majority of available data are for Voigt
roadening parameters. Even so, collisional broadening parameters 
hich are required for computing Voigt profiles are missing or 

ncomplete for a larger number of the rele v ant molecules (see Sec-
ion 2 ) and are therefore in practice substituted by crude ‘guestimates’
hen generating molecular opacities for the subsequent use in the 

adiative transfer calculations. Indeed, computing opacities without 
ine profiles is meaningless, i.e. ‘something’ is al w ays better than
nothing’, but the errors involved are usually difficult to quantify. 
he impact of using incorrect broadening parameters was shown by 
iraula et al. ( 2022 , 2023 ) to impact retrieved exoplanet properties. 
HITRAN no w includes dif ferent broadening species applicable 

o planetary atmospheres, as shown in Table 7 . The addition of
hese parameters to the data base is carried out by searching the
iterature for accurate experimental measurements, which can be fit 
o a rotationally dependent function (see Wilzewski et al. 2016 ; Tan
t al. 2019 , 2022 ). This enables the functions to be applied to the high-
emperature line lists of data bases such as ExoMol and HITEMP.
hese broadeners are representative of the typical species in the (exo- 

atmosphere under study: a mix of H 2 and He for gas giants, CO 2 

or rocky planets, and H 2 O for tropical atmospheric scenarios (or
ater-dominated atmospheres). The temperature dependence of line 
roadening parameters has also recently been under investigation. 
ndeed line shapes are described by different parameters such as 
he pressure broadening and pressure shift coefficients and their 
espective dependence on temperature; this applies to both molecules 
nd atoms. The species and broadeners for which Voigt broadening 
arameters are currently available in the ExoMol data base can be 
ound online. 17 A complete set of air-broadening parameters have 
een generated using machine learning (Guest et al. 2024 ) and a large
umber of broadening parameters based on the theory of Buldyre v a,
urchenko & Tennyson ( 2022 ) have also been added recently. 
Empirical χ -factor corrections: Solar System applications have 

hown that the Voigt profile, tending to a Lorentz profile with 
ncreasing pressure, is not applicable for high-pressure conditions 
here a sub-Lorentzian profile needs to be used (B ́ezard et al.
011 ). The pressure is so high in the lower layers of the atmosphere
hat the line-interference (intensity-transfer, also called line mixing) 
ffects, in particular line (and, therefore, band) wings, need to 
e accurately modelled. For now, the band shapes obtained in 
he impact-approximation (Markov) limit of collisional-broadening 
heory (which is invalid for large detunings from the band centre) 
7 https:// exomol.com/ data/ data-types/ broadening coefficients/ 

1

2

2

re empirically corrected via so-called χ -f actors, as, e.g. Tonk ov
t al. ( 1996 ) and B ́ezard et al. ( 2011 ) for CO 2 on Venus and the
ecent confirmation by laboratory measurements (Mondelain et al. 
022 , 2023 ). Empirical χ -factor corrections were also used to model
ar-wing absorption for CO 2 at high pressures and temperatures 
Tran et al. 2011 ; Cole et al. 2023 ), CH 4 (Tran et al. 2011 ), and
 2 O (Tran et al. 2011 ). The artificial χ -factors as well as the forced

e-normalization procedure in the impact-approximation models 
ecome unnecessary if a non-Markovian approach operating with a 
requency-dependent relaxation matrix and a symmetric metric in the 
ine space is employed (Buldyre v a & Daneshvar 2013 ; Filippov et al.
013 ), but the collision-induced absorption (while rele v ant) should
e correctly modelled; see Section 5 . Even for correctly modelling
ethane absorption in the cold ice giant atmospheres, for example, 

aving more precise line profiles can be important. 
Double-power law: Gamache & Vispoel ( 2018 ) suggested to 

orrect equation ( 2 ) by adding a supplementary power term (the so-
alled double-power law), with an analogous two-term expression 
or the shifts, in order to model line widths and shifts o v er large
emperature intervals with the same parameters’ sets. So far, this 
as been applied to the H 2 O-CO 2 collisional system, with respective
arameters published in R ́egalia et al. ( 2019 ), to CO 2 -H 2 O reported
n Vispoel & Gamache ( 2024 ), and to He-broadening of H 2 and
D (Wcisło et al. 2021 ; Stankiewicz et al. 2021 ). 
The importance of laboratory measured broadening param- 

ters: as mentioned earlier in this section, accurate laboratory 
roadening measurements are critical for the production of rotation- 
lly dependent broadening parameters, many of which have been 
ompiled in the HITRAN data base (see Table 7 ). A few examples of
aboratory measurements of broadening coefficients to study Earth, 

ars, Jupiter, and other planetary compositions for key absorbers 
nclude Smith et al. ( 2014 ), Sung et al. ( 2020 ), Devi et al. ( 2016 ),
nd Lavrentie v a & Dudaryonok ( 2020 ). Available measurements that
re rele v ant to high-temperature atmospheres, are not all necessarily
ele v ant to high-metallicity atmospheres (e.g. Baldacchini et al. 2001 ; 
oldenstein, Jeffries & Hanson 2013 ; Gharib-Nezhad et al. 2019 ;
ousefi et al. 2021 ), or are only limited to a small spectral region.
urther details can be found in Hartmann et al. ( 2018b ). Nevertheless,
uch measurements in the laboratory are an important component 
f compiling broadening parameters for a large range of species, 
pectral regions, broadening species, temperatures, and pressures. 

.3.2 Atomic line profiles 

a and K: the resonance line doublets of atoms such as Na and K can
ave a large impact on the spectra of exoplanets and Brown Dwarfs,
s demonstrated by, for example, Allard et al. ( 2019 ) and Whiteford
t al. ( 2023 ). Such strong lines as these require detailed computations
o model the line profile and wings far from the line centre. Typically
orks such as Allard et al. ( 2016 ) for K perturbed by H 2 , 18 Allard

t al. ( 2024 ) for K perturbed by He, 19 Allard et al. ( 2019 ) for Na
erturbed by H 2 , 20 Allard et al. ( 2023 ) for Na perturbed by He, 21 or
urrows & Volobuyev ( 2003 ) for Na and K perturbed by a mixture
f H 2 and He, are used in the computation of opacities for exoplanet
nd Brown Dwarf atmospheres. See also Sharp & Burrows ( 2007 )
RASTAI 3, 636–690 (2024) 

https:// cdsarc.u-strasbg.fr/ viz-bin/ qcat?J/ A+A/ 589/ A21 
9 https:// cdsarc.cds.unistra.fr/ viz-bin/ cat/ J/ A+A/ 683/ A188 
0 http:// cdsarc.u-strasbg.fr/ viz-bin/ qcat?J/ A+A/ 628/ A120 
1 https:// cdsarc.cds.unistra.fr/ viz-bin/ cat/ J/ A+A/ 674/ A171 

https://exomol.com/data/data-types/broadening_coefficients/
https://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/589/A21
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/683/A188
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/628/A120
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/674/A171
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or empirical estimates used for other atomic (and molecular) line
roadening parameters. 
For the strongest atomic lines (K, Na, He) individual line absorp-

ion can dominate the entire observed spectroscopic region and very
ccurate shapes are mandatory, as described abo v e. F or others (Fe,
a, Mg etc.), the atomic features are less intense and can be very
ense, comparable to the molecular lines. In this case, the spectra
re less sensitive to the individual lines. We do not go in detail here
n these other species, and instead focus only on Na and K which
re most rele v ant to high-temperature exoplanet atmospheres due to
heir e xtensiv e line wings. 

.4 Data used by retrieval codes 

s previously highlighted in this section, the vast majority of
tmospheric modelling and retrie v al codes use the Voigt profile as the
urrent standard for temperature- and pressure-broadened opacities. 

The broadening parameters used for computing opacities (either
n-the-fly or pre-computed; see Section 4 ) will have an impact on the
esulting radiative transfer models (e.g. Gharib-Nezhad & Line 2019 ;
nisman et al. 2022b ). It is important to compute (or choose, if pre-

omputed) opacities which are rele v ant for the atmosphere which is
eing modelled, both in terms of temperature and pressure, and also
hat the main broadening species are (e.g. H 2 /He-dominated, H 2 O-
ominated, and CO 2 -dominated atmospheres). Often broadening
ata are supplied alongside line lists, which may then be typically
sed in the computation of opacities. One of the main differences
etween opacity computations is the extent out to which the line
ings are calculated from the line centre (see for example, Gharib-
ezhad et al. 2024 ). The ExoMolOP data base (Chubb et al.
020b ) employs the line profiles of Allard et al. ( 2016 , 2019 ) in
omputing the resonance line opacities of K and Na, respectively,
roadened by H 2 . For the molecular opacity Voigt line profiles in
he ExoMolOP data base, averaged- J broadening parameters for
 2 , and He broadening were used for those species with available
ata at the time, as outlined in table 2 of Chubb et al. ( 2020b ). The
oigt line wings were computed up to 500 Voigt widths from the

ine centres, up to a maximum cutoff of 25 cm 

−1 . The EXOPLINES
ata base (Gharib-Nezhad et al. 2021 ) uses a Voigt profile with a
ariable line-wing cutoff depending on the pressure (30 cm 

−1 for
 ≤ 200 bar and 150 cm 

−1 for P > 200 bar), but note the lack
f available broadening coefficients for the species they compute
pacities for (including a number of metal hydrides). They therefore
stimated parameters to use in a similar way to Chubb et al.
 2020b ), based on the similarity between molecular symmetry or
ipole moments that these absorbers have with the available Lorentz
oefficients. Some works, such as Gharib-Nezhad & Line ( 2019 ) and
nisman et al. ( 2022b ) use opacities which were computed assuming
 2 O-broadening parameters, extracted from the HITRAN2020 data
ase (Gordon et al. 2022 ). The opacities computed for the Helios-
2 retrie v al code (Kitzmann et al. 2020 ; Grimm et al. 2021 ) are
omputed using a Voigt profile. The impact of the spectral line wing
ut-off has been recently reviewed by Gharib-Nezhad et al. ( 2024 ),
ith the recommendation for the following line wing cut-offs to be
sed for current computations using the Voigt profile: 25 cm 

−1 for
 ≤ 200 bar and 100 cm 

−1 for P > 200 bar. 

.5 What’s being w ork ed on? 

achine learning approaches: so far, the theoretical methods used
or line broadening are very limited in what they can realistically
ASTAI 3, 636–690 (2024) 
rovide, in terms of the molecular species, spectral ranges and tem-
erature co v erage. Machine learning (ML) represents an attractive
lternative to fill the existing data gaps in broadening data due to
ts relative simplicity, which has been recently explored to produce
ir broadening data in the ExoMol data base (Guest et al. 2024 ).
onsidering the success of ML in a wide range of applications and

he fast progress in the development of ML techniques, the work in
his direction will continue. 

(Vib)rotational line-shape parameters: the extreme conditions
xperienced by most observable exoplanets (high temperatures and
uge levels of ionization) lead to the formation of ‘exotic’ species
hose spectroscopic parameters are often impossible to measure in

tandard laboratory experiments. A significant number of required
erturbers and non-existing empirical PESs to practice ‘standard’
heoretical approaches described in Section 3.1 . Therefore, for a
ough J -independent theoretical estimate for IR/MW line width (in
m 

−1 atm 

−1 ), the following expression for the Lorentzian HWHM
as been recently suggested (Buldyre v a et al. 2022 ): 

L = 1 . 7796 × 10 −5 m 

( m − 2) 

1 √ 

T 

√ 

m a + m p 

m a m p 

d 2 , (6) 

here only the index m = 2( q − 1) of the leading long-range in-
eraction V ∼ R 

−q , the active- and perturbing-molecule masses m a ,
 p , and the kinetic diameter of the molecular pair d = ( d a + d b ) / 2

re required at the input temperature T . Besides the neutral active
olecules, equation ( 6 ) holds also for ionic absorbers. It has been

mployed to produce line-width data (Buldyre v a et al., in prepa-
ation) for more than fifty active species (and their isotopologues)
elf-perturbed and perturbed by He, Ar, O 2 , H 2 , N 2 , CO, CO 2 , NO,
 2 O, NH 3 , and CH 4 at the reference temperature of 296 K. These
ew data are progressiv ely inte grated into ExoMol as new files of
xoMol Diet (Barton et al. 2017 ) and into the definition.def files for
ll line lists of a considered molecule. 

Rovibronic line-shape parameters: the same goal of providing
t least approximate values of line-shape parameters for electronic
ransitions in hot-temperature active molecules concerned by Ariel
as initiated recently a study (Buldyre v a et al. 2024 ) revisiting
lassical phase-shift theory. Besides a general analysis for arbitrary
olecular pairs (including the points on the temperature depen-

ence and Maxwell-Boltzmann averaging over relative velocities),
mpro v ements of the potential and trajectory descriptions were
ttempted. Detailed calculations, based on specially computed state-
f-the-art PESs, were done for some representative molecular pairs
NO and OH perturbed by N 2 and Ar, selected because of available
xperimental data). As intended, for the considered molecular part-
ers the calculated line-shape parameters were found to be consistent
ith measurements within 30–40 per cent in wide temperature ranges

300–3000 K). Although this phase-theory approach requires knowl-
dge of the isotropic interaction PESs associated with the excited and
round radiator’s states, it has a much lower computational cost with
espect to quantum-mechanical methods which, in addition, become
npractical at high temperatures. 

.6 Data needs: what’s missing and urgent? 

n general, we would advocate for a consistent set of parameters
hich co v er an adequate spectral range for each species of impor-

ance. This includes species which require new or impro v ed line lists
n Section 2.4 . The need for the accurate treatment of line broadening
ffects in atmospheric retrievals is known to play an important role
n atmospheric models, and more so with emerging observational
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acilities, regardless of if they are space-based (lower resolution) such 
s JWST and Ariel or ground-based (high resolution) such as the VLT
r ELT (Hedges & Madhusudhan 2016 ). Studies such as Gharib- 
ezhad & Line ( 2019 ), Niraula et al. ( 2022 ), and Anisman et al.

 2022b ) highlight the impact of using different broadening species 
or computing spectral line shapes on model atmospheric spectra, 
ndicating that incorrect line shapes will likely lead to biases when 
nalysing observed spectra. Gharib-Nezhad & Line ( 2019 ) find that 
mission spectra are particularly affected by incorrect broadening 
arameters, with the differences observed highly dependent on the 
ressure-temperature structure of the atmosphere. There will be 
n impact on the radiative balance and thermal structure of the 
tmosphere. In the frame of the Ariel mission, the requirement of
 consistent set of parameters which co v er an adequate spectral
ange for each species of importance is a challenging request as
riel aims to observe about 1000 exoplanets ranging from Jupiters 
nd Neptunes down to super-Earth size in the visible and the 
nfrared with its meter-class telescope (Edwards et al. 2019b ). This
mplies very different broadeners and pressure and temperature 
onditions. Line shapes accurate at high temperature, up to 2500 K, 
re high up on the list. This includes temperature exponents of the
ine parameters as temperature-dependent line mixing effects for 
he main molecular species at least. The most important broad- 
ners to be considered remain the usual suspects; H 2 , He, CO 2 ,
nd H 2 O. 

(i) Species occurring in JWST studies: see the first point in 
ection 2.4 , with line broadening parameters also required up to 
igh temperatures for the listed species. 
(ii) Species relevant to lava planets: the broadening for 
olecules important in lava planet environments require very dif- 

erent types of line-broadening to other commonly studied planets, 
hich are generally not currently available (see for example, Ten- 
yson & Yurchenko 2017 ). This includes species such as KOH, 
aOH, SiO 2 , CaOH, FeO, MgO, MgOH (Schaefer et al. 2012 ;
ahapatra et al. 2017 ; Tennyson & Yurchenko 2017 ), whose spectra
ill be broadened by exotic molecules. 
(iii) H 2 and He broadeners at high temperatures: there has 

een significant progress recently in the provision of line broadening 
arameters for H 2 /He dominated atmospheres such as of hot Jupiters
r hot Neptunes. Even so, it should be acknowledged that while 
any species in HITRAN have broadening parameters for terrestrial- 

ele v ant molecules, H 2 and He broadening parameters are not 
vailable for some important species such as CH 4 . 

(iv) N 2 broadening: it is known from studies of the Solar System 

hat broadening by N 2 is required for the remote sensing of Titan (He
t al. 2022b ). Currently, N 2 is not separated from ‘air’ in HITRAN,
ut is included as a broadening gas for many absorption cross-
ections included in HITRAN that have been observed in Titan’s 
tmosphere. 

(v) Species relevant to heavy atmospheres: the availability of 
roadening data with species such as CO 2 and H 2 O as broadeners is
lso relatively limited (see e.g. Table 7 ). 

(vi) Rotational- and vibrational-dependence: while the rota- 
ional ( J )-dependence is often not known for many species (see e.g.
harib-Nezhad et al. 2021 ), the vibrational dependence is even less

tudied but generally considered to be less important, see Guest et al.
 2024 ) for example. 

(vii) Beyond Voigt profiles: introducing a new line profile, 
uch as Hartmann-Tran (see Section 3.1 ), implies introducing new 

ine parameters. This complicates the release of parameters and 
ecipes to the community. Efforts are made, and for instance, 
API 22 (Kochanov et al. 2016 ) enables any user to choose a set of
dequate line parameters depending on the atmospheric conditions of 
heir spectra. Nevertheless, issues arise when the available parameters 
o not entirely co v er the required spectral range and different data
ets need to be combined. This results in a lack of traceability and
oor reliability on the retrie v als’ results. We would therefore advocate
or a consistent set of parameters which co v er an adequate spectral
ange. Note that the various representations of the profiles are not
rthogonal fits so the parameters cannot be used reliably in other
unctional forms. 

(viii) Line mixing: A recent o v erview of line mixing, which
auses potentially large deviations from a Voigt profile at high 
ressures, can be found in Gharib-Nezhad et al. ( 2024 ). We are
ot aware of any exoplanetary models which currently allow for the
ffects of line mixing, but these effects may become more important
ith newer instruments that can probe high-pressure regions of 

round 1–10 bar. 
(ix) Deuterated species: deuterated molecular species are tar- 

eted in the (exo-)planetary community to infer planetary evolution. 
ypical targets for these kinds of investigation are hydrocarbons 
nd water: C 2 HD, CH 3 D, and HDO (Villanue v a et al. 2022 ) all
ave the property that they have different symmetry to their parent
sotopologue. Broadening parameters for these species are important 
ut the change of symmetry means the usual practice of transferring
roadening parameters between isotopologues will not work for these 
ases. 

