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Effects of pressure dependency in exoplanetary atmospheric retrieval
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Abstract. Although the analysis of exoplanet atmospheres has become one of the most pertinent topics within planetary sciences,
characterising these objects directly from their spectra is still a challenge. To interpret the observed spectrum of an exo-atmosphere,
one can apply a technique known as atmospheric retrieval, i.e., fitting a model to this data in order to infer the properties of the
atmosphere, such as temperature, chemical composition, and presence of clouds. This work considers a retrieval framework which
includes H,O as the main molecular opacity source, and optional opacity features such as additional molecules (e.g., CH4, CO,, CO),
collision-induced absorption (CIA), Rayleigh scattering, and clouds. Furthermore, our retrieval code accounts for a non-isobaric
transit chord, setting atmospheric opacity sources to a full pressure dependency. We perform non-isobaric retrievals in 38 Hubble
Space Telescope Wide Field Camera 3 (WFC3) near-infrared transmission spectra to establish how the variation of pressure affects
the estimation of atmospheric parameters. Our results show that, for WFC3 wavelength range and resolution, retrievals favour
atmospheric models mainly including H,O-only, and cloud-free or constant/grey clouds. We compare our findings with previous
analyses in the literature, concluding that Rayleigh scattering is negligible in most of our retrievals, except in the ones where
shorter-wavelength WFC3 data is available (e.g., WASP-12b). On the other hand, CIA is strongly dependent on pressure, therefore
helping set H,O abundances, in contrast to former isobaric studies. Additionally, we acknowledge the degeneracy between molecular
abundances and the reference transit radius (i.e., where the atmosphere is optically thick), as pointed out by previous studies, may be
artificially broken for cloud-free fits, but is still indirectly present in cloudy results. Finally, we suggest new approaches that could
help identify additional atmospheric features imprinted in the spectra, considering data in complementary wavelengths, as well as
retrieval analyses using higher-quality James Webb Space Telescope spectra.

Resumo. Apesar da andlise de atmosferas de exoplanetas ter se tornado um dos tépicos mais pertinentes dentro das ciéncias
planetdrias, a caracterizagdo desses objetos diretamente de seus espectros continua sendo um desafio. Para interpretar o espectro
observado de uma exo-atmosfera, pode-se aplicar uma técnica conhecida como recuperacio atmosférica, i.e., ajustando um modelo
aos dados espectroscépicos de modo a inferir as propriedades daquela atmosfera, como temperatura, composi¢do quimica, e presenca
de nuvens. Este trabalho considera recuperagdes atmosféricas que incluem H,O como a principal fonte de opacidade molecular,
e opgdes de opacidades adicionais como moléculas (e.g., CH,, CO,, CO), absor¢do induzida por colisdo (CIA), espalhamento
Rayleigh, e nuvens. Além disso, nosso cédigo de recuperag@o considera raios de trinsito ndo-isobdricos, submetendo as fontes de
opacidade a uma total dependéncia na pressdo atmosférica. Realizamos recuperagdes nao-isobdricas em 38 espectros de transmissao
no infravermelho préximo, observados pela Wide Field Camera 3 (WFC3) do Hubble Space Telescope, para estabelecer como
a variagdo da pressdo afeta a estimativa dos parametros atmosféricos. Nossos resultados mostram que, considerando a faixa de
comprimento de onda e resolu¢do do WFC3, as recuperagdes favorecem modelos atmosféricos que incluem majoritariamente apenas
H,O0, e sem nuvens ou com nuvens cinzas (opacidade constante). Comparamos nossos resultados a andlises anteriores da literatura,
concluindo que o espalhamento Rayleigh € desprezivel na maioria das nossas recuperagdes, exceto quando dados da WFC3 para
comprimentos de onda mais curtos estdo disponiveis (e.g., WASP-12b). Por outro lado, CIA ¢ fortemente dependente da pressdo,
auxiliando a estabelecer as abundancias de H,O, ao contrdrio de estudos isobdricos anteriores. Adicionalmente, reconhecemos que a
degenerescéncia entre a abundancia molecular e o raio de trinsito de referéncia (i.e., onde a atmosfera é opticamente espessa), como
apontado por estudos anteriores, pode ser artificialmente quebrada para modelos sem nuvens, mas ainda estd presente indiretamente
em modelos com nuvens. Finalmente, sugerimos novas abordagens que podem ajudar a identificar caracteristicas atmosféricas
adicionais no espectro, considerando dados em comprimentos de onda complementares, bem como recuperagdes atmosféricas
utilizando espectros de maior qualidade do James Webb Space Telescope.
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1. Introduction

