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Abstract. Although the analysis of exoplanet atmospheres has become one of the most pertinent topics within planetary science,
characterizing these objects directly from their spectra is still a challenge. To interpret the spectrum of an exo-atmosphere, one
can apply an inverse technique known as atmospheric retrieval, which is the use of an observed transmission spectrum to infer
planetary properties, such as its temperature profile, chemical composition, and atmospheric circulation. This work establishes if
the stellar radius’ and planetary gravity’s uncertainties, in addition to the inclusion of new molecules in the model (e.g., methane),
cause non-negligible effects in retrievals of currently available HST Wide Field Camera 3 (WFC3) spectra and in future spectra
measured by JWST. So far we have studied the atmospheres of 38 planets and compared the results with previous analysis, finding
that most of them are in agreement, but 12 of them are best characterized by a distinct atmospheric model. At this time, we are
currently establishing the conditions under which the analytical formula for isothermal, isobaric transit chords breaks down, and a
full numerical treatment is needed instead. We are analyzing a non-isobaric approach including different opacities that vary with the
atmospheric pressure and intend to present these preliminary results.

Resumo. Apesar da análise de atmosferas de exoplanetas ter se tornado um dos tópicos mais pertinentes em ciências planetárias, a
caracterização desses objetos diretamente de seus espectros ainda é um desafio. Para interpretar o espectro de uma exo-atmosfera,
pode-se aplicar uma técnica inversa conhecida como recuperação atmosférica, que é o uso de um espectro de transmissão observado
para inferir propriedades planetárias, como o seu perfil de temperatura, composição química e circulação atmosférica. Esse trabalho
estabelece se as incertezas do raio estelar e da gravidade do planeta, em adição à inclusão de novas moléculas ao modelo (e.g.,
metano), causam efeitos significativos na recuperação de espectros do Hubble Wide Field Camera 3 (WFC3) atualmente disponívels,
e em futuros espectros medidos pelo JWST. Até agora nós estudamos as atmosferas de 38 planetas e comparamos os resultados com
análises prévias, encontrando que a maioria deles está em concordância, mas 12 deles são melhor caracterizados por um modelo
atmosférico diferente. Nesse momento, estamos estabelecendo as condições para qual a fórmula analítica para trânsitos isotérmicos e
isobáricos torna-se obsoleta, e um tratamento numérico é necessário. Estamos analisando uma aproximação não-isobárica incluindo
diferentes opacidades que variam com a pressão atmosférica e pretendemos apresentar os resultados preliminares.
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1. Introduction

With the discovery of almost 5000 exoplanets to this date, the ex-
oplanetary atmospheric field is growing significantly. The tran-
sit technique is specially important, since a fraction of the star’s
light is transmitted through the atmosphere of the planet passing
in front of its star. Therefore, by observing a planet’s transit, one
can obtain a transmission spectrum, from which one can deduce
planetary properties.

This method is called atmospheric retrieval, in which a
planet’s spectrum is used, along with prior parameters (e.g. stel-
lar radius, planetary surface gravity), to produce a high resolu-
tion synthetic spectrum, used to infer the temperature, the abun-
dance of certain molecules in the atmosphere, as well as other
properties. The technique can be complemented with the addi-
tion of clouds.

This work is split in two parts: first, we have studied the ef-
fects of retrieving the stellar radius and the planetary surface
gravity as posterior parameters. We have considered the un-
certainties of these parameters when selecting the priors, un-
like Fisher & Heng (2018). We also tried to include different
molecules (e.g. methane) in helios-t (Fisher & Heng 2018). For
the second part, we wanted to determine if the previously used
isothermal, isobaric formula provided the best fit to the data, or
if it should be replaced by a numerical treatment. This way, we
have tested the inclusion of a non-isobaric, isothermal approach
in the code, using different molecular opacities that may vary
with pressure.

So far we have analysed 38 currently available Hubble
Space Telescope Wide Field Camera 3 (WFC3) spectra in the
near infrared region (0.8 µm to 1.7 µm) using helios-t, but
this work is also being developed considering future James
Webb Space Telescope spectra. We have studied 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. The
sample was previously studied by Fisher & Heng (2018) as well.

2. Methodology

To perform an atmospheric retrieval, one must apply a computer
code to the HST spectra. In this work, we first considered Fisher
& Heng (2018)’s code, helios-t, which uses a nested-sampling
approach. For that, Fisher & Heng (2018) make use of the open-
source pymultinest package (Buchner et al. 2014).

The atmospheric code consists in 9 separate models: a cloud-
free model with water only, a cloud-free model with H2O and
NH3, to check if ammonia is simulating clouds, a grey cloud
model with water, which considers a constant (grey) cloud opac-
ity, a grey cloud model including HCN and NH3, a grey cloud
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model including HCN, NH3, and CH4, a non-grey cloud model,
a non-grey cloud model with HCN and NH3, a non-grey cloud
model with HCN, NH3, and CH4, and a flat-line model, in which
the transmission spectrum can be explained by a flat-line.

