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A B S T R A C T 

We present new Rosseland and Planck mean opacity tables relevant to the shallow interiors and atmospheres of giant planets. 
The tables span metallicities from 0.31 to 50 times solar, temperatures from 100 − 6000 K, and pressures from 10−6 − 105 bar, 
thereby covering a wider parameter space than previous data sets. Our calculations employ the latest molecular and atomic 
line lists and pressure-broadening treatments, and include contributions from collision-induced absorption, free electrons, and 

scattering processes. We further provide cloudy mean opacity tables that account for cloud particle extinction across a range 
of particle sizes and capture the sequential removal of condensates as the gas cools. We benchmark our cloud-free tables 
against widely used opacity tables and find significant relative differences, exceeding 100 per cent in Rosseland mean opacities 
at T � 3000 K due to the inclusion of additional short-wavelength absorbers. Differences in Planck mean opacities at high 

temperatures are even larger, in some cases exceeding two orders of magnitude, which is most likely driven by the inclusion 

of Ca, Mg, and Fe cross-sections and updated Na D and K I resonance line treatments. Cloud opacities substantially increase 
Rosseland mean opacities for T � 2800 K, while their effect on Planck mean opacities is weaker. We also discuss limitations 
of our mean opacities at high pressures, where non-ideal effects become important. This work provides improved cloud-free 
mean opacity tables for giant planets, as well as the first publicly available cloudy mean opacity tables, which will enable more 
realistic modelling of their atmospheres and interiors. 

Key words: opacity – radiative transfer – planets and satellites: atmospheres – planets and satellites: gaseous planets – planets 
and satellites: interiors – brown dwarfs. 
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 I N T RO D U C T I O N  

adiative transport controls the thermal structure, evolution, and 
ormation of stars and planets. However, performing full radiative 
ransfer calculations is computationally costly and often unfeasible 
ue to the frequency dependence of opacity. A common solution is to
se pre-tabulated mean opacity tables, which are frequency indepen- 
ent and depend only on the temperature, pressure, and composition 
f the medium. The most widely used are the Rosseland mean opacity
 κR ), appropriate for optically thick, diffusive regimes, and the Planck 
ean opacity ( κP ), relevant for optically thin conditions. Both are 

ssential inputs for stellar evolution models (e.g. B. Paxton et al. 
011 ), giant planet interior models (e.g. T. Guillot et al. 1994 ; A.
ur et al. 2024 ), and analytical atmospheric models of planets (e.g.
. Guillot 2010 ; K. Heng, J. M. Mendonc ¸a & J.-M. Lee 2014 ; V.
armentier & T. Guillot 2014 ). In these models, mean opacities will
etermine the thermal structure of the star or planet. 
Several mean opacity tables have been developed over the past 

ecades for astrophysical applications. In the context of Solar system 

nd exoplanets giant planets, the most commonly used are the R. S.
reedman, M. S. Marley & K. Lodders ( 2008 , hereafter F08 ) and
 E-mail: siebenaler@strw.leidenuniv.nl 
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. S. Freedman et al. ( 2014 , hereafter F14 ) tables. These data sets
ere based on then state-of-the-art molecular and atomic line lists, 

ogether with pressure-broadening treatments. However, the rapid 
rowth of high-quality exoplanet observations enabled by James 
ebb Space Telescope ( JWST ), the Very Large Telescope ( VLT ), and
pcoming missions such as the Atmospheric Remote-sensing Infrared 
xoplanet Large-survey ( ARIEL ) (G. Tinetti et al. 2022 ) has created
n increasing need for updated opacity data to construct reliable 
tmospheric models. As a result, since the release of F14 , significant
dvances have been made in improved and more extensive molecular 
ine lists thanks in large to the efforts from the EXOMOL (J. Tennyson
t al. 2024 ) and HITRAN (I. Gordon et al. 2022 ) teams. Additionally,
mprovements on the sodium and potassium resonance lines have 
een made (N. F. Allard, F. Spiegelman & J. F. Kielkopf 2016 ; N. F.
llard et al. 2018 , 2023 , 2024 ; N. F. Allard & J. F. Kielkopf 2025 ),
hich are known to be key opacity sources in giant planets (e.g. T.
uillot et al. 2004 ; L. Siebenaler et al. 2025 ). Another limitation
f the F08 and F14 tables is the absence of condensate opacities.
et, clouds are well known to be fundamental absorbers in giant
lanets, and have been shown to alter their thermal structure and
volution tracks (e.g. A. J. Poser, N. Nettelmann & R. Redmer 2019 ;
. V. Morley et al. 2024 ; A. J. Poser & R. Redmer 2024 ). Accurate
volution models, in turn, are increasingly important for constraining 
lanetary properties such as radius, mass, and bulk metallicity. With 
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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Figure 1. Number mixing ratio of species at a fixed pressure of 1 bar assuming a solar composition from M. Asplund, A. M. Amarsi & N. Grevesse ( 2021 ). 
The left panel shows the chemistry of condensates using the rainout approach (solid curves) and equilibrium condensation (dotted curves). The right panel is 
the same as the left panel, but showing the gas chemistry. 
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1 We have also computed mean opacity tables using the equilibrium conden- 
sation approach. They are briefly discussed in Appendix A . 
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hese points in mind, it is timely to compute new mean opacity
ables that incorporate both the latest improvements in molecular
nd atomic cross-sections and the effect of clouds. 

In this work, we compute new radiative mean opacity tables of
R and κP appropriate for the different chemistries of hydrogen-
ominated atmospheres, relying on the latest available opacity data.
e provide both cloud-free and combined gas–cloud tables (hereafter

eferred to as cloudy mean opacities), spanning a broad temperature
nd pressure range, 100 − 6000 K and 10−6 − 105 bar, thereby
xtending the parameter space of F08 and F14 . In Section 2 , we
xplain the method of the chemistry calculation, and the sources of
pacity used in this work and how they were computed. In Section
 , we present our cloud-free mean opacities and compare them to
he F14 tables. We also present our cloudy mean opacities and show
ow the assumed cloud particle size affects the results. Section 4
emonstrates the impact of our opacity tables on an evolution model
f a Jupiter-like planet, and discusses the main uncertainties related
o high-pressure opacities. In Section 5 , we give our conclusions. 

 M E T H O D S  

.1 Chemistry calculations 

o construct the mean opacity tables, we use thermochemical
quilibrium abundances computed with the code GGCHEM (P. Woitke
t al. 2018 ). This allows condensation to be treated in two ways:
hrough equilibrium condensation or the rainout approximation. 

In equilibrium condensation, the gas and solid phases remain
n thermodynamic equilibrium at all temperatures and pressures.
ondensates that form at high temperatures (primary condensates)

tay well mixed with the gas and continue to interact with gaseous
pecies to produce secondary condensates at lower temperatures. A
ell-known example of a primary condensate is Fe, which enables

he formation of the secondary condensate FeS once the gas cools.
his approach is typically used to model the chemistry in low-gravity
nvironments, such as protoplanetary discs (D. M. Jorge et al. 2022 ;
. Oosterloo, I. Kamp & W. van Westrenen 2025 ). 
In contrast, under the rainout approximation, once a condensate

orms it settles gravitationally (also referred to as rainout) and is
emoved from the overlying atmosphere. With no further equilibrium
etween the gas and solid phases, primary condensates can no longer
articipate in reactions at lower temperatures to form secondary
NRAS 546, 1–17 (2026)
ondensates. This process is similar to cloud settling in high-gravity
nvironments. Observations of Solar system and exoplanetary giant
lanets suggest that the rainout approximation provides a more
ealistic description of their chemistry. 

Fig. 1 illustrates how the chemistry of condensates (left panel)
nd gas (right panel) changes when using the rainout or equilib-
ium condensation approach. In equilibrium condensation (dashed
urves), Fe condensates remain in the atmosphere down to ∼ 300 K,
here it reacts with sulfur-bearing gas to form the termochemically

avourable secondary condensate FeS. In the rainout case (solid
urves), Fe settles into a deep cloud layer, and its concentra-
ion is strongly reduced, preventing FeS formation. Consequently,
loud/grain opacities differ significantly between the two chemistry
pproaches. Previous works, such as J. W. Ferguson et al. ( 2005 ) and
. Marigo et al. ( 2023 ), modelled grain opacities in their mean opacity
ables using equilibrium condensation. To the best of our knowledge,
here are currently no publicly available mean opacity tables that
odel cloud opacities using the rainout approximation, despite

ts relevance for modelling planetary atmospheres and interiors.
ifferences in gas chemistries between the two approaches are for the
ost part negligible in mean opacity calculations. The only notable

mpact comes from the depletion of Na and K in the gas phase, which
ccurs at lower temperatures in the rainout approximation, as shown
n the right panel of Fig. 1 . 