(x) Atomic species: line parameters for atomic species are gen- 
rally not readily available (with the previously noted exceptions of 
he strong Na and K doublets broadened by H 2 and He), which can
ead to uncertainties in the calculated cross-sections. As shown in 
rimm et al. ( 2021 ), the use of a Voigt profile for atomic lines is
ot al w ays suitable. For instance the wings of autoionization lines
re more appropriately described by a so-called Fano profile (Fano 
961 ), which decreases much faster than a Voigt profile. Using a
oigt profile for these lines will result in an o v erestimate of the
bsorption, creating an artificial continuum. Other problematic lines 
or atomic species are resonance lines, where using a normal Voigt
rofile can also lead to o v er- or underestimated absorption. 
(xi) Limitations of experimental studies on some species: as 

oted in Section 2.1.2 (high-temperature experimental measure- 
ents) experimental measurements can be particularly challenging 

or reactive (or toxic) species, especially at high temperatures, which 
an limit the availability of parameters. It is therefore not uncommon
or some spectroscopic parameters, such as pressure-broadening (Tan 
t al. 2022 ), to be based only on limited laboratory measurements
or some molecules. For example, inorganic salts are very difficult 
o sublimate and keep in the gas phase. These molecules, where
ossible, could be targets of theoretical studies instead. 
he lack of the line shape data also means the lack of understanding
f their importance on the atmospheric characterization. More work, 
oth experimental and theoretical is required. 

 COMPUTED  CROSS-SECTI ONS  A N D  

PAC I TI ES  

ine lists (see Section 2 ) give all the information required (such as up-
er and lower energy levels, transitions, and typically either Einstein- 
 coefficients or intensities at a reference temperature) to generate a

ross-section at a given temperature and pressure. Line lists will 
RASTAI 3, 636–690 (2024) 
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ave a maximum temperature up to which they are considered
omplete; cross-sections computed abo v e these temperatures will
ave opacity missing. This is because hot band transitions between
nergy levels of higher energy than are populated for the maximum
ine list temperature will not be taken into account. When computing
ross-sections various choices need to be made, such as what line
ist, line profile, line-wing cutoff, and broadening parameters to use
see Sections 2 and 3 ). These will partly be determined by the
equirements of the cross-sections being computed: will they be
sed for modelling Earth-like planets, in which case a line list such
s HITRAN might be the most appropriate, or hotter exoplanets, in
hich case a line list computed or measured up to high temperatures

s more appropriate, such as those provided by data bases such as
ITEMP (Rothman et al. 2010 ), ExoMol (Tennyson et al. 2020 ), or
heoReTs (Rey et al. 2016a ). If the cross-sections are for modelling
r retrieving atmospheric properties of a hot gas giant exoplanet, then
he atmospheric composition will be typically dominated by H 2 and
e. The choice of broadening parameters in Section 3 will thus be
 2 and He for such atmospheres, whereas for a planet with a heavier

tmosphere, heavier broadening species such as H 2 O or N 2 will be
ore appropriate. Partition functions are also required for computing

ross-sections; these are typically included as part of a line list (see
ection 2 ), with tools such as TIPS (Gamache et al. 2021 ) available
or computing partition functions for the HITRAN2020 data base.
tudies such as Niraula et al. ( 2022 , 2023 ) highlight how different
hoices, including line lists, broadening coefficients, and far-wing
ehaviours, can impact interpretations of observed spectra. Niraula
t al. ( 2023 ) explore the impact of opacity choices on the atmospheric
roperties of the JWST NIRSpec/G395H transmission spectra of
ASP-39 b (Alderson et al. 2023 ). Both Niraula et al. ( 2022 ) and
iraula et al. ( 2023 ) conclude that the incompleteness and inaccuracy
f line lists is the biggest issue in the accurate retrie v al of atmospheric
roperties from observations. Niraula et al. ( 2022 ) find strong biases
ue to incorrect line broadening assumptions, with the effects due to
ncomplete knowledge of far line wings greater for super-Earths than
arm-Jupiters. They find the strongest biases, ho we ver, are due to
sing a line list which is incomplete at the atmospheric temperature
eing probed (i.e. using HITRAN instead of HITEMP or ExoMol for
 hot Jupiter exoplanet atmosphere).Villanue v a et al. ( 2024 ) present
omparison tests designed for the exoplanetary community, in order
o identify the effects of different input data choices, such as opacity
ormat and line list source. 

Opacity files are typically provided as either: (1) high-resolution
ross-sections, (2) sampled cross-sections, or (3) correlated-k coeffi-
ients, also known as k-tables. The general process is to compute
igh-resolution cross-sections (typically with a grid spacing of
round 0.1 cm 

−1 or 0.01 cm 

−1 , or R = 

λ
�λ

∼ 1000 000) for a grid of
emperatures and pressures (typically spanning pressures of at least

1 × 10 −5 –100 bar, and temperatures ∼100 K–3000 K), and then,
sually for reasons of computational feasibility, to either sample
hese cross-sections at a lower resolution ( λ

�λ
∼ 10 000–20 000),

r compute k-tables at λ
�λ

∼ 300–5000, if the application is for
ower resolution applications such as characterizing Ariel or lower-
esolution JWST observations. These resolutions are approximately
qui v alent to one another for achieving the same accuracy when used
n an atmospheric modelling or retrie v al code. The general principle
f k-tables is to order spectral lines within a given spectral bin,
roducing a smooth cumulative distribution function to represent
pacity, which can then be more efficiently sampled than cross-
ections being sampled without any ordering of the spectral lines,
ith less loss of opacity for the same resolving power (see for
ASTAI 3, 636–690 (2024) 
xample, Min 2017 ; Chubb et al. 2020b ; Leconte 2021 , for further
etails). 
Super-lines: very large line lists can contain billions of lines be-

ween millions of energy level states, for example the latest ExoMol
H 4 line list consists of o v er 50 billion transitions between 9 million

tates (Yurchenko et al. 2024d ). The computation of opacities from
uch large line lists can benefit from techniques such as the super-
ines method (Rey et al. 2016a ; Yurchenko et al. 2017 ; Tennyson
t al. 2020 ), which yields a vast impro v ement in computational
peed when computing high-resolution cross-sections. Either line
ntensities can be computed at a given temperature, and then the
ntensities of all lines within a specified spectral bin summed together
o create a so-called super-line. If a high enough resolving power,
uch as R = 

λ
�λ

∼ 1000 000, is used for the creation of the super-lines
hen the o v erall opacity will be conserved (Yurchenko et al. 2017 ;
hubb et al. 2020b ; Tennyson et al. 2020 ). Alternatively, some line

ists, such as the CH 4 line lists of ExoMol (Yurchenko et al. 2017 )
nd TheoReTs (Rey et al. 2014b , 2016a ), are already partitioned
nto a large set of relatively weak lines and a small set of important,
tronger lines. When computing opacities, the weaker lines can be
ombined into a set of super-lines (or ef fecti ve lines as done for
H 4 in HITEMP; Hargreaves et al. 2020 ), with broadening of the

tronger lines treated individually. Irwin et al. ( 2019 ) employed a
imilar ‘pseudo continuum’ approach when employing the NH 3 line
ist of Coles et al. ( 2019b ) to analyse the visible spectrum of Jupiter,
nding a great increase in efficiency with very little loss of accuracy.

.1 State-of-the-art – data availability 

here are some programs which have been developed by line list
roducers to generate cross-section data from line lists, such as
xoCross 23 (Yurchenko et al. 2018d ) and pyExoCross 24 (Zhang
t al. 2024 ) (ExoMol), and HAPI (HITRAN) 25 (Kochanov et al.
016 ). Other tools have been developed by line list users, such
s HELIOS-K 

26 (Grimm & Heng 2015 ), Exo-k 27 (Leconte 2021 ),
ADIS 

28 (Pannier & Laux 2019 ; van den Bekerom & Pannier 2021 ),
nd others (Min 2017 ). Various data bases are available which have
ade use of tools such as these to compute opacities. Each will

ave their own set of assumptions and choices used when computing
he opacities, depending on the intended applications: some data
ases provide high resolution cross-sections and some sampled cross-
ections or k-tables (see the introduction to this section), often
ormatted for direct use in a particular atmospheric retrie v al or
odelling code. Some codes, which employ a so-called line-by-

ine method, work directly from line lists, and so do not require
hese opacity files. In such an approach assumptions about line
roadening are made by the user at the time of running the code and
o it can be considered to be more flexible, ho we ver it can become
omputationally unfeasible for atmospheric retrie v als which co v er a
arge range of pressures, temperatures, and wavelengths. Table 10
ives a non-exhaustive list of opacity data bases employed by typical
odes used to compute models or run retrie v als rele v ant for the Ariel
pace mission, along with other applications. Some additional notes

https://github.com/Trovemaster/exocross
https://github.com/ExoMol/PyExoCross
https://hitran.org/hapi/
https://github.com/exoclime/HELIOS-K
https://perso.astrophy.u-bordeaux.fr/~jleconte/exo_k-doc/index.html
https://github.com/radis/
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n these data bases are given in Section 4.2 . It is important, although
ot al w ays the case, for modelling and retrie v al studies to report on
he opacities they use and either cite or explain the assumptions that
ent into computing those opacities. This allows for traceability and 

or analyses to be reproducible. 

.2 Data used by retrieval codes 

olecular opacities (cross-sections and k-tables) are now included in 
an y radiativ e transfer codes and associated libraries, such as those

isted in Table 2 . The opacity data bases listed in Table 10 are available
nline and although some are formatted with specific retrie v al or
odelling codes in mind, they can generally be adapted for more

eneral use or for different codes. ExoMolOP (Chubb et al. 2020b )
as k-tables and cross-sections for currently around 80 species in 
he ExoMol data base formatted for direct input into TauREx3 (Al-
efaie et al. 2021 ), ARCiS (Ormel & Min 2019 ; Min et al. 2020 ),
EMESIS (Irwin et al. 2008 ), petitRADTRANS (Molli ̀ere et al.
019 ) (see Table 2 ). The EXOPLINES (Gharib-Nezhad et al. 2021 ),
andhi2020 (Gandhi et al. 2020 ), MAESTRO (Batalha et al. 2022 ),

nd D A CE (Grimm et al. 2021 ) data bases/compilations all contain
igh-resolution cross-sections for various pressures and tempera- 
ures. These can be sampled down to a smaller desired resolution
or practical use, or converted to k-tables. Various tools currently 
xist for this, including Exo-k 29 (Leconte 2021 ), with more tools
xpected to be become openly available in the near future. We note
here are various file formats used for storing opacity data which are
ften different for different retrieval codes; popular choices include 
DF5 (Molli ̀ere et al. 2019 ; Al-Refaie et al. 2021 ), pickle (Al-Refaie

t al. 2021 ), or FITS (Min et al. 2020 ). 
The need to interpret observational spectra co v ering a wide range

f atmospheric conditions robustly and benchmark them across 
arious studies inspired the creation of the MAESTRO (Molecules 
nd Atoms in Exoplanet Science: Tools and Resources for Opacities) 
ata base. MAESTRO is a NASA-supported, open opacity service 
ccessible to the community through a web interface. 30 Primary 
ims of the MAESTRO project are to incorporate the most up-to-
ate line lists, establish community standards for computing opacity 
ata (see e.g. Gharib-Nezhad et al. 2024 ), and offer insights and
uidance on assumptions and limitations regarding data rele v ancy 
nd completeness, particularly concerning different atmospheric 
ompositions. The o v erall goal is to create one uniform and standard
ata base for opacities. MAESTRO currently hosts high-resolution 
ata from various sources such as EXOPLINES (Gharib-Nezhad 
t al. 2021 ) and ExoMolOP (Chubb et al. 2020b ), which span a large
ange of pressures, temperatures, and wavelengths. The ExoMolOP 

ata hosted by the MAESTRO data base are the high-resolution 
ross-sections which were used to compute the k-table or sampled 
ross-section files mentioned abo v e. There is an option for opacity-
roducers to submit data to MAESTRO via GitHub. 31 

We note the importance of checking opacity files for their original
ine list source to check their accuracy, spectral coverage, and see
hat temperature they are suitable to be used up to; see Section 2 for
 discussion of completeness of the line lists for different species,
hich depends on the temperature up to which a line list is considered

omplete. 
RASTAI 3, 636–690 (2024) 

9 https:// perso.astrophy.u-bordeaux.fr/ ∼jleconte/ exo k-doc/ index.html 
0 https:// science.data.nasa.gov/ opacities/ 
1 https:// github.com/ maestro-opacities/ submit-data 

https://dace.unige.ch/opacityDatabase/
https://exomol.com/data/data-types/opacity/
https://doi.org/10.5281/zenodo.4458189
https://osf.io/mgnw5/?view_only=5d58b814328e4600862ccfae4720acc3
https://science.data.nasa.gov/opacities/
https://perso.astrophy.u-bordeaux.fr/~jleconte/exo_k-doc/index.html
https://science.data.nasa.gov/opacities/
https://github.com/maestro-opacities/submit-data
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.3 What’s being w ork ed on? 

pacities need to be updated periodically as new line lists become
vailable or are updated; work is in progress to keep these data bases
p-to-date, including adding important isotopologues to ExoMolOP.
he MAESTRO data base is also expanding, with new species and

sotopologues to be added in due course. With existing instruments
uch as HST/UVIS and potential future instruments such as the Habit-
ble Worlds Observatory (HWO), comes the requirement for opacity
ata which spans into the UV region, starting around 0.1–0.2 μm.
ork is ongoing to compute opacities down to these wavelengths

or the species which already have some UV data available, and
or future line lists which are in progress. Such opacities will be
ncorporated into data bases such as ExoMolOP and MAESTRO. 

.4 Data needs: what’s missing and urgent? 

(i) External updates and advances: as mentioned at the start
f this section, there are many variables and assumptions that are
ade when computing opacities. As new and impro v ed data become

vailable (line lists, broadening parameters, theoretical knowledge),
hen opacities will ideally need to be recomputed to keep to date with
he latest advances. The requirements of new instruments will also
ave an impact here; opacities for use in characterizing atmospheres
bserved with JWST , for example, need to be at higher resolution than
hose for use in characterizing observations of the same planets using
ST or Spitzer . Theoretical advances in line shape theory could also

mpact new opacities. As mentioned abo v e, opacities which extend
nto the UV are also needed. 

(ii) Heavy and other atmosphere applications: a focus on
eavier atmospheres will require opacities tailored differently (i.e.
ifferent broadening parameters) to those for lighter gas giant
tmospheres. In addition, stellar atmospheres also have their own
equirements (e.g. Cristallo et al. 2007 ). 

(iii) Isotopologues: although there are exceptions and updates
re being made, opacities and line lists can be focused on the
ain isotopologues of a species only. For some species, ho we ver,

sotopologues are more important than in others; for example natural
lemental abundances of 79 Br/ 81 Br and 35 Cl/ 37 Cl require molecules
ontaining these elements to be formed from cross-sections com-
ined from a combination of the two main isotopologues. There is
lso some interest in observing different isotopologues in exoplanet
and brown dwarf) atmospheres (Molli ̀ere & Snellen 2019 ; Barrado
t al. 2023 ), which require accurate opacities to be computed for a
ariety of individual isotopologues for species of interest. 

 COLLISION  I N D U C E D  ABSORPTION  (CIA)  
N D  C O N T I N U U M  DATA  

.1 Collision induced absorption (CIA) 

ollision-induced absorption (CIA) arises as broad features in
tmospheric spectra due to additional spectral absorption occurring
uring collisions between pairs of species, with the interactions
nducing a dipole moment. Symmetric molecules, such as O 2 , N 2 ,
 2 do not possess any permanent or vibrationally induced electric
ipole and are thus microwave and IR inactiv e, although ev en if
xtremely weak, magnetic dipole and electric quadrupole moments
an contribute to the absorption. Nevertheless, significant absorption
s induced through the creation of a transient dipole via intermolec-
lar interactions during their collisions. This process enables one
o reveal the presence of non-polar species in the atmosphere by
ASTAI 3, 636–690 (2024) 
etecting collision induced supramolecules signatures. CIA in dense
ases was disco v ered in 1949 by Crawford and Welsh in the infrared
ange (Crawford, Welsh & Locke 1949 ). Almost immediately after
his disco v ery, it was realized that CIA of electromagnetic radiation
hould be important in just about any cool and dense environment,
ncluding atmospheres of solar and extrasolar planets (Trafton 1964 ;

ayor & Queloz 1995 ), cool white dwarfs (Shipman 1977 ; Mould
 Liebert 1978 ; Bergeron, Saumon & Wesemael 1995 ; Saumon &

acobson 1998 ), brown dwarfs (Burgasser, Burrows & Kirkpatrick
006 ; Geballe et al. 2009 ), cool main sequence stars (Linsky 1969 ;
ansen & Sterl Phinney 1998 ), and the so-called first stars (Rees
976 ; Bromm & Larson 2004 ; Ripamonti & Abel 2004 ; Bromm
t al. 2009 ; Loeb 2010 ). 

The term ‘collision-induced absorption’ is usually used to refer to
ny bimolecular absorption that is absent from the isolated molecules
ut reveals itself as a result of intermolecular interaction (Vigasin &
okhov 2017 ). To understand this process theoretically, a detailed

tatistical analysis of the wide range of thermally exciting interacting
olecules that make up molecular pairs is needed. Three categories of
olecular pairs, all related to a range of the potential energy surface

f the associated van der Waals complex, can be distinguished:
rue bound, metastable, and free pairs. The simultaneous presence
f bound–bound (dimer), bound-free, free–bound, and free–free
collisional) transitions in collision-induced processes makes the
pectral analysis and the theoretical treatment very complex. 

