
UNIVERSITY OF GRONINGEN

MASTER THESIS

Chemical trends in Hot Jupiter
atmospheres

Author:
M. BRAAM

Supervisor:
Prof. Dr. F.F.S. VAN DER TAK

A thesis submitted in fulfillment of the requirements
for the degree of Master of Science in Astronomy

in the

Interstellar Medium and Star and Planet Formation Group
Kapteyn Astronomical Institute

July 7, 2020



ii

UNIVERSITY OF GRONINGEN

Abstract

Chemical trends in Hot Jupiter atmospheres

by M. BRAAM

Exoplanetary science has entered the era of comparative characterisation of giant planet at-
mospheres. Such a characterisation can provide valuable insights into planetary processes
and the formation and migration history of planetary systems. We investigate the possible
existence of chemical trends in Hot Jupiter atmospheres, by comparatively analysing trans-
mission spectra of 12 planets with coverage from 0.3−4.5µm (HST and Spitzer) and 5 planets
with coverage between 1.1−1.7µm (HST WFC3 only). The spectra have been analysed using
the Bayesian retrieval framework TauREx II. A statistically significant signature of H2O is
found for 11 of the planets, with at least 2.3σ confidence. Additionally, there are detections
of the signatures of VO (2 planets), TiO (2), AlO (2), Na (5), K (5) and particle scattering
following Mie theory (3). The first tentative hints towards the signatures of OH were found
in WASP-19b, although the similarity with the absorption spectrum of water leaves it in-
conclusive for now. Furthermore, WASP-39b shows tentative evidence for CrH absorption,
whereas the CrH signatures are clearly seen in WASP-31b. The CrH-only model for WASP-
31b is ∼4σ significant over the flat model and the addition of CrH to a water-only model is
significant at ∼3σ. Retrieved water abundances seem to decrease with equilibrium temper-
ature, contrary to expectations from thermal equilibrium chemistry. These disequilibrium
abundances may be (partly) caused by photochemical processes since lower abundances are
retrieved for planets receiving higher estimated FUV irradiation. Direct photodissociation
is unlikely to have a considerable influence on transmission spectra, but the trend may be
due to obscuration by photochemical haze. Another trend that is considered is the depen-
dence of abundances on formation conditions, by determining planetary abundance ratios.
Both stellar and substellar ratios are found, indicating different formation histories. Bet-
ter estimates on the C/O ratio may shed light on this dependence, whereas an improved
understanding of clouds/hazes and UV irradiances may further disclose abundance trends
with these processes. Especially for the first two improvements, the enhanced wavelength
coverage of JWST offers great potential.
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1

Chapter 1

Introduction

1.1 Solar System atmospheres

Exoplanetary science is a unique field of astronomy, because of the existence of nearby ana-
logues in the form of the Solar System planets. The first discovery of an extraterrestrial
atmosphere was made by Mikhail Lomonosov in 1761 when he reported the discovery of an
atmosphere around Venus during its transit of that year (Shiltsev, 2014). The earliest spec-
troscopic observations were conducted in the first half of the twentieth century and initiated
a wide variety of intriguing discoveries: from detecting methane (CH4) in the atmospheres
of the giant planets (Adel et al., 1934) and carbon dioxide (CO2) on Venus (Adel, 1937) to the
discovery of an atmosphere surrounding Titan (Kuiper, 1944), from sulfuric acid (H2SO4)
clouds on Venus (Young, 1973) to ammonia (NH3) clouds on Jupiter (Atreya et al., 2005),
from hazes on Pluto (Gladstone et al., 2016) to variable levels of CH4 on Mars (Webster et al.,
2018). Finally and perhaps most importantly, there is the exceptional atmosphere of planet
Earth and the crucial role it plays in the system as a whole. Despite the variations in their
atmospheres, Solar System planets fall into a relatively tight temperature range of ∼70K for
Neptune up to ∼700K for Venus. Besides that, three ranges can be identified for masses and
radii: gas giants fall within 100−320M⊕, 8−11R⊕; ice giants within 14−17M⊕, 3.88−4.01R⊕;
and terrestrial planets within 0.06−1M⊕, 0.38−1R⊕. An excellent review on Solar System
atmospheres can be found in chapter 4 of De Pater et al. (2015).

Based on this understanding of atmospheric physics and chemistry and initiated by the
first discovery of an exoplanet orbiting a solar-type star (Mayor et al., 1995), we can start the
quest to search for and characterise the wide diversity of planets out there. As of June 2020,
the confirmed number of exoplanets has exceeded 4000 and is expected to further increase
with current search missions such as TESS (Transiting Exoplanet Survey Satellite). The cu-
mulative number of planets and the most productive detection techniques so far are shown
in Figure 1.1 and an excellent review on these (and other) techniques is provided by Fischer
et al. (2014). Even more astonishing than the large number of discoveries itself is the wide pa-
rameter space in which these planets are being found. Equilibrium temperatures range from
∼100 to 4000K and, instead of the three ranges mentioned above for Solar System planets,
masses and radii are found continuously within ranges of 0.1−10−4M⊕ and 0.3−25R⊕1. Al-
though planets of all types have been detected in these ranges, it is important to note that
an observational bias exists towards detecting large planets on a close-in orbit around their
host star, accordingly named Hot Jupiters. The exact definition of a Hot Jupiter used here is
a planet of mass 0.1−103M⊕ (Clanton et al., 2014), radius 6−22R⊕ (Borucki et al., 2011) and
an orbital distance ≤0.1AU. (Gaudi et al., 2005). The wide ranges in which exoplanets have
been detected, combined with the known diversity in Solar System atmospheres, naturally
lead to an enormous expected diversity of exoplanet atmospheres.

1.2 Observing exoplanet atmospheres

Several methods are being used to uncover this expected atmospheric diversity and the ob-
servations of exoplanet atmospheres can be divided into three categories: Direct imaging

1Based on data in the NASA Exoplanet Archive.

https://exoplanetarchive.ipac.caltech.edu/index.html
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FIGURE 1.1: The cumulative number of confirmed exoplanets, with the color
relating to different detection methods2.

spectroscopy, High-resolution Doppler Spectroscopy and Transit spectroscopy (Crossfield,
2015).

Direct imaging means that an exoplanet is spatially resolved from its host star, using a
coronagraph to block out the stellar light. This challenging endeavour is most feasible for
planets on orbits far away from their host star. The limiting factor is the adjacent host star:
the Sun is for example 106 to 109 times brighter than the Earth in the near-infrared and the
optical respectively (Seager et al., 2010). This extreme flux contrast together with the limited
occurrence of planets at far-out orbits results in an as of yet small number of observations
with this method. However, spatially resolving a planet can provide high-quality spectra
and next-generation facilities such as the Extremely Large Telescope (ELT) will lead to higher
sensitivity as well as the ability to observe smaller planets orbiting closer to their host star
(Quanz et al., 2015; Snellen et al., 2015).

High-resolution Doppler spectroscopy infers the Doppler motion of a planet through its
spectral lines by high-resolution spectroscopy (λ/∆λ∼105) of the star-planet system. During
an observation, the stellar and telluric lines are relatively stable while the planetary spectral
lines undergo strong Doppler shifts. After removing the stellar and telluric lines, the ex-
pected molecules and their spectroscopic signatures in template planetary spectra are used
for cross-correlation to find the exact absorption lines.

Transit spectroscopy works best for large planets that orbit very close to their host star,
since the probability of a transit p≈R∗/a, where a is the planet’s orbital radius. A spectro-
scopic transit measurement involves observing the combined light of the planet and star and
this can be done in three distinct geometries, as shown in Figure 1.2. When the planet moves
in front of its host star (the primary transit), the stellar light transverses the planetary day-
night terminator region along the line of sight. This causes extinction of the stellar light and
observations in this way are called transmission spectra. The secondary eclipse spectra can
be observed because the planet moves behind its host star. Subtracting the star’s spectrum
from the combined star and planet spectrum provides us with a measure of the planet’s ther-
mal radiation and reflected light, or its dayside emission spectrum. Thirdly, a phase curve
can be observed in between the other two geometries, providing a planetary spectrum at
different phases throughout its orbit. By measuring brightness temperature maps, phase
curves can teach us about atmospheric dynamics (see Heng et al. (2015) for an overview).
So far, atmospheres have been observed most effectively by means of transmission spectra.

2Based on data in the NASA Exoplanet Archive.

https://exoplanetarchive.ipac.caltech.edu/index.html
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Moreover, this geometry is particularly sensitive to the presence of chemical species and,
hence, our study involves the analysis of transmission spectra.

FIGURE 1.2: Illustration of the different orientations suitable for transit spec-
troscopy. Image taken from Seager et al. (2010).

1.2.1 Transmission spectra

As shown by the cyan annulus in Figure 1.2, part of the stellar light transverses the annulus
of the planet’s atmosphere at the day-night terminator regions when we observe a primary
transit. This can be observed as a transit depth or a dip in the light from the host star that
is received by us. The transit depth is equal to the flux that is intercepted and it can be
described by:

∆F(λ)
F
' (

Rpl(λ)

R∗
)2 (1.1)

Where ∆F(λ) is the flux deficit as a function of wavelength, compared to the total flux F.
Rpl and R∗ denote the planetary and stellar radius respectively. This flux deficit would be
∼10−4 for Earth orbiting the Sun and increase to 1−2% for a typical Hot Jupiter.

If the planet has an atmosphere, the opacity changes with wavelength (Seager et al.,
2000). The cause of this change can be found in molecular and atomic spectroscopy, from
which we know that a particular chemical species absorbs light more strongly at specific
wavelengths. The presence of a particular chemical species in a planetary atmosphere can
thus cause a significantly higher absorption of light at certain wavelengths, as is illustrated
in Figure 1.3 for the penetration of solar light in Earth’s atmosphere. It can be seen that
ozone absorbs most of the incoming UV light and water has some strong absorption sig-
natures in the near-infrared, such as around wavelengths of 1.4µm. In a primary transit
geometry, this wavelength-dependent absorption increases the apparent radius of a planet
and, consequently, increases the transit depth at that wavelength. Observing the transit
depth at multiple wavelengths leads to a transmission spectrum and provides us with an
opportunity to infer the presence of atoms, molecules or condensates in an atmosphere.