In this work, we focus on computing mean opacity tables using the
ainout approach, given its suitability for planets. 1 To approximate
ealistic atmospheric behaviour, we compute the rainout chemistry
long isobaric profiles, starting at high temperatures and progressing
owards lower temperatures. When a new isobar is considered, the
hemistry is reset. This approach captures the sequential removal of
ondensable species as the gas cools. 

.2 Opacity sources and calculations 

n this section, we introduce the opacity sources considered in
his work and describe how they are calculated. To account for
he diversity of giant planets, we compute opacities over a broad
emperature range 100 − 6000 K. Additionally, to ensure that our



Opacity tables for giant planets 3

o
s
1
o  

w
o

2

T
p  

p  

2  

a
l
l  

t  

s
c

f
t
c

γ

 

t  

T  

(

γ

w
b
a
b  

w
a  

J
a
γ

i
s
d
m
p
n  

H  

2  

B  

e  

I  

O  

B  

T
1  

2  

G  

m  

m

E  

d
c
F
b  

e  

p
m
n
f

s
m
b  

e  

o  

a
t  

t  

w  

G

R

p  

e

l
i
s
c  

a  

l  

w  

f  

w  

i  

i
w
W  

w
H

2

A  

N
V  

a  

f  

a  

w  

f  

(
 

N  

(  

a
t  

u  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/3/staf2205/8378088 by guest on 11 February 2026
pacity tables are applicable to both planetary atmospheres and 
hallow interiors, we compute opacities across a pressure range of 
0−6 − 105 bar. In general, when possible, we compute the opacities 
ver a spectral domain from 0.1 to 500 μm. In total, we compute
avelength-dependent opacities at 1228 pressure–temperature points 
n a nearly square grid. 

.2.1 Molecular opacities 

he cross-section of molecules are calculated using the PYTHON 

ackage PYROX (S. Regt et al. 2025a ), which has been used in several
revious studies (D. González Picos et al. 2025 ; L. Siebenaler et al.
025 ; S. Regt et al. 2025b ). This package computes the line strengths
nd broadening widths for individual transitions based on molecular 
ine lists, partition functions, and broadening parameters. Absorption 
ines are modelled using Voigt profiles, expressed as the real part of
he normalized Faddeeva function (S. Gandhi et al. 2020 ). Table B1
ummarizes the molecules considered in this study, along with their 
orresponding line lists. 

The line broadening of the Voigt profile requires broadening 
ormalisms of the Gaussian and Lorentzian component. We describe 
he Gaussian profile with a half width at half-maximum (HWHM; in 
m−1 ; C. Hill, S. N. Yurchenko & J. Tennyson 2013 ) 

G = ν0 

c 

√ 

2ln(2)k B T 

m 

, (1) 

where ν0 is the line centre in wavenumber and m is the mass of
he specie. For the Lorentzian component, we adopt the EXOMOL (J.
ennyson et al. 2016 , 2024 ) formalism, which computes the HWHM
in cm−1 atm−1 ) as 

L = γN +
∑ 

b 

γ0 ,b 

(
296 K 

T 

)nb Pb 

1 atm 

, (2) 

here γ0 ,b is the Lorentz coefficient (in cm−1 atm−1 ) for a line 
roadened by collision with a specie b, and nb describes its temper- 
ture dependence. The partial pressure of the perturber b is given 
y Pb (in atm), and is computed using the ideal gas law. In this
ork, we consider H2 and He as perturbers, assuming a background 

tmosphere composed of 85 per cent H2 and 15 per cent He, typical of
upiter-like planets. γN is the natural broadening coefficient (in cm−1 

tm−1 ) and has a less significant effect. The broadening parameters 
0 ,b and nb depend on the potential energy curve describing the 
nteraction between the perturber and molecule, and as such are 
pecie and transition dependent. Typically, these parameters are 
etermined through experiments or ab-initio calculations. For some 
olecules, the EXOMOL database provides detailed H2 and He 

ressure-broadening coefficients in terms of the energy state quantum 

umber J . We make use of this data for the following molecules:
2 O (A. M. Solodov & Starikov 2008 ; A. Solodov & V. Starikov
009 ; B. A. Voronin et al. 2010 ; T. Petrova et al. 2013 , 2016 ; E. J.
arton et al. 2017 ), CH4 (P. Varanasi & G. Tejwani 1972 ; K. Fox
t al. 1988 ; P. Varanasi & S. Chudamani 1989 , 1990 ; A. S. Pine 1992 ;
. Grigoriev et al. 2001 ; T. Gabard et al. 2004 ; L. Fissiaux et al. 2014 ;
. Lyulin et al. 2014 ; J. Manne, T. Q. Bui & C. R. Webster 2017 ;
. Vispoel, L. Fissiaux & M. Lepère 2019 ), NH3 (E. R. Guest, J.
ennyson & S. N. Yurchenko 2024 ), PH3 (M. Sergent-Rozey et al. 
988 ; A. Levy, N. Lacome & G. Tarrago 1993 ; I. Kleiner et al.
003 ; J. Salem et al. 2004 , 2005 ), CO (I. Gordon et al. 2017 ; E. R.
uest et al. 2024 ), and HCl (J. S. Wilzewski et al. 2016 ). For the
olecules AlH, CaH, MgH, CrH, FeH, TiH, SiO, TiO, and VO, we
ake use of the J -dependent broadening coefficients estimated by 
. Gharib-Nezhad et al. ( 2021 ). These are not based on experimental
ata or ab-initio calculations, but instead rely on a J -dependent 
ollision theory extrapolated from CO and HCl broadening data. 
or the remaining molecules, we define the broadening parameters 
ased on the approach from the EXOMOLOP database (K. L. Chubb
t al. 2021 ). In this method, a molecule with known broadening
arameters is identified based on a similar dipole moment, molar 
ass, and general structure (linear, non-linear, diatomic, polar, and 

on-polar) to the target molecule, and the mean values of γ0 ,b and nb 

rom the reference molecule are adopted. 
While it is common practice to compute absorption cross- 

ections using a Voigt profile, it is known from spectroscopic 
easurements that non-Lorentzian behaviour can be important in 

oth the line centre and wings (J.-M. Hartmann et al. 2002 ; N. Ngo
t al. 2013 ). Including non-Lorentz behaviour in the calculation of
pacities is challenging due to a lack of spectroscopic parameters and
 first principle theory. Hence, to minimize the uncertainties related 
o the line wing, one introduces a line wing cut-off Rcut , which defines
he extent of the line wing on either side from the line centre. In this
ork, we adopt the proposed standard practice procedure from E. S.
harib-Nezhad et al. ( 2023 ), 

cut =
{

25 cm−1 for P ≤ 200 bar 
100 cm−1 for P > 200 bar 

(3) 

After employing the line wing cut-off, we renormalize the line 
rofile to ensure that the integrated line strength is conserved (see
quation A6 in B. Lacy & A. Burrows 2023 ). 

Several state-of-the-art line lists contain billions of absorption 
ines, making the computation of opacities extremely intensive. To 
mprove computational efficiency, we apply a super-lines method for 
elected molecules, similar to the approach used in the EXOCROSS 

ode (S. N. Yurchenko, A. F. Al-Refaie & J. Tennyson 2018 ) and
dopted in the EXOMOLOP database. In this method, we define a
ocal cut-off parameter s, which is used to identify ‘weak’ lines
ithin a narrow wavenumber bin. Lines that contribute less than a

raction s to the total line strength within the bin are considered
eak. Their combined strength is then added to the strongest line

n the bin, thus producing a superline. This allows us to omit the
ndividual Voigt profiles of weak lines from the opacity calculation, 
hile preserving the total integrated line strength within each bin. 
e employ this method using s = 0 . 35 (S. Regt et al. 2025b ) and
avenumber bins of size 0.001 cm−1 to the following molecules: 
2 O, CH4 , NH3 , PH3 , VO, CO2 , LiOH, H2 S, and CaOH. 

.2.2 Atomic opacities 

tomic opacities are also computed using PYROX , based on data from
IST (National Institute of Standards and Technology 2001 ), the 
ienna Atomic Line Database ( VALD ; T. Ryabchikova et al. 2017 ),
nd the KURUCZ database (R. L. Kurucz 2018 ). We consider the
ollowing neutral species: Ca, Cr, Fe, K, Li, Mg, Mn, Na, Ni, Ti,
nd V. Line lists for all atoms were taken from VALD , except for Fe,
here the KURUCZ data were used. For details on the line broadening

ormalism, we refer the reader to section 2.3.1 of L. Siebenaler et al.
 2025 ). 