For decades, CIA has been known to contribute significantly to
he transmission of radiation in the Earth’s atmosphere, primarily via
 2 -N 2 , N 2 -O 2 , and O 2 -O 2 (Farmer & Houghton 1966 ; Rinsland et al.
981 , 1982 ), as well as to play a crucial role in the radiation budget
f other planets (Tipping & Poll 1985 ). Different molecular pairs
ave been identified as major contributors to the opacity of planetary
tmospheres, such as H 2 -H 2 , H 2 -He in gas giant planets (Richard
t al. 2012 ), O 2 -CO 2 and CO 2 -CO 2 in Venus’ atmosphere (Gruszka
 Borysow 1997 ) and H 2 -N 2 , N 2 -CH 4 in Titan’s (Borysow & Tang

993 ). In the Solar System, the H 2 dimer has been detected on Jupiter
nd Saturn from the comparison between satellite measurements and
aboratory absorption spectra recorded by McKellar ( 1988 ). Several
onic comple x es were also identified for example in the E-ring of
aturn, where the successive solvation of sodium cations by water
as proposed to assign the observed mass spectrum (Postberg et al.
009 ) H 2 -H 2 and H 2 -He CIA are considered as a thermometer to
easure the thermal structure of the upper tropospheres of the gas

iants (Conrath, Gierasch & Ustinov 1998 ). The opacity of Jupiter
n the far infrared is dominated by the CIA of H 2 -H 2 and H 2 -
e (Trafton 1964 ; Borysow, Moraldi & Frommhold 1984 ; Richard

t al. 2012 ), making them vital components of not only the solar sys-
em gas giant planets but also Jupiter-like exoplanetary atmospheres.
he importance of CIA warming in exoplanets was highlighted

n Ramirez & Kaltenegger ( 2017 ) in the context of rocky planets
ith H 2 -dominated atmospheres. Furthermore, the impact of CIA
n the radiative budget has been demonstrated in the atmospheres
f Earth and Super-Earth mass exoplanets with with H 2 -enriched
tmospheres (Pierrehumbert & Gaidos 2011 ). Other molecular pairs,
ncluding CO 2 have been studied to assess the impact of CIA on
he surface temperature and to draw conclusion on the climate and
abitability of early Mars (Turbet et al. 2019 ; Godin et al. 2020 ;
urbet, Boulet & Karman 2020 ). These CIA signatures are expected

n spectra of hot Jupiters (Bell et al. 2024 ) too. During their campaign
f measurements, Turbet et al. ( 2019 ) showed the disagreement
etween experimental data and the theoretical ab initio calculations
f Wordsworth et al. ( 2017 ). Sufficient wav enumber co v erage and
ppropriate temperature ranges for the data are necessary for the CIA
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ffect to be included. When it comes to symmetric molecules, such as
 2 or O 2 , the CIA contribution is the only way to quantify the density
f these molecules, bearing in mind that their absorption coefficients 
epend on the square density (see e.g. Richard et al. 2012 ). 

.2 Continuum 

ontinuum absorption is a process, and therefore data set, which 
s typically presented as distinct from CIA. There are two main 
ontributions which make up continuum absorption data: (1) excess 
pacity due to far line wings (see Section 3 ), and (2) dimer absorption,
.e. the absorption due to molecules which collide and become 
oosely bonded; to date this is most commonly associated with 
ater (Ptashnik, Shine & Vigasin 2011a ; Shine et al. 2016 ). 
There is potentially some community consensus lacking on how 

he continuum absorption and CIA processes are distinguished in 
xperiment and calculations, and how they are treated numerically in 
adiative transfer codes. In some cases (see Section 5.3.2 ) continuum 

ata contains some CIA absorption also, so care needs to be taken
o not double count these contributions. We note the temperature 
o v erage of continuum data is limited. 

Probably the most well used source of continuum data, particularly 
or terrestrial applications and Earth-like planets, is the water vapour 
ontinuum. The continuum is a source of opacity which should be 
ncluded in addition to line-by-line molecular absorption of H 2 O 

and other species, where necessary and available). It is typically 
ailored to be used alongside a particular opacity source; e.g. the 

T CKD continuum data (Mlawer et al. 2012 , 2023 ) is designed to
ork alongside opacities computed from the HITRAN line list with 
 25 cm 

−1 Voigt line wing cut-off. This is due to the continuum data
aking up for the excess opacity due to far line wings. 

.3 State-of-the-art – data availability 

.3.1 Collision induced absorption (CIA) 

he primary source for CIA data is the HITRANonline website, 32 

here co v erage for the number of pairs of species is greatest.
nother compilation of CIA data can be found via the Laboratoire 
e M ́et ́eorologie Dynamique Generic GCM (LMDG) online reposi- 
ory 33 (see e.g. Charnay et al. 2021 ), which can be found via the Exo-k
ebsite. 34 For hot Jupiters, with a H 2 - and He-dominated atmosphere, 
 2 -H 2 , H 2 -He, and He-He are the most important sources of CIA to
e included. Ho we ver for Earth-like or heavier atmospheres, a wider
ange of species will need to be considered. 

Table 11 summarizes the current status of CIA data available in 
he HITRAN data base. An o v erview of the transitions and pairs
f species included at the time of the 2019 update of the HITRAN
IA parameters can be found in Karman et al. ( 2019 ), with updates

or the 2020 release of the HITRAN data base outlined in Gordon
t al. ( 2022 ). Table 11 shows the co v erage and limitations of the
urrent state of CIA data for the species where data exists and also
he wavenumber regions and temperatures for which this data is 
pplicable. It can be seen that the co v erage of CIA data for heavy
olecules is seriously lacking, which could have an impact on the 
2 https:// hitran.org/ cia 
3 https:// web.lmd.jussieu.fr/ ∼lmdz/ planets/ LMDZ.GENERIC/ datagcm/ 
ontinuum data 
4 https:// perso.astrophy.u-bordeaux.fr/ ∼jleconte/ exo k-doc/ where to find 
ata.html 

M  

e  

g

3

odelling efforts of super-Earth atmospheres. CIA data for H 2 - 
 2 and H 2 -He were originally moti v ated by the Solar System gas
iants (Fletcher, Gustafsson & Orton 2018 ), but the wide increase in
emperature co v erage was due to the interest in higher temperature
xoplanet atmospheres such as hot Jupiters (Borysow 2002 ). Light 
olecular systems are generally less complicated to model and 
easure, which could also explain the more complete wavelength 

nd temperature co v erage of data for lighter species. Higher mass
olecular systems with man y de grees of freedom, on the other hand,

re more challenging to understand. Classical molecular dynamics 
imulations were used for CH 4 -CO 2 (Fakhardji et al. 2022 ) and
ompared to measurements (Turbet et al. 2019 ). The agreement was
ood but the limitations of the model were highlighted. 
The accurate spectroscopic parameters obtained from the comb- 

eferenced spectroscopy measurements of O 2 by Fleurbaey et al. 
 2021 ) in Table 9 , combined with other CRDS measurements (Mon-
elain, Kassi & Campargue 2019 ; Kassi et al. 2021 ), were recently
tilized (Adkins et al. 2023 ) for fitting a parametrized representation
f the theoretical calculations by Karman et al. ( 2018 ) for O 2 -O 2 and
 2 -N 2 collision-induced absorption. 

.3.2 Continuum 

here are various data bases and literature which provide continuum 

ata, such as the MT CKD (Mlawer -Tobin-Clough-Kneizys-Da vies) 
ata base 35 (Mlawer et al. 2012 ; Mlawer et al. 2019 ). Both self (due
o the interaction of the species with itself) and foreign (due to
nteraction with the species with another species in air) continuum 

ata are available. The MT CKD water vapour continuum was 
ecently made available through HITRANonline (Mlawer et al. 
023 ). H 2 O continuum data is also available from the CAVIAR
roject (Ptashnik et al. 2011b ; Shine et al. 2016 ). Anisman et al.
 2022a ) performed a recent analyses of the impact of continuum
ata in exoplanet atmospheres and showed that its inclusion led 
o potential observable shifts in the transit depth in the region of
0 ppm for planets with water-rich atmospheres. Original sources of 
ontinuum data measured in the laboratory include works such as 
aranov et al. ( 2008 ) and Odintsova et al. ( 2020 ). As well as H 2 O,

he MT CKD continuum model also includes contributions from 

he so-called foreign continuum involving carbon dioxide, ozone, 
itrogen, and oxygen (Mlawer et al. 2012 ). It includes a number of
ollision-induced continuum absorption bands, so care needs to be 
aken not to double count when including both continuum and CIA
ata (Mlawer et al. 2012 ). 
Although we do not go into detail here, we note that other

ontinuum opacities, such as H 

−, can be important for characterizing 
ot gaseous e xoplanet atmospheres. F or e xample, opacity data
ere computed and implemented into retrie v al codes used in the
bservational study of Lewis et al. ( 2020 ) using data from John
 1988 ). Retrie v al analysis found evidence for significant amounts
f H 

− in the atmosphere of hot Jupiter HAT-P-41b, thought to be
roduced through a combination of photochemical and collisional 
rocesses (Lewis et al. 2020 ). Evidence for H 

− was also found by
ikal-Evans et al. ( 2022 ) in the atmosphere of ultrahot gas giant

xoplanet WASP-121b and by Arcangeli et al. ( 2018 ) for very hot
as giant exoplanet WASP-18b. 
RASTAI 3, 636–690 (2024) 

5 https:// github.com/ AER-RC/ MT CKD 

https://hitran.org/cia
https://web.lmd.jussieu.fr/~lmdz/planets/LMDZ.GENERIC/datagcm/continuum_data
https://perso.astrophy.u-bordeaux.fr/~jleconte/exo_k-doc/where_to_find_data.html
https://github.com/AER-RC/MT_CKD
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Table 11. Collision induced absorption (CIA) data sets available from HITRANonline with the wavenumber and temperature ranges for which they provide 
co v erage, and the citations for the original sources. 

System νrange /cm 

−1 λrange / μm T min /K T max /K Reference 

H 2 -CH 4 (equilibrium) 0–1946 > 5.14 40 400 Borysow & Frommhold ( 1986b ) 
H 2 -CH 4 (normal) 0–1946 > 5.14 40 400 Borysow & Frommhold ( 1986b ) 
H 2 -H 2 20–10 000 1–500 200 3000 Abel et al. ( 2011 ), Fletcher et al. ( 2018 ) 
H 2 -H 100–11 000 0.9–100 1000 2500 Gustafsson & Frommhold ( 2003 ) 
H 2 -He 20–20 000 0.5–500 200 9900 Abel et al. ( 2012 ) 
He-H 50–11 000 0.9–200 1500 10 000 Gustafsson & Frommhold ( 2001 ) 
N 2 -H 2 0–1886 > 5.3 40 400 Borysow & Frommhold ( 1986a ) 
N 2 -He 1–1000 10–10 000 300 300 Bar-Ziv & Weiss ( 1972 ) 
N 2 -N 2 0–5000 > 2 70 330 Karman et al. ( 2015 ), Baranov, Lafferty & Fraser ( 2005 ) 

Lafferty et al. ( 1996 ), Hartmann, Boulet & Toon ( 2017 ) 
Sung et al. ( 2016a ), Chistikov et al. ( 2019 ) 

N 2 -air 1850–5000 2–5.4 228 330 Baranov et al. ( 2005 ), Lafferty et al. ( 1996 ) 
Hartmann et al. ( 2017 ), Menoux et al. ( 1993 ) 

N 2 -H 2 O 1930–2830 3.5–5.2 250 350 Hartmann et al. ( 2018a ) 
O 2 -CO 2 12 600–13 839 0.7–0.8 296 296 Vangvichith, Tran & Hartmann ( 2009 ) 
O 2 -N 2 1300–13 840 0.7–7.7 193 296 Baranov et al. ( 2005 ), Lafferty et al. ( 1996 ) 

Thibault et al. ( 1997 ), Orlando et al. ( 1991 ) 
Menoux et al. ( 1993 ), Mat ́e et al. ( 1999 ) 
Tran, Boulet & Hartmann ( 2006 ), Karman et al. ( 2018 ) 

O 2 -O 2 1150–29 800 0.3–8.7 193 293 Baranov et al. ( 2004 ), Mat ́e et al. ( 1999 ) 
Thibault et al. ( 1997 ), Orlando et al. ( 1991 ) 
Tran et al. ( 2006 ), Karman et al. ( 2018 ) 
Tran et al. ( 2006 ), Karman et al. ( 2018 ) 
Spiering & van der Zande ( 2012 ), Spiering et al. ( 2011 ) 
Thalman & Volkamer ( 2013 ), Kassi et al. ( 2021 ) 
Adkins et al. ( 2023 ) 

O 2 -air 1300–13 839 0.7–7.7 193 300 Mat ́e et al. ( 1999 ), Spiering & van der Zande ( 2012 ) 
Thibault et al. ( 1997 ), Orlando et al. ( 1991 ) 
Tran et al. ( 2006 ), Karman et al. ( 2018 ) 
Drouin et al. ( 2017 ) 

CO 2 -CO 2 1–3250 3.1–10 000 200 298 Gruszka & Borysow ( 1997 ), Baranov & Vigasin ( 1999 ) 
Baranov ( 2018 ) 

CO 2 -H 2 0–2000 > 5 200 350 Wordsworth et al. ( 2017 ) 
CO 2 -He 0–1000 > 10 300 300 Bar-Ziv & Weiss ( 1972 ) 
CO 2 -CH 4 1–2000 5–10 000 200 350 Wordsworth et al. ( 2017 ) 
CO 2 -Ar 0–300 > 33 200 400 Turbet et al. ( 2020 ) 

Odintsova et al. ( 2021 ) 
CH 4 -He 1–1000 > 10 40 350 Taylor, Borysow & Frommhold ( 1988 ) 
CH 4 -Ar 1–697 14.3–10 000 70 296 Samuelson, Nath & Borysow ( 1997 ) 
CH 4 -N 2 0–1379 > 7.3 40 400 Finenko et al. ( 2021 , 2022 ) 
CH 4 -CH 4 0–990 > 10.1 200 800 Borysow & Frommhold ( 1987 ) 
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.4 Data used by retrieval codes 

.4.1 Collision induced absorption (CIA) 

IA data are readily usable in retrie v al codes such as ARCiS,
auREx3, petitRADTRANS, and others mentioned in Table 2 . The
ITRAN formatted data (.cia) provides a basis for including CIA
ata 36 (Karman et al. 2019 ). As noted abo v e, CIA including H 2 

nd He is commonly included in the atmospheric modelling of
ydrogen and helium rich atmospheres and the corresponding data
re distributed with the default data sets for retrie v al codes such
s TauREx3 and ARCiS. Additional species can be included in
he modelling and retrie v al codes as they become available or are
pdated, following the HITRAN format to maximize interoperability.
hough data format does not pose a major limitation, restricted
ASTAI 3, 636–690 (2024) 

6 https:// hitran.org/ data/ CIA/ CIA Readme.pdf

e  

r  

m
 

s  
avelength range coverage for the CIA data poses constraints on
odelling where CIA between additional species is considered. 
The HITRAN CIA format supports different sets of absorption

ata for the same pair of species but for varying temperatures. While
his is provided in some data sets, it relies on implementation in the
etrie v al code or downstream processing library in order to query
ased on temperature. This is not al w ays supported. 

.4.2 Continuum 

nisman et al. ( 2022a ) modelled the effects of including versus
ot including continuum data for H 2 O on examples of low-mass
emperate exoplanet transmission spectra using TauREx3 (Al-Refaie
t al. 2021 ). The effect of continuum cross-sections exhibit an inverse
elationship with temperature, so are most important for use in
odelling atmospheres with temperatures at or close to Earth’s. 
As previously mentioned, one aspect of using continuum models

uch as MT CKD is that they rely on specific line wings being

https://hitran.org/data/CIA/CIA_Readme.pdf
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sed for computations of corresponding molecular cross-sections. 
 or e xample, the MT CKD model assumes that a line wing cutoff of
5 cm 

−1 is used, otherwise there can be double counting of the wing
ontribution (see for example, Gharib-Nezhad et al. 2024 ). 

.5 What’s being w ork ed on? 

IA coefficients of H 2 and H 2 -He have been recently measured 
n the 3600–5500 cm 

−1 ( ∼1.8–2.8 μm) spectral range in order to
haracterize Jupiter’s atmosphere (Vitali et al., in preparation). These 
re shown in Fig. 4 , co v ering pressure values from 10 mbar to
0 bar and temperature values of 120–500 K. It is important to have
p-to-date CIA measurements, even for H 2 -H 2 and H 2 -He where 
here is already data available (see Table 11 ), either to expand the
av elength re gion or to compare the ne wer measurements to pre vious
easurements or theoretical models present in the literature. As was 

ighlighted in Section 5.1 , the CIA of H 2 -H 2 and H 2 -He contribute
ignificantly to the opacity of Jupiter, and therefore Jupiter-like 
xoplanets (Trafton 1964 ; Borysow et al. 1984 ; Richard et al. 2012 ).

CIA laboratory measurements have also been published recently 
rom groups in Grenoble (Fleurbaey et al. 2022 ). There is a simulation
hamber for absorption spectroscopy in planetary atmospheres in 
NAF (Snels et al. 2021 ); see Fig. 5 . In terms of species, molecular
ystems related to Venus and early Mars are mostly being targeted, 
.e. CO 2 -H 2 O and CO 2 -CO 2 . 

Theoretical work is planned for molecular systems related to 
upiter-like planets. 

.6 Data needs: what’s missing and urgent? 

.6.1 Collision induced absorption (CIA) 

(i) Data for additional CIA species: CIA data are currently 
navailable for many pairs of species that are thought to be important
n exoplanetary atmospheres, for example N 2 is currently the only 
vailable species for collisions with H 2 O (see Table 11 ). H 2 O, and
ther species such as CO 2 and CH 4 have been detected multiple 
imes in exoplanet atmosphere spectra with JWST . CIA data for
hese molecules or combinations including them is crucial for a 
orrect interpretation of the spectra especially in the search for 
iosignatures (Malaterre et al. 2023 ). 
(ii) Wav elength co v erage: much of the data that is available is

imited to bands at wavelength ranges outside the window observed 
y Ariel (see Table 11 for an o v erview of current co v erage of CIA
ata). The broad CIA features will, ho we ver, impact the shape of the
riel observed spectra. In Jupiter’s spectra, some CIA contributions 
re visible between 2 and 2.5 microns (L ́opez-Puertas et al. 2018 )
hich is lower in wavelength than the data available for many other
airs. Without taking CIA into account, it is possible that major 
ncertainties on the retrieved values will remain. 
(iii) Temperature dependence: data are often available only 

t room temperature, and the extension to higher temperatures is 
esirable, especially for modelling hot Jupiters and lava planets. We 
ote some work has been done towards this, e.g. Stefani et al. ( 2018 )
or CO 2 , along with data for H 2 -H 2 , H 2 -H, H 2 -He, He-H, detailed in
able 11 . 
(iv) Isotopologues: CIA data co v erage does not currently extend 

ar in the consideration of isotopologues; generally the main isotopo- 
ogue is taken for theoretically derived data, while the terrestrial ratios 
re used for e xperimentally deriv ed data. The potential impact of a
ariation in isotopologues for CIA is small, meaning isotopologue 
ata are less urgent than for the abo v e mentioned pairs, though it is
otentially rele v ant for the HD-H 2 pair (Karman et al. 2019 ). 