Going back to Figure 1.2, it can be seen that the geometry of a primary transit results
in probing the atmosphere transversely along the line-of-sight and this is integrated over
the annular area. This means that, compared to probing the atmosphere radially, we have
a larger relevant optical depth. This naturally leads to more sensitivity to trace chemical
species. Moreover, transmission spectra can be used to probe the opacities caused by scat-
tering and absorption of light by small particles in the atmosphere. This is described by Mie
theory for a spherical particle and can be approximated by Rayleigh scattering when the
particles are much smaller than the wavelength of the light. The presence of opaque high al-
titude clouds can mute spectral features and can lead to a flat transmission spectrum (Seager
et al., 2000). However, what we probe through this configuration are the morning as well as
evening terminator regions. Therefore, transmission spectra do not probe the planet’s day-
or night-side directly, while differences in temperature, composition and scale height be-
tween or inside both terminator regions might complicate the interpretation of observations
(e.g. Pluriel et al., 2020).
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FIGURE 1.3: The solar irradiance that is received by Earth. The dashed curve
represents a blackbody at 6000K, which agrees well with the solar irradiation
curve on top of the atmosphere. From the solar irradiance curve at sea level,
it can be seen that a significant fraction is absorbed by the atmospheric con-
stituents: the relevant absorber for each of the shaded regions is indicated.

Image taken from Seinfeld et al. (1998).

1.2.2 Hot Jupiters

Besides the geometrical preference for large planets orbiting close to their host star, the
choice to look for trends in Hot Jupiter atmospheres is motivated by the relative accessi-
bility of their transmission spectra (Sing, 2018). The characteristic length scale of a planetary
atmosphere is the scale height H:

H =
kBT

µmgp
(1.2)

Where kB denotes Boltzmann’s constant, T the atmospheric temperature, µm is the mean
molecular weight and gp is the surface gravity of the planet. The absorption signal δ of
corresponding to an annular area of 1H during the transit can be calculated by:

δ =
(Rpl + H)2

R2∗
− (

Rpl

R∗
)2 (1.3)

Under the assumption that H << Rpl :

δ ≈
2Rp H

R2∗
(1.4)

As seen from Formula 1.4, the planetary absorption signal is proportional to H and therefore
it is easier to probe the atmospheres of hot planets with low molecular weight and/or low
gravity. The area of the atmosphere in a primary transit can be approximated as an annulus
extending radially for ' 5H (Seager et al., 2009). Following their definition in Section 1.1,
this is another reason why Hot Jupiters are good for characterisation: their close-in orbits
provide high temperatures, their atmospheres are dominated by light species (H, He) and
their gravity is relatively small compared to denser, rocky exoplanets.

1.3 Atmospheric characterisation

At a time when only around 90 exoplanets were confirmed, the first detection of an exoplanet
atmosphere was the discovery of the sodium doublet during a transit of the Hot Jupiter HD
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209458b (Charbonneau et al., 2002). It was made using STIS3 on the Hubble Space Tele-
scope (HST), like other detections such as Rayleigh scattering in HD 189733b (Lecavelier
Des Etangs et al., 2008a) and titanium oxide (TiO) in HD 209458b (Désert et al., 2008). These
transit measurements in the optical and ultraviolet (UV) were complemented by Spitzer
measurements in the infrared (IR) (e.g. Deming et al., 2006). Furthermore, the commis-
sioning of WFC34 at HST enabled the near-infrared (NIR) detection of water signatures in a
number of planets (e.g. Deming et al., 2013, Kreidberg et al., 2014). This has led all the way
to the recent spectroscopic evidence of water in a Super-Earth (Tsiaras et al., 2019). Although
the majority of detections from transmission spectroscopy involve water or one of the alkali
metals sodium (Na) and potassium (K), detections of a wide range of chemical species in an
exoplanet atmosphere have been reported. These include H2O, CH4, CO, CO2, HCN, TiO,
Na and K: an extensive overview of all chemical detections that were made as of 2019 is
given by Madhusudhan (2019). While atmospheres have been detected around nearly 100
exoplanets, the high-precision spectra needed to derive robust inferences on atmospheric
properties have been observed for a few tens of giant exoplanets.

The ability to infer statistical constraints on atmospheric properties was greatly improved
by the introduction of retrieval methods (e.g. Irwin et al., 2008, Madhusudhan et al., 2009,
Waldmann et al., 2015). Retrievals are based on a so-called Forward Model, which generates
a planetary spectrum based on a combination of underlying parameters. The retrieval (or
inverse) method aims to determine the best-fit parameters from the observed spectrum and
hence is based on the Forward Model. A more in-depth explanation of this method is pro-
vided in Section 2.2. The combination of observations, theoretical modelling and retrieval
techniques has enabled constraints on many key atmospheric properties such as chemical
abundances, temperature profiles, clouds and/or hazes, circulation patterns and exospheres
(Madhusudhan, 2019).

Furthermore, instead of focusing on individual planets, retrieval methods have enabled
us to conduct comparative analyses of samples of exoplanets (e.g. Sing et al., 2016, Barstow
et al., 2017, Tsiaras et al., 2018, Fisher et al., 2018, Welbanks et al., 2019). To conduct a com-
parative analysis it is essential to constrain the atmospheric properties in a homogeneous
procedure: thus, both in the data analysis as well as in the atmospheric modelling (Tsiaras
et al., 2018). Homogeneously constraining the atmospheric properties of several planets,
may offer us an opportunity to relate these properties to initial conditions and/or planetary
parameters.

Besides space-based telescopes, transit spectroscopy with ground-based facilities has led
to the detection of thermal emission of exoplanets as well as spectroscopic signatures of TiO,
Na and K. Around ten atmospheres have now been observed through direct imaging and
detections of H2O, CH4, CO and NH3 have been reported. High-resolution Doppler spec-
troscopy has been used to constrain temperature profiles and atmospheric wind speeds as
well as to detect signatures of Hot Jupiter constituents such as CO, H2O, TiO, HCN. How-
ever, transit spectroscopy is currently the best method to infer quantitative constraints on,
for example, chemical abundances (Madhusudhan, 2019).

1.4 Physics and chemistry of exoplanet atmospheres

1.4.1 Atmospheric processes

The state of an atmosphere strongly depends on macroscopic parameters such as the stellar
irradiation, the planet’s gravity and the elemental abundances. A distinction between atmo-
spheres can be made based on their chemical composition. Primary atmospheres result from
direct accretion from the protoplanetary disk and consist mainly of H2 and He. The atmo-
spheres of the giant planets in the Solar System are examples of these primary atmospheres.
The Solar System terrestrial planets lost this initial inventory of light H2 and He and instead
formed secondary atmospheres through the outgassing of volatiles from their interior and

3Space Telescope Imaging Spectrograph
4Wide Field Camera 3



6 Chapter 1. Introduction

FIGURE 1.4: As a function of pressure (and thus altitude), the different pro-
cesses active in a planetary atmosphere are indicated at the approximately
relevant location. The depths that are probed using different parts of the
electromagnetic spectrum are shown on the right together with some chem-
ical species having signatures in the respective spectral regions. The lines
on the left show examples of temperature-pressure profiles: note that the red
profile contains a thermal inversion. Figure taken from Madhusudhan (2019).

delivery by minor bodies. Therefore, the atmospheres of Earth, Mars and Venus are domi-
nated by heavier species such as N2, O2 and CO2. The atmosphere of Titan is another Solar
System example of a secondary atmosphere and also contains a significant fraction of CH4.

Figure 1.4 shows that atmospheric compositions are controlled by a complex interplay
between several physical and chemical processes. In the lower atmospheric layers of high
temperature and pressure, a composition can be assumed to be in thermochemical equilib-
rium: an atmosphere is sufficiently hot and dense such that chemical reactions occur faster
than other processes (such as kinetics or photochemistry) and, independent of location, the
composition is determined only by the bulk elemental composition, the pressure and the
temperature. The expected atomic and molecular abundances are predicted for solar initial
elemental composition by equilibrium chemistry models such as GGChem (Woitke et al.,
2018).

As seen in Figure 1.4, chemical equilibrium can be expected in the lower regions of a
planetary atmosphere. Moreover, for the hottest exoplanets (T>2000K), thermochemical
equilibrium is a valid assumption for the visible and infrared photosphere (Moses, 2014).
For T≤2000K and in the upper atmospheric layers of the hottest planets, disequilibrium
chemical processes can significantly influence atmospheric properties and this is also ob-
served in most of the Solar System planets. The upper regions of planetary atmospheres
receive high UV fluxes and have low densities, which leads to disequilibrium caused by
photochemistry. An example of such a disequilibrium is the production of ozone in Earth’s
upper atmosphere via the Chapman mechanism (Chapman, 1930). Even higher up, another
driver to disequilibrium of (exo)planet atmospheres is atmospheric escape (Owen, 2019). In
the intermediate regions, the composition is dominated by dynamical processes. Examples
in Hot Jupiters are vertical mixing (Cooper et al., 2006) and the strong equatorial jets that
are caused by the huge temperature difference between the day- and nightside (e.g. Knut-
son et al. (2007), Showman et al. (2011). This huge temperature gradient is caused by the
expected tidal locking of Hot Jupiters: at orbital distances ≤0.1AU the planets are expected
to face their host star with the same hemisphere at all times (Guillot et al., 1996). The result-
ing strong horizontal winds can transport parcels of gas from the dayside to the nightside
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(Steinrueck et al., 2019). Vertical mixing can transport a parcel of gas to another atmospheric
layer. In both cases, the transport quenches or enhances the abundance of a particular con-
stituent when this mixing is faster than the chemical reaction timescale (Moses, 2014). As
an example, the high tropospheric CO abundance in Jupiter is explained by vertical mixing
from deeper (and thus hotter) layers of the atmosphere (Prinn et al., 1977).