The Na D and K I resonance lines are modelled using the data from
. F. Allard et al. ( 2016 , 2019 ), and N. F. Allard & J. F. Kielkopf

 2025 ) which account for perturbations by H2 . These calculations
re valid upto H2 number densities of NH2 = 1021 cm−3 . Beyond 
his critical density, we model the Na D and K I resonance lines
sing Voigt profiles where the HWHM is computed using the impact
pproximation with broadening parameters from VALD , and apply a 
MNRAS 546, 1–17 (2026)
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ine wing cut-off of Rcut = 4500 cm−1 , similar to L. Siebenaler et al.
 2025 ). 

.2.3 Collision-induced absorption opacities 

ollision-induced absorption (CIA) arises during the close encounter
f two interacting species, which induces a transient dipole moment
hat enables rototranslational (RT) and rotovibrational (RV) transi-
ions. This produces a continuum opacity rather than distinct spectral
ines, and has long been known to play a significant role in Solar
ystem giant planets (L. M. Trafton 1967 ). Table B2 summarizes the
IA opacity sources included in this work. For most collision pairs,
e use a single data source, with the exception of H2 –H2 and H2 –
e, for which multiple data sources are combined to cover different

emperature and wavelength ranges. 
For H2 –H2 CIA below 400 K, we adopt the RT spectra from L. N.

letcher et al. ( 2018 ) and G. S. Orton et al. ( 2025 ) for λ > 2 . 5 μm,
hile the RV spectra from A. Borysow ( 2002 ) are used at shorter λ.
etween 400 and 3000 K, we use the RT and RV spectra from M.
bel et al. ( 2012 ) for λ > 1 μm and supplement them with RV data

rom A. Borysow et al. ( 2001 ) and A. Borysow ( 2002 ) at shorter λ.
or temperatures above 3000 K, we use the data from A. Borysow
t al. ( 2001 ). 

For H2 –He CIA below 200 K, we use the RT spectra from G. S.
rton et al. ( 2025 ) at λ > 4 . 17 μm and the RV data from A. Borysow

t al. ( 1989 ) and A. Borysow & L. Frommhold ( 1989 ) at shorter λ.
t higher temperatures, the data from M. Abel et al. ( 2011 ) are used.

.2.4 Cloud opacities 

o compute the opacity of cloud particles, we require both their
bsorption and scattering properties, as well as their abundances as
 function of temperature and pressure. At a given temperature and
ressure, we compute the monochromatic opacity (in cm2 g−1 ) due
 given cloud particle as 

λ, cloud =
∫ 

n ( r, rg , σg ) Qext ( r, λ)d r 

ρatm 

, (4) 

where Qext (in cm2 ) corresponds to the extinction efficiency
absorption + scattering) of the cloud particle, which depends on
ts radius r and wavelength λ. We compute Qext using the code
X-MIE (D. Kitzmann & K. Heng 2017 ), based on Mie theory. The
tmospheric mass density is denoted ρatm 

, and n describes the particle
ize distribution, for which we adopt a lognormal distribution, similar
o A. S. Ackerman & M. S. Marley ( 2001 ). We have 

 ( r, rg , σg ) = Ncloud 

r
√ 

2 π ln σg 

exp 

[
− ln 2 ( r/rg ) 

2ln2 σg 

]
, (5) 

with a standard deviation σg and a particle mean radius rg . The
otal number density of cloud particles is then calculated as 

cloud = 3 ρatm 

εqcond 

4 πρcloud r3 
g 

exp 

(
− 9 

2 
ln2 σg 

)
, (6) 

where ε is the ratio of condensate to atmospheric molecular weight,
cond is the number mixing ratio of the condensate, and ρcloud is the
ass density of the condensed particle. 
A detailed description of qcond and rg would require modelling

hysical processes such as condensation, sedimentation, and eddy
ixing. However, incorporating all these processes is not feasible on

hemistry grids, which are constructed along isobaric temperature
rofiles and lack an underlying atmospheric structure. Instead,
NRAS 546, 1–17 (2026)
e adopt a simplified approach, where we use the output of the
hemistry model GGCHEM for qcond , thereby neglecting the effects
f vertical mixing. This results in more confined cloud layers
ompared to models that include mixing, but still provides a first-
rder approximation of where clouds influence the opacity. We also
eglect sedimentation and treat rg as a free parameter. Given the
arge diversity in cloud partile sizes in planetary atmospheres (C.

. Ormel & M. Min 2019 ; K. Ohno, S. Okuzumi & R. Tazaki
020 ; H. Huang, C. W. Ormel & M. Min 2024 ), this assumption
s reasonable. In this work, we construct mean opacity tables with
g = 2 and for a range of rg values (0.01, 0.05, 0.1, 0.5, 1, 2, 5, 10, and
0 μm) allowing users to interpolate between them based on their
est estimate of the relevant cloud particle sizes in a given layer.
hile simplified, this framework represents an improvement over

ommonly used parametric prescriptions of cloud decks in planetary
volution models (e.g. K. Heng et al. 2012 ; A. J. Poser & R. Redmer
024 ). By explicitly tabulating opacities for a wide range of particle
izes and using optical data of condensates, our tables enable a more
hysically grounded treatment of clouds across diverse planetary
onditions. 

Table B3 summarizes the cloud particles that were considered
n this study along with the sources of their optical constants.
itrogen-bearing species, including NH4 SH and NH3 , are expected

o condense in cold giant planets like Jupiter. C. Howett et al. ( 2006 )
easured optical properties of NH4 SH ice between 2 . 5 − 7 . 7 μm.
owever, NH4 SH condenses at ∼ 200 K on Jupiter, where the
lanck function peaks near 15 μm. To extend the spectral coverage,
e supplement this with optical constants for NH4 CN from P. A.
erakines, Y. Y. Yarnall & R. L. Hudson ( 2024 ) from 2 − 2 . 5

nd 7 . 7 − 20 μm. We justify this by the similarity of the infrared
bsorption spectrum between NH4 SH and NH4 CN ice (see fig. 1
n K. Slavicinska et al. 2025 ). Similarly, for NH3 , which condenses
t even lower temperatures ( ∼ 150 K), we combine two data sets.
e use R. L. Hudson, P. A. Gerakines & Y. Y. Yarnall ( 2022 ) from
 . 67 − 16 . 67μm and F. Trotta ( 1996 ) from 16 . 67 − 50 μm. For all
emaining condensates, the optical constants are taken from the LX-
IE and GGCHEM repositories. 
We emphasize that the optical data for condensates generally come

rom laboratory measurements at a single temperature. Ideally, we
ould use optical constants over a range of temperatures, but due to

he lack of such experimental data, this study is limited to single-
emperature measurements for each condensate. We hope that this
ill improve in the future. 

.2.5 Free–free and bound-free absorption 

hen the abundance of free electrons becomes non-negligible,
he absorption from free–free interactions (inverse Bremsstrahlung)

ust be taken into account. Table B4 summarized the free–free
nteractions considered in this work, along with the relevant ref-
rences. At long wavelengths ( λ > 10 μm), we estimate their cross-
ections using the λ2 -scaling as predicted by R. R. Johnston ( 1967 ). 

In addition, we account for the bound-free absorption (photoion-
zation) by the negative hydrogen ion (H−). This process and its
eference are also listed in Table B4 . 

.2.6 Rayleigh and Thomson scattering 

n addition to absorption cross-sections, we account for scattering
ross-sections of several species. We include Rayleigh scattering
ross-sections of CO2 (M. Sneep & W. Ubachs 2005 ; R. Thalman
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Figure 2. Monochromatic opacities at 1 bar for a solar composition. Each panel applies to a different local gas temperature Tg . The opacities of all neutral 
molecules and atoms are shown in black, CIA is brown, free–free (ff), and bound-free (bf) absorption is turquoise, Rayleigh and Thomson scattering is given in 
cyan, and the opacity due to clouds is yellow. To compute the cloud opacity a mean particle radius rg = 1 μm was used. The solid and dotted grey lines mark 
the wavelengths where the Planck function Bλ and its temperature derivative d Bλ/ d T , respectively reach their maxima for the local gas temperature Tg . 
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t al. 2014 ), CO (M. Sneep & W. Ubachs 2005 ), H2 (C. W. Allen &
. N. Cox 2000 ), H (H.-W. Lee & H. I. Kim 2004 ), He (M. Sneep
 W. Ubachs 2005 ; R. Thalman et al. 2014 ), N2 (M. Sneep & W.
bachs 2005 ; R. Thalman et al. 2014 ), and O2 (M. Sneep & W.
bachs 2005 ; R. Thalman et al. 2014 ). We also include Thomson

cattering by free electrons (Astropy Collaboration 2022 ). 