Transmission spectra can be powerful tools to help esti-
mate characteristics of exoplanetary atmospheres, in particular
the temperature structure, chemical abundances of atoms and
molecules, clouds/hazes, as well as other properties. Planets
with geometrically aligned orbits will pass periodically in front
of their stars, which we refer to as a transit. Using the transit
technique, if an observed object bears a significant atmosphere,
it is possible to obtain an atmospheric transmission spectrum.
As the planet passes in front of the star, part of the starlight

passes through the planetary atmosphere, and may be absorbed
and/or scattered by atmospheric species, depending on their
wavelength. This absorbed light spectrum (taken during transit)
is subtracted from the spectrum of the star alone (taken outside of
transit), providing the transmission spectrum of that atmosphere
(Seager 2010; Madhusudhan 2018).

A transmission spectrum can also be interpreted as the de-
pendence of the transit depth on wavelength (Madhusudhan
2018), as can be seen in the atmospheric retrievals of this work.
The role of atmospheric retrieval is to use a computational model
to interpret an observed transmission spectrum, and therefore
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FIGURE 1. Schematic diagram presenting all possible models in HELIOS-T.

try to infer these atmospheric parameters. The present work per-
forms retrievals by using transmission spectral data for a sample
of 38 planets, providing estimates on atmospheric temperature,
abundance of water, and additional parameters depending on the
model.

Modelling the structure of a planetary atmosphere has al-
ways been a challenging task. Today, sophisticated computa-
tional resources are used by researchers to parameterize the
structure and calculate properties of atmospheres, based on the
available spectral data detected in the past 30 years. However, we
frequently come across computational and observational limita-
tions, caused by the low resolution and/or signal-to-noise ratio
and short wavelength range covered by detected data, and by
physical/geometric simplifications that need to be assumed to
successfully run atmospheric models in a reasonable time, i.e.,
1D model, atmosphere divided in several plane-parallel, isother-
mal, isobaric layers in hydrostatic equilibrium, etc.

To better represent such complex environments, the main
purpose of this work is to develop more realistic atmospheric
models, considering a retrieval framework. We create an up-
graded version of the retrieval model by Fisher & Heng (2018),
considering additional molecular opacities, new retrieved pa-
rameters, and physical effects not included in Fisher & Heng
(2018). Then, we adapt this new version to assume a pressure-
dependent (non-isobaric) isothermal model, in contrast to the
previous isobaric, isothermal approach. Our intention is to com-
pare the results retrieved by each model, and establish if the
modifications in the isobaric code and/or the non-isobaric treat-
ment are required to obtain more accurate values for the included
atmospheric parameters, or if the simpler version of the model
suffices.

2. Methodology

The current work is split in two parts: first, we studied the results
of retrieving the stellar radius (Rg,) and the planetary surface
gravity (g), i.e., analysing these two parameters also as posteri-
ors, in contrast to the work of Fisher & Heng (2018), where they
are taken as input parameters only (see Table 3 in their work).
We used uncertainty values of Ry, and g, considering their prior
distributions as the range between the upper and lower limits
of each parameter. We also tested the addition of new opacity
sources in HELIOS-T, such as additional molecules and Rayleigh
scattering. For the second part, our intention was to determine if
the previously used isothermal, isobaric approach provided the
best fit to the spectral data, in comparison to a non-isobaric nu-

merical treatment. Therefore, we adapted the code to consider a
non-isobaric, isothermal approach, using different opacities that
may vary with pressure.

We have analysed 38 currently available Hubble Space
Telescope Wide Field Camera 3 (WFC3) spectra in the near-
infrared region (0.8—1.7 pwm) using HELIOS-T. Our sample
consists of the following planets: GJ 436b, GJ 1214b, GJ
3470b, HAT-P-1b, HAT-P-3b, HAT-P-11b, HAT-P-12b, HAT-P-
17b, HAT-P-18b, HAT-P-26b, HAT-P-32b, HAT-P-38b, HAT-P-
41b, HD 97658b, HD 149026b, HD 189733b, HD 209458b,
TRAPPIST-1d, TRAPPIST-1e, TRAPPIST-1f, TRAPPIST-1g,
WASP-12b, WASP-17b, WASP-19b, WASP-29b, WASP-31b,
WASP-39b, WASP-43b, WASP-52b, WASP-63b, WASP-67b,
WASP-69b, WASP-74b, WASP-76b, WASP-80b, WASP-101b,
WASP-121b, and XO-1b. Spectral data were provided by Chloe
Fisher and Kevin Heng, who previously studied the same 38-
planet sample (see Fisher & Heng 2018 for references on each
object).