The existence of aerosols, which are particles suspended in a gas, is also a common fea-
ture of atmospheres and can strongly influence atmospheric processes and observed spectra.
Clouds and hazes both consist of aerosols and they absorb and scatter light differently than
gases. Clouds are created by the condensation of atmospheric gases, forming liquid droplets
and/or solid particles suspended in an atmosphere. As mentioned in Section 1.1, clouds
in the Solar System are usually made up of volatile species such as H2O, CO2 and NH3.
The high temperatures of exoplanets allow for a wide range of more refractory conden-
sates, examples include metal oxides such as MgO[s] and FeO[s]; silicates such as MgSiO3
and Mg2SiO4; and high-temperature condensates such as TiO2[s] and Al2O3 (Helling, 2019).
Hazes are involatile solid particles that are produced by chemical pathways in the atmo-
sphere. An example of such a pathway is the photolysis of CH4 producing hydrocarbon
hazes (Kawashima et al., 2019). Therefore, the formation of hazes is a one-way trip, whereas
clouds can move through cycles of condensation and evaporation.

Lastly, Figure 1.4 shows some examples of possible temperature-pressure profiles in Hot
Jupiter atmospheres. Such profiles are a result of the incoming radiation and the interplay
with chemistry and dynamics and thermal emission spectra can provide a window into these
profiles. The red profile shows a thermal inversion, which is an increase of the temperature
with altitude and is a common feature of Solar System atmospheres. Evidence for an in-
version was found in WASP-121b, with UV/optical absorption by TiO/VO proposed as the
possible cause (Evans et al., 2017).

1.4.2 Chemical abundances

In addition to the chemical detections mentioned earlier, a limited amount of exoplanets
have robust constraints on the exact abundances or Volume Mixing Ratios (VMR) of detected
species. These measurements are possible from transit spectroscopy via both transmission
and emission spectra as well as thermal emission spectra from direct imaging (Madhusud-
han, 2019). As described in Section 1.2.1, the geometry associated with transmission spectra
further enhance their sensitivity to chemical abundances. To remove degeneracies between
retrieved abundances and clouds, coverage from UV to NIR is needed (e.g. Griffith, 2014;
Heng et al., 2017). The majority of retrieved abundances concern H2O in Hot Jupiters and
have been derived using the coverage offered by WFC3 (Fisher et al., 2018; Tsiaras et al.,
2018) or the combination of STIS, WFC3 and Spitzer’s IRAC (e.g. Barstow et al., 2017; Mad-
husudhan et al., 2014; Pinhas et al., 2019; Welbanks et al., 2019). These retrievals generally
hint towards substellar abundances, which might have important implications.

As said, photochemistry is expected to strongly influence exoplanet atmospheres, and
the close-in orbit of Hot Jupiters exposes them to high (UV) irradiation from the host star
(Line et al., 2010; Moses et al., 2011). A substellar H2O abundance might result from its UV
photodissociation into the hydroxyl radical (OH):

H2O + hν −−→ OH + H

This photodissociation is not particularly prominent on Earth, because most of the radiation
in this regime is absorbed by higher atmospheric layers due to the presence of molecular
oxygen and ozone (Liou, 2002). On Jupiter, water is not abundant in the upper atmospheric
layers due to its low temperatures. In contrast, Hot Jupiters are expected to have water
vapour existent high up in the atmosphere, which could lead to significant contributions
of this photodissociative process. However, in an H2-dominated atmosphere, the resulting
species are expected to quickly recycle back into H2O (Moses, 2014), possibly decreasing the
effectiveness of photodissociation.

Another possible cause for disequilibrium chemistry can be transport-induced quench-
ing due to vertical mixing (Cooper et al., 2006; Moses, 2014) and/or strong equatorial winds
leading to cold traps, depleting species via condensation and gravitational settling on the
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much colder night sides of Hot Jupiters (Parmentier et al., 2013). At the temperatures of Hot
Jupiters, these cold traps are most likely responsible for the depletion of refractory species
such as TiO and VO (vanadium oxide).

Clouds and/or hazes can influence the retrieved abundances by muting the strength of
spectral features (Deming et al., 2013; Sing et al., 2013). The resulting subdued features might
imply lower retrieved abundances. Sing et al. (2016) detect clouds but find no evidence
for H2O depletion, while other studies report substellar H2O abundances accompanied by
varying levels of clouds (Barstow et al., 2017; Pinhas et al., 2019).

1.4.3 Initial conditions

Besides these physical and chemical processes, an important factor in determining atmo-
spheric compositions is the elemental composition from which an atmosphere results. Since
Hot Jupiters have primary atmospheres the final compositions may contain clues about the
accretion history (Madhusudhan, 2012). Under the assumption that the protoplanetary disk
and the star formed from the same protostellar cloud, it can then be inferred that they had the
same initial elemental composition. Subsequently, the thermodynamic evolution of the pro-
toplanetary disk determines the locations of the various snow lines, where volatile species
condense out to form ice grains in the order H2O (∼135K) - CO2 (∼47K) - CH4 (∼30K) - CO
(∼20K) (Öberg et al., 2011). The chemical compositions of the gas and solids in a protoplan-
etary disk thus evolve as a function of time as well as location relative to the snow lines.
For example, in between the snowlines of H2O and CO (carbon monoxide), most oxygen
is present in solids, while most carbon remains in CO gas (Öberg et al., 2011), leading to a
high (C/O)gas∼1 as compared to the solar C/O=0.54. This implies that, following the core
accretion scenario of planet formation (Pollack et al., 1996), a wide range of planetary C/O
ratios and overall Z/H abundance ratios are possible, depending on the formation location
and the relative accretion of gas versus solids. A possible explanation for the H2O under-
abundance and alkali enrichment that is found by Welbanks et al. (2019) is the accretion of
primarily high C/O gas beyond the CO2 snow line.

1.5 Aims

Keeping in mind the complex interplay between processes determining the atmospheric
state, this thesis investigates the following question: what chemical trends can be found in Hot
Jupiter atmospheres and how can these be explained?

Based on the knowledge that can be gained from transmission spectra, three possible di-
rections were put forward. Firstly, a possible thermochemical trend can be investigated by
the dependence of chemical abundances on atmospheric temperature. Although a trend is
not necessarily expected, the comparison between retrieved abundances and those predicted
by equilibrium chemistry calculations can offer many insights, as introduced in Section 1.4.1.
A second possibility for a trend is the dependence of chemical abundances on the host star
irradiation, because a photochemical trend may be caused by UV irradiation in particular.
Finally, abundances may be strongly influenced by the initial elemental compositions. Relat-
ing planetary to stellar abundance ratios may show some of this dependence on formation
and accretion history.

In quantifying the possible influence of any of these processes, we need to have a rep-
resentative sample of Hot Jupiters and their atmospheric properties. Hence, the first step
is to homogeneously analyse a sample of exoplanet transmission spectra. The spectra have
been analysed using the Bayesian retrieval framework TauRex II (Waldmann et al., 2015).
The sample and the retrieval framework are described in Chapter 2, followed by the gen-
eral setup for this investigation. The results of the retrievals will be presented in Chapter
3, by first illustrating the general procedure in detail for a single planet (WASP-39b). Af-
terwards, some peculiar retrieval results are shown and the results for the full sample are
described. Chapter 4 provides a comparison with earlier retrieval results as well as theoret-
ical predictions and discusses the importance of the processes influencing the atmospheric
composition. Furthermore, an overview of systematic errors as well as propects for JWST
are given, before drawing the conclusions in Chapter 5.
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Chapter 2

Methodology

2.1 Sample

As mentioned in the previous chapter, the focus in this analysis will be on the class of Hot
Jupiters. Taking the definition of Hot Jupiters (see Section 1.1) into account, the majority
of the transmission spectra were taken from the NASA Exoplanet Archive1 and supple-
mented by spectra from David Sing’s spectral library2. The planets in the sample and their
spectral coverage are shown in Table 2.1, using the observations made with space-based in-
struments such as the HST spectrographs WFC3 (R=λ/∆λ=30−200) in the NIR and STIS
(R=530−1040) in the UV and optical. Additionally, a large fraction of the sample has mid-IR
photometric measurements using the Spitzer IRAC 1 and 2 bands. Finally, HD 189733b was
also observed using HST NICMOS3 (at 1.9 and 2.3µm) by Sing et al. (2016). The reanalysis
of the spectra, as well as the use of only space-based observations, is done for the purpose
of homogeneity: this is a key requirement in our search for any possible chemical trends.

TABLE 2.1: Wavelength coverage of Hot Jupiters in the sample as well as
reference to the primary source of the data.