.2.7 Opacity spectra 

efore discussing mean opacities, it is instructive to present the 
onochromatic opacities to understand where they are important. 
ig. 2 presents spectra at 1 bar for a solar composition across a
ange of temperatures, illustrating how different physical processes 
ontribute to the total opacity. 

The black curves represent contributions from molecules and 
toms in the gas phase. At T � 1000 K, the opacity is dominated by
2 O, CH4 , and NH3 , which absorb mainly in the infrared. At higher
emperatures, metal hydrides and oxides form, as well as atomic 
pecies, and begin to add significant opacity in the optical. In general,
olecular and atomic opacities remain important at all temperatures, 

hough their relative influence decreases at higher pressures. 
Continuum sources (scattering, free–free and bound–free absorp- 

ion, and CIA) also play a role. Scattering is most important at short
avelengths ( λ � 1μm), particularly at low temperatures. Free–free 

nd bound–free processes become relevant only above T � 1800 K,
hen free electrons are abundant. CIA appears relatively minor in 
ig. 2 , but at higher pressures it will contribute substantially across
ll temperatures. 

Finally, cloud opacities are comparatively flat and featureless but 
an contribute substantially under certain conditions. Here, at T = 

00 K (upper left panel), H2 O and NH4 SH clouds dominate, while
t T = 1800 K (middle-right panel) Fe clouds provide significant
pacity. Since condensation is modelled using the rainout approach, 
ondensates do not remain important opacity sources at all altitudes, 
MNRAS 546, 1–17 (2026)
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ue to the their gravitational settling which removes them from the
verlying atmosphere. As a result, no clouds are present in the
 = 500 K panel, since condensates such as NaCl and Fe settle
t higher temperatures. Moreover, at sufficiently high temperatures,
ondensation cannot occur. 

.3 Mean opacities 

o avoid solving the radiative transfer equation for each photon
avelength, stellar, and planetary evolution models typically use
ean (or grey) opacities. They correspond to a single number that

uantifies how a medium absorbs and scatters radiation over all
avelengths at a pressure-temperature point. The most commonly
sed mean opacities are the Rosseland mean κR and Planck mean κP .
hey are defined as 

1 

κR 
=

∫ ∞ 

0 κ−1 
λ

d Bλ

d T d λ∫ ∞ 

0 
d Bλ

d T d λ
, (7) 

and 

P =
∫ ∞ 

0 κλBλd λ∫ ∞ 

0 Bλd λ
, (8) 

where κλ is the wavelength dependent opacity and Bλ is the
lanck function. The solid and grey dotted lines in Fig. 2 mark

he wavelengths at which Bλ and d Bλ/ d T reach their maxima for the
ocal gas temperature Tg . This reflects how increasing temperature
hifts the weighting of κR and κP toward progressively shorter
avelengths, reducing the relative importance of long-wavelength

bsorbing species. 
We re-emphasize that in general, κR is used in regions of high

ptical depth where the diffusion approximation holds. Under these
onditions, it can be shown that the radiative temperature gradient
epends explicitly on κR (R. Kippenhahn & A. Weigert 1994 ). In
ontrast, κP is used to describe the absorption of optically thin
aterial. It is particularly useful for quantifying energy deposition

n a cold gas irradiated by a hotter source, which is a common
ituation in circumstellar environments. In such cases, it is convenient
o weight κP using the radiation temperature of the hotter source Teff 

ather than the local gas temperature Tg . This is a quantity that is
ften used in analytical models for irradiated planetary atmospheres
T. Guillot 2010 ). Hereafter, we refer to mean opacities evaluated at
g as local κR , κP and those evaluated at Teff as non-local κR , κP . 
The resolution in κλ required for computing the two mean opacities

iffers substantially. κR is a harmonic mean, so it is dominated by
pacity minima. This means resolving the cores of molecular and
tomic absorption lines is not essential and capturing the line wings
s sufficient. In practice, this can be achieved with a resolution of R =
/�λ ≈ 104 (M. G. Malygin et al. 2014 ; L. Siebenaler et al. 2025 ).
n contrast, κP is an arithmetic mean dominated by opacity maxima.
ence, resolving the line centres of molecular and atomic absorption

eatures is necessary, which at low pressures requires significantly
igher spectral resolution than for κR . In our calculations, κR is
omputed on a wavenumber grid with spacing 0 . 1 cm−1 for λ <

0 μm and 0 . 01 cm−1 for λ ≥ 10 μm. This ensures a resolution
f at least R = 104 for λ < 100 μm. For κP , we adopt a spacing
f 0 . 005 cm−1 or 1 / 4 of a line width, whichever is larger, which is
imilar to what is done in F08 . However, special care needs to be taken
or the Na D and K I resonance doublets, whose Lorentz component
an be characterized by a FWHM near ∼ 10−7 cm−1 at pressures

1 μbar. Hence, to ensure that these features are resolved, we adopt
 wavenumber spacing as low as ∼ 10−8 cm−1 around the Lorentz
ore. Undersampling the Lorentz core of these features leads to
NRAS 546, 1–17 (2026)
ignificant overestimates of κP . At higher pressures ( P > 0 . 1 bar ), we
nd that the resolution used for κR is also sufficient for computing κP .
We computed κR and κP for metallicities [M/H] =
0 . 5 , −0 . 3 , 0 , + 0 . 3 , + 0 . 5 , + 0 . 7 , + 1 . 0 , + 1 . 5 , + 1 . 7. Solar abun-

ances are taken to be the present-day solar photospheric values
rom M. Asplund et al. ( 2021 ). In addition we impose a fixed helium
o hydrogen mass ratio of Y /X = 0 . 326 according to the present-day
olar photosphere values. We provide separate tables for cloud-free
nd for cloudy mean opacities. For each table, we calculate the mean
pacities at different weighting temperatures, considering both Tg 

nd a range of Teff . In the case where clouds are considered, we
ssume the same value of rg for each condensate specie in a given
able, as outlined in Section 2.2.4 . 

 RESULTS  

n this section, we present our mean opacity tables which were
alculated using the rainout chemistry approach. Tables C1 and C2
ive a description of the content of the tables. All the mean opacity
ata are available in the Zenodo repository. 2 

We begin by introducing our cloud-free mean opacities, which is
ollowed by the mean-opacities accounting for clouds. 

.1 Cloud-free mean opacities 

.1.1 Rosseland mean 

ig. 3 shows our local cloud-free κR map for a solar composition.
e also include model pressure–temperature profiles for a variety

f substellar objects, demonstrating the applicability of our tables
cross different types of atmospheres and interiors. As expected, the
aseous opacity generally increases with temperature and pressure.
his trend arises from several factors. At higher temperatures, more
tomic and molecular absorption transition are available, increasing
heir monochromatic opacity κλ, while the rising abundance of free

https://doi.org/10.5281/zenodo.17418093
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Figure 4. Upper panels: local Rosseland mean opacity κR as a function of temperature for various fixed pressures. The solid curves correspond to the data 
from this study, while the dashed curves come from R. S. Freedman et al. ( 2014 ). Lower panels: the relative difference in κR between our data and that of R. S. 
Freedman et al. ( 2014 ) at fixed pressures. Right panels: apply to a metallicity of [M / H] = + 0 . 5. Left panels: apply to a metallicity of [M / H] = + 1 . 7. 
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Figure 5. Upper panel: local Planck-mean opacity κP as a function of 
temperature for various fixed pressures at a metallicity of [M / H] = + 0 . 5. 
The solid curves correspond to the data from this study, while the dashed 
curves come from R. S. Freedman et al. ( 2014 ). Lower panel: the relative 
difference in κP between our data and that of R. S. Freedman et al. ( 2014 ) at 
fixed pressures. 
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lectrons enhances free–free and bound–free opacities. At higher 
ressures, pressure broadening redistributes absorption from line 
ores into the wings, increasing κR , and CIA opacities also becomes 
ore important. 
The upper left panel in Fig. 4 shows our local cloud-free κR (solid

urves) at a metallicity of [M/H] = + 0 . 5, compared with F14 . The
elative difference between the two data sets is given in the lower
eft panel. In general, differences are around ∼ 40 per cent , with 
ur κR being smaller than F14 . At high temperatures ( � 3000 K),
he discrepancies grow and can exceed 100 per cent, with our κR 

eing larger than F14 . This is primarily caused by metal hydrides
CaH, CrH, FeH, MgH, NaH, SiH, and TiH), oxides (CaO, MgO, 
iO, TiO, and VO), hydroxides (CaOH), and atomic species (Na, 
, Fe, Ni, Cr, Li, Ca, and Mg) that were included in this study

nd dominate at short wavelenghts ( λ � 1 μm). In contrast, F14 
ncludes far fewer short-wavelength absorbing species. The origin of 
he smaller differences at lower temperatures is challenging to trace 
ithout access to the original cross-section and chemistry data used 

n F14 . Potential causes include differences in line lists, pressure-
roadening treatments, line-wing cut-offs, or CIA data. 
The differences in κR between the two data sets increases with 
etallicity. At [M/H] = + 1 . 7, relative differences can exceed 500 

er cent at T � 3000 K, as shown in the right panel of Fig. 4 . 
Finally, we also compared our low-density κR values with those 

f J. W. Ferguson et al. ( 2005 ) (see Appendix A ). The agreement is
ood which further supports the robustness of our calculations. 