Each of these models has a number of parameters, becom-
ing more complex along this list: flat-line (1 parameter), cloud-
free (5 parameters), cloud-free + NH3 (6 parameters), grey cloud
(6 parameters), grey cloud + HCN + NH3 (8 parameters), grey
cloud + HCN + NH3 + CH4 (9 parameters), non-grey cloud (9
parameters), non-grey cloud + HCN + NH3 (11 parameters),
non-grey cloud + HCN + NH3 + CH4 (12 parameters).

It is important to notice that Fisher & Heng (2018) did not
include methane in their retrievals, which is being done in this
work. This work is also considering the stellar radius and the
planetary surface gravity as retrieved parameters, unlike Fisher
& Heng (2018).

For the non-isobaric approach, we adapted helios-t to in-
clude pressure-dependent molecular opacities. The challenge
was to integrate the optical depth over pressure, before the in-
tegration of the transit chord. In the isobaric, isothermal method,
the optical depth is given by

τ =
κP0

g

√
2πR0

H
(1)

where κ is the total opacity, P0 is the reference pressure, g is the
planetary surface gravity, R0 is the reference transit radius, and
H is the scale height, kBT/mg, kB being the Boltzmann constant,
T being the temperature, and m being the molecular mass.

For the non-isobaric, isothermal approach, the expression for
the optical depth becomes
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where σ is the molecular cross section and P is the pressure.
Fisher & Heng (2018) also consider an isobaric, non-isothermal
approach, which we did not contemplate in this work.

The remaining equations, as well as an explanation of how
helios-t works can be found in the Fisher & Heng (2018).
We also recommend consulting Heng & Kitzmann (2017) and
Kitzmann & Heng (2018).

3. Results

We present the results for only one of the planets, WASP-12b, as
an example. The additional results will be featured in Novais et
al. (in preparation). In the isobaric, isothermal case, we retrieved
5 parameters for WASP-12b: the temperature T , the water abun-
dance (XH2O), the reference pressure P0, the stellar radius R?,
and the planetary surface gravity g. In Figure 1 we observed a
correlation between the stellar radius and the reference pressure,
which is currently being investigated. Note that this is a cloud-
free retrieval, which was the best model for this planet.

The retrieval analysis for the same planet in Fisher & Heng
(2018) is a grey cloud model (see Figure 20 in Fisher & Heng
2018). This means that retrieving stellar radius and the planetary
surface gravity affects the results significantly, since a cloud-free
model is the one that best represents WASP-12b in our work.

We designate which model is best suited for each planet
through a Bayesian evidence (Trotta 2008) analysis, specified in
each retrieval. We then compare the Bayesian evidence of each
model (of the same planet), the model with the highest Bayesian

Figure 1. Retrieval analysis of the planet WASP-12b using
helios-t. The temperature (T ) is in red, the abundance of wa-
ter (XH2O) in blue, the reference pressure (P0) in blue-green, the
stellar radius (R?) in orange, and the planetary surface gravity
(g) in green. Black Gaussian lines correspond to the priors for
each parameter.

Figure 2. Bayesian evidence analysis of the planet WASP-12b
showing the 9 distinct models used in this work. A cloud-
free model was the best fit in this case. The bars represent the
Bayesian evidence for each model, and the numbers above the
bar are the Bayes factor, the ratio between the best model and
a given model. If the Bayes factor for the flat-line model is less
than unity (green bars), one cannot conclude that a given model
is the best, and so the retrieval is inconclusive.

evidence being the best fit. In Figure 2 it becomes clear that a
cloud-free model would be the best in this work, followed by a
grey cloud model.

In the non-isobaric approach, the best considered model is
a grey cloud, and so the cloud opacity (κcloud) is a retrieved pa-
rameter in Figure 3. The reference pressure was replaced by the
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Figure 3. Atmospheric retrieval analysis of the planet WASP-
12b using a non-isobaric approach, adapted from Fisher & Heng
(2018)’s code. Black Gaussian lines correspond to the priors for
each parameter.

reference transit radius (R0) in the retrieval, since we fix the pres-
sure for the optical depth integration. We also observe a correla-
tion between the stellar radius and now the reference transit ra-
dius, the latter being roughly the white-light radius of the planet.

4. Discussion and Conclusion

Amongst the isothermal, isobaric retrievals, we observe that 26
of them are in agreement with Fisher & Heng (2018), includ-
ing the best considered model. The best model of the remain-
ing planets are different from the previous work, but most of
the Fisher & Heng (2018)’s best models are in the inconclusive
(green) zone in our work, since their Bayes factor is less than
unity, meaning we cannot state that the highest Bayesian evi-
dence model is actually the best.

We have also noticed that most of the retrievals in the isother-
mal, isobaric case are consistent with grey clouds, both in Fisher
& Heng (2018) and in our work. This is probably due to the
wavelength coverage and resolution of the HST data. The non-
isobaric analyses are still in process.

At the moment we are studying the non-isobaric, isother-
mal approach, and expect to include new molecules to the atmo-
spheric code (e.g. CH4 and CO), as well as other exoplanetary
transmission spectra, if possible.

This work is being developed aiming future data from JWST.
With a broad wavelength coverage, large collecting area, and
high resolution, we expect to obtain a significant amount of spec-
tra, and a supervised machine learning analysis may be needed
instead. We plan on working on this next step in the near future.
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