Planet STIS
(0.3− 1.1µm)

WFC3
(1.1− 1.7µm)

SPITZER
(3.6 and 4.5µm) Reference

HAT-P-1b Yes Yes Yes Sing et al., 2016
HAT-P-12b Yes Yes Yes Sing et al., 2016
HAT-P-26b Yes Yes Yes Wakeford et al., 2017b
HD 189733b Yes Yes Yes Sing et al., 2016
HD 209458b Yes Yes Yes Sing et al., 2016
WASP-6b Yes Yes Nikolov et al., 2015
WASP-12b Yes Yes Yes Sing et al., 2013; Sing et al., 2016
WASP-17b Yes Yes Yes Sing et al., 2016
WASP-19b Yes Yes Yes Huitson et al., 2013; Sing et al., 2016
WASP-31b Yes Yes Yes Sing et al., 2015; Sing et al., 2016
WASP-39b Yes Yes Yes Sing et al., 2016; Wakeford et al., 2018
WASP-52b Yes Yes Alam et al., 2018

WASP-43b Yes Kreidberg et al., 2014
WASP-101b Yes Wakeford et al., 2017a
WASP-107b Yes Kreidberg et al., 2018
WASP-121b Yes Evans et al., 2016
XO-1b Yes Deming et al., 2013

Figure 2.1 illustrates the class of planets that we are dealing with in this analysis. The
planets, indicated with an abbreviation of their name, can be found in sizes ranging between
0.5RJ < Rp < 2.0RJ , which is proposed as the size range of Hot Jupiter planets by Borucki
et al. (2011). The radii of Earth and Jupiter are indicated vertically by the blue and purple

1NASA Exoplanet Archive
2https://pages.jh.edu/~dsing3/David_Sing/Spectral_Library.html
3Near Infrared Camera and Multi-Object Spectrometer

https://exoplanetarchive.ipac.caltech.edu/index.html
https://pages.jh.edu/~dsing3/David_Sing/Spectral_Library.html
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line respectively: their separations from the Sun are 1 and 5.2 AU, greatly exceeding the or-
bital distances of Hot Jupiters. As explained in the previous chapter, these Hot Jupiters are
indeed planets around the size of Jupiter that orbit close to their host star. The 12 planets ac-
companied by green labels have coverage by multiple instruments, whereas the 5 with blue
labels have coverage by WFC3 only. The triangles in Figure 2.1 indicate the reported pres-
ence of H2O, Na, K and/or H for a planet. Next to these as of yet most frequently discovered
species, other species that have been detected are discussed in Section 1.3. Some examples
of transmission spectra that have been analysed as part of this investigation are shown in
Figure 2.2. These spectra demonstrate the varying and limited spectral coverage that we are
dealing with, while they also indicate a few clearly distinguishable spectral features. The
colors illustrate the spectral ranges that are covered by the instruments and it can be seen
that HD 189733b (the only planet in our sample) has some additional NIR observations by
NICMOS.

FIGURE 2.1: Locations of the planets of Table 2.1 in the radius versus semi-
major axis plane, as taken from the NASA Exoplanet Archive. For exam-
ple, HD2 stand for HD 209458b which refers to the point right below it. The
dashed vertical line indicates the lower radius boundary of the Hot Jupiter
class according to Borucki et al. (2011), while the solid blue and purple lines
indicate the radii of Earth and Jupiter respectively. Besides that the as of yet 4
most detected chemical species using transmission spectroscopy are imposed

on the specific planet of discovery with a triangle (Madhusudhan, 2019).
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FIGURE 2.2: The observations of some of the planets as taken from the
sources as indicated in Table 2.1. The corresponding planet names are in-
dicated and the instruments used for the observations are indicated by the

colors.

2.2 TauREx II

The retrieval of atmospheric parameters for this sample has been performed using TauREx
II (Waldmann et al., 2015), which is a line-by-line radiative transfer Bayesian retrieval frame-
work and is publicly available4. TauREx maps the correlations between atmospheric param-
eters and provides statistical estimates on their values. In the course of this work, the frame-
work was upgraded to TauREx III with an associated decrease in retrieval times (Al-Refaie et
al., 2019). After a brief description of the underlying model representing the atmosphere, an
overview of retrieval theory and its procedures will be given. The final part of this chapter
provides the general setup of our analysis.

2.2.1 Forward Model

As introduced in Section 1.2.1, the transmission spectrum tells us about the absorption of
stellar light by the planetary atmosphere. To understand these observations, a Forward
Model(FM) provides a line-by-line integration scheme to model the transmission of radi-
ation of a host star through the atmosphere of an orbiting planet (Hollis et al., 2013). This
FM output is then compared to the observations to estimate absorber abundances.

When radiation passes through a medium (e.g. an atmosphere) along a path ds, its inten-
sity Iλ suffers from absorption and scattering:

dIλ

Iλ
= −σλnds = −ρkλds (2.1)

The usage of the wavelength-dependent extinction or absorption cross-section σλ in m2 to-
gether with the number density n of the material (m−3) is equivalent to using the extinction
or absorption coefficient kλ in m2kg−1 together with the density ρ of the material in kgm−3.
The unitless optical depth τλ describes the attenuation of radiation passing through a mate-
rial and is defined as:

τλ =
∫

σλnds =
∫

ρkλds (2.2)

4https://exoai.github.io/software/taurex/

https://exoai.github.io/software/taurex/
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Integrating Equation 2.1 we obtain the Beer-Bouguer-Lambert Law, describing the monochro-
matic intensity of radiation passing through a gas as a function of the altitude z:

Iλ(z) = Iλ(0)exp(−τλ(z)) (2.3)

Where Iλ(0) is the incident radiation on top of the atmosphere (i.e. the ’fresh’ starlight), λ is
the wavelength of the radiation and τλ(z) is the optical depth of the medium. Usually, the
assumption of a plane-parallel atmosphere is made: the atmosphere consists of a specified
number of homogeneous atmospheric layers (in T, P, properties of a given species, etc.).

FIGURE 2.3: Illustration showing the paths of stellar photons that are passing
through a planetary atmosphere in a transverse manner (Hollis et al., 2013).

As opposed to attenuation as a function of altitude, in transmission geometry the radi-
ation transverses the atmosphere along our line of sight: Figure 2.3 demonstrates the path
dl of a photon through the planetary atmosphere. The optical path depends on the amount
of a particular molecule i that the photon will encounter during its passage. However, a
particular volume can be a mixture of several species that influence the radiation. The total
optical depth is then given by the sum of N individual molecules present using Equation 2.2
and integrating over the path dl:

τλ(z) = 2
N

∑
i=1

∫ l(z)

0
σi,λ(z′)χi(z′)n(z′)dl (2.4)

In here the factor 2 results from the assumed symmetric geometry and the abundance of a
particular molecule is expressed as the Mixing Ratio χi: its abundance relative to that of all
the other components of the atmosphere or:

χi =
ni

ntot
(2.5)

The path dl can be deduced from the geometry in Figure 2.3 and is given by:

dl =
√
(Rp + z′ + dz′)2 − (Rp + z)2 −

√
(Rp + z′)2 − (Rp + z)2 (2.6)

And for the transverse pathlength as a function of altitude:

l(z) =
∫

dl =
√
(Rp + zmax)2 − (Rp + z)2 (2.7)

The equivalent atmospheric depth (area) can then be calculated by integrating over all
viewing paths, illustrated by the different lines crossing the atmosphere in Figure 2.3:

A(λ) = 2
∫ zmax

0
(Rp + z)(1− e−τλ(z))dz (2.8)
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This can be translated into a total transit depth via:

δλ =
R2

p + Aλ

R2∗
(2.9)

Molecular absorption reduces the transmitted flux by a factor (1− e−τλ(z)), which is equiva-
lent to the transit of an opaque body of slightly larger radius. This represents the wavelength-
dependent transit depth (see Section 1.2.1) that is observed in a transmission spectrum and
allows us to quantify the observed spectrum.

2.2.2 Opacities

The propagation of radiation through an atmosphere is thus strongly dependent on the at-
mospheric state (temperature, pressure) and composition. An important interaction is the
one between radiation and the gases in the atmosphere: all gases scatter and many also
absorb (and emit) radiation. The ability of an atmospheric gas to absorb a photon of a partic-
ular wavelength λ depends on its structure. Atomic species can only emit or absorb photons
when an electron makes a transition between energy levels. Molecular absorption defines
the interaction between the gas molecules and the electromagnetic radiation and consists of
several components that specify the transitions between energy levels:

E = Erot + Evib + Eel (2.10)

• Erot is the energy of rotation of the molecular structure (∼10−3eV: transitions in (sub)-
millimeter)

• Evib is the energy of a molecule vibrating around its equilibrium structure (∼0.1eV: in
infrared )

• Eel is the energy associated with the electron arrangement of a molecule (∼10eV: in
optical/UV)

The energies Erot, Evib and Eel are quantized and take only discrete values. The transitions
between these energy states are generally subject to selection rules, which means that a
molecule can have many transitions between these different energy states causing absorp-
tion and emission lines that may be at wavelengths specific to that molecule. This gives us
an opportunity to identify a particular species according to its spectral signatures. A more
extended description of molecular spectroscopy can be found in Liou (2002) (in the context
of atmospheric transmission) and in Atkins et al. (2014) (a more general description). For
the molecular opacities, TauREx relies heavily on the ExoMol project (Tennyson et al., 2016).
ExoMol is a database of molecular line lists, which are comprehensive lists containing the
spectroscopic transitions of a particular species and may consist of up to 1010 lines. These
lists provide the transition frequencies and probabilities for a particular molecule, while the
addition of degeneracy factors and partition functions gives the dependence on tempera-
ture and pressure-broadening parameters give the specific line shape. The linelists relevant
to our analysis are shown in Table 2.2.