.6.2 Continuum 

(i) Species other than H 2 O: although the MT CKD data base
ontains some other species such as CO 2 , O 3 , N 2 , and O 2 , the main
ocus of continuum absorption has been on H 2 O. (Exo)planets with
tmospheres dominated by species other than H 2 O have a particular
eed for continuum data. 

(ii) Temperature dependence: continuum absorption data for 
 2 O is currently only available below temperatures of 500 K, so

here is no available data to use for modelling exoplanets with higher
emperature atmospheres. We do note, ho we ver, that the impact of the
 2 O continuum absorption on spectra decreases as the temperature 

ncreases (Anisman et al. 2022a ), so this is not thought to be of urgent
oncern for the community. 

 AERO SOLS  A N D  SURFAC ES  

t is well known that the types of cloud or haze particles, collectively
nown as aerosols, in the atmospheres of exoplanets will have an
ffect on their observed transmission or emission spectra (Wakeford 
 Sing 2015 ; Pinhas & Madhusudhan 2017 ; Min et al. 2020 ; Ma et al.

023 ; Taylor & Parmentier 2023 ), and their albedo (Garc ́ıa Mu ̃ noz
 Isaak 2015 ; Fraine et al. 2021 ; Barrientos et al. 2023 ; Chubb

t al. 2023 ), through the cloud particle’s absorption and scattering
roperties. Generally, haze particles are smaller than cloud particles 
nd are formed via photochemistry, which is a disequilibrium process 
ith stellar UV leading to the formation of solid particles. Clouds, on

he other hand, are formed via equilibrium processes which involve 
ondensation and rainout. 

Gao et al. ( 2021 ) give an o v erview of the state of knowledge
as of 2021 February) of exoplanet aerosols as determined from 

bservations, modelling, and laboratory e xperiments. Wav elength- 
ependent, and ideally also temperature-dependent, refractive in- 
ices, also known as optical constants, are required to compute the
cattering and absorption coefficients of clouds and hazes (aerosols) 
or use in exoplanetary atmosphere models. Thermochemical data 
re also required for predicting which aerosol species are expected 
o be present at various altitudes and horizontally across a given
xoplanet atmosphere. Typically the outputs from global circulation 
odels (GCMs), such as pressure–temperature profiles as a function 

f longitude and latitude across the planet (see e.g. Cho, Skinner &
hrastarson 2021 ; Lee et al. 2021 ; Schneider et al. 2022 ; Skinner &
ho 2022 ; Skinner, N ̈attil ̈a & Cho 2023 ; Changeat et al. 2024 , for
etails on GCMs and complex atmospheric dynamics) are used as a
asis for kinetic cloud models which then predict which particles will
ondense at different locations of the atmosphere (see e.g. Ackerman 
 Marley 2001 ; Helling et al. 2008 ; Gao et al. 2020a ; Roman

t al. 2021 ; Rooney et al. 2022 ; Helling et al. 2023 ). Usually some
ssumptions need to be made, such as initial elemental abundances 
vailable for condensing, and the strength of vertical atmospheric 
ixing, for example. Due to the importance of optical and UV data

or understanding aerosol properties in exoplanet atmospheres, it has 
een suggested by Fairman et al. ( 2024 ) and Wakeford et al. ( 2020 )
hat one should complement JWST observations with one from HST .

Similarly, planetary surfaces can be modelled by a simple re- 
ectance model (for instance using linear mixing) (Cui et al. 2018 ),
ut also by radiative transfer modelling using optical constants, sim- 
lar to the approach for Solar System planets (Hapke 1993 ; Andrieu
RASTAI 3, 636–690 (2024) 
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Figure 4. Left: H 2 CIA coefficients at different pressures (8, 10, 12 bars) and room temperature (296 K). Right: H 2 -He CIA coefficients at different pressures 
(10, 13 bars)) and temperatures (201, 299, 401 K). (Vitali et al., in preparation). 

Figure 5. The absorption spectra of 16.03 amagat of carbon dioxide at 
243 and 323 K, demonstrating a number of CIA bands, recorded with 
PASSxS, after subtraction of the strong contributions of the ν3 fundamental 
band at 2350 cm 

−1 and a weaker Fermi doublet ( ν3 + ν1 , ν3 + 2 ν2 ) around 
3700 cm 

−1 , as well as contributions of the 16 O 

12 C 

18 O isotopomer (Snels 
et al. 2021 ). 
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t al. 2015 ). In both conte xts, already e xisting data bases contain
ele v ant and useful sources but in many cases new measurements
ould be desirable (see Section 6.4 ). Here we outline some typical

ources of currently available data for these different applications. 

.1 State-of-the-art – data availability 

.1.1 Refractive indices 

odes which compute the scattering and absorption properties of a
article or a surface require the refractive index to be known. The
eal and imaginary part of the refractive index relates to the scattering
nd absorption properties of the material, respectively. The refractive
ndices of aersols are complex numbers which are intrinsically
ependent on the individual compositions of the aerosols (see for
xample, Di Biagio et al. 2019 ). If modelling an atmospheric layer
onsisting of different types of aerosol materials, or modelling
ixed-material aerosol particles, then the refractive indices are often
ASTAI 3, 636–690 (2024) 
ixed using ef fecti ve medium theory (see for example, Mishchenko,
lugach & Liu 2016 ). 
As well as there being variation with wavelength, there is also

ome temperature dependence with refractive indices. This has been
emonstrated by Zeidler, Mutschke & Posch ( 2015 ) for olivine and
nstatite up to 973 K and by Zeidler, Posch & Mutschke ( 2013 )
or corundum, spinel, and α-quartz up to 900 K. It can be seen by
uch studies that the vibrational band peaks shift slightly and their
hapes change with temperature, which could be enough to lead to
ome incorrect conclusions when trying to fit models to observed
pectra. The reason for these changes is that at higher temperatures,
ibrational transitions will tend to occur between higher states with
lightly lower energetic differences, and the states will be broadened
y vibrational mode interactions (Zeidler et al. 2015 ). This causes
roader and redshifted bands with increasing temperature; see for
xample, figs 2–7 of Zeidler et al. ( 2015 ). We note that data for high
emperatures are typically not currently available for many species,
nd so room temperature data are often used for characterizing higher
emperature planetary atmospheres, potentially causing biases in
nalyses. 

Table 12 gives the wavelength and temperature range of the avail-
ble refractive indices of various materials from different sources.
e note this table is not e xhaustiv e, and it is useful to search

n the various data bases and compilations mentioned below for
dditional species of interest. Studies which predict which cloud
r haze species are present in various exoplanet atmospheres (see
or example, Ackerman & Marley 2001 ; Helling et al. 2008 ; Gao
t al. 2020a ; Rooney et al. 2022 ; Helling et al. 2023 ) are useful as
eferences for species to include in atmospheric models. 

Data bases which compile the optical properties of various mate-
ials include: 

Heidelberg-Jena-St.P etersb urg-Data base of Optical Con-
tants (HJPDOC) 41 (Henning et al. 1999 ; J ̈ager et al. 2003 ) and
ata base of Optical Constants for Cosmic Dust 42 provide optical
roperties (refractiv e inde x, reflectivity, transmittance) of analogue
aterials of cosmic dust in the wavelength range from the UV to

art/rzae039_f4.eps
art/rzae039_f5.eps
https://www2.mpia-hd.mpg.de/HJPDOC/
https://www.astro.uni-jena.de/Laboratory/OCDB/
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Table 12. Sources used for the real ( n ) and imaginary ( k) parts of the refractive indices of a selection of species of various materials typically used in 
(exo)planetary atmosphere models of clouds and hazes (aerosols). The temperature range is left blank in cases where we assume the data are not higher 
than room temperature. 

Material Form Name Wavelength range ( μm) Temperature range (K) Reference 

Al 2 O 3 Crystalline Corundum 0.03–10 – Palik ( 2012 ) 
Al 2 O 3 Crystalline Corundum 6.7–10 000 300–928 Zeidler et al. ( 2013 ) a 

Al 2 O 3 Amorphous Corundum 0.2–12 – Koike et al. ( 1995 ) a 

Al 2 O 3 Amorphous Corundum 7.8–500 – Begemann et al. ( 1997 ) a 

C x H y N z Solid Tholins 0.02–920 – Khare et al. ( 1984 ) b 

KCl Crystalline Potassium chloride 0.22–167 – Querry & Wieliczka ( 1988 ) 
Fe Metallic Iron 0.1–100 000 – Palik ( 2012 ) 
Fe 2 O 3 Solid Hematite 0.1–1000 – Triaud (2005) d 

Fe 2 SiO 4 Crystalline Fayalite 0.4–10 000 – Unpublished a 

FeO Amorphous Wustite 10–510 10–300 Henning et al. ( 1995 ) 
FeS Crystalline Troilite 20–480 10–300 Pollack et al. ( 1994 ) 
MgAl 2 O 4 Crystalline Spinel 6.7–10 000 300–928 Zeidler et al. ( 2013 ) a 

Mg 2 SiO 4 Amorphous Forsterite 0.2–950 – J ̈ager et al. ( 2003 ) 
Mg 2 SiO 4 Crystalline Forsterite 2–100 50–295 Suto et al. ( 2006 ) 
MgO Cubic Magnesium oxide 0.2–625 – Palik ( 2012 ) 
MgSiO 3 Amorphous (glass) Enstatite 0.2–500 – Dorschner et al. ( 1995 ) e 

MgSiO 3 Amorphous (sol-gel) Enstatite 0.2–1000 – J ̈ager et al. ( 2003 ) e 

MgSiO 3 Crystalline Enstatite 2–98 – Jaeger et al. ( 1998 ) 
SiO 2 Crystalline Quartz 0.05–8.4 – Palik ( 2012 ) 
SiO 2 Crystalline Quartz 6.25–10 000 300–928 Zeidler et al. ( 2013 ) 
SiO Amorphous Silicon oxide 0.05–100 – Palik ( 2012 ) 
TiO 2 Crystalline Rutile 0.4–10 – Zeidler et al. ( 2011 ) 
TiO 2 Crystalline Anatase 0.4–10 – Zeidler et al. ( 2011 ) 

a : Available via the data base of optical constants for cosmic dust 37 

b : Available via the HITRAN2020 data base 38 (Gordon et al. 2022 ) 
c : Available via the refractiv einde x.info data base of optical constants 39 (Polyanskiy 2024 ) 
d : Available via the aerosol refractive index archive (ARIA) 40 

e : J ̈ager et al. ( 2003 ) use the sol-gel method, and Dorschner et al. ( 1995 ) a melting and quenching technique; a comparison between the two is made in 
J ̈ager et al. ( 2003 ). 

37 https:// www.astro.uni-jena.de/ Laboratory/ OCDB/ crsilicates.html 
38 https:// hitran.org/ aerosols/ 
39 https://refractiv einde x.info/
40 http:// eodg.atm.ox.ac.uk/ ARIA/ 
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ar IR mainly produced in Astrophysical Institute and University 
bservatory (AIU) Jena but also from open sources, including 
apers, reports, dissertations, where these data were derived. Users 
f the data base are requested to cite the original sources of data. 
Aer osol r efracti v e index archi v e (ARIA) 43 is a comprehensive

ollection of refractive index data sets of typical aerosol particles 
o v ering broad spectroscopic ranges. It contains both the original 
xperimental and interpolated (mostly from very low to room tem- 
erature) values, intended to be used in light scattering parameters 
y the Oxford Mie Code. 44 

HITRAN2020 data base 45 (Gordon et al. 2022 ) provides re- 
ractive indices from visible to millimetre spectral ranges for many 
ypes of species including aerosol particles, required for calculation 
f extinction, scattering, and absorptive properties of atmospheric 
articles aiming at terrestrial and planetary (low temperature) appli- 
ations. 

Optical constants data base (OCdb) 46 (see e.g. Drant et al. 2024 )
rovides optical constants of organic refractory materials (i.e. tholins, 
aboratory analogues of photochemical hazes) and ices rele v ant 
3 http:// eodg.atm.ox.ac.uk/ ARIA/ 
4 https:// eodg.atm.ox.ac.uk/ MIE/ 
5 https:// hitran.org/ aerosols/ 
6 https://ocdb.smce.nasa.gov 

s
c  

4

o planetary and astrophysical environments from peer-re vie wed 
ources. The data provided mostly correspond low temperatures. 

Open-source data base of optical con- 
tants refractiveindex.info 47 (Polyanskiy 2024 ) is 
nother recent resource of optical data from publicly available 
ources such as scientific publications and material data sheets 
ublished by manufacturers. 
Texas A&M Uni v ersity dust 2020 data base 

TAMUdust2020) (Saito et al. 2021 ) compiles the optical properties 
f irregularly shaped aerosol particles, such as dust aerosol and 
olcanic ash particles, for a wide range of values of the size
arameter, the index of refraction, and the degree of sphericity. The
ata are produced using state-of-the-art light scattering calculations 
nd validated with laboratory/ in-situ measurements. 

Original sources of refractiv e inde x data include those of works
uch as Henning et al. ( 1995 ), J ̈ager et al. ( 2003 ), Dorschner
t al. ( 1995 ), Zeidler et al. ( 2011 ), and Drant et al. ( 2024 ). A
umber of species are also included in Palik’s handbook of optical
onstants (Palik 2012 ). 

Refractive indices as a function of wavelength for different 
pecies thought to be present in exoplanetary atmospheres have been 
ompiled in various works, such as Lavvas & Koskinen ( 2017 ),
RASTAI 3, 636–690 (2024) 

7 https://refractiv einde x.info/

https://www.astro.uni-jena.de/Laboratory/OCDB/crsilicates.html
https://hitran.org/aerosols/
https://refractiveindex.info/
http://eodg.atm.ox.ac.uk/ARIA/
http://eodg.atm.ox.ac.uk/ARIA/
https://eodg.atm.ox.ac.uk/MIE/
https://hitran.org/aerosols/
https://ocdb.smce.nasa.gov
https://refractiveindex.info/
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itzmann & Heng ( 2017 ), Min et al. ( 2020 ), and Lietzow &
olf ( 2022 ). Kitzmann & Heng ( 2017 ) provide a rather extensive

ompilation of wavelength-dependent refractive indices (real and
maginary components; see their table 1 for species and sources)
hich are stored at the associated GitHub page for the LX-MIE
ie-scattering tool. 48 Similarly, the wav elength-dependent refractiv e

ndices used in Wakeford & Sing ( 2015 ) can be downloaded from the
uthor’s webpage, 49 although some updates have become available
ince this early compilation. 

Anisotropic crystalline particles have refractive indices which
epend on the direction of propagation of incident light with respect
o the particle’s axes of symmetry. The comple x refractiv e indices
elated to light perpendicular to the main symmetry axis are often
amed ordinary, while the others are labelled extraordinary. These
omplex indices should typically be averaged over the three ( x , y ,
) axes of the particle for use in atmospheric codes. It is not al w ays
lear if available indices have already been mixed, but they may be
abelled either ordinary/extraordinary, or by their x , y , z axes. Where
ndices have been averaged is often noted in compilations such as
itzmann & Heng ( 2017 ) (see their table 1). 
Although the refractive indices data in these data bases exist

or very broad spectroscopic ranges, from microwave to far UV,
or a given species the coverage is usually rather limited, see for
xample Table 12 . A broad spectral range coverage of the optical
roperties is crucial to understand the role of aerosols in (exoplanet)
tmospheric retrie v als via radiati ve transfer models. In the context of
he Ariel spectroscopic range, the IR data are especially urgent, but
roader ranges are also required for atmospheric chemistry models
nvolved in the retrie v als. Due to the lack of the laboratory or in-situ

easurements, it is common and especially important for exoplanet
tmosphere applications to use interpolations to obtain continuous
ata (see for example, Kitzmann & Heng 2017 ). 
The Granada-Amsterdam light scattering data base 50 (Mu ̃ noz

t al. 2012 ) contains experimental scattering matrices as functions
f the scattering angle of samples of small irregular particles.
hese are laboratory experiments typically performed at two optical
avelengths. Laboratory data such as these are important to be able

o benchmark theoretical codes, particularly those which model the
cattering matrices of irregularly shaped particles. Available codes
or computing complex dust particle opacities, both for spherical
nd fractal shapes, include optool (Dominik, Min & Tazaki 2021 ), 51 

he discrete-dipole-approximation code ADDA (Yurkin & Hoekstra
011 ), 52 the T-matrix codes (Mackowski & Mishchenko 1996 ) 53 and
ORAL (Lodge, Wakeford & Leinhardt 2023 ). 54 Other well-used
odes include PyMieScatt 55 (Sumlin, Heinson & Chakrabarty 2018 ),
hich can deal with both direct and inverse Mie calculations. 