.1.2 Planck mean 

e compare our local cloud-free κP with F14 at a metallicity of
M/H] = + 0 . 5 in Fig. 5 . In general, the discrepancies between the
wo data sets are much larger across all temperatures than for κR .
his is not surprising since κP is weighted toward opacity maxima, 
aking it more sensitive to additional opacity sources and updated 

ine lists than κR . At higher pressures ( P � 0 . 3 bar), these differences
ecrease, although they remain substantial at high temperatures. 
The largest relative differences occur at low pressures and high 

emperatures, exceeding 1000 per cent at T � 2000 K, and are
rimarily caused by atomic species. Fig. 6 shows the contributions of
everal atomic species to the local κP at 10−3 bar, which is where the
argest deviations from F14 are observed. Na and K show significant
ontributions to κP around 2000 K, which is caused by the extremely
trong peaks of the Lorentz core of the Na D and K I resonance lines
s predicted by the theory of N. F. Allard et al. ( 2016 , 2019 ). In
ontrast, F14 used the A. Burrows, M. S. Marley & C. M. Sharp
 2000 ) approach for the opacities of Na and K, which appears to
roduce substantially different κP near 2000 K at low pressures. At 
ven higher temperatures ( T � 3000 K), other atomic species such
s Ca, Mg, and Fe contribute significantly to κP . Although Ca and Mg
ave relatively few spectral lines (22339 lines for Ca; and 835 lines
MNRAS 546, 1–17 (2026)
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M

Figure 6. Local κP as a function of temperature at a fixed pressure of 10−3 bar 
and a metallicity of [M / H] = + 0 . 5. The solid curve gives the total κP from 

all the species considered in this study. The dashed curves corresponds to the 
contributions of individual species to the total κP . 

Figure 7. Non-local κP as a function of temperature at a fixed pressure of 
10−3 bar and a metallicity of [M / H] = + 0 . 5. The solid curves correspond to 
the data from this study, while the dashed curves come from R. S. Freedman 
et al. ( 2014 ). Each curve corresponds to a different weighting temperature 
Teff . 
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or Mg), they exhibit resonance absorption lines that are extremely
trong and therefor dominate κP . The most important are the Ca I

ine at 0 . 4226 μm and Mg I line at 0 . 2852 μm. Ab-initio calculations
n their lineshapes (N. F. Allard et al. 2018 ; S. Blouin et al. 2019 )
how that their line wings extend far beyond the Rcut value adopted
n this study. Nevertheless, we tested different Rcut values for these
esonance lines and find that it has no noticeable impact on κP . 3 This
s because κP mostly depends on the integrated line strength, which
e ensure is conserved when changing Rcut . On the other hand, Fe

s characterized by more absorption lines (126 288 lines) and has no
ingle absorption line that dominates κP . 

Given the differences in the local κp between our data set and F14 ,
here are also significant differences in the non-local κp (evaluated at
eff ). Fig. 7 compares our non-local κp to F14 at a pressure of 10−3 
NRAS 546, 1–17 (2026)

 We also tested the impact of different Rcut values of the Ca I and Mg I 

esonance line on κR and find that it is negligible. 

c  

w  

r  

T  
ar. The agreement is very good for T � 900 K, however at higher T 
he increasing abundance of Na and K leads to substantial deviations.
he jump in non-local κp near T ∼ 1300 K is primarily caused by
g and Fe becoming abundant. 
Lastly, similar to κR , the discrepancies in κP between our data set

nd that of F14 increase at higher metallicity. 

.2 Cloudy mean opacities 

e now present the cloudy mean opacities. Fig. 8 shows local κR and
P at a pressure of 1 bar and [M/H] = + 0 . 5, assuming a mean particle
adius of rg = 1 μm (solid curves). For comparison, the cloud-
ree mean opacities are shown as dashed curves. At T � 2000 K,
louds strongly affect κR , while their effect on κP is less pronounced.
s illustrated in Fig. 2 , cloud opacities are relatively flat across
avelength, which fills in opacity minima and substantially increases

R , while leaving opacity maxima, and thus κP largely unchanged,
nless the cloud abundance is very high. Unlike in J. W. Ferguson
t al. ( 2005 ) and P. Marigo et al. ( 2023 ), our cloudy mean opacities do
ot show a pronounced plateau in κR extending to ∼ 2000 K. This
ifference arises because we adopt the rainout approach to model
ondensation, where condensates settle into distinct layers rather
han remaining mixed throughout the entire atmosphere. 

The shaded regions in Fig. 8 indicate where condensates contribute
o the mean opacity. These can be broadly grouped into four
lasses: low- T (water and N-bearing condensates), intermediate-low-
 (mainly salts), intermediate-high- T (mainly Mg- and Si-bearing
ondensates), and high- T (mainly Ca- and Al-bearing species). Since
ondensation curves are pressure dependent, the exact location of
ach group and condensate shifts with pressure, generally moving
o higher temperatures as pressure increases. At T � 2800 K, no
ondensates form regardless of pressure, and the mean opacities are
etermined solely by gaseous species. 
The value of rg strongly affects the extinction efficiency of cloud

articles. In Fig. 9 , we show local κR for different rg values. Changing
g can modify κR by up to two orders of magnitude. We note that
he effect on κP remains much smaller. Overall, we find that cloud
pacities are maximized for particle radii around rg ∼ 0 . 1 − 1 μm. 

 DI SCUSSI ON  

.1 Impact on planetary evolution 

n this work, we have computed new mean opacity tables tailored
or giant planet modelling. Here, we assess how these tables can
ffect planetary evolution by running interior models of a Jupiter-
ike planet with CEPAM (T. Guillot & P. Morel 1995 ). The planet is
ssumed to have a 10 M⊕ core composed of 50 per cent rock and
0 per cent ice, surrounded by a homogeneous H–He envelope of
rotosolar composition. For simplicity, the atmospheric boundary is
odelled with the Eddington approximation (A. S. Eddington 1926 ).
The left and middle panels of Fig. 10 show the evolution of the

lanetary radius and effective temperature Teff at [M/H] = + 0 . 5.
sing our cloud-free opacity table (solid dark cyan) or F14 (dashed
rown) produces nearly identical evolutionary tracks. This agreement
s expected, since differences between the two data sets at [M/H] =
 0 . 5 become significant only at high temperatures (see Fig. 4 ). Such

emperatures are not reached at low pressures and above the radiative-
onvective boundary during the evolution of our Jupiter-like planet,
hich is the region that will control the planet’s cooling rate. The

ight panel of Fig. 10 compares thermal profiles at an age of 4.56 Gyr.
he thick curves indicate the regions where the planet is convective.
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Figure 8. Local κR and κP as function of temperature at 1 bar and a metallicity [M / H] = + 0 . 5. The solid curves correspond to the cloudy mean opacities with 
a mean particle radius rg = 1 μm, while the dashed curves are the cloud-free mean opacities. The shaded regions indicate which condensates exist at different 
temperatures. 

Figure 9. Local cloudy κR as function of temperature at 10−3 bar and a 
metallicity [M / H] = + 0 . 5. Each curve assumes a different value for the 
mean cloud particle radius rg . 
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lthough the radius and Teff evolutions are very similar, the interior 
f the planet cools slightly less efficiently with our opacities, raising
he temperature near 1 bar by ∼ 10 K and shifting the radiative–
onvective boundary to lower pressures. 