There is a threefold motivation for the choice of chemical species. Firstly, equilibrium
chemistry models can predict the presence and expected abundances for species as a func-
tion of temperature, assuming an initial elemental composition (e.g. Woitke et al. (2018)).
This predicts the main element-bearing species at the temperatures of Hot Jupiters, which
are, for example, H2O and CO for oxygen, CO, CO2 and CH4 for carbon and TiO for ti-
tanium. Besides that, a possible detection requires the species to have signatures in the
observed spectral regime. Knowledge of absorption signatures of e.g. AlO, CaH, CrH, FeH,
TiO and VO is informed by their detections in brown dwarfs (e.g. Kirkpatrick et al. (1999)),
whereas the prominent signatures of Na and K are identifiable in the optical regime (e.g.
Charbonneau et al. (2002)). Most of the nitrogen is expected to be present in N2. Being a
diatomic molecule (see section 2.2.3), N2 has no signatures in the infrared. NH3 is the next
main nitrogen-bearing species and does have signatures, motivating its inclusion. Lastly,
species such as C2H2, HCN and OH are expected to be produced by photochemical pro-
cesses (e.g. Kawashima et al. (2019), Line et al. (2010).
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Molecule Wavelength range Number of lines Line list data

AlO 0.285−100µm 4,945,580 ExoMol: Patrascu et al. (2015)
C2H2 1−100µm 4,347,381,911 ExoMol: Chubb et al. (2020b)
CaH 0.456−100µm 19,095 Li et al. (2012), Bernath (2020)
CH4 0.82−100µm 34,170,582,862 ExoMol: Yurchenko et al. (2017)
CO 0.451−100µm 752,976 Li et al. (2015)
CO2 1.036−38.75µm 11,167,618 HITEMP: Rothman et al. (2010)
CrH 0.667−1.667µm 13,824 Burrows et al. (2002), Bernath (2020)
FeH 0.667−6.667µm 93,040 Wende et al. (2010)
H2O 0.243−100µm 5,745,071,340 ExoMol: Polyansky et al. (2018)
HCN 0.569−100µm 34,418,408 ExoMol: Barber et al. (2014)

K ∼0.59µm 634 NIST: Allard et al. (2016), Kramida et al. (2013)
Na ∼0.77µm 869 NIST: Allard et al. (2019), Kramida et al. (2013)

NH3 0.435−100µm 16,941,637,250 ExoMol: Coles et al. (2019)
OH 0.230−100µm 54,276 Yousefi et al. (2018)
TiO 0.333−100µm 59,324,532 ExoMol: McKemmish et al. (2019)
VO 0.286−100µm 277,131,624 ExoMol: McKemmish et al. (2016)

TABLE 2.2: Properties and references for the line lists used in this analysis.

These line lists have been converted into cross-sections and k-tables to feed them to Tau-
REx by Chubb et al. (2020a) and in this study we have used the k-tables with R=∆λ

λ =300. A
k-table provides the absorption coefficient as a function of wavelength for a certain temper-
ature and pressure and an example of this is shown in Figure 2.4 for H2O. From this figure,
it is evident that while most of the signatures of H2O fall outside the spectral regimes of
the current instruments STIS and WFC3 at HST, there is a clear signature around 1.4µm that
usually leads to water detections (e.g. Sing et al., 2016; Tsiaras et al., 2018). Furthermore, Fig-
ure 2.4 provides a glance into the enhanced wavelength coverage offered by future facilities
such as the James Webb Space Telescope (JWST) (Stevenson et al., 2016) and ARIEL (Tinetti
et al., 2018). This will be further discussed in Section 4.6.

FIGURE 2.4: The absorption spectrum of H2O at R=300 for a temperature of
1200K and pressure of 4.64 mbar, as calculated from the ExoMol project line
lists (Tennyson et al., 2012). The spectral regimes of current (STIS, WFC3) and
future (ARIEL, JWST) instruments are shown with arrows of different color.

2.2.3 Collision Induced Absorption

Contrary to molecules such as H2O, diatomic molecules (e.g. H2 and N2) lack a permanent
dipole moment due to their symmetry. Therefore, the rotational and vibrational energy lev-
els can not be excited by the absorption of radiation and the molecules do not absorb in the
infrared. However, inelastic collisions in high-pressure environments (such as the lower lay-
ers of an atmosphere) may induce a dipole moment and thus quantum transitions, causing
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the absorption of infrared light. The opacity caused by CIA of pairs of H2-H2 and H2-He is
included in the calculation of the optical depth, using the relative abundances of each species
and cross-sections from HITRAN and Borysow (Richard et al., 2012) (Borysow, 2002).

2.2.4 Particle Scattering

Clouds and hazes both consist of aerosols and therefore two distinct mechanisms exist to
form aerosols: clouds are equilibrium condensates, forming when a gaseous species con-
denses out into liquid phase and produce layers of increased optical depth. Hazes have a
non-thermodynamic origin and are produced by chemical pathways that are usually initi-
ated by UV photolysis (e.g. Kawashima et al. (2019)). These particles will also interact with
the stellar light that enters an atmosphere: when a beam of light impinges on a particle, the
light will be scattered in all directions and partly absorbed as thermal energy. Hence, both
clouds and hazes lead to weak absorption features and strong scattering slopes in transmis-
sion spectra. Mathematically, this particle scattering is described by Mie theory (e.g. Sein-
feld et al. (1998)). On top of the scattering process, even more complexity can be expected
based on the variety of clouds that we see on Earth. The cloud optical depths depend on
the thickness of clouds, the relative content in water droplets versus ice crystals and the size
distribution of particles. Naturally, the optical depths can differ greatly between the differ-
ent types of clouds that are found (e.g. high-z cirrus clouds with low optical depth, low-z
stratus clouds with very high optical depth).

In TauREx clouds/hazes are parameterized as consisting of spherical enstatite (MgSiO3)
particles (Lee et al., 2013), because this is one of the species expected to condense out at the
temperatures of Hot Jupiters (Lodders, 2010). Following Lee et al. (2013), the cloud optical
depth can be written as:

τc1,λ =
∫ l(z)

0
Qext,λπa2χc(z)ρN(z)dl (2.11)

Where a is the size of the cloud or haze particle, χc(z) is the cloud mixing ratio, dl is the
path length through the atmosphere and Qext,λ is the cloud extinction coefficient, describing
the extinction efficiency for the particle. This extinction efficiency quantifies the absorption
and scattering (first order only) and it is mainly governed by the λ of the incoming light and
the size of the particle, usually expressed together as the size parameter x = 2πa

λ (Lee et al.,
2013). Approximations for the scattering processes exist in three regimes:

• x � 1: for large particles compared to the wavelength there is a flat or gray depen-
dence on λ.

• x ≈ 1: particles that are approximately the same size as the wavelength scatter prefer-
ably in the forward direction and lead to a weak dependence on wavelength, following
the theories of Mie scattering.

• x � 1: for small particles compared to the wavelength there is the strong λ−4 depen-
dence of Rayleigh scattering.

In the regime of Rayleigh scattering, the pattern of scattered light is basically symmetric
in the forward and backward direction. The intensity of the scattered light is proportional
to λ−4, so the shorter the wavelength of the radiation, the more intensely it is scattered.
Therefore, the blue component of sunlight is scattered more intensely by the atmospheric
molecules causing the blue appearance of the skies on Earth. The opacity caused by Rayleigh
scattering is included in the calculation of the optical depth by using pre-computed cross-
sections and relative abundances (Hollis et al., 2013). When the scattering slope has a weaker
wavelength dependence, it is described by Mie scattering in our atmospheric model, leading
to an additional three free parameters a, χc(z) and Qext,λ in the retrieval (see Equation 2.11).

Furthermore, the model has a parameterization of an optically thick gray-cloud cover:

τc2,λ =

{
> 1 if P > Pcloud−top
0 otherwise

(2.12)
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This means that below the cloud-top pressure (thus at higher pressures) all radiation will be
absorbed and that the skies above the cloud-top pressure are clear. This cloud-top pressure
is included in all of the atmospheric models as Pcl .

2.3 Retrieval Theory

The observations were conducted without making direct physical contact with the object
and, thus, are remote measurements. In such a measurement, the quantity that is measured
is usually a non-trivial function of the underlying parameters of the object, as is also illus-
trated by the Forward Model in the previous section. If we wish to acquire the underlying
parameters from the observations, we speak of the inversion or retrieval problem. In stud-
ies of exoplanet atmospheres, the retrieval problem signifies: given the planetary spectrum
that is observed, what is the most likely composition and state of the planetary atmosphere?
(Benneke et al., 2012)

2.3.1 Bayesian Parameter Estimation

As said before, the retrieval or parameter estimation in TauREx is fully Bayesian. As the
first step in Bayesian statistics, a model has to be constructed that is believed to be an ade-
quate description of the physical phenomenon under study. This is the Forward Model as
described in Section 2.2.1. Then a prior distribution is formulated before analysing the actual
observation. This is based on our understanding of the system and is preferably as ’flat’ as
possible, to prevent the inclusion of human biases. In other words, a wide parameter space
needs to be explored in the retrievals. Thirdly, the observations are analysed and, through
the usage of Bayes’ theorem, posterior distributions of the underlying parameters are de-
rived. A more extensive review of the applications of Bayesian statistics in cosmology and
astrophysics can be found in Trotta (2008).

Given a Forward Model M consisting of atmospheric parameters θ = [θ1, ..., θn], the
posterior probability distribution of the model parameters θ given the dataset x can be com-
puted using Bayes’ theorem (Waldmann et al., 2015):

P(θ|M, x) =
P(θ,M)L(x|M, θ)

P(x|M)
(2.13)

In this equation, P(θ,M) is the Bayesian prior probability density function of the atmo-
spheric state and L(x|M, θ) the likelihood function. The likelihood function represents the
probability of measuring the data x given that the atmospheric parameters are θ and this
estimates the uncertainty in the observations. P(x|M) is known as the Bayesian evidence.
It represents the probability of the data given the model and can, therefore, describe the
adequacy of the model itself.

2.3.2 Nested Sampling

In TauREx, Equation 2.13 can be solved using Nested Sampling through the MultiNest im-
plementation (Feroz et al., 2008; Feroz et al., 2009; Skilling, 2004). Nested sampling searches
the whole multidimensional parameter space for solutions that fit the data and also provides
us with the Bayesian evidence, allowing the determination of a statistically robust confidence
of our atmospheric detections.