Each planet was examined by a range of models, which
consider different atmospheric parameters in the retrieval code.
These parameters contemplate the temperature, treated as con-
stant, a reference pressure/transit radius, and opacity sources,
such as collision-induced absorption (CIA), molecules (H,O,
and HCN, NH;, CH,, CO, depending on the model), and clouds.
While CIA and water are included in all models, the presence
of clouds and the remaining molecules is optional. When mod-
els account for clouds, they are treated as grey or non-grey, with
“grey” clouds referring to the concept of a grey atmosphere: a
simplification where the opacity has no dependency on wave-
length. The models can assume isobaric or non-isobaric atmo-
spheres, with small differences in the molecular lists and cloud
properties. A flat, one-parameter model is also assumed in both
approaches, to represent a flat continuum with no spectral fea-
tures. Figure 1 represents the different models accounted for in
HELTIOS-T, for isobaric or non-isobaric atmospheres.

All models except the flat line require the stellar radius Ry,
the planetary surface gravity g, and the reference transit radius
Ry as input parameters. The reference transit radius is defined as
the radius at which the planet is optically thick, and has a ref-
erence pressure of Py (de Wit & Seager 2013; Griffith 2014).
Calculation of the transit chord for low-resolution WFC3 data
requires the values of Ry and Py, along with the scale height and
opacity values (see Heng & Kitzmann 2017; Fisher & Heng
2018; Novais et al., submitted to MNRAS, for equations and de-
tails), causing a dependency relationship between these parame-
ters (also referred to as a normalization degeneracy, see Section
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FIGURE 2. Comparison between retrieved water abundance values for all planets considering cloud-free (blue) and grey cloud (grey) models, using
fully isobaric (dark-coloured) and non-isobaric (light-coloured) approaches. Red circles correspond to values found by Fisher & Heng (2018).
Planets that are not in this plot are considered flat lines or outliers. Figure from Novais et al. (submitted to MNRAS).

3.3). Consequently, a reference parameter (Py or Ry) needs to
be retrieved together with the main parameters (7, Xp,0) in all
multi-parameter models, as discussed in Fisher & Heng (2018).
Overall, Ry may be roughly approximated to the observed plan-
etary radius.

Input values for Ry, and g are from the literature, while R,
values were calculated by Fisher & Heng (2018). Differing from
Fisher & Heng (2018), this work considers Ry, g, and Ry as
free parameters in all non-flat-line models, allowing their priors
to vary within their uncertainty range, and retrieving their poste-
rior distributions.

3. Results and Discussion
3.1. Selecting best-fit models using Bayesian inference

By applying a range of isobaric and non-isobaric models, we
designate which retrieval model best represents the atmosphere
of each planet through a Bayesian inference analysis (Trotta
2008), which uses Bayes theorem to determine how well a model
fits the given data by estimating its probability. The method
is based on the comparison of the Bayesian evidence of each
model, calculated in each retrieval by a nested-sampling algo-
rithm (see Buchner et al. 2014 and Buchner 2021 for more

details). For each planet, we select the model with the highest
Bayesian evidence as the best-fit model. We then compute the
Bayes factor of each model, which is the difference between
the highest Bayesian evidence (amongst all models) and the
Bayesian evidence of the given model, both in logarithm scale.
One can easily conclude that the Bayes factor of the best-fit
model for a planet is always null. For planets with two or more
best models (i.e., two or more models with maximum Bayesian
evidence), the simplest model is considered the best.

If the analysis of a model is inconclusive, i.e., its Bayes fac-
tor is less than unity, we cannot rule out the possibility of that
model being the best fit, despite its Bayesian evidence not be-
ing the highest. This is especially taken into account for flat-line
models: if the flat-line model of a planet has Bayes factor of less
than unity, we assume the flat-line is the best fit for the atmo-
sphere of that planet.