The effect of cloud opacities is shown by the solid yellow curve,
ssuming rg = 1 μm. For the first ∼ 0 . 4 Gyr, the evolution follows
he cloud-free track. Once the atmosphere cools enough for H2 O 

nd NH4 SH to condense, the opacity at low pressures rises sharply. 
hroughout the remainder of the evolution, H2 O and NH4 SH clouds 
ersist, slowing the planet’s cooling and increasing its Kelvin–
elmholtz time-scale. Around ∼ 2 . 5 Gyr, the planet will have cooled

nough to also form NH3 clouds. By the end of the evolution, the
adius is inflated by ∼ 3 per cent relative to the cloud-free case. 
uring the early contraction, the planet also appears significantly 

ainter, with Teff lower by about 15 K at 1 Gyr. The right panel
urther shows how clouds modify the thermal structure and act as
eat traps. The interior temperature is higher by ∼ 200 K at 100 bar,
nd a convective layer forms in the atmosphere at the location of the
loud deck ( ∼ 0 . 05 − 0 . 2 bar). 

These results demonstrate that our opacity tables can influence 
lanetary evolution models, particularly when cloud opacities are 
ncluded. The role of clouds as heat traps also has important impli-
ations on the inferred bulk metallicity of the planet. To reproduce
n observed radius, interior models that include clouds must assume 
 larger total heavy-element mass than cloud-free models in order to
ompensate for the slower contraction. We note that the impact of
ur cloud-free tables is expected to be more pronounced for hotter
lanets or those with higher metallicity. 
We emphasize that real Jupiter is significantly more complex. 

bservations (e.g. T. Guillot et al. 2020 ; F. Biagiotti et al. 2025 )
how that its cloud structure is far more intricate than predicted
y equilibrium chemistry alone. For exoplanets, however, cloud 
roperties are poorly constrained, and our tables provide a useful 
rst-order approach to incorporate their effect into evolutionary 
odels. We also note that the thermal profiles here are based on

adiative gradients computed with Rosseland-mean opacities, which 
s valid in optically thick regions where the diffusion approximation 
olds. This assumption may break down in the upper layers of the
nterior model used here. 

.2 High-pressure opacities 

ean opacities across a wide pressure range (10−6 –105 bar) have 
een computed in this study. Non-ideal effects become increasingly 
mportant at high pressures, and in this section we want to acknowl-
dge the uncertainties associated with our high-pressure opacities. 

Our equilibrium chemistry calculations rely on the law of mass 
ction for the formulation of the thermochemical equilibrium, which 
s derived assuming an ideal gas mixture. At sufficiently high 
ressures, this assumption will break down, and species-specific 
MNRAS 546, 1–17 (2026)
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M

Figure 10. Evolutionary calculations of a Jupiter-like planet for different opacity tables at a metallicity of [M / H] = + 0 . 5. Solid cyan curves correspond to the 
cloud-free table computed in this work, solid yellow curves apply to the cloudy table with rg = 1 μm, and dashed brown curves use the R. S. Freedman et al. 
( 2014 ) table. Left panel: planetary radius (units in Jupiter radius RJup ) as a function of age. Middle panel: planetary effective temperature Teff with age. Right 
panel: thermal profiles at an age of 4.56 Gyr. The thicker regions indicate convective layers. The inset corresponds to a zoom-in around the 1-bar level. 

Figure 11. Left panel: mass density as a function of pressure along a Jupiter 
thermal profile taken from L. Siebenaler et al. ( 2025 ). The dashed curve 
corresponds to the density from the ideal gas law computed using GGCHEM 

and assuming a solar composition. The solid curve corresponds to the density 
computed using the CMS19 equation of state G. Chabrier et al. ( 2019 ) 
assuming a solar composition H–He mixture. Right panel: relative difference 
between the density profiles. 
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quations of state, derived from experiments or ab-initio calculations,
re required for an accurate thermodynamic description. In Fig.
1 , we compare the mass density of a solar H–He mixture along
 Jupiter thermal profile using the CMS19 equation of state (G.
habrier, S. Mazevet & F. Soubiran 2019 ) with that of an ideal
as, as used in GGCHEM . Above ∼ 1000 bar, the H–He mixture
xhibits non-negligible deviations from ideal-gas behaviour. This
uggests that our chemistry calculation could become unreliable
round these pressures, given the hydrogen-dominated atmospheres
onsidered here. The impact of including non-ideal equations of state
n thermochemical equilibrium calculations is difficult to assess, as
quations of state for many species are not available. In addition,
igh pressures can lead to ionization potential depression (G. Ecker
 W. Kröll 1963 ; J. C. Stewart & K. D. Pyatt 1966 ), which alters the

lectron abundance. However, based on the analysis of P. Marigo et al.
 2023 ), we expect this effect to be negligible within the parameter
pace relevant for our mean opacities. 

High-pressures will also modify CIA cross-sections. In this study,
e only account for two-body collisions, but at sufficiently high
ressures, three- or even four-body collisions should be considered.
NRAS 546, 1–17 (2026)
or H2 –He collisions, S. Dossou, D. Clermontel & H. Vu ( 1986 )
nd that three-body collisions can already become important at
ensities � 0 . 04 g cm−3 , which we can roughly translate to an ideal
as pressure of � 1000 bar. Including higher order CIA terms will
ncrease κR and κP . As a result, the CIA opacities used in this study
hould be regarded as a lower limit at high pressures. 

The description of the line profiles can also become problematic
t high pressure. At low pressures, the assumption of a Voigt profile
o model molecular and atomic absorption lines is adequate. At
igher pressures, however, distortions away from the Voigt profile
ccur due to line mixing, a collisional process that couples different
ransitions (A. Lévy, N. Lacome & C. Chackerian 1992 ; D. Pieroni
t al. 2001 ; J.-M. Hartmann et al. 2018 ). Physically, line mixing
llows an absorption line to be produced through an alternative path
hat involves a collisional transition. While line positions remain
naffected, the population levels and line shape parameters are
odified. Line mixing can already become noticeable near 10 bar

or molecules such as CO2 , CO, and H2 O, as shown by T. Ren et al.
 2023 ). At present, however, its impact on mean opacities cannot be
ssessed, since data on deviations from Voigt profiles remain scarce
nd are typically measured for N2 and O2 as broadening agents,
ppropriate for Earth-like conditions. We note that F08 tested line
ixing for H2 O and concluded that it does not substantially affect
ean opacities, however this requires further assessment. 
The Na D and K I resonance lines pose an additional challenge.

t perturber densities exceeding 1021 cm−3 , we adopt a Voigt profile
ith an extended wing cut-off, where the HWHM is computed using

he impact approximation. However, this approach can underestimate
he true broadening at very high densities and thus the contribution
f these lines to the mean opacity calculation. Recent theoretical
alculations from N. F. Allard & J. F. Kielkopf ( 2025 ) show that the
mpact theory breaks down at perturber densities � 4 × 1021 cm−3 

nd can underestimate the HWHM by up to a factor of five at densities
3 × 1022 cm−3 . This is a manifestation of satellite components

J. F. Kielkopf & N. F. Allard 1979 ; J. Kielkopf 1983 ) becoming
ncreasingly more important at higher perturber densities, shifting
he position of the whole profile and introducing non-Lorentzian
eatures. Including such descriptions in our cross-section calculations
s out of the scope of this study, and will be deferred to a future study.
ased on the results in N. F. Allard & J. F. Kielkopf ( 2025 ), we expect

hat the Na D and K I contributions to κR are likely underestimated
n our high-pressure calculations ( � 1000 bar). 

Given the outlined limitations, our mean opacities should be
egarded as most reliable within hydrogen-dominated atmospheres
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t pressures up to ∼ 1000 bar. Beyond these pressures, deviations 
rom ideal-gas behaviour and higher order collisional effects may 
ntroduce significant, but as of yet unquantified, errors. This high- 
ights the need for improved experimental and theoretical data on 
quations of state to reliably extend mean opacity calculations to the 
igh-pressure regime. 

 C O N C L U S I O N S  

e have computed κR and κP tables for nine elemental compo- 
itions relevant to giant planets. The tables span pressures from 

0−6 − 105 bar and temperatures from 100 − 6000 K, covering 
 substantially wider P − T range than other commonly used 
pacity tables in planetary science. This broad coverage makes them 

pplicable to both the atmospheres and shallow interiors of cold 
nd hot giant planets. Our calculations employ the latest molecular 
ine lists and pressure-broadening parameters for a large number of 
olecular and atomic species, as well as state-of-the-art treatments 

f the Na D and K I resonance lines. In addition, we provide opacity
ables that include clouds across a wide range of particle sizes,
epresenting the first publicly available mean opacity tables with 
loud contributions tailored to study giant planets. 