The multimodal Nested Sampling algorithm computes the Bayesian evidence of retrieval
models and produces the joint probability distribution functions of atmospheric parame-
ters. What follows is an overview of the algorithm, a more elaborate description can be
found in Feroz et al. (2008) and Feroz et al. (2009). Besides allowing us to state detection
confidences in a statistical manner, Nested Sampling has the advantage of searching the
full multi-dimensional parameter space for regions providing a good fit to the data. The
Bayesian Evidence as seen in 2.13 is given by:

E = P(x|M) =
∫

P(θ,M)L(x|M, θ)dx (2.14)
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In Nested Sampling, this integral is transformed into a 1-dimensional integral by using
the relationship between the likelihoodL and prior volume V. The prior volume V(L∗) is the
total prior probability mass contained within the iso-likelihood contour L(x|M, θ) = L∗. As
the likelihood increases the restriction on the likelihood becomes tighter and thus the prior
volume decreases. To illustrate, the extreme values are:

• V = 1 for L∗=0, since we consider the entire prior parameter space

• V = 0 for L∗ → ∞

The inverse L(V) is then also a monotonically decreasing function (Feroz et al., 2008). At
a set of decreasing prior volumes, Equation 2.14 can then be approximated by standard
quadrature methods and using the trapezium rule we have:

E =
M

∑
i=1

wiLi (2.15)

Where the weight wi = 1
2 (Vi−1 − Vi+1) and Li is the likelihood limit L∗(Vi) at iteration i.

A sequence of L∗(Vi) values is generated by randomly drawing a user-specified number of
samples or ‘live points’ from the prior distribution P(x|M) and computing their likelihood.
The following steps are then taken in Nested Sampling:

• In the first iteration, for a prior volume V0 = 1, the samples are ordered according to
their likelihood.

• The sample with the lowest likelihood L1 is the worst fit to the data and this sample is
then replaced by a newly generated sample with the likelihood constraint L > L1.

• A new iso-likelihood contour ofL1 = L∗ is specified such that all samples haveL(θ) >
L1 and this results in a new prior volume V1 < V0.

• In subsequent iterations, the sample with the lowest Li is repeatedly replaced and
the corresponding prior volume further tightened. This is repeated until the regions of
highest likelihood are localized, which happens when the change in Bayesian evidence
of a sample doesn’t change by more than 0.5 (user-specified).

In the end, the values for the Bayesian evidence can then be used to construct the joint
posterior distributions of the model parameters, by assigning the discarded samples at each
iteration with a weight:

Wi =
wiLi

Ei
(2.16)

The main challenge is the efficient generation of random samples in the iso-likelihood L∗ =
Li, especially if we keep drawing the random samples from the full prior probability dis-
tribution in every iteration. To circumvent this, at each iteration all the livepoints are parti-
tioned via local clustering and an optimum number of ellipsoids encompass all samples. As
we advance in iterations, the ellipsoids start to encompass only regions of high likelihood
and new samples are drawn from within these ellipsoids. Hence, the new random samples
have intrinsically high likelihoods and this results in higher efficiency.

2.3.3 Model Selection

Nested Sampling allows us then to compare models of different complexity and the next step
in retrieval would be to choose the best model to fit the data: for example, which molecular
species definitely has to be included in the model? The noisy observations complicate easily
detecting spectral signatures while different molecules often have overlapping signatures.
There is a twofold requirement in choosing the best model (Waldmann et al., 2015):

• Parameter adequacy: is a parameter required to describe the underlying physics? If
not, we may be overfitting the data and hence not obeying Occam’s razor.

• Model adequacy: are there any parameters missing in the model? If yes, the data is
fitted by an under-complete model.
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Therefore, it is essential to choose the model that provides the best balance between quality
of the fit and model complexity. Bayesian retrieval offers a rational way of model comparison
by the calculation of the Bayesian evidence (see Equation 2.14). This can be seen as a quan-
tification of the adequacy of the modelM, consisting of a set of atmospheric parameters θ
with probability distribution P(θ,M), considering the data x. Following Occam’s razor, that
added complexity in a model is only appropriate when the model gives a significantly better
fit than the simpler model, then provides a procedure to quantify the detection confidence of
an atmospheric constituent. When comparing two models,M2 having an extra atmospheric
parameter and thus more complexity thanM1, the ratio of the model probabilities or Bayes
factor can be calculated (Kass et al., 1995) using:

B21 =
E2

E1
(2.17)

Or, defining the Detection Significance:

DS = ln(B21) = ln(E2)− ln(E1) (2.18)

The empirically calibrated Jeffrey’s scale (Jeffreys, 1998) as seen in Table 2.3 can then be used
to quantify the preference of an additional atmospheric parameter, with a logarithmic Bayes
factor B21 > 1 providing evidence in favour of the more complex model. We can refer to
this as the detection significance DS, since more complexity will usually be represented by
addition of a particular chemical species to our model.

lnB21 Probability σ p-value Category

< 1.0 < 0.750 < 2 > 0.04 Inconclusive
1.0 0.750 2.1 0.04 Weak evidence
2.5 0.923 2.7 0.006 Moderate evidence
5.0 0.993 3.6 0.0003 Strong evidence
11.0 5.0 6× 10−7

TABLE 2.3: Empirically calibrated Jeffrey’s scale with translation to frequen-
tist values, from Trotta (2008).

Whereas the Bayes factor actually quantifies the evidence for a more complex model,
the frequentist p-value should be treated with caution. The p-value gives the probability
of the data, assuming that the null hypothesis (e.g. the simpler model) is true. Hence, it
can only be used to reject the null hypothesis that a simpler atmospheric model without the
chemical species can reasonably explain the data. Although helpful in exploratory analysis,
what we actually want is the probability of a model given the data and use this to compare
two models of different complexity. The sigma value corresponds to the number of standard
deviations away from the mean for a normal distribution and also specifies the probability
of the observed data assuming that the null hypothesis is true.

2.4 General retrieval setup

In this analysis, the atmospheres were modelled as consisting of 100 layers ranging in pres-
sures from 106 to 10−5 Pa. The atmospheres are assumed to be isothermal because the limited
spectral coverage and the geometry of transmission spectroscopy do not allow the recogni-
tion of a more complex profile. The calculation of the prior temperature and fitting bound-
aries is explained in Appendix B.1. Besides that, we assume a Hydrogen-dominated atmo-
sphere with an approximately Jupiter-like ratio of He/H2 = 0.15/0.85, which is the default
in TauREx (Waldmann et al., 2015). Table 2.4 gives an overview of the planetary parameters
that have been used in the analysis.
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TABLE 2.4: The planetary parameters used.

Planet Rp(RJ) Mp(MJ) SMA(AU) Teq (K)a Tl Tu Reference

HAT-P-1 b 1.242 0.525 0.056 1200 748 1533 Bonomo et al. (2017)
HAT-P-12 b 0.959 0.208 0.038 843 525 1077 Bonomo et al. (2017)
HAT-P-26 b 0.63 0.07 0.048 927 578 1185 Stassun et al. (2017)
HD 189733 b 1.138 1.123 0.031 1093 682 1397 Bonomo et al. (2017)
HD 209458 b 1.359 0.682 0.047 1321 824 1688 Bonomo et al. (2017)
WASP-6 b 1.224 0.483 0.042 1225 764 1566 Bonomo et al. (2017)
WASP-12 b 1.825 1.39 0.02 2242 500 2865 Bonomo et al. (2017)
WASP-17 b 1.991 0.512 0.052 1507 940 1926 Bonomo et al. (2017)
WASP-19 b 1.392 1.069 0.016 1857 1158 2373 Wong et al. (2016)
WASP-31 b 1.549 0.489 0.047 1393 869 1780 Bonomo et al. (2017)
WASP-39 b 1.270 0.275 0.049 1015 633 1297 Bonomo et al. (2017)
WASP-52 b 1.270 0.459 0.02 1023 400 1307 Bonomo et al. (2017)

WASP-43 b 1.036 2.050 0.014 1233 769 1575 Bonomo et al. (2017)
WASP-101 b 1.410 0.497 0.051 1421 400 1816 Bonomo et al. (2017)
WASP-107 b 0.94 0.12 0.055 671 418 857 Anderson et al. (2017)
WASP-121 b 1.865 1.183 0.025 2200 1372 2810 Delrez et al. (2016)
XO-1 b 1.206 0.913 0.049 1073 669 3000 Bonomo et al. (2017)

a The prior values for the isothermal atmospheric temperature (Bond Albedo
A = 0.34, redistribution factor f = 1) and lower and upper boundaries for
the temperature assuming A = 0.9, f = 1 and A = 0.12, f = 0.5 respectively,
a more extensive description can be found in Appendix B.1. Where retrievals
gave indications of atmospheric temperatures outside the calculated range,

the newly adopted value is indicated in bold.

2.4.1 Free parameters

Having specified our atmospheric model, the next step is to define the parameters that will
be included in the retrieval and their associated prior boundaries. The planetary radius (see
Table 2.4) is fitted as part of the retrieval, with boundaries at Rp ± 0.1Rp. The prior bound-
aries for retrieving the temperature can be found in the same Table and the gray cloud deck
was fitted at pressures ranging from 106 to 10−5 Pa. The chemical abundances are retrieved
with prior Volume Mixing Ratios between 10−10 and 10−1 and provide specific opacities
(based on the line lists shown in Table 2.2) in addition to the pre-computed Rayleigh scat-
tering and CIA. From the retrieved abundances, the atmospheric molecular weight is then
calculated. Finally, the inclusion of the opacity that is caused by Mie scattering provides 3
additional free parameters (Q0, a, χc: see Section 2.2.4) for which we follow the log-uniform
prior boundaries of Tsiaras et al. (2018). In the end, up to 22 free parameters can thus be
retrieved in the procedure. However, to explain the limited spectral coverage only a small
fraction of these parameters will statistically be required. Together with the feasibility of
quantifying the importance of individual molecules, this is one of the main reasons for a
bottom-up approach.