.1.2 Thermochemical data 

hermochemical data are required as input to kinetic cloud models
f exoplanet atmospheres, for example in the computation of bulk
rowth processes for a particular species as a function of pressure
ASTAI 3, 636–690 (2024) 

8 https:// github.com/ exoclime/ LX-MIE 

9 https:// stellarplanet.org/ science/ condensates/ 
0 https:// www.iaa.csic.es/ scattering/ list/ index.html 
1 https:// github.com/ cdominik/ optool.git
2 https:// github.com/ adda-team/ adda.git
3 https:// www.giss.nasa.gov/ staff/ mmishchenko/ tmatrix/ 
4 https:// github.com/ mglodge/ CORAL.git
5 https:// pymiescatt.readthedocs.io/ en/ latest/ 
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nd temperature, which requires gas-surface reactions (Helling
021 ). There are several thermochemical properties of interest for
strophysical studies, including the Gibbs free energies of formation,
he change in enthalpy, or the entropy (Lecoq-Molinos et al. 2024 ).
hemical and cluster data for all the species that take part in the cloud

ormation process are required for complete atmospheric models.
articularly, cluster data are crucial to model the nucleation process
nd the formation of cloud condensation nuclei (CCN). Data bases,
ncluding the NIST-JANAF Thermochemical tables (Chase 1998 ) 56 

nd the other data bases listed in Section 7.1.1 contain thermochemi-
al data but rarely cluster data. As noted by Helling ( 2021 ), laboratory
ata are often not available, and so thermochemical data for various
pecies can also be computed. For example, thermochemical data for
iO 2 nanoclusters have been recently computed by Sindel et al.
 2022 ), and for V x O y clusters by Lecoq-Molinos et al. ( 2024 ).
hese data are appropriate for use in modelling the formation
f cloud condensation nuclei in exoplanet atmospheres. A variety
f other sources for thermochemical data e xist. F or e xample, for
iO 2 data are provided by Jeong et al. ( 2000 ), Lee et al. ( 2015 ),
nd Sindel et al. ( 2022 ), with Jeong et al. ( 2000 ) also providing
nformation about other intermediate Ti x O y structures, including
heir vibrational frequencies. For SiO and SiO 2 thermochemical
ata are available from works such as Bromley, G ́omez Mart ́ın &
lane ( 2016 ) and Flint & Fortenberry ( 2023 ). For MgO, K ̈ohler,
ail & Sedlmayr ( 1997 ) provide thermochemical data, and Chen

t al. ( 2014 ) provide cluster structures and vibrational spectra
or (MgO) x (but not thermochemical data directly). Other species
ith thermochemical data include silicon carbide (Gobrecht et al.
017 ), KCl (Rose & Berry 1992 ), silicates (Goumans & Bromley
012 ), magnesium and calcium aluminates (Gobrecht et al. 2023 ),
luminium oxides (Gobrecht et al. 2022 , 2018 ; Lam et al. 2015 ;
atzer et al. 2005 ), and Fe-bearing species (Chang et al. 2013 ; Ding
t al. 2009 ). 

Condensation curves (or vapour pressure curves), which indicate
he thermal stability of a species, are necessary inputs into codes
hich predict the expected cloud materials present in an exo-
lanet’s atmosphere based on it’s pressure and temperature structure,
ypically found via global climate models (GCMs). Condensation
urves appropriate for modelling exoplanet atmospheres up to high
emperatures are available from a number of sources, with those
or some typical species thought to be important in exoplanet
tmospheres given in Table 13 . Gao et al. ( 2020a ) 57 give expressions
or condensation curves from a number of different sources, including
ome of those mentioned in Table 13 . 

For cooler atmospheres, such as those in our solar system, ices are
ormed when gaseous species become supersaturated. The altitudes
here the saturation occurs is a function of the mixing ratio of

he species in question and the atmospheric temperature. Species
ependent condensation curves will therefore vary with season and
atitude, for example in the case of benzene in Titan, the latitudinal
ependence is particularly evident in the fall at the poles where the
ecrease in stratospheric temperature is more dramatic and leads
o an increase in the mole fractions. Barth ( 2017 ) extrapolated
igh-temperature vapour pressure data of benzene (C 6 H 6 ) to lower
emperatures to calculate benzene condensation curves. Their results
redicted benzene and HCN to condense at near identical altitudes
or the temperature profiles. Ho we ver, Dubois et al. ( 2021 ) measured
he equilibrium vapour pressure of pure crystalline benzene (C 6 H 6 )
6 https:// janaf.nist.gov/ 
7 https:// github.com/ natashabatalha/ virga/ blob/ master/ virga/ pvaps.py 

https://github.com/exoclime/LX-MIE
https://stellarplanet.org/science/condensates/
https://www.iaa.csic.es/scattering/list/index.html
https://github.com/cdominik/optool.git
https://github.com/adda-team/adda.git
https://www.giss.nasa.gov/staff/mmishchenko/tmatrix/
https://github.com/mglodge/CORAL.git
https://pymiescatt.readthedocs.io/en/latest/
https://janaf.nist.gov/
https://github.com/natashabatalha/virga/blob/master/virga/pvaps.py
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Table 13. Example of sources used for vapour pressure/condensation curves of various materials typically thought to be important in exoplanet atmospheres, 
particularly those at higher temperatures such as hot Jupiters. 

Material Reference Note 

Al 2 O 3 Wakeford et al. ( 2016 ) Following the approach of Visscher, Lodders & Fegley ( 2010 ) 
CaTiO 3 Wakeford et al. ( 2016 ) –
KCl Morley et al. ( 2012 ) –
Fe Visscher et al. ( 2010 ) –
Fe 2 O 3 Sharp & Huebner ( 1990 ) Coefficients for a large number of condensed species are given in Table 2 (b) 
Fe 2 SiO 4 Sharp & Huebner ( 1990 ) –
FeO Sharp & Huebner ( 1990 ) –
FeS Woitke et al. ( 2018 ) Equation inside GGchem source code 
MgAl 2 O 4 Woitke et al. ( 2018 ) Equation inside GGchem source code 
Mg 2 SiO 4 Visscher et al. ( 2010 ) –
MgSiO 3 Visscher et al. ( 2010 ) –
SiO 2 Grant et al. ( 2023 ) –
SiO Gail et al. ( 2013 ) Older data from Nuth-III & Ferguson ( 2006 ), Schick ( 1960 ) 
TiO 2 Woitke & Helling ( 2004 ) Powell et al. ( 2018 ) give this formula rewritten in different units 
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t temperatures rele v ant to Titan. Their measurements indicated that 
he prior extrapolations from literature values underestimated the 
apour pressure. Feeding their laboratory data into a microphysical 
odel, Dubois et al. ( 2021 ) showed that C 6 H 6 polar cloud particles

orm first at higher altitudes and continue to exist at all latitudes down
o the saturation point of HCN at slightly lower altitudes where co-
ondensation of C 6 H 6 and HCN is possible. This is because the larger
easured vapour pressure of C 6 H 6 allows for larger ice particles 

hat continue to grow deeper down in the troposphere, beyond the 
ondensation point of HCN. It is therefore important for accurate 
ondensation curve data to be available across a wide range of
emperatures for a large number of species rele v ant to (exo)planetary
nd solar system atmospheres. 

Notable sources for condensation curve formulae which can be 
sed in atmospheric models include Visscher, Lodders & Bruce Fe- 
ley ( 2006 ), who give approximations for condensation curves of
arious sulphur- and phosphorus-bearing species, and Visscher et al. 
 2010 ) for iron- silicon- and magnesium-bearing species. Morley 
t al. ( 2012 ) compute condensation curves for Cr, MnS, Na 2 S,
nS, and KCl, for use in characterizing brown dwarf atmospheres, 
ased on the thermochemical models of Visscher et al. ( 2006 ,
010 ). Wakeford et al. ( 2016 ) giv e e xpressions for equilibrium
ondensation temperatures as functions of pressure and metallicity 
or various Al- and Ti-bearing species. Appendix A of Ackerman 
 Marley ( 2001 ) provides relations for saturation vapour pressures

f a few species, such as NH 3 , H 2 O, Fe, and MgSiO 3 (enstatite).
 or NH 3 the y fit measurements tabulated in the CRC Handbook of
hemistry and Physics (Weast 1971 ). For H 2 O they make use of
ata from Buck ( 1981 ), and from Barshay & Lewis ( 1976 ) for Fe
nd enstatite. Section 3.2 of Woitke et al. ( 2018 ), along with their
upplementary document (Woitke, Helling & Turner 2017 ), give a 
etailed comparison of condensed phase data from either the NIST- 
ANAF data base (Chase 1998 ) or the geophysical SUPCRTBL data 
ase 58 (Johnson, Oelkers & Helgeson 1992 ; Zimmer et al. 2016 ).
hey offer comparisons of 121 species, and find good agreement for
ll species apart from anorthite, CaAl 2 Si 2 O 8 . These data are used
n Woitke et al. ( 2018 ) to compute vapour pressure curves, with an
xample for Fe shown in their fig. D.1. 

Fig. 4 of Gail et al. ( 2013 ) illustrates the importance of using
he most up-to-date measurements for vapour pressure curves, as 
8 https:// models.earth.indiana.edu/ supcrtbl.php 

s
t  

e
d

hey compare their experimentally determined data for SiO with data 
rom Nuth-III & Ferguson ( 2006 ) and Schick ( 1960 ). There is a
onsiderable difference between the curves shown for SiO, with the 
ewer measured data allowing SiO to be present in solid form up to
igher temperatures than the older data. It is recommended that any
sers of thermochemical data such as condensation curves cite the 
ources of their data to allow for comparisons and for re-analysis in
he case of newer data being produced. A thorough investigation into
he reliability of the data used for condensation curves of species
mportant for characterizing (exo)planetary atmospheres such as 
hose mentioned here, including additional newer measurements, 
ould be a worthwhile endea v our, useful for assessing which species

re expected in the atmospheres of current and future observations. 

.1.3 Measured cloud and haze production in the laboratory 

tmospheric chamber experiments can be used to simulate the 
tmospheres of Solar System bodies, in order to study haze formation,
nd measure transmittance and reflectance spectra. This has been 
one for Titan (Imanaka et al. 2004 ; He et al. 2022a ), Triton (Moran
t al. 2022 ), and early Earth (DeWitt et al. 2009 ; H ̈orst et al.
018b ); in such studies many haze properties can be measured,
uch as production rate, bulk composition, molecular composition, 
nd their transmission and reflectance from the optical to the near-
nfrared. The latter is done with Fourier transform infrared (FTIR)
pectroscopy. In the case of He et al. ( 2022a ), they provide a set of
ptical constants of Titan haze analogues in the wavelength range 
.4–3.5 μm. Similar atmospheric chamber experiments have been 
sed to study the formation of water ice clouds on Mars (Phebus et al.
011 ), organic aerosols in anoxic and oxic atmospheres of Earth-like
xoplanets (Gavilan et al. 2018 ), precursors to haze formation in
ool exoplanet atmospheres (He et al. 2019 ), and to explore haze
roduction in super-Earth and mini-Neptune atmospheres (H ̈orst 
t al. 2018a ). 

Several groups contribute to data bases of refractive indices 
sing different laboratory setups, such as COSmIC at NASA 

mes (Sciamma-O’Brien et al. 2023 ), PAMPRE at LATMOS (Gav- 
lan et al. 2018 ; Drant et al. 2024 ), and John Hopkins University (He
t al. 2022a ). Previous work on Titan haze analogues revealed that the
etup conditions likely affect the analogue’s composition and thus 
heir refractive indices (see e.g. Brass ́e et al. 2015 ). Further laboratory
xperiments are important to fully understand the composition of 
ifferent solid particles and their resulting optical properties. 
RASTAI 3, 636–690 (2024) 
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.1.4 Surface reflectance 

or terrestrial exoplanets and exomoons, the bottom boundary layer
f the atmosphere must be considered as the surface. Table 14
ummarizes the most important data bases of surface reflectance in
lanetary Science. They encompass Earth natural rocks analogues,
ut also synthetic materials in the lab (such as ices), meteorites and
n-situ samples measured back in Earth, such as the Moon or Ryugu
steroid. The reflectance spectrum of Phobos was measured from
.4 to 4.75 μm by Wargnier et al. ( 2023 ). The data set from in-situ
easurements of reflectance in planetary science is usually scattered

nd unfortunately, such a data base is missing. 
Reflectance measurements can be done o v er sev eral wav elength

anges, but also for different observation geometries (incidence and
mergence angles), leading to BiDirectionnal Reflectance Distri-
ution Function (BRDF). Laboratory measurements can also be
one for various surface properties (such as grain size, grain shape,
ompaction, and roughness) but also various kinds of mixtures
such as linear geographic mixture, intimate mixture, and intragrain
ixture). 
The data bases which contain information on observation geome-

ries and the nature of the samples do not al w ays contain optical
onstants, as can be seen by Table 14 . Additionally some data
ases contain characterization of the samples using other methods of
nvestigations (Raman spectroscopy, petrological description, X-ray
iffraction, Laser Induced Breakdown Spectroscopy, X-ray fluores-
ence, or electron microprobe analysis). The SSHADE (Solid Spec-
roscopy Hosting Architecture of Data bases and Expertise) (Schmitt
t al. 2018 ) data base regroups several data bases. It provides spectral
nd photometric data obtained by various spectroscopic techniques
ncluding reflectance spectroscopy. The measured samples include
ces, pure minerals, rocks, organic, and carbonaceous materials as
ell as liquids. They are either synthetic, natural samples from Earth
r other planetary bodies such as (micro-)meteorites or lunar soils.
dditional characterizations of the samples are not systematically
one but optical constants are often available and observation
eometries are generally given. The USGS-Speclab (Kokaly et al.
017 ) data base regroups spectra measured with laboratory, field,
nd airborne spectrometers, acquired on samples of specific miner-
ls, plants, chemical compounds, and man-made materials. It also
ontains mathematically computed mixtures. The RELAB data base
egroups spectroscopic data acquired on pure minerals, natural, and
ynthetic samples. The ECOSTRESS data base (Meerdink et al.
019 ) regroups data acquired on natural and man-made materials.
he Mineral and Rock Sample Data base University of Winnipeg

Cloutis 2015 ) contains data acquired on pure minerals and natural
r synthetic mixtures. Finally, the PTAL (Planetary Terrestrial
nalogue Library; Dypvik et al. 2021 ) regroups data acquired on
hole rocks. Additional characterization are systematically done by
ultiple techniques. 

.2 Data used by retrieval codes 

here are a number of exoplanetary atmospheric modelling and
etrie v al codes which include the effects of solid-state aerosol species
n their radiative transfer calculations, and thus require wavelength-
ependent, and ideally also temperature-dependent, refractiv e inde x
ata (e.g. Wakeford & Sing 2015 ; Pinhas & Madhusudhan 2017 ;
in et al. 2020 ; Ma et al. 2023 ; Taylor & Parmentier 2023 ). The

RS instrument onboard JWST , co v ering ∼ 5–12.5 μm, allows
or observations of vibrational-mode aerosol signatures which are
ommonly found in this wavelength region; for example quartz
ASTAI 3, 636–690 (2024) 
louds were inferred in hot Jupiter WASP-17 b by Grant et al.
 2023 ) (using optical constants of crystalline SiO 2 at 928 K from
eidler et al. 2013 ) and silicate clouds (MgSiO 3 , SiO 2 , and SiO)
ave been inferred in hot Neptune WASP-107 b by Dyrek et al.
 2024 ). 

Many retrie v al codes have their o wn built-in library of refracti ve
ndices, the option to directly include pre-computed cloud opacities,
r both. See for example table 1 of Min et al. ( 2020 ) for species
ncluded in atmospheric modelling and retrie v al code ARCiS, with
he option to read in your o wn refracti v e inde x data and use the code
o compute either spherical or irregularly shaped particles (Min,
o v enier & de Koter 2005 ) of a defined particle size distribution.
etitRADTRANS (Molli ̀ere et al. 2019 ) also has a list of built-
n cloud opacities, 59 with the option to add more. There are also
vailable add-ons which can be coupled with existing retrie v al codes.
 or e xample, YunMa is an e xoplanet cloud simulation and retrie v al
ackage (Ma et al. 2023 ) which can be coupled to the TauREx3
latform to retrieve microphysical cloud properties in exoplanet
tmospheres. 

Typically in cases of data bases and compilations, the original
itation for the measured or computed refractive indices is mentioned.
t is important these citations are also included in any atmospheric
odelling or retrie v al works, as there may be future updates for

articular species. Works such as Zeidler et al. ( 2015 ) highlight the
mportance of this; they show temperature-dependence has an impact
n the refractive indices and therefore the spectral features which are
ncluded in atmospheric models for enstatite and olivine. 

The refractive indices determined by using different techniques
an differ from one another; for example in the case of amorphous
gSiO 3 (see Table 12 ) J ̈ager et al. ( 2003 ) use the sol-gel method,

nd Dorschner et al. ( 1995 ) use melting and quenching technique; a
omparison between the two is made in fig. 4 of J ̈ager et al. ( 2003 ). 

Surfaces are often neglected but some retrie v als propose to include
urface reflectance measurements by linear mixing (Cui et al. 2018 ).

ore adv anced radiati ve transfer modelling will be used, based
n optical constants, for instance using the Hapke model (Hapke
993 ). Surface reflection is also an important component of studies
uch as Stam ( 2008 ), Fauchez, Rossi & Stam ( 2017 ), and Trees
 Stam ( 2022 ), who consider the reflection spectra of a planet’s

tmosphere and surface (if there is one), including polarization state;
hese studies are particularly useful for modelling the observations
f future instruments such as the Habitable Worlds Observatory
HWO) (Vaughan et al. 2023 ). 

.3 What’s being w ork ed on? 

ngoing laboratory experiments (see for example, setups described
n works such as Deguine et al. 2020 ; Drant et al. 2024 ; He et al. 2024 )
re essential for measuring new refractive indices, exploring photo-
hemical pathways, and verifying theoretical calculations related to
erosols in planetary and exoplanet atmospheres. He et al. ( 2024 ),
or example, recently measured the density and optical properties of
rganic haze analogues generated in water-rich exoplanet atmosphere
xperiments, for use in characterizing observations from JWST . Gao
t al. ( 2021 ), who give an overview of the state of knowledge (as
f 2021 February) of aerosols for exoplanet atmospheres, highlight
he importance of ongoing laboratory experiments and development
f theoretical methods. A recent re vie w by Sciamma-O’Brien and

https://petitradtrans.readthedocs.io/en/latest/content/available_opacities.html
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Table 14. Sources for the reflectance data of various materials typically used in (exo)planetary surface models. 

Name Reflectance Optical constants Link 

SSHADE X X https:// www.sshade.eu/ 
USGS-Speclab X – https:// crustal.usgs.gov/ speclab/ 
RELAB X – https:// sites.brown.edu/ relab/ relab- spectral- database/
ECOSTRESS X – https://speclib.jpl.nasa.gov 
Mineral and rock sample X – https:// www.uwinnipeg.ca/ c-tape/ sample-database.html 
Database University of Winnipeg –
PTAL X – http:// erica.uva.es/ PTAL/ 
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rant & Wogan ( 2024 ) further highlights the importance of mea-
ured optical constants of laboratory aerosols for interpreting JWST 

bservations. 
As mentioned in Section 6.1.3 , there are several groups with 

ifferent laboratory setups who are working on measuring the 
ptical properties of different aerosol analogues. Collaborations are 
urrently ongoing between LATMOS (Gavilan et al. 2018 ; Drant 
t al. 2024 ) and NASA Ames (Sciamma-O’Brien et al. 2023 ) to
ompare optical properties found with different laboratory setups. 
uch collaborations will provide more complete data sets and help 
etter understand implications for future observations. Work is 
ngoing to combine different laboratory spectroscopic measurements 
n order to provide continuous data of refractive indices across a 
road spectral range co v ering the ranges of JWST and Ariel ; see for
xample, He et al. ( 2024 ) and Drant et al. ( 2024 ) for current examples
f this. 
For condensation curve data, work is ongoing from groups such as

hose at NASA Ames, where three groups are working independently 
o address the different properties and optical constants required for 
ccurate condensation curves. 