We benchmarked our cloud-free tables against the widely used 
14 data set and find significant deviations in κR for T � 3000 K.
his can affect the modelling of hot Jupiters, particularly when 

nterpreting their radiative–convective boundary. These differences 
an be attributed to the inclusion of a large set of short-wavelength
bsorbing species in our calculations. Deviations in κP are even 
ore pronounced at high temperatures. This appears to be driven by 

he inclusion of key atomic species Mg, Fe, and Ca, and updated
a D and K I resonance line profiles. Our new κP values may

nfluence analytical models of the thermal structure of giant planet 
tmospheres. 

We also find that clouds substantially increase κR for T � 2800 K,
hile their effect on κP is weaker. In an example evolution model 
f a Jupiter-like planet, including clouds produces a ∼ 3 per cent 
arger radius and a significantly hotter interior. These tables will 
lso be useful to further improve on our understanding of cloudy 
tmospheres of warm giant planets and how they impact their 
volution and thermal structure. 

Overall, our tables offer several key improvements over the F14 
ata set. They incorporate a substantially larger set of absorption 
ources, use the latest line lists and pressure-broadening data, and 
ll the long-standing gap in cloudy mean opacity data for giant 
lanets. They can be used with confidence up to ∼ 1000 bar, 
hile higher pressure values should be treated with caution until 

mproved experimental and ab-initio constraints become available. 
e anticipate that these tables will serve as a valuable resource for

tudies of planetary atmospheres, interiors, and evolution. 
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137 
orysow A. , 2002, A&A , 390, 779 
orysow A. , Frommhold L., 1986, ApJ , 304, 849 
orysow A. , Frommhold L., 1987, ApJ , 318, 940 
orysow A. , Frommhold L., 1989, ApJ , 341, 549 
orysow A. , Frommhold L., Moraldi M., 1989, ApJ , 336, 495 
orysow A. , Jørgensen U. G., Fu Y., 2001, J. Quant. Spectrosc. Radiat.

Transf. , 68, 235 
owesman C. A. , Qu Q., McKemmish L. K., Yurchenko S. N., Tennyson J.,

2024, MNRAS , 529, 1321 
rady R. P. , Yurchenko S. N., Tennyson J., Kim G.-S., 2023, MNRAS , 527,

6675 
urrows A. , Dulick M., C. W. Bauschlicher J., Bernath P. F., Ram R. S.,

Sharp C. M., Milsom J. A., 2005, ApJ , 624, 988 
urrows A. , Marley M. S., Sharp C. M., 2000, ApJ , 531, 438 
urrows A. , Ram R. S., Bernath P., Sharp C. M., Milsom J. A., 2002, ApJ ,

577, 986 
habrier G. , Mazevet S., Soubiran F., 2019, ApJ , 872, 51 
hubb K. L. et al., 2018, J. Quant. Spectrosc. Radiat. Transf. , 218, 178 
hubb K. L. et al., 2021, A&A , 646, A21 
oles P. A. , Yurchenko S. N., Tennyson J., 2019, MNRAS , 490, 4638 
oxon J. A. , Hajigeorgiou P. G., 2015, J. Quant. Spectrosc. Radiat. Transf. ,

151, 133 
e Regt S. , Gandhi S., Siebenaler L., González Picos D., 2025a, preprint
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Figure A1. Local κR and κP as function of temperature at 1 bar and a 
metallicity [M / H] = + 0 . 5. Equilibrium condensation is assumed for the 
chemistry calculation. The solid curves correspond to the cloudy mean 
opacities with rg = 1 μm, while the dashed curves are the cloud-free mean 
opacities. 
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PPENDI X  A :  EQUI LI BRI UM  C O N D E N S AT I O N  

PAC I TI ES  

n addition to the mean opacity tables based on the rainout chemistry
pproach, we have also constructed tables assuming equilibrium 

ondensation. These are more appropriate for modelling low- 
ravity environments such as protoplanetary discs. The equilibrium- 
MNRAS 546, 1–17 (2026)

http://dx.doi.org/10.1051/0004-6361/201322342
http://dx.doi.org/10.1088/0067-0049/192/1/3
http://dx.doi.org/10.1016/j.jqsrt.2013.06.021
http://dx.doi.org/10.1016/j.jms.2016.01.009
http://dx.doi.org/10.1016/S0022-4073(00)00009-1
http://dx.doi.org/10.1063/1.463943
http://dx.doi.org/10.1086/173677
http://dx.doi.org/10.1093/mnras/sty1877
http://dx.doi.org/10.1086/379167
http://dx.doi.org/10.3390/atmos10110664
http://dx.doi.org/10.1093/mnras/stae645
http://dx.doi.org/10.1093/mnras/stx2229
http://dx.doi.org/10.1016/j.jqsrt.2020.107352
http://dx.doi.org/10.1364/AO.37.005271
http://dx.doi.org/10.1016/j.jqsrt.2014.01.030
http://dx.doi.org/10.1016/j.jqsrt.2023.108555
http://dx.doi.org/10.1093/mnras/stv979
http://dx.doi.org/10.1051/0004-6361/201936249
http://dx.doi.org/10.1515/astro-1997-0216
http://dx.doi.org/10.1016/j.jms.2004.06.015
http://dx.doi.org/10.1016/j.jms.2005.04.014
http://dx.doi.org/10.1093/mnras/stae2610
http://dx.doi.org/https://doi.org/10.1016/0022-2852(88)90107-5
http://dx.doi.org/10.1063/1.1672058
http://dx.doi.org/10.1051/0004-6361/202452860
http://dx.doi.org/10.1002/adom.201600250
http://dx.doi.org/10.1051/0004-6361/202451383
http://dx.doi.org/10.1016/j.jqsrt.2004.07.025
http://dx.doi.org/10.1134/S0030400X08070035
http://dx.doi.org/10.1080/00268970802698655
http://dx.doi.org/10.1063/5.0063256
http://dx.doi.org/10.1093/mnras/stu2246
http://dx.doi.org/10.1086/148714
http://dx.doi.org/10.3847/1538-4357/ad57c3
http://dx.doi.org/https://doi.org/10.1016/0022-2852(88)90257-3
http://dx.doi.org/10.1016/j.jms.2016.05.002
http://dx.doi.org/10.1016/j.jqsrt.2024.109083
http://dx.doi.org/10.1016/j.jqsrt.2014.05.030
http://dx.doi.org/10.1086/149052
http://dx.doi.org/10.1088/0953-8984/10/16/018
http://dx.doi.org/ https://doi.org/10.1016/0022-4073(89)90062-9
http://dx.doi.org/https://doi.org/10.1016/0022-4073(90)90060-J
http://dx.doi.org/https://doi.org/10.1016/0022-4073(72)90073-8
http://dx.doi.org/10.1016/j.jms.2018.12.004
http://dx.doi.org/10.1016/j.jqsrt.2010.05.015
http://dx.doi.org/10.1364/AO.23.001206
http://dx.doi.org/10.1016/j.jqsrt.2016.04.010
http://dx.doi.org/10.1016/j.jqsrt.2018.07.017
http://dx.doi.org/10.1016/j.jqsrt.2015.09.003
http://dx.doi.org/10.1051/0004-6361/201732193
http://dx.doi.org/10.1002/2016GL071766
http://dx.doi.org/10.1093/mnras/stab3267
http://dx.doi.org/10.1093/mnras/stad3802
http://dx.doi.org/10.1051/0004-6361/201732531
http://dx.doi.org/10.1093/mnras/stv2858
http://dx.doi.org/10.1093/mnras/staa1874
http://dx.doi.org/10.1093/mnras/stae148
http://dx.doi.org/10.1093/mnras/stx2738
http://dx.doi.org/10.1051/0004-6361/201220459
http://dx.doi.org/10.1051/0004-6361/201015219


14 L. Siebenaler and Y. Miguel

MNRAS 546, 1–17 (2026)

Figure A2. Comparison between our local mean opacities using equilibrium 

condensation and J. W. Ferguson et al. ( 2005 ) including the contribution 
from grain opacities. Solid curves correspond to our calculations using 
rg = 0 . 01 μm and [M / H] = + 0 . 5. Dashed curves were calculated by J. W. 
Ferguson et al. ( 2005 ) (‘ags04.7.04.tron’ table) and assume X = 0 . 70 and 
Z = 0 . 04. 
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Table B1. Molecular opacities used in this work. 