2.4.2 Bottom-up approach

This bottom-up approach is useful in determining the parameters that are needed to describe
a particular transmission spectrum. The retrieval was first performed assuming the simplest
atmospheric Forward Model consisting of 3 free parameters (Rp, T, Pcl), which is equivalent
to an atmosphere completely lacking spectral signatures. Afterwards, retrievals were done
by adding parameters to the atmospheric model, in the form of either the abundance of a
chemical species or the 3 parameters describing the opacity of Mie scattering. In doing so,
the spectrum of each planet was retrieved by assuming the 33 different atmospheric models
of Table 2.5.

With the Bayesian evidence as an output of TauREx, a comparison between each of these
models can then be made to quantify the Detection Significance (DS) of a particular chemical
species, as described in Section 2.3.3. The first stage is to compare the models with a single
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chemical species to the flat model (Rp, T, Pcl only). As opposed to the flat model, the opacity
caused by Rayleigh scattering and CIA is from now on also included. If the addition of a
chemical species leads to an improved fit to the data, this results in a higher evidence and the
significance of such a detection is specified by Jeffreys’ scale in Table 2.3. As a second stage,
we tried the inclusion of H2O plus another species, mainly because H2O has a prominent
absorption feature in the relatively well-covered NIR (see Figure 2.4). The evidences of these
models can be compared to the models containing a single species as well as to the flat
model. Lastly, for the planets with optical coverage by STIS (see table 2.1), the model with
the highest evidence was expanded by adding the absorption features of the alkali metals
Na and K. This results in strong absorption features due to the Na doublet at 5895.92 Å and
5899.95 Å respectively and the K doublet at 7664.90 Å and 7698.96 Å respectively (Kramida
et al., 2013). In the end, for each planet, the atmospheric parameters of the model with the
highest evidence were used for further investigation in possible chemical trends.

TABLE 2.5: The free parameters included in models that were fitted to the
data, on top of Pcl , Rp and T. Note that the models with K and/or Na were

not fitted to the planets without optical coverage.

Model parameters

No molecules, Rayleigh nor CIA

AlO
C2H2
CaH
CH4
CO
CO2
CrH
FeH
H2O
HCN
NH3
OH
TiO
VO

Mie scattering opacity

H2O + AlO
H2O + CaH
H2O + C2H2
H2O + CH4
H2O + CO
H2O + CO2
H2O + CrH
H2O + FeH

H2O + HCN
H2O + NH3
H2O + OH
H2O + TiO
H2O + VO

H2O + Mie scattering opacity

Best Model + K
Best Model + Na

Best Model + Na + K
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2.4.3 Towards chemical trends

The existence of a thermochemical trend can be investigated by using the atmospheric tem-
perature and chemical abundances as resulting from the retrievals. To explore the possible
existence of a photochemical trend, we need knowledge on the host star irradiance that is re-
ceived by the planets and a trend with initial abundances would require host star abundance
ratios. Table 2.6 provides an overview of the stellar parameters used in this study.

TABLE 2.6: Stellar parameters

Star R∗(R�) L∗(log10(L�))a Age(Gyr) [Z/H](dex)b Te f f (K) IFUV(W/m2)

HAT-P-1 1.135 0.209 2.7+2.5
−2 0.210±0.030* 5980 1131

HAT-P-12 0.701 -0.727 2.5+2
−2 -0.290±0.050* 4650 18.33

HAT-P-26 0.87 -0.368 9+3
−4.9 0.010±0.040* 5079 77.29

HD 189733 0.756 -0.460 6.8+5.2
−4.4 0.070±0.036o 5052 126.1

HD 209458 1.155 0.232 3.1+0.8
−0.7 0.090±0.036o 6091 2092

WASP-6 0.87 -0.308 11+3
−7 -0.140±0.030* 5450 205.7

WASP-12 1.619 0.536 2+0.7
−2 0.330±0.036o 6360 29532

WASP-17 1.572 0.539 2.65+0.25
−0.25 0.080±0.036o 6550 7012

WASP-19 1.004 -0.096 5.5+8.5
−4.5 0.180±0.036o 5568 3516

WASP-31 1.252 0.315 1+3
−0.5 0.060±0.036o 6302 3689

WASP-39 0.895 -0.199 9+3
−4 -0.120±0.100* 5400 205.3

WASP-52 0.79 -0.377 10.7+1.9
−4.5 0.030±0.120* 5000 154.1

WASP-43 0.667 -0.866 7+7
−7 0.050±0.17 4400 37.42

WASP-101 1.290 0.421 1.14+0.7
−0.65 0.200±0.12 6380 4030

WASP-107 0.66 -0.811 8.3+4.3
−4.3 0.020±0.1 4430 3.409

WASP-121 1.458 0.583 1.5+1
−1 0.130±0.09 6459 23141

XO-1 0.934 -0.089 1+3.1
−0.9 -0.040±0.036o 5750 473.4

a luminosity derived from Gaia (Gaia Collaboration et al., 2018)
b in terms of Solar: values with o are [O/H] ratios (Brewer et al., 2016), as-
terisk(*) are [Fe/H] (Santos et al., 2013), else [Fe/H] from the source in Table

2.4.

By combining the host star luminosity L∗ and the planet’s semi-major axis d, we can
calculate the irradiance received at the planet’s orbit:

I =
L∗

4πd2 (2.19)

Alternatively, the luminosity can also be derived from the stellar effective temperature by
assuming it radiates as a blackbody. This has been done for our stellar sample and the
resulting blackbody curves Bλ(λ, T) are shown in Figure 2.5.
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FIGURE 2.5: The blackbody curves for different stars in our sample.

The advantage of this estimation is that the stellar flux can be calculated for a specific
wavelength range, giving us a means to estimate the stellar flux in the UV regime. Relating
the resulting irradiance to the retrieved abundances may offer some insights into photo-
chemistry, as described in Section 1.4.2. The stellar flux or total energy radiated per unit
surface area in a specific spectral range can be calculated by integrating the area underneath
the curve between this range:

Fλ = π
∫ λupp

λlow

Bλ(λ, T)dλ (2.20)

Where the factor π originates from the solid angle. Integrating the equation across all wave-
lengths will result in the Stefan-Boltzmann Law F = σT4. Combining Equations 2.20 and
2.19, the irradiation in a specific wavelength range received by a planet orbiting a star of
radius R∗ at a distance d is given by:

Iλ = Fλ
R2
∗

d2 (2.21)

To look for possible hints for the photodissociation of water, the UV irradiation as calculated
in Table 2.6 has been limited to lower wavelengths ranging from 120 to 195nm (Heays et al.,
2017), or the FUV regime5. Photons in this wavelength range might cause water photodisso-
ciation by creating OH and comparing the UV irradiation with retrieved abundances might
provide clues towards this photodissociation. Using an effective temperature of 5772K, the
blackbody method results in the expected Solar irradiance of 1361 W/m2 and a Solar FUV
irradiance I120−195nm of 1.565 W/m2 at Earth’s orbit.

5ISO standard, https://www.iso.org/standard/39911.html

https://www.iso.org/standard/39911.html
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Chapter 3

Results

This chapter presents the results from feeding the planetary spectra (see Table 2.1) to the
TauREx II retrieval framework (Waldmann et al., 2015) under the assumption of the different
atmospheric models of Table 2.5. This results in a total of 576 retrievals that had to be run and
compared. With the aim of presenting the results in a clear way, the general procedure will
first be described extensively for WASP-39b. Then a few noteworthy results for individual
sources will be discussed before presenting the results of the sample as a whole.

3.1 The procedure in detail: WASP-39b

As described in Section 2.4 we are following a bottom-up approach. We start by fitting a flat
model spectrum (i.e. one with no chemical features) of the least possible complexity to the
data and subsequently add more free parameters (i.e. chemical species) to this model. The
Bayesian Evidence (see Section 2.3.3) describes the adequacy of a fit and Figure 3.1 shows
this Evidence for all of the models that have been fitted to the spectrum of WASP-39b.

FIGURE 3.1: Model comparison for WASP-39b using the Bayesian evidence
for different atmospheric models. The flat model is shown as the orange dot,
while cyan dots indicate more complexity in the form of a chemical species
or Mie scattering, specifically indicated by the label accompanying each dot.
One level higher, blue dots represent H2O and an additional parameter, again
specified by the label accompanying the dot. For the fourth level, the highest
evidence model from lower complexities is complemented by Na and/or K,
as shown by the dark blue dots. The scale bars indicate the statistical pref-
erence for a more complex model over a simpler one and are based on the

difference in Bayesian Evidence between models (see Table 2.3).

Starting from the lower left of the Figure, it can be seen that the flat model without any
signatures (only Rp, T and Pcl ; represented by the orange dot) leads to a Bayesian evidence of
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394. We can increase a level in complexity by adding one atmospheric species, these models
are shown as the cyan dots and specified by their accompanying label. A glance makes it
evident that out of these models the inclusion of H2O would give the best fit. The statistical
preference of this model over the flat and the other cyan models can be read out from the
positive difference between their evidences using the scale bars at the bottom of the Figure.
The lengths of the bars are based on Jeffreys’ Scale as shown in Table 2.3. The Detection
Significance of 68.87 indicates that the model including H2O is statistically preferred over
the other cyan models with a significance greatly exceeding 5σ. We can ascend to a higher
stage by including H2O and adding another free parameter, specified again by the labels
accompanying the blue dots in the middle of the plot. Since the model including H2O and
Chromium Hydride (CrH) has DS=73.63 over the flat model, we can conclude with over 3σ
confidence that the inclusion of CrH would provide a more adequate fit to the data as com-
pared to only H2O. It should, however, be noted that there is only weak evidence (DS=0.79)
that H2O+CrH provides a better fit to the data than H2O+NH3.