Bayesian model comparison leads us to three broad classes
of outcomes for the 38 objects: possibly cloud-free model atmo-
spheres with trace amounts of water; possibly cloud-free model
atmospheres with enhanced mean molecular weight because of
elevated amounts of water; and possibly cloudy model atmo-
spheres with water and grey clouds. Note that for all three classes
of outcomes, both the cloud free and grey cloud interpretations
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Fi1GURE 3. Comparison between retrieved water abundance values for all planets considering a non-isobaric, grey cloud model (grey), non-isobaric,
grey cloud model without Rayleigh scattering (light green), and non-isobaric, grey cloud model without CIA (dark green). Planets that are not in
this plot are considered flat lines or outliers. Figure from Novais et al. (submitted to MNRAS).

are valid (i.e., Bayesian model comparison produces Bayes fac-
tors below unity).

3.2. Trends

Figure 2 provides an executive summary of the retrieved water
abundances for all of the objects in our sample. It compares the
isobaric versus non-isobaric treatments and the inclusion or ex-
clusion of grey clouds. For continuity to past work, the retrieved
water abundances of Fisher & Heng (2018) are also included.
We recall the main differences between the current work and
Fisher & Heng (2018) are the inclusion of Rayleigh scattering,
variable Ry, and g, and non-isobaric transit chords, which rever-
berate in the correct implementation of cross sections of molec-
ular species and CIA.

For most objects, the isobaric treatment yields water abun-
dances that are consistent with the non-isobaric treatment, con-
sidering the wide uncertainty ranges. HD 209458b, HAT-P-1b,
and HAT-P-32b are some exceptions, for which the inconsis-
tency between isobaric and non-isobaric may be explained by
high retrieved H,O abundances. In most cases, the retrieved wa-
ter abundances are broadly consistent with those of Fisher &
Heng (2018).

10

Figure 3 does a different comparison, which is to examine
the retrieved water abundances using the non-isobaric treatment
with grey clouds. Rayleigh scattering and CIA are excluded in
turn. The comparison highlights the general importance of in-
cluding CIA in non-isobaric retrievals, which produces retrieved
water abundances that are more precise. When CIA is removed,
it no longer sets a continuum in the spectra, hence lowering the
water abundance.

3.3. Parameter degeneracies

Due to the limited spectral range and resolution, our study also
analyses degeneracies between retrieved parameters, which are
illustrated using two representative case studies: HD 209458b
and WASP-12b. Their data favour a cloud-free and a grey-cloud
model, respectively, as represented in Figure 4.
The first thing to notice is, according to Benneke & Seager
(2012); Griffith (2014); Fisher & Heng (2018), a “normal-
ization degeneracy” (i.e., between the reference radius Ry and
the water abundance Xy,0) is expected in retrievals using WFC3
data. Nonetheless, as the stellar radius Ry, is a free parameter
in our retrievals, the normalization degeneracy is subdued, and a
degeneracy between Ry, and R, appears instead.
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FiGURE 4. Retrieval outcomes for HD 209458b using a non-isobaric cloud-free model (left) and WASP-12b using a non-isobaric grey-cloud model
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When Rayleigh scattering by H, is added (an effect ignored
by Fisher & Heng 2018), an absolute theoretical normalization
is introduced via a spectral slope (Benneke & Seager 2012).
This is generally the case for atmospheres where H; is the dom-
inant background gas. However, if CIA is included, there is lit-
tle difference in outcomes when Rayleigh scattering is or is not
present. This is because CIA is providing a higher continuum,
and Rayleigh scattering becomes negligible. Note that this is
only true for WFC3 data coverage, since the Rayleigh slope ex-
tends to the optical range, meaning the effects of Rayleigh scat-
tering are most seen in optical data.

When the non-isobaric best-fit model is cloud free (e.g., left
panel of Figure 4), the spectral continuum is sourced by CIA.
CIA is associated with the correct pressure, which has the effect
of producing lower water abundances—regardless of the exclu-
sion or inclusion of Rayleigh scattering.

When the non-isobaric best-fit model includes grey clouds
(e.g., right panel of Figure 4), the spectral continuum is sourced
by CIA and grey clouds, and a degeneracy between the cloud-
top pressure Pjoudiop and Xp,o is present alongside the Ro—Rstar
degeneracy. In all retrievals, there is a degeneracy between the
temperature 7" and Xu,0, which only shows up strongly when
the Peioudiop—Xm,0 degeneracy is suppressed.
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