.4 Data needs: what’s missing and urgent? 

(i) Wav elength co v erage: as sho wn in Table 12 , the av ailable
ata for a number of aerosols do not have the wav elength-co v erage
equired to co v er the observational range of Ariel (0.5–7.8 μm) and/or
ther telescopes related to exoplanet atmospheres such as JWST 

 ∼ 0.6–28.5 μm, with the LRS instrument co v ering ∼ 5–13 μm).
e also note that refractive indices are important for modelling 

eflectance spectra of exoplanets and their atmospheres, including 
lbedo in the visible region (see for example, Chubb et al. 2023 ;
renn et al. 2023 ). 
(ii) Temperature-dependence: As mentioned abo v e, the main 

pectral features of aerosols which could be observed in exoplanet 
tmospheres using JWST , for example, may be shifted at high- 
emperatures in comparison to room-temperature (Zeidler et al. 
013 , 2015 ), making high-temperature measurements of refractive 
ndices of high priority. Zeidler et al. ( 2013 , 2015 ) demonstrate the
emperature-dependence of optical properties (i.e. refractive indices) 
f aerosol particles such as enstatite and olivine which are expected 
n typical hot gas giant exoplanets. Zeidler et al. ( 2015 ) demonstrate
he vibrational bands of olivine and enstatite becoming broader and 
edshifted with increasing temperature; see for example, their figs 2–
. It is assumed a similar effect will be found in other species, however
here are no available studies on temperature dependence for the vast 

ajority of refractive indices and most are therefore only available 
or terrestrial temperatures. Obtaining newer high temperature data 
or a wide range of other species important in higher temperature 
tmospheres would greatly aid in the analysis of observed spectra 
rom missions such as JWST and Ariel . Reflectance spectra and 
efractiv e indices abo v e 500–600 K are also important for surfaces,
ut at such high temperatures are usually not available. 
or ices, important for characterizing cooler solar system bodies, 

hree types of temperature effects are usually considered (Schmitt 
t al. 1998 ): (i) Phase transitions upon heating, irreversible for
ome cases, can lead to profound changes in spectral features. (2)
hermal annealing, also associated with irreversible reorganization 
f amorphous to more ordered structure resulting in a progressive 
hift and narrowing of the bands. (3) Thermal contraction of the
rystal and phonon–phonon interactions can lead to a change of 
he spectroscopic bands with a complex temperature behaviour 
epending on many factors including the solid structure, phase etc, 
ith the bandwidth generally increasing on heating. This change is 

eversible upon temperature. 
or cooler Solar system conditions, the temperature dependence of 

he refractive index have been studied, e.g. by Warren & Brandt
 2008 ) and Biermann, Luo & Peter ( 2000 ). The temperature depen-
ence of the refractive index of H 2 O has been investigated recently
y He et al. ( 2022c ) between 30 K and 160 K (see their fig. 7). These
esults for water and other small molecules are available in the Leiden
ce Data base for Astrochemistry–LIDA (Rocha et al. 2022 ). From
hat we know about ices, there is a clear temperature dependence 
hich for H 2 O results in a roughly 10 per cent increase from 30 K

o 160 K (He et al. 2022c ). 
ike for the majority of the data types considered in this work, more

aboratory studies, especially at warmer conditions, are needed for 
efractive indices. 

(iii) A guide on what tools to use: computing cloud opacities 
rom refractiv e inde x data requires some additional assumptions, 
ncluding the shape of the cloud particles, and whether the parti-
les are mixed composition. For example, Mie computations are 
ast but only applicable for spherical particles, while the discrete 
ipole approximation (DDA) (Draine & Flatau 1994 ) or T -matrix
ethod (Mackowski & Mishchenko 1996 ) are very accurate for non-

pherical particles which can be composed of multiple materials, but 
lso computationally e xpensiv e. There are some methods which lie
etween these extremes, allowing for the computation of scattering 
nd absorption coefficients for non-spherical particle shapes, at a 
ower cost but typically also lower accuracy that DDA. For example
he distribution of hollow spheres (DHS) method (Min et al. 2005 )
s thought to be a good compromise between accuracy and speed,
ith the option to choose a degree of irregularity of the particles.
he DHS method has been used in studies such as Dyrek et al.
 2024 ). There is also the modified mean field theory (MMF) method,
esigned for computing opacities of dust aggregates (Tazaki & 

anaka 2018 ). Photochemical hazes are well described by mean field
pproximations, as the solid particles produced by photochemistry 
oagulate at relatively high pressures in the atmosphere and form 

ractal aggregates of spherical particles (Botet, Rannou & Cabane 
997 ). The fractal meanfield scattering code of Botet et al. ( 1997 ),
RASTAI 3, 636–690 (2024) 

https://www.sshade.eu/
https://crustal.usgs.gov/speclab/
https://sites.brown.edu/relab/relab-spectral-database/
https://speclib.jpl.nasa.gov
https://www.uwinnipeg.ca/c-tape/sample-database.html
http://erica.uva.es/PTAL/
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vailable on GitHub, 60 can be used to get the optical properties
f fractal aggregates using refractive indices and fractal dimension
s inputs. A recent study by Lodge et al. ( 2023 ) investigates the
ifferences which result in the use of the Mie, MMF, and DDA
pproaches, and demonstrates that using a lower resolution for DDA
an also be a good compromise in terms of accuracy and speed.
here has been a call amongst some users of atmospheric modelling
nd retrie v al codes for some simple tools to create and read-in cloud
pacities. There are two approaches here: either the code reads in
efractive indices and particle sizes, and uses Mie theory or similar
DHS is available as part of the ARCiS (Min et al. 2020 ) code, for
xample) to compute opacities on the fly; or pre-computed grids of
pacities for various species, particle sizes, and shapes, can be read
n. Codes such as YunMa (Ma et al. 2023 ) assume spherical particle
izes. For surfaces, simple linear mixing of pure component spectra
an be easily surpassed by more advanced radiative transfer models,
uch as Hapke’s (Hapke 1993 ). The effect of the surface texture
compacity, roughness, and grain size) should be also taken into
ccount if the actual data contains sufficient information to retrieve
hese parameters. 

(iv) Amor phous v ersus crystalline forms: there is some discus-
ion in the literature o v er whether crystalline or amorphous structures
re expected under certain situations. It is thought that condensates
re typically crystalline if their condensation time-scale is faster
han their annealing time-scale, and amorphous if the opposite
s true. This is because in the former case the condensates can
earrange quickly enough to form the crystalline structure, but if the
ondensation occurs much faster then the formed condensate will
e amorphous (Gail & Sedlmayr 1999 ; Herbort et al. 2020 ). Grant
t al. ( 2023 ) demonstrate the impact of choosing either amorphous or
rystalline structures for their refractive indices of solid-state SiO 2 ,
ith some resulting small differences between their retrieved spectra
f WASP-17 b. It is therefore important for refractive indices for both
rystalline and amorphous forms to be available for models. Helling
 2021 ) calls for opacity data for condensates across large wavelengths
anges and crystalline species, along with opacity modelling for non-
pherical and charged cloud particles. 

(v) Additional species: it has been noted by members of the
ommunity that sulphuric acid-based aerosols are of interest but are
issing from the list of available aerosol refractive indices. 
(vi) Condensation cur v es: these are required for all species in or-

er to correctly predict their presence in e xoplanet atmospheres, o v er
 large range of pressures and temperatures. As mentioned abo v e,
g. 4 of Gail et al. ( 2013 ) illustrates the considerable difference
etween condensation curves of SiO using different measured data,
ith the newer measurements allowing SiO to be present in solid

orm up to higher temperatures than the older ones. This highlights
he importance of laboratory data for cloud modelling. 

(vii) In-situ measurements of reflectance: as noted in this
ection, these data are available from different sources (see Table 14 ),
ut not available in one easily accessible data base. 

(viii) Cloud nucleation parameters: constraints on the surface
ension, contact angles, and similar parameters are required for the
escription of cloud nucleation (Arfaux & Lavvas 2024 ). These
re typically used even for non-molecular condensates, which are
haracterized by the absence of the corresponding condensing
pecies in the gas phase e.g. MgSiO 3 and Na 2 S (Arfaux & Lavvas
024 ), thus a better understanding of the heterogeneous mechanisms
t play for these cases is also needed. 
ASTAI 3, 636–690 (2024) 

0 https:// github.com/ storyofthewolf/ fractal optics coreshell.git

6

6

(ix) Laboratory data to aid understanding of the coupling
f haze and clouds: it is becoming more evident with the latest
bservations that the coupling of haze and clouds is important (see for
xample, Arfaux & Lavvas 2024 ). To better understand this coupling,
xperiments that investigate the potential of haze particles acting as
ucleation sites for the condensation of anticipated condensates in
xoplanet atmospheres are needed. 

 ATMO SPH ER IC  CHEMI STRY  

ata required for atmospheric chemistry models appropriate for
xoplanet atmospheres primarily include thermochemical data for
quilibrium networks, and collision and reaction rates for kinetic
etworks. 

.0.1 Equilibrium chemistry 

here are a variety of codes designed to model chemical equilibrium
n atmospheres, including exoplanet atmospheres. For example,
CE (Ag ́undez et al. 2012 , 2020 ), FastChem 

61 (Stock et al. 2018 ;
tock, Kitzmann & Patzer 2022 ), and GGchem 

62 (Woitke et al. 2018 )
ll work by minimizing the Gibbs free energy of the system for a
iven pressure and temperature. The minimization of Gibbs free
nergy requires thermochemical data as input. Many codes make use
f the algorithm of Gordon & Mcbride ( 1994 ) to compute the free
nergy minimization. 

Here we give a little more context to what data are required for
odes such as these. Each species is characterized by two sets of
hermochemical coefficients, that can be in a 7-format or in a 9-
ormat. The 9-format, being a more recent one, permits more accurate
alculations. There is a set for the ‘high-temperature’ range and
nother one for the ‘low-temperature’ range. For each of these ranges,
hermochemical properties of each species in the normal conditions
nthalpy ( h 

0 ) and entropy ( s 0 ) can be calculated thanks to the NASA
olynomials. For the 7-format, the expressions are: 

h 

0 ( T ) 

RT 
= a 1 + 

a 2 T 

2 
+ 

a 3 T 
2 

3 
+ 

a 4 T 
3 

4 
+ 

a 5 T 
4 

5 
+ 

a 6 

T 
(7) 

s 0 ( T ) 

R 

= a 1 ln T + a 2 T + 

a 3 T 
2 

2 
+ 

a 4 T 
3 

3 
+ 

a 5 T 
4 

4 
+ a 7 . (8) 

he polynomials corresponding to the 9-format are slightly different:

h 

0 ( T ) 

RT 
= −a 1 T 

−2 + a 2 T 
−1 ln T + a 3 + 

a 4 T 

2 

+ 

a 5 T 
2 

3 
+ 

a 6 T 
3 

4 
+ 

a 7 T 
4 

5 
+ 

b 1 

T 
(9) 

s 0 ( T ) 

R 

= −a 1 T 
−2 

2 
− a 2 T 

−1 + a 3 ln T + a 4 T 

+ 

a 5 T 
2 

2 
+ 

a 6 T 
3 

3 
+ 

a 7 T 
4 

4 
+ b 2 . (10) 

ith these two quantities calculated, the Gibbs Free Energy of the
ystem can be calculated: 

 sys = 

L ∑ 

l 

(
h 

0 
l ( T ) − T s 0 l ( T ) + RT ln 

P 

P 

0 
+ RT ln N l 

)
× N l (11) 

The sets of N l that will minimize this equation (the Gibbs Free
nergy of the system) will correspond to the composition at ther-
ochemical equilibrium. Some data bases which gather equilibrium
1 https:// github.com/ exoclime/ FastChem 

2 https:// github.com/ pw31/ GGchem 

https://github.com/storyofthewolf/fractal_optics_coreshell.git
https://github.com/exoclime/FastChem
https://github.com/pw31/GGchem
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hermodynamic coefficients for large sets of species are listed in 
ection 7.1.1 . 

.0.2 Disequilibrium chemistry 

n addition to equilibrium chemistry, some codes include disequi- 
ibrium chemistry processes (i.e. quenching induced by vertical 
ixing, photodissociation, condensation and e v aporation, surface 

eposition, outgassing, and atmospheric escape) that control the 
tmospheric chemical composition (i.e. Garc ́ıa Mu ̃ noz 2007 ; Moses
t al. 2011 ; Venot et al. 2012 , 2020 ; Tremblin et al. 2016 ; Rimmer
 Helling 2016 ; Tsai et al. 2017 ; Al-Refaie et al. 2022 ). These

odes require data adapted to the type of exoplanets studied. For
nstance, for warm exoplanets, such as hot Jupiters, data which are 
alidated/measured/calculated at high temperatures are necessary. 
he data are: chemical schemes, that is to say a list of hundreds

o thousands of reactions, with the associated reaction rates, but 
lso physicochemical data for photodissociations (UV absorption 
ross-sections and quantum yields). Thermodynamic data are also 
ecessary to calculate reverse reactions rates. 

.1 State-of-the-art – data availability 

.1.1 Equilibrium chemistry 

he C/H/O/N (CHON) chemical species included in ACE (Ag ́undez 
t al. 2012 , 2020 ) are mainly sourced from Gordon & Mcbride
 1994 ), Atkinson et al. ( 2004 , 2006 , 2007 ) and Bounaceur et al.
 2010 ), with some constants computed using THERGAS (Muller 
t al. 1995 ). ACE is commonly used in conjunction with chemical
inetic models by Venot et al. ( 2012 , 2020 ) and in the more re-
ently re-written Python version FRECKLL (Al-Refaie et al. 2022 ). 
astChem (Stock et al. 2018 , 2022 ) sources their thermochemical 
ata from the NIST-JANAF data base (Chase 1998 ). 63 A version 
f FastChem has recently been released which includes equilibrium 

ondensation and rainout (Kitzmann, Stock & Patzer 2023 ), and 
omes with a python interface. GGchem (Woitke et al. 2018 ) 
ses multiple sources of thermochemical data, with new species 
ontinuously added to the data files on the GitHub page. The sources
or their chemical data comes from Barklem & Collet ( 2016 ), NIST-
ANAF (Chase 1998 ) and Tsuji ( 1973 ). Appendix C of Woitke et al.
 2018 ) includes a comparison of the molecular equilibrium constants 
ollected from various sources; the full comparison data can be found 
t Worters et al. ( 2017 ). A graphical comparison of mineral Gibbs
ree energy data can also be found at Woitke et al. ( 2017 ). Other
ources of thermochemical data include the Burcat data base (Burcat 
t al. 2005 ) 64 and Sharp & Huebner ( 1990 ). Recently, Wang et al.
 2023a ) provided NASA polynomials for 464 molecules with an 
mphasis on those species which are important for exoplanets. 

.1.2 Disequilibrium chemistry 

oncerning chemical schemes, one major difficulty is to get data 
orresponding to the temperature of exoplanets. Due to long-standing 
tudies of Solar System bodies, most of the chemical schemes de- 
eloped for planetology are valid for low-temperature medium (e.g. 
treya & Gu 1994 ; Moses et al. 2005 , 2018 , Dobrijevic et al. 2014 ,
016 ). Ho we ver, in the combustion domain, many studies regarding
3 https:// janaf.nist.gov/ janbanr.html 
4 http:// garfield.chem.elte.hu/ Burcat/ burcat.html 

6

6

6

6

hemical kinetics at high temperatures have been performed in the 
ast few decades and can be relevant for modelling the atmospheres of
xoplanets (e.g. Cathonnet, Boettner & James 1982 ; K ́eromn ̀es et al.
013 ; Burke et al. 2016 ). Based on this fact, Venot et al. ( 2012 , 2015 ,
020 ) and Veillet et al. ( 2024 ) have developed and updated reliable
hemical schemes validated through combustion experiments for 
HON species. These schemes have been validated on a large range
f temperatures and pressures, typically 500–2500 K and 10 −6 –
00 bar, thanks to comparisons with many experimental data sets 
Veillet et al. 2024 ). This range of validation is probably adequate,
s the chemical composition of the upper part of the atmosphere,
hich might in certain cases be at lower temperatures than 500 K,

s mainly go v erned by photolysis processes and/or vertical mixing-
nduced quenching. Even if those have not been validated with the
ame methodology as the aforementioned ones, chemical schemes 
ith sulphur have also been developed and presented in various 

tudies, such as Zahnle et al. ( 2016 ), Tsai et al. ( 2021 ), and Hobbs
t al. ( 2021 ). The network of Tsai et al. ( 2021 ) was recently used to
ontextualize the photochemically produced SO 2 feature detection 
n the atmosphere of hot Jupiter WASP-39 b (Tsai et al. 2023 ). Other
isequilibrium chemical schemes tailored for exoplanets include 
he STAND network (Rimmer & Helling 2016 ), which includes 
ffects of UV photochemistry, cosmic ray chemistry, and lightning- 
riven chemistry, and the network of Moses et al. ( 2010 ) which
ses thermochemical/photochemical kinetics and transport models. 
xoREL (Hu 2019 , 2021 ) is a code to compute disc-averaged

eflected-light spectra at any planetary phase, taking into account 
he radiative properties of clouds and their feedback on planetary 
lbedo. 

Data bases such as the JPL Chemical Kinetics and Photochemical 
ata data base, 65 the KInetic Database for Astrochemistry (KIDA) 
ata base 66 (Wakelam et al. 2012 ), the NIST chemical kinetic data
ase, 67 and the UMIST Data base for Astrochemistry (UDfA) 68 (Mil- 
ar et al. 2024 ) are all sources of kinetic and photochemical data.
IDA provides e v aluations of reaction rates and uncertainties, and

ontains chemical schemes used in planetology. Concerning UV 

hotochemical data, very few data exist at high temperatures. Venot 
t al. ( 2013 , 2018b ) studied experimentally the thermal dependence
f carbon dioxide and its impact on atmospheric composition and 
leury et al. ( 2023a ) studied the one of C 2 H 2 . Grosch, Fateev &
lausen ( 2015 ) measured UV absorption cross-sections of sulphur- 
ontaining compounds at ele v ated temperatures. See Section 8 for
etails on UV photodissociation and photoabsorption cross-sections. 