Molecule Tmax (K) Wavelength (μm) Line list name 

AlH 5000 0 . 407 − 500 AloHa 
CaH 5000 0 . 335 − 500 XAB 

CaO 6000 0 . 400 − 500 VBATHY 

CaOH 5000 0 . 278 − 500 OYT6 
CH 6000 0 . 255 − 200 MoLLIST 
CH4 5000 0 . 833 − 500 MM 

CO 900 0 . 455 − 500 Li2015 
CO2 5000 0 . 500 − 500 UCL-4000 
CP 3000 0 . 661 − 28 MoLLIST 
CrH 3000 0 . 667 − 1 . 615 MoLLIST 
FeH 6000 0 . 667 − 50 MoLLIST 
H2 6000 0 . 278 − 200 RACPPK 

H2 O 6000 0 . 243 − 500 POKAZATEL 
H2 S 3000 0 . 286 − 500 AYT2 
HCl 5000 0 . 494 − 500 HITRAN-HCl 
HCN 4000 0 . 569 − 500 Harris 
HF 5000 0 . 31 − 500 Coxon-Hajig 
LiOH 5000 1 − 500 OYT7 
MgH 5000 0 . 338 − 500 XAB 

MgO 5000 0 . 270 − 500 LiTY 

N2 6000 0 . 179 − 500 WCCRMT 
NaCl 3000 4 . 069 − 500 Barton 
NaH 6000 0 . 311 − 500 Rivlin 
NH3 2000 0 . 500 − 500 CoYuTe 
PH3 3000 1 − 500 SAITY 

PN 5000 0 . 121 − 500 PaiN 

PS 5000 0 . 270 − 500 POPS 
SiH 5000 0 . 313 − 500 SiGHTLY 

SiH4 2000 2 − 500 OY2T 
SiO 6000 0 . 139 − 500 SiOUVenIR 

SO 5000 0 . 222 − 500 SOLIS 
TiH 4800 0 . 417 − 2 . 156 MoLLIST 
TiO 6000 0 . 333 − 500 Toto 
VO 5400 0 . 222 − 500 HyVO 

Notes. [1]: R. Ram et al. ( 2014 ); P. F. Bernath ( 2020 ); Z. Qin, T. Bai & L. Liu ( 2021 ), [
J. A. Coxon & P. G. Hajigeorgiou ( 2015 ); G. Li et al. ( 2015 ); W. Somogyi et al. ( 2021
( 2018 ); and E. Jans ( 2024 ). 
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ondensation tables cover the same metallicities and cloud particle
ize distributions as the rainout set. 

Fig. A1 shows κR and κP at a pressure of 1 bar and [M/H] = + 0 . 5
or the cloud-free (dashed curves) and cloudy (solid curves) cases.
ince condensates do not settle into distinct layers, the opacity of
loud particles will increase κR and κP across all T � 2000 K. In
ig. A2 , we compare our κR values with those of J. W. Ferguson
t al. ( 2005 ) at fixed temperatures of 500, 2000, 3000, 4000, and
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n size distributions, the agreement is good. 
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Table B2. CIA used in this work. 

Species Temperature range Wavelength (μm) References 

H2 –H2 100 − 400 0 . 5 − 500 A. Borysow ( 2002 ); L. N. Fletcher, M. Gustafsson & G. S. Orton ( 2018 ); G. S. Orton et al. ( 2025 ) 
400 − 3000 A. Borysow, U. G. J. rgensen & Y. Fu ( 2001 ); A. Borysow ( 2002 ); M. Abel et al. ( 2012 ) 

3000 − 5000 A. Borysow et al. ( 2001 ) 
H2 –He 100 − 200 0 . 5 − 500 A. Borysow & L. Frommhold ( 1989 ); A. Borysow, L. Frommhold & M. Moraldi ( 1989 ); G. S. 

Orton et al. ( 2025 ) 
200 − 6000 M. Abel et al. ( 2011 ) 

H2 –H 1000 − 2500 1 − 100 M. Gustafsson & L. Frommhold ( 2003 ) 
H2 –CH4 100 − 400 5 . 139 − 500 A. Borysow & L. Frommhold ( 1986 ) 
H2 –CO2 200 − 350 5 − 500 R. Wordsworth et al. ( 2017 ) 
He–H 1500 − 6000 0 . 9 − 200 M. Gustafsson & L. Frommhold ( 2001 ) 
He–CH4 100 − 350 10 − 500 R. H. Taylor, A. Borysow & L. Frommhold ( 1988 ) 
CH4 –CH4 100 − 400 10 . 1 − 500 A. Borysow & L. Frommhold ( 1987 ) 

Table B3. Grain/cloud opacities considered in this work. 

Condensate Wavelength (μm) References 

Al2 O3 0 . 2 − 500 C. Koike et al. ( 1995 ); B. Begemann et al. ( 1997 ) 
Ca2 Al2 SiO7 6 . 690 − 500 H. Mutschke et al. ( 1998 ) 
Ca2 SiO4 0 . 196 − 500 C. Jäger et al. ( 2023 ) 
CaTiO3 0 . 1 − 500 K. Ueda et al. ( 1998 ); T. Posch et al. ( 2003 ) 
Cr 0 . 1 − 500 E. D. Palik ( 1991 ); A. D. Rakić et al. ( 1998 ) 
Cu 0 . 517 − 5 . 560 M. A. Ordal et al. ( 1985 ) 
Fe 0 . 1 − 285 . 7 E. D. Palik ( 1991 ) 
Fe2 O3 0 . 1 − 500 A.H.M.J. Triaud, DOCCD Jena Laboratory 
FeO 0 . 2 − 500 T. Henning et al. ( 1995 ) 
FeS 0 . 1 − 487 . 381 J. B. Pollack et al. ( 1994 ); T. Henning & H. Mutschke ( 1997 ) 
H2 O 0 . 1 − 500 S. G. Warren ( 1984 ) 
KCl 0 . 1 − 487 . 381 E. D. Palik ( 1985 ) 
Mg2 SiO4 0 . 196 − 500 C. Jäger et al. ( 2023 ) 
MgAl2 O4 0 . 35 − 500 E. D. Palik ( 1991 ); S. Zeidler et al. ( 2011 ) 
MgO 0 . 1 − 500 E. D. Palik ( 1991 ) 
MgSiO3 0 . 196 − 500 E. D. Palik ( 1991 ); S. Zeidler et al. ( 2011 ) 
MnS 0 . 196 − 190 D. R. Huffman & R. L. Wild ( 1967 ); A. Montaner et al. ( 1979 ) 
Na2 S 0 . 1 − 200 A. Montaner et al. ( 1979 ); H. Khachai et al. ( 2009 ) 
NaAlSi3 O8 6 . 699 − 500 H. Mutschke et al. ( 1998 ) 
NaCl 0 . 1 − 500 E. D. Palik ( 1985 ) 
NH3 1 . 67 − 50 F. Trotta ( 1996 ); R. L. Hudson et al. ( 2022 ) 
NH4 SH 2 − 20 C. Howett et al. ( 2006 ); P. A. Gerakines et al. ( 2024 ) 
Ni 0 . 667 − 286 M. A. Ordal et al. ( 1987 ) 
SiO 0 . 1 − 100 . 858 E. D. Palik ( 1985 ) 
SiO2 0 . 1 − 500 E. D. Palik ( 1985 ); S. Zeidler, T. Posch & H. Mutschke ( 2013 ) 
TiO2 0 . 12 − 500 T. Posch et al. ( 2003 ); S. Zeidler et al. ( 2011 ); T. Siefke et al. ( 2016 ) 

Table B4. Free–free and bound-free absorptions considered in this work. 

Reaction Wavelength (μm) References 

H 2 + e − + h ν −→ H 2 + e − 0 . 351 − 500 K. L. Bell ( 1980 ) 
H + e − + h ν −→ H + e − 0 . 182 − 500 T. L. John ( 1988 ) 
He + e − + h ν −→ He + e − 0 . 506 − 500 T. L. John ( 1994 ) 
Li + e − + h ν −→ Li + e − 0 . 5 − 500 T. L. John ( 1975 ) 
N + e − + h ν −→ N + e − 0 . 5 − 500 T. L. John ( 1975 ) 
O + e − + h ν −→ O + e − 0 . 5 − 500 T. L. John ( 1975 ) 
Na + e − + h ν −→ Na + e − 0 . 5 − 500 T. L. John ( 1975 ) 
CO + e − + h ν −→ CO + e − 0 . 1 − 500 T. L. John ( 1975 ) 
N 2 + e − + h ν −→ N 2 + e − 0 . 1 − 500 T. L. John ( 1975 ) 
H 2 O + e − + h ν −→ H 2 O + e − 0 . 1 − 500 T. L. John ( 1975 ) 
H 

− + h ν −→ H + e − 0 . 1 − 1 . 644 B. M. McLaughlin et al. ( 2017 ) 
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