.2 Data used by retrieval codes 

.2.1 Equilibrium chemistry 

any of the aforementioned equilibrium chemistry codes are in- 
luded in various atmospheric modelling and retrieval codes, such 
s TauREx3 (Al-Refaie et al. 2021 ) where ACE is included as
tandard with the option to include others using the plugin feature
f TauREx 3.1, and ARCiS (Ormel & Min 2019 ; Min et al.
020 ), where GGchem (Woitke et al. 2018 ) is fully integrated.
astChem (Stock et al. 2018 , 2022 ) is the main chemical model used

n the HELIOS radiative transfer code (Malik et al. 2017 ; Kitzmann
RASTAI 3, 636–690 (2024) 

5 https://jpldatae v al.jpl.nasa.go v/inde x.html 
6 https:// kida.astrochem-tools.org/ 
7 https:// kinetics.nist.gov/ kinetics/ 
8 http://udfa.ajmarkwick.net

https://janaf.nist.gov/janbanr.html
http://garfield.chem.elte.hu/Burcat/burcat.html
https://jpldataeval.jpl.nasa.gov/index.html
https://kida.astrochem-tools.org/
https://kinetics.nist.gov/kinetics/
http://udfa.ajmarkwick.net
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t al. 2020 ). Other codes such as petitRADTRANS (Molli ̀ere et al.
019 ) and Exo-REM (Baudino et al. 2015 ) include self-written
hemical routines. For example, easyCHEM is a self-written Gibbs
ree energy minimizer which is included in petitRADTRANS and
escribed in Molli ̀ere et al. ( 2017 ). Al-Refaie et al. ( 2022 ) compares
omputed atmospheric spectra of a hot gas giant exoplanet using
ome of the available equilibrium chemistry codes plugged into
auREx3; ACE (Ag ́undez et al. 2012 , 2020 ), FastChem (Stock
t al. 2018 ), GGchem (Woitke et al. 2018 ), and also GGchem with
ondensation included. Jaziri et al. ( 2024 ) explore the reliability
f 1D equilibrium chemistry models to predict the composition of
D exo-atmospheres with simulated transmission spectra of Ariel
nd JWST observations. They use the ACE chemical scheme in the
auREx retrie v al code. ATMO (Tremblin et al. 2015 ; Tremblin et al.
016 ) is a radiativ e/conv ectiv e equilibrium code which is coupled to
he CHNO-based chemical network of Venot et al. ( 2012 ). 

.2.2 Disequilibrium chemistry 

n addition to equilibrium chemistry, some atmospheric retrie v al
odes explicitly parametrize the disequilibrium chemistry process
f quenching. For example, Kawashima & Min ( 2021 ) outlines the
isequilibrium chemistry scheme included in atmospheric retrie v al
nd modelling code ARCiS (Ormel & Min 2019 ; Min et al. 2020 ),
hich includes vertical mixing of CH 4 , CO, H 2 O, NH 3 , N 2 , and CO 2 .
RCiS uses thermochemical data collated as part of GGchem (men-

ioned abo v e; Woitke et al. 2018 ), along with some e xtra species
ourced from Burcat et al. ( 2005 ) and Ruscic et al. ( 2005 ). Recently,
 step forward has been made with TauREx3 using the kinetic
ode FRECKLL (Full and Reduced Exoplanet Chemical Kinetics
istiLLed) as a plugin (Al-Refaie et al. 2022 ), in order to perform
etrie v als taking into account chemical kinetics. The kinetic network
ncluded in FRECKLL is based on the chemical scheme of Venot
t al. ( 2020 ). VULCAN is another open source chemical kinetics
ode for exoplanetary atmospheres, written in python (Tsai et al.
017 ). Their paper describes the rate coefficients and thermodynamic
ata used in the network. ATMO (Tremblin et al. 2015 ; Tremblin
t al. 2016 ) includes a kinetic chemical network, as well as the
quilibrium chemistry network described abo v e. HyDRA (Gandhi
 Madhusudhan 2017 ) is a disequilibrium retrie v al frame work for

hermal emission spectra of exoplanetary atmospheres. 

.3 What’s being w ork ed on? 

 chemical scheme validated through combustion experiment cou-
ling CHON species to sulphur species is currently in progress and
hould be published in 2024 (Veillet et al., in preparation). There
s currently work underway to include P and S in CHON chemical
chemes, using ab initio methods. Sticking coefficients of gas phase
olecules onto solid atmospheric haze are currently in progress and

hould be published in 2024 (Perrin et al., in preparation). Several
V absorption cross sections (NH 3 , HCN, SO 2 ) are currently under

tudy at LISA with their own UV platform and will be published in
he coming years (Collado et al., in preparation). 

.4 Data needs: what’s missing and urgent? 

(i) Rocky exoplanets: data for rocky exoplanets require chemical
etworks that include many different species, which can be much
ore complex than what is usually the case for hydrogen-dominated

tmospheres. These species include KOH, NaOH, SiO 2 , CaOH, FeO,
ASTAI 3, 636–690 (2024) 
gO, MgOH, as outlined in works such as Tennyson & Yurchenko
 2017 ) and Herbort et al. ( 2020 ) 

(ii) Reaction rates for various different molecules: Helling
 2021 ) call for more thermochemical data, particularly reaction rates,
or elements other than CHON(S). This has been pointed out by
thers, for example for phosphine (Bains et al. 2021 ), which is
pplicable to Venus as well as exoplanet atmospheres; for chlorine-
earing species which would be helpful for Mars; and species such
s TiO and VO for high-temperature exoplanet atmospheres. Other
lements which ideally would be included in chemical schemes
nclude Si, Mg, Na, K, Ca, and Al (F ortne y et al. 2019 ). 

(iii) Reaction rates for ions: ion chemistry may affect the deeper
ayers of the atmosphere through, for example, the formation of
aze. The ionosphere is also rele v ant because it connects with the
pper atmospheres and therefore with the long-term evolution of the
lanet’s composition. 
(iv) Reaction rate coefficients at a variety of pr essur es and

emperatures: Reaction rates must therefore be known at tempera-
ures ranging from ∼ 30 K to abo v e 3000 K, and because the deep
tmospheric layers are chemically mixed with the layers probed by
pectroscopic observations, at pressures up to about ∼ 100 bar. 

(v) Condensation: some codes, such as GGchem (Woitke et al.
018 ) and the latest version of FastChem (Kitzmann et al. 2023 ),
lready include condensation. Expanding more codes to explicitly
nclude condensation and including additional elements in chemical
etworks will be useful to fully characterize where the elements of
n atmosphere will go under chemical equilibrium conditions. 

(vi) Gas-particle processes: when aerosol particles are present in
he atmosphere, gas-particle chemistry has been shown to influence
ot only the particles, but also the atmospheric content (Cavali ́e et al.
023 ; Petera et al. 2023 , and Kn ́ıžek et al., in preparation). For that
urpose, sticking coefficients of gas components on solid particles
re largely missing. 

 U V  

H O  TO DI SSOCI ATI ON/ PHO  TO  ABSORPTIO N  

ATA  

he need for a description of molecular absorption in the ultraviolet
UV) region is moti v ated mainly by the following two reasons: (1)
irect observations in the UV, which are not in the Ariel instrumental
ange but are of rele v ance to a number of existing, past, or potential
uture instruments; the WFC3/UVIS instrument on board the HST
200–1000 μm), the Galaxy Evolution Explorer ( GALEX ) (135–
80 nm) (Viswanath et al. 2020 ), the Far Ultraviolet Spectroscopic
xplorer (FUSE) (90.5–119.5 nm) (Moos, McCandliss & Kruk
004 ), Cassini Ultra-violet Imaging Spectrograph (UVIS) (55.8–
90 nm) (Esposito et al. 2004 ), and the Habitable Worlds Observatory
HWO) future mission concept; and (2) utilization in atmospheric
hemistry calculations for considering the chemical consequences of
hotodissociation, see Section 7 . F or e xample, impro ving the cross-
ection data of H 2 O in the vacuum ultraviolet (VUV, ∼100–200 nm)
eads to significant changes in the outcome of photochemistry: for
n abiotic habitable planet with an anoxic, CO 2 -N 2 atmosphere
rbiting a Sun-like star, it enhances the OH production which in
urn suppresses a broad range of species in anoxic atmospheres
Ranjan et al. 2020 ), including H 2 and CH 4 . This is just one
echanism, clearly showing the sensitivity of the models to UV

ross-sections and thus highlighting the critical need for laboratory
ata used photochemical models, whether from measurements or
alculations. The impact of the strong variation of CO 2 absorption
ross-sections with temperature on abundance and photodissociation
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ates of many species (CO2, CH 4 , NH 3 ) was demonstrated by Venot
t al. ( 2018b ). 

The special but typical feature of molecular spectra in the 
V/VUV wav elength re gion is their continuum. Their featureless 

haracter is due to the dissociati ve ef fects in the high energy/low
av elength re gion. It is this type of spectra produced by transitions

o or from states abo v e a dissociation limit and caused by the
issociation that we mainly discuss in this section. Photoabsorption 
ncludes both bound–bound transitions (these appear as either sharp 
ines or continuum) and bound-free photodissociation (continuum) 
ransitions, see e.g. Pezzella, Yurchenko & Tennyson ( 2021 ) and 
ennyson et al. ( 2023 ). Bound-bound transitions which result in 
harp lines are often included as part of a line list which extends
nto the UV region (see Section 2 ). These types of spectra can be
ompletely featureless for transitions to the continuum (from bound 
tates to fully unbound, or dissociative states, e.g. HF abo v e 100–
60 nm; Pezzella et al. 2022 ) or mostly consisting of sharp lines (from
ound to bound or quasi-bound states, e.g. MgH in the A-X band at
.5 μm; Owens et al. 2022a ), or anything in between (Pezzella et al.
022 ). Both continuum absorption and photodissociation need to be 
epresented as cross-sections rather than the lines of a typical line 
ist, as they are continuum processes. 

This creates challenges not only for the production of UV spectral 
ata but also for its provision and format. For the featureless UV
pectra, it is natural to provide data in the form of temperature de-
endent cross-sections. This is the format of the MPI-Mainz UV/VIS 

pectral Atlas 69 (Keller-Rudek et al. 2013 ) and Leiden 70 (Heays, 
osman & van Dishoeck 2017 ; Hrodmarsson & Van Dishoeck 2023 )
ata bases. In cases where the cross-sections are dominated by the 
ontinuum, the pressure effect is considered to be negligible, but 
t is noteworthy that in cross-sections dominated by resonances to 
ydberg and valence states, high pressures can significantly affect 

he absorption cross-sections. Such effects have been observed in 
O where transitions to Rydberg states were significantly broadened 

nd shifted up until 1000 bar where the Rydberg states have all but
anished from the spectrum (Miladi et al. 1975 ; Miladi, Roncin &
amany 1978 ). Ho we ver, most UV spectra comprise a mixture of

he bound–bound transitions (sharper lines) and continuum. 

.1 State-of-the-art – data availability 

ne of the main sources of photodissociation cross-sections of 
olecules is the Leiden data base, 71 which provides photodis- 

ociation and photoionization cross-sections for 116 atoms and 
olecules of astrochemical interest collected from the literature, 

oth experimental and theoretical (Heays et al. 2017 ; Hrodmars- 
on & Van Dishoeck 2023 ). The photodissociation thresholds and 
hreshold products provided by this data base are summarized in 
able 15 , and the provided photoionization thresholds summarized 

n Table 16 for molecules at low (interstellar/terrestrial) temperatures. 
he PHIDRATES website 72 provides a set of tools to calculate 
hotoionization, photodissociation, and photodissociative ionization 
ate coef ficients (Huebner, K eady & Lyon 1992 ). There is also the

PI-Mainz UV/VIS Spectral Atlas 73 (Keller-Rudek et al. 2013 ), 
here experimental temperature-dependent cross-sections for a 
9 https://www.uv- vis- spectral- atlas- mainz.org/uvvis/
0 https://home.strw .leidenuniv .nl/ ∼ewine/photo/index.html 
1 https://home.strw .leidenuniv .nl/ ∼ewine/photo/index.html 
2 https:// phidrates.space.swri.edu/ 
3 https://www.uv- vis- spectral- atlas- mainz.org/uvvis/

t  

c
f

7

7

arger number of molecules are provided. We note, ho we ver, that
here are some limitations in terms of temperature-dependence and 
av elength co v erage of the data in cross-section data bases such as

hese, so it is worth checking the range of temperatures co v ered by
he cross-sections for each species of interest. 

In the past few years, there have been multiple VUV cross-
ections (photoabsorption and photoionization) measured at the VUV 

ESIRS beamline at the SOLEIL synchrotron facility in France (Na- 
on et al. 2012 ). Absolute photoabsorption cross-sections have been 
easured using a Fourier-transform absorption cell (de Oliveira 

t al. 2016 ) where multiple species have been measured such as
H (Heays et al. 2018 ), CO (Hakalla et al. 2016 ; Lemaire et al.
018 ), S 2 (Stark et al. 2018 ), SO (Heays et al. 2023 ), and others.
bsolute photoionization cross-sections of radical species have 
een measured with the double-imaging photoelectron photoion 
i2PEPICO) instrument DELICIOUS3 (Garcia et al. 2013 ) where 
he radicals were produced continuously in a stable manner with a
ow tube (Garcia et al. 2015 ). This has allowed the measurements of
hotoionization cross-sections of species such as OH (Harper et al. 
019 ), NH 2 (Harper et al. 2021 ), SH (Hrodmarsson et al. 2019 ), and
thers. In the frame of the EXACT project 74 VUV absorption cross-
ections are also measured experimentally. The first species studied 
as carbon dioxide (Venot et al. 2013 ; Venot et al. 2018b ). 
Regarding computations of photoionization or photoabsorption, 

he XCHEM code has recently been used to compute the photoion-
zation of H 2 O (Fern ́andez-Mil ́an et al. 2023 ), and also the valence-
hell photoionization of CO 2 (Pranjal et al. 2024 ). Photoabsorption 
ross-sections for atmospheric volatile organic compounds (VOCs) 
ave been computed by Prlj et al. ( 2020 , 2022 ), using a combi-
ation of time-dependent and time-independent methods. Ndengu ́e 
t al. ( 2023 ) explore the temperature dependence of the electronic
bsorption spectrum of NO 2 up to 2200 K, down to a wavelength of
.25 μm (up to 40 000 cm 

−1 ) by combining ab initio methods with
igh-resolution experiments. Xue, Barbatti & Dral ( 2020 ) utilize 
achine learning methods for the computation of absorption cross- 

ections in the visible and UV wavelength region, including benzene. 
achine learning algorithms for the computation of electronically 

xcited states are also utilized by Sr ̌se ̌n & Slav ́ıček ( 2021 ) and Sr ̌se ̌n,
on Lilienfeld & Slavicek ( 2024 ). 

Collections of theoretical UV cross-sections of PAHs are available 
nline 75 (Malloci, Joblin & Mulas 2007 ) and measurements of the
ross-sections of cationic PAHs (Zhen et al. 2016 ; Wenzel et al.
020 ) have been used recently by Bern ́e et al. ( 2022 ) to show the
mportance of up-to-date experimental measurements to understand 
he contribution of the ionization of PAH cations to a variety of
nvironments. 

The ExoMol data base has started providing photoabsorption and 
hotodissociation data, see Tennyson et al. ( 2023 ). This will include
V line lists (bound–bound transitions only), UV photoabsorption 

ross-sections (bound-continuum only) and separately full temper- 
ture dependent photoabsorption cross-sections (all together). The 
ata are produced with essentially the same computational ExoMol- 
ethodology used for production of line lists, see Section 2.1.1 

ExoMol) i.e. a mixture of first-principle quantum-mechanical cal- 
ulations and empirical refinement, see Pezzella et al. ( 2021 ). As in
he case of the line lists, the advantage of theoretical spectra is in the
ompleteness at higher temperatures. ExoMol also provides hosting 
or experimental VUV/UV cross-sections of molecules (Fateev et al., 
RASTAI 3, 636–690 (2024) 

4 https:// www.anr-exact.cnrs.fr/ 
5 http:// astrochemistry.ca.astro.it/ database/ pahs.html 

https://www.uv-vis-spectral-atlas-mainz.org/uvvis/
https://home.strw.leidenuniv.nl/~ewine/photo/index.html
https://home.strw.leidenuniv.nl/~ewine/photo/index.html
https://phidrates.space.swri.edu/
https://www.uv-vis-spectral-atlas-mainz.org/uvvis/
https://www.anr-exact.cnrs.fr/
http://astrochemistry.ca.astro.it/database/pahs.html
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Table 15. Photodissociation thresholds and threshold products in the Leiden data base (Heays et al. 2017 ; Hrodmarsson & Van Dishoeck 2023 ). 

Photodis. Thresh Photodis. Thresh Photodis Thresh 
Species products Photodis Species products Photodis Species products Photodis 

AlH Al + H 392 CO 2 CO + O 227 NH 2 CHO NH 3 + CO 208 
C 2 C + C 193 CS C + S 168 NH 3 NH + H 2 301 
C 2 H C 2 + H 253 CS 2 CS + S 278 NO N + O 191 
C 2 H 2 C 2 H + H 217 H 2 H + H 274 NO 2 NO + O 398 
C 2 H 3 H 2 CC + H 1240 H 

+ 
2 H + H 

+ 290 NaCl Na + Cl 293 
C 2 H 4 C 2 H 2 + H 2 258 H 2 CO H 2 + CO 361 NaH Na + H 606 
C 2 H 5 C 2 H 4 + H 260 H 2 CS H 2 + CS 313 O 2 O + O 242 
C 2 H 5 OH C 2 H 5 O + H 208 H 2 O H + OH 242 O 

+ 
2 O + O 

+ 186 
C 2 H 6 C 2 H 5 + H 287 H 2 O 2 OH + OH 556 O 3 O 2 + O 1180 
C 3 C 2 + C 268 H 2 S H + SH 318 OCS CO + S 280 
C 3 H 3 C 3 H 2 + H 300 HC 3 H l-C 3 H + H 400 OH O + H 279 
C 3 H 7 OH C 3 H 7 O + H 208 HC 3 N H + C 3 N 244 OH 

+ O 

+ + H 247 
CH C + H 358 HCN H + CN 243 PH P + H 398 
CH 

+ C + H 

+ 303 HCO H + CO 2037 PH 

+ P + + H 369 
CH 2 C + H 417 HCO 

+ H + CO 

+ 145 S 2 S + S 283 
CH 

+ 
2 CH 

+ + H 204 HCOOH H + HCOO 333 SH S + H 345 
CH 3 CH + H 2 271 HCl H + Cl 279 SH 

+ S + + H 320 
CH 3 CHO HCO + CH 3 342 HCl + H + Cl + 267 SO S + O 233 
CH 3 OCH 3 CH 3 O + CH 3 196 HF H + F 211.4 SO2 O + SO 219 
CH 3 OCHO HCO + CH 3 248 HNC H + CN 165 SiH Si + H 417 
CH 3 CN CH 2 CN + H 308 HNCO NH + CO 333 SiH 

+ Si + + H 391 
CH 3 NH 2 CH 3 NH + H 244 HO 2 H + O 2 476 SiO Si + O 150 
CH 3 OH CH 3 O + H 280 LiH Li + H 579 c-C 3 H C 3 + H 289 
CH 3 SH CH 3 S + H 331 MgH Mg + H 623 c-C 3 H 2 c-C 3 H + H 284 
CH 4 CH 3 + H 277 N 2 N + N 127 SiO Si + O 150 
CH 

+ 
4 CH 

+ 
3 + H 1031 N2O N 2 + O 735 l-C 3 H C 3 + H 379 

CN C + N 160 NH N + H 362 l-C 3 H 2 l-C 3 H + H 320 
CO C + O 110 NH 

+ N 

+ + H 281 l-C 4 C 3 + C 263 
CO 

+ C 

+ + O 149 NH 2 NH + H 314 l-C 4 H C 4 + H 267 
– – – – – – l-C 5 H C 5 + H 348 

Table 16. Ionization thresholds in the Leiden data base (Heays et al. 2017 ; Hrodmarsson & Van Dishoeck 2023 ). 

Thresh Thresh Thresh Thresh 
Species Photoion Species Photoion Species Photoion Species Photoion 

Al 207 CH 3 OH 113 HCO 152 O 2 103 
AlH 156 CH 3 SH 131 HCOOH 110 O 3 99 
C 110 CH 4 98 HCl 97 OCS 111 
C 2 102 CN 87 HF 77.5 OH 95 
C 2 H 107 CO 88 HNC 103 P 118 
C 2 H 

− 412 CO 2 90 HNCO 108 PH 122 
C 2 H 2 109 CS 110 HO 2 109 Rb 297 
C 2 H 3 147 CS 2 123 K 286 S 120 
C 2 H 4 118 Ca 203 Li 230 S 2 133 
C 2 H 5 153 Ca + 104 LiH 152 SH 119 
C 2 H 5 OH 119 Cl 96 Mg 162 SO 120 
C 2 H 6 108 Co 158 Mn 167 SO 2 100 
C 3 102 Cr 183 N 85 Si 152 
C 3 H 3 143 Fe 158 N 2 79 SiH 156 
C 3 H 7 OH 123 H 91 N 2 O 96 SiO 108 
C 2 H 

− 348 H 

− 1470 NH 92 Ti 182 
C 6 H 

− 327 H 2 82 NH 2 111 Zn 132 
CH 117 H 2 CO 114 NH 2 CHO 121 c-C 3 H 129 
CH 2 119 H 2 CS 135 NH 3 122 c-C 3 H 2 136 
CH 3 126 H 2 O 98 NO 134 l-C 3 H 136 
CH 3 CHO 121 H 2 O 2 117 NO 2 127 l-C 3 H 2 119 
CH 3 OCH 3 127 H 2 S 119 Na 241 l-C 4 116 
CH 3 OCHO 113 HC 3 H 139 NaH 179 l-C 4 H 129 
CH 3 CN 102 HC 3 N 107 Ni 162 l-C 5 H 168 
CH 3 NH 2 135 HCN 91 O 91 – –
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n preparation). The recent AloHa AlH line list gives an example of
he treatment of mixed spectral lines and continuum absorption in 
V (Yurchenko et al. 2024c ) while Pezzella et al. ( 2022 ) gives an

xample of photodissociation cross-sections. 
Absolute VUV branching ratios (sometimes known as quantum 

ields) of molecules are generally not very well known, in part 
ue to the experimental difficulties of measuring them. Rotation- 
lly resolved absolute photodissociation branching ratios of small 
olecules like CO (Gao et al. 2020b , 2013 ; Ranjan et al. 2020 ), CO 2 

Lu et al. 2014 ), N 2 (Song et al. 2016 ; Shi et al. 2017 ), and others
ave been obtained using two tunable VUV laser systems. Other 
dvancements have been in the use of VUV free electron lasers
uch as the one in the Dalian Light Source in China, where VUV
hotodissociation branching ratios have been measured for species 
uch as H 2 S (Zhou et al. 2020 ), CS 2 , and OCS along with even
ore recent results of H 2 O (Chang et al. 2023 ; Wogan et al. 2024 ).
here are more recent measurements in the context of exoplanet 
tmospheres that are noteworthy such as recent measurements of 
thane (C 2 H 6 ) (Chang et al. 2020 ) considering its rele v ance to both
ycean atmospheres and Enceladus. As the sizes of molecules grow, 

he fragmentation patterns become more difficult to disentangle. 
n the case of C 2 H 6 , there are se venteen dif ferent fragmentation
hannels available at the Ly α limit, each other with different sets of
ragmentation products which can be formed in various electronically 
xcited states. 

Regarding the electronically excited species, to a zeroth order 
pproximation the electronic fluorescence proceeds faster than the 
ollision frequency in the atmosphere in question. The validity of 
his approximation is dependent on the pressure and temperature of 
he rele v ant environments but typically non-dissociati ve fluorescence 
ifetimes of small molecules are of the order of one to a few

icroseconds. For environments where collision rates and these 
uorescence rates are comparable, collisions with electronically 
xcited species should not be neglected because they could lead 
o different photochemical paradigms that are currently neglected in 

ost atmospheric models. For example, when H 2 O is photodissoci- 
ted from the D state, OH is formed in the electronically excited A
tate which has a fluorescent lifetime of 1 ms (Livingston Large &
liewer 2024 ). 

.2 What’s being w ork ed on? 

(i) ExoMol is working on producing temperature-dependent 
V photoabsorption and photodissociation data for a variety of 
olecules including OH, SO, and HCN. 
(ii) Recently, acetylene has been measured (Fleury et al. 2023a ) 

nd more data are to be published soon (Fleury et al., in preparation),
s part of the EXACT project, 76 where UV absorption cross- 
ections are measured experimentally. The EXACT project aims to 
easure UV absorption cross-sections at high temperatures for many 

pecies, using their experimental setup at LISA. 
(iii) VUV photoabsorption cross-sections and VUV photoion- 

zation cross-sections are currently being studied for a number of 
olecules at the DESIRS beamline at the SOLEIL synchrotron 

acility in France. Current efforts involve sulphur-containing species; 
hotoabsorption cross-section of CS and C 2 will be measured and the 
hotoionization cross-sections of sulphur containing radicals such as 
CS will be investigated. 
6 https:// www.anr-exact.cnrs.fr/ 

t

(iv) PAHs: similar to the recent experimental work of Chowdhury 
t al. ( 2024 ) on the cyanonaphthalenes, the photoionization of a
arge sample of neutral PAHs of varying sizes and symmetries are
eing investigated (Hrodmarsson et al., in preparation) to impro v e
revious experimental data on PAH photoabsorption data from the 
990’s (Verstraete et al. 1990 ; Tobita et al. 1994 ; Jochims, Baumgaer-
el & Leach 1996 ; Jochims et al. 1997 ; Jochims, Baumg ̈artel & Leach
999 ) currently in use to describe the contribution of neutral PAHs
o the gas heating in the ISM. At the LISA laboratory, UV absorption
ross-sections for several molecules of atmospheric importance are 
urrently under study. A future instrumental direction at LISA is to
onstruct a double VUV laser system with a VMI spectrometer that
ill be dedicated to measuring VUV branching ratios of molecules 
f interest to exoplanet atmospheres. 

.3 Data needs: what’s missing and urgent? 

(i) Photoabsorption cross-sections at high temperatures: Fort- 
ey et al. ( 2019 ) (a collaborative Astro2020 Science White Paper)
xpressed the need for photoabsorption cross-sections measurements 
nd their temperature dependence in the VUV wavelength range 
115–230 nm) for molecules such as N 2 , O 2 , O 3 , H 2 O, CO, CO 2 ,
H 4 , NH 3 , TiO, VO, HCN, C 2 H 2 , H 2 S, PH 3 . 
(ii) Branching ratios: Despite a huge progress in laboratory 

rovision of branching ratios, e.g. Burkholder et al. ( 2020 ), more
ata for atmospheric studies is needed (Jenkin et al. 2019 ; Gao et al.
020b ). 
(iii) Non-LTE: most photodissociation cross sections come from 

he study of molecules in thermal equilibrium. Ho we ver, there it is
enerally accepted that the upper atmospheres of most observable 
xoplanets are not thermal and so Non-LTE cross-sections will be 
eeded. 

 DAT  A  ST  A N DA R D S  

.1 Principles of and need for data standards 

tandards for the description of atomic and molecular data are crucial
or their ef fecti v e use in the study of e xoplanet atmospheres. The
uccessful adoption of a set of standards for the description of species,
uantum states, and spectroscopic processes facilitates interoperabil- 
ty between simulation codes, data exchange between researchers, the 
ong-term preservation of data, and automatic processing of data, for 
xample through application programming interfaces (APIs). 

In any discussion about data standards a distinction must be made
etween metadata and data formats. All data sets are associated, 
mplicitly or explicitly, with some set of conventions for describing 
etadata: the conte xt, applicability, pro v enance, physical units, and

dditional information which give meaning to the raw numbers of 
he data themselves. The format in which these numerical data are
rovided may vary between databases (depending, for example, on 
he size of the data sets). Ho we ver, an interoperable ecosystem of data
ases must adopt standardized, unambiguous, and machine-readable 
etadata conventions to allow comparison and aggregation across 

ata sets. 
Modern data base services aspire to conform to so-called FAIR 

rinciples of data curation (Wilkinson et al. 2016 ); in brief, FAIR
ata are: 

(i) Findable: associated with globally unique and persistent iden- 
ifiers; registered in a searchable, online resource. 

(ii) Accessible: retrie v able through a standardized protocol. 
RASTAI 3, 636–690 (2024) 
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(iii) Interoperable: associated with metadata in a formal, well-
escribed representation. 
(iv) Reusable: clearly-licensed and documented, with detailed

ro v enance and rich metadata attributes providing context to the
ata. 

In the context of atomic and molecular data, the adoption of these
rinciples can be realized as follows 

(i) Atomic and molecular species and states should be specified
sing common identifiers. 
(ii) Data sets, such as line lists and cross-sections, should be

ssigned globally unique identifiers and be locatable through these
dentifier using online services. 

(iii) Where data sets are updated, older versions should be perma-
ently available, identified and time-stamped. 
(iv) All numerical data should be associated with clear metadata

escribing its format, physical units and limits of applicability (for
xample, valid temperature or pressure range). 

(v) Digital object identifiers (DOIs) should be attached to data
ets to permanently identify the origin of the data; typically such
OIs will refer to the data’s associated publication, such as a journal

rticle. 

.2 Focus on interoperability: VAMDC and other services 

he Virtual Atomic and Molecular Data Centres (VAMDC) con-
ortium (VAMDC 2014 ; Albert et al. 2020 ) is a group of research
nstitutes that share a common technical and political framework for
he distribution and curation of atomic and molecular data. The goal
f the consortium is to build a software infrastructure allowing the
inking and searching of multiple databases through a common data
ormat (‘XSAMS’) and query language (‘VSS2’). The VAMDC has
uilt a platform (the ‘portal’) for the simultaneous search of, at the
ime of writing, 38 data bases and the aggregation of matching data
ets. It now is concerned with further developing data standards,
romoting collaboration in data production and e v aluation, and in
roadening its scope beyond spectroscopy and plasma physics. As
achine learning matures and becomes more widely-adopted, the
AMDC is also exploring the application of artificial intelligence

o its data services, to facilitate, for example, data transformation
nd visualization and to assist with the validation and aggregation of
ata. 
An up-to-date summary of the current status of the VAMDC and its

ata base nodes can be found in the report of its most recent annual
eeting, held as a Technical Meeting of the International Atomic
nergy Agency in 2023 November (Hill 2023 ). 

.3 What’s being w ork ed on? 

he PyValem software library (PyValem 2024 ) provides a framework
f Python routines for parsing standardized, text-based represen-
ations of atomic and molecular species and states; the syntax of
hese representations is largely adopted by the HITRAN and ExoMol
ata bases, and is fully implemented in the CollisionDB data base
CollisionDB 2024 ; Hill et al. 2024 ) of plasma collisional processes.
n addition to providing a common language for referring to species
nd states, this library can also perform a degree of validation on its
nput, for example by ensuring that quantum numbers are valid and
eactions conserve stoichiometry and charge. 

Several of the resources described in this paper expose an API for
he automated querying and retrie v al of atomic and molecular data;
n addition to the VAMDC portal service outlined abo v e, there are
ASTAI 3, 636–690 (2024) 
ell-documented APIs for the HITRAN, ExoMol, and CollisionDB
ata bases; the software tools for interacting with these APIs are
ither already available or under active development. 

The MAESTRO data base, introduced in Section 4.2 , is under
ngoing development. It aims to create one uniform and standardized
ata base for opacities useful in the characterization of exoplanet
tmospheres, and to aid in the establishment of community standards
or computing opacity data (see e.g. Gharib-Nezhad et al. 2024 ). 

.4 Data standards needs: what’s missing and urgent? 

t the time of writing there are several competing standards for
escribing atomic and molecular species; whilst some of these are
idely-adopted in some areas of chemistry and physics [for example,
MILES (Weininger 1988 ), or InChI / InChIKey strings (Heller et al.
015 )], there is no entirely satisfactory and easy-to-use standard
or small molecules, particularly metal hydrides, in the context of
strophysical spectroscopy. 

As described abo v e, the line lists required of even relatively small
olecules for spectroscopic modelling at ele v ated temperatures can

ecome very large, with over 10 10 individual transitions contributing
he observable spectra. Therefore, data base services supporting the
synchronous retrie v al of large data files are needed. New software
ools are required for the visualization, validation, extraction and,
otentially, reduction of such data sets. These tools should allow
or the interconversion between popular data formats (XSAMS,
ITRAN, ExoMol, and so on) and must be tested and maintained
n a regular basis. In addition to improving usability, these tools can
lso perform the important function of validating the integrity of the
ata by checking for format consistency and data completeness. 
A further issue is the complexity of the quantitative description of

ine broadening effects: this necessitates a flexible data model that
an be applied to multiple data bases; at present different approaches
re taken by those data bases that contain broadening data sets. 

0  C O N C L U S I O N  

n this white paper we have focused on a number of different
ata types: molecular and atomic line lists (Section 2 ), molecular
nd atomic line shapes (Section 3 ), computed cross-sections and
pacities (Section 4 ), CIA and other continuum data (Section 5 ),
ata for aerosols (Section 6 ), data for atmospheric chemistry models
Section 7 ), and data for UV photodissociation or photoabsorption
Section 8 ). Needs for data standards, metadata, existing rules, and
ssociated tools were discussed in Section 9 . For each data type
e have focused on: data availability, what data is typically used
y atmospheric modelling, and retrie v al codes, what is missing
nd urgent, and what is currently being w ork ed on. Of course the
nformation provided in this paper is not comprehensive, but we
ave tried to give an overview for each data type for both data users
nd data providers. 

We also note that there are some important data topics relating
o exoplanet atmospheres which we do not address in this particular
aper. F or e xample, accurate data re garding stellar spectra are im-
ortant for photochemistry (see Section 7 ) and UV photodissociation
rocesses (see Section 8 ). The secondary eclipse measurement of a
ransiting exoplanet gives information on the emission and reflection
pectra. These measurements are presented as a ratio of planetary
ux to stellar flux, and therefore also require an accurate stellar flux
odel. We note there are some resources for theoretical models of
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tellar spectra such as the Kurucz-Castelli grids of models 77 (Heiter 
t al. 2002 ; Castelli & Kurucz 2004 ), models from the SVO (Spanish
irtual Observatory), 78 which provides data for 70 collections of 

heoretical spectra and observational templates, and the PHOENIX 

tellar models 79 (Husser et al. 2013 ). The virtual planet laboratory 
egroups data from various publications, 80 and there are additional 
ources of stellar spectra available from the MUSCLES surv e y of
1 low-mass, planet-hosting stars 81 (France et al. 2016 ). We refer to
orks such as Gandhi & Madhusudhan ( 2017 ), Shulyak et al. ( 2020 )

nd Rackham et al. ( 2023 ) for further information on the topic of
tellar spectra for use in characterizing exoplanet atmospheres. 

Although the primary focus of the working group who initiated this 
hite paper is for data needs appropriate for the Ariel space mission,
e do discuss data for e.g. spectral regions which fall outside the
bserving window of Ariel . Such regions can be very useful for
heoretical models which inform predictions for target planets for 
he Ariel mission, or for observations which are complementary to 
hose planned by Ariel . Many of these data needs will be shared
y all those in the exoplanet atmosphere community, not only those 
orking directly on preparing for the Ariel space mission. 

0.1 Ariel-data GitHub platform 

he description of the data associated with this paper and the Ariel
ission in general is available at GitHub via the project https://github. 

om/Ariel-data . The goal of this platform is to provide a go-to place
oth for the data-users and data-providers, for the users to highlight 
heir data needs and make requests, and for the data providers to link
o the available data. As an open access tool, GitHub provides huge
dvantages of forming direct dialogues between these sides of the 
ommunity, where the modellers can make their shopping-lists for 
he data producers to start planning their calculations or experiments, 
ven for those who are currently not directly involved in the Ariel
onsortium or in the field of exoplanetary science in general. 

We invite everyone to test and make use of this system. 

ATA  AVA ILA BILITY  

he data discussed in this paper will be available for access at GitHub
ia the project https:// github.com/ Ariel-data , which was created as
 platform to bridge the two communities, data-providers and data- 
sers. As an open platform, for the users, it provides an efficient
ay to communicate their needs, while the data providers can use it

o make their work more visible. Any data-related GitHub ‘issues’ 
aised for the attention of the Ariel Working-Group will be visible to
he entire community of the lab data providers, from experimentalists 
o theoreticians. 
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