Since the presence of Na (near 0.59 µm) and K (near 0.77 µm) provides clear absorption
lines in the optical part of spectrum, the next stage is to add Na and/or K to the best-fitting
atmospheric model of the earlier stages, so in this case Rp, T, Pcl , H2O and CrH. The resulting
evidences can be seen as the dark blue dots in the upper right corner of Figure 3.1 and their
inclusion is preferred with a DS of 7.15 corresponding to ∼4σ confidence, as compared to
the simpler models of one level below. Comparing the dark blue dots amongst themselves,
the addition of K to the model including H2O, CrH and Na only has a∼2σ confidence. Since
the Na and K absorption lines have such a specific shape, we can however easily identify
them in a spectrum, as shown in Figures 3.2a and 3.2b (the strong absorption peaks near
0.59 µm and 0.77 µm). Because the line shapes are so specific, they can be represented by just
a single measurement. This means that we might see only weak evidence for their inclusion
according to Jeffreys’ Scale. To ensure their inclusion as much as possible, the Na and K
absorption lines will be seen as significant even when they lead to a statistical evidence
that is below the 2.1σ threshold. We can then state our finding that, under this simplified
representation of the atmosphere and out of the models fitted in this study, the spectrum of
WASP-39 b is best represented by a model including H2O, CrH, Na and K.

The spectrum of WASP-39b and the corresponding best-fitting atmospheric model are
shown in Figure 3.2a. Clearly visible are the signatures of H2O in the NIR (around 1.4µm)
and Na and K in the visible part of the spectrum. The signatures can be seen even more
clearly in Figure 3.2b, which shows the individual contributions to the opacity (or absorp-
tion) by each of the atmospheric constituents. Furthermore, the discovery of CrH is inter-
esting and causes some absorption signatures between 0.7 and 1.5µm. The gray cloud-deck
increases the transit depth equally at every wavelength, while CIA can be seen as another
source of continuum absorption. Finally, the characteristic slope of Rayleigh scattering con-
tributes to the optical part of the spectrum. Figure 3.3 shows the posterior distributions of the
different parameters included in the retrieval for WASP-39 b, providing statistical estimates
for the exact values of the atmospheric parameters according to the retrieval. The posteriors
show that for WASP-39b, TauREx clearly converges to a solution in the multi-dimensional
parameter space. The chemical abundances seem reasonable, the retrieved temperature is
slightly lower than the equilibrium temperature and a gray cloud deck is only retrieved in
the deep layers of the atmosphere. The statistical estimates on atmospheric parameters can
be used for further analysis.
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FIGURE 3.2: On the left the transmission spectrum and model fit of WASP-
39b is shown. The vertical error bars indicate the transit observations and
the overlaying lines are the best-fitting models with the different shadings
corresponding to 1 and 2σ regions. The right panel shows the individual
contributions to the opacity (or absorption) by the atmospheric constituents.
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FIGURE 3.3: Posterior distributions of the retrieval for WASP-39b.
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3.2 Other spectral signatures

For each planet in our sample, the same procedure has been followed to determine the best-
fitting model out of the trials done here. The resulting model fits and the spectra they are
describing can be seen in Figure 3.4 for the planets with coverage by STIS, WFC3 and Spitzer
(but note that WASP-52 b and WASP-6b lack coverage by WFC3) and in Figure 3.5 for the
planets with observations from WFC3 only. The spectra of the majority of the planets in our
sample show a statistically significant signature of at least one atmospheric species and the
wide diversity of exoplanetary spectra is also evident. In what follows, some noteworthy
outcomes will be discussed individually, before summarizing the retrieval outcomes for the
complete sample. When a plot for a specific planet (model comparisons, posterior distribu-
tions or individual opacity contributions) is not included in this Chapter, it can be found in
Appendix A.

HAT-P-1b HAT-P-12b HAT-P-26b

HD 189733b HD 209458b WASP-6b

WASP-12b WASP-17b WASP-19b

WASP-31b WASP-39b WASP-52b

FIGURE 3.4: Spectra and model fits of the planets for planets observed by
STIS, WFC3 and Spitzer. Note that WASP-52b and WASP-6b lack observa-

tions by WFC3.
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WASP-43b WASP-101b WASP-107b

WASP-121b XO-1b

FIGURE 3.5: Spectra and model fits of the planets that are only observed by
WFC3.

3.2.1 WASP-19b

The retrieval of WASP-19b resulted in a preference to include either OH or H2O, as can be
seen from the cyan dots in the model comparison in Figure 3.6. The exact Detection Signifi-
cances over the flat model are 5.77 for OH and 4.67 for H2O. The fact that both OH and H2O
have a signature around 1.4µm combined with the limited coverage of WASP-19b (Figure
3.4) make distinguishing between the chemical species difficult in this case. Furthermore,
the inclusion of both OH and H2O is not statistically significant as can be seen from the mid-
dle row in Figure 3.6. Although the evidence is weak at only ∼2.1σ according to Jeffreys’
scale, there is a preference for the model containing only OH and this model was chosen for
further analysis. WASP-19b’s spectrum in Figure 3.4 then illustrates the absorption signa-
tures of OH and the feature showing similarities to water absorption is seen around 1.4µm.

FIGURE 3.6: Model comparison WASP-19b, see caption of Figure 3.1.

3.2.2 WASP-31b

WASP-31b offers better coverage in especially the optical and NIR part, which makes the
characterisation a bit more detailed. The comparison between different models can be seen
in Figure 3.7 and leads to some interesting results. Including only a single molecule (cyan
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dots) gives the highest evidence for H2O (DS=5.16) and CrH (DS=6.04). Choosing between
them on a statistical basis is therefore difficult but, in this case, we are saved by more com-
plexity. The blue dots in the third row of Figure 3.7 illustrate that a model including both
H2O and CrH leads to an even higher evidence, being ∼2.7σ and ∼3σ significant over the
CrH-only and H2O-only models respectively. Increasing one more stage in complexity it can
be seen from the dark blue dots that adding K has a Detection Significance of 1.34 as com-
pared to the model without K. Therefore, these observations of WASP-31b show statistically
significant signatures of H2O, K and CrH. Especially the latter molecule is an interesting
outcome which will be further discussed in the next chapter.

FIGURE 3.7: Model comparison WASP-31b, see caption of Figure 3.1.

3.2.3 WASP-43b

Recently, the first aluminium oxide (AlO) detection was made in WASP-43b (Chubb et al.,
2020c). The analysis done here confirms this result: the signature of AlO is found with
Detection Significances of 4.64 while the addition of H2O leads to an even higher DS=7.00 as
compared to the flat model. The spectrum of WASP-43b shows the clear signatures that are
caused by the presence of AlO. Since this is one of the planets only observed by WFC3, the
signatures of Na and K fall outside its covered wavelength range and thus are not included
in the retrievals.
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FIGURE 3.8: Model comparison WASP-43b, see caption of Figure 3.1. Note
that the retrievals including Na and K are absent since this planet lacks optical

coverage.

3.2.4 WASP-101b

On top of this confirmation of the presence of AlO in WASP-43b we found the first tentative
evidence for AlO signatures in WASP-101b, as the model comparison in Figure 3.9 shows.
Since the posterior distributions of the initial retrievals indicated that the temperature of
WASP-101b was lower than the initial boundary of 886K, the prior was changed to allow the
retrieval to converge to a lower temperature. The resulting evidences then led to a slightly
higher DS=1.21 for the inclusion of AlO, as denoted by the ’low T’ points in Figure 3.9.
Although this corresponds to weak evidence for a detection, with only 2.2σ confidence, out
of the trials done here it offers the best fit to the data. This highest evidence retrieval resulted
in T=660+430

−176K, which confirmed the suspicion that the initial prior was not flat enough to
include the temperature of the planet.

FIGURE 3.9: Model comparison WASP-101b, see caption of Figure 3.1. The
labels with ’low T’ indicate additional retrievals performed using a lower
temperature boundary in the prior. Note that the retrievals including Na and

K are absent since this planet lacks optical coverage.



30 Chapter 3. Results

3.2.5 WASP-121b

Even though WASP-121b has only been observed using WFC3, the spectrum seems to in-
clude some distinctive signatures of multiple chemical species already. For the single molecule
models, the cyan dots in Figure 3.10 shows that the inclusion of H2O gives a DS=9.64, corre-
sponding to a confidence in the detection of about 4.6σ. The models containing two chemical
species are shown in the upper row and illustrate the preference for a model including both
H2O and VO with DS=15.31, as compared to the flat model. The inclusion of H2O and VO
is also preferred over all the other models, with at least 2.5σ.

FIGURE 3.10: Model comparison WASP-121b, see caption of Figure 3.1. Note
that the retrievals including Na and K are absent since this planet lacks optical

coverage.

3.2.6 XO-1b

For XO-1b the upper temperature boundary for the prior was calculated at 1371K. However,
the posterior distributions of the initial retrievals seemed to converge to values that were ex-
ceeding the upper temperature boundary. Increasing the upper boundary to 3000K resulted
in higher evidences, as can be seen from the points with ’hiT’ labels in Figure 3.11. After
trying several of the apparently highest evidence models, it can be concluded that the model
including only H2O provides the best fit to the data, with a DS=10.90 or ∼5σ confidence
over the flat model. The final retrieved temperature of 2120K confirmed the suspicion of a
temperature exceeding the initial boundary. With a DS=0.95 there is a hint for the addition
of CrH to the H2O only model but, following Jeffreys’ scale, this is inconclusive as of now.
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FIGURE 3.11: Model comparison XO-1b, see caption of Figure 3.1. The labels
denoting ’hiT’ represent the additional retrievals that were performed under
a higher upper temperature boundary in the prior. Note that the retrievals

including Na and K are absent since this planet lacks optical coverage.

3.2.7 Mie Scattering

The spectra of HAT-P-12b, HD 189733b and WASP-6b in Figure 3.4 have in common that
they show an increasing transit depth at shorter wavelengths. As explained in Section 2.2.4,
such a slope can be caused by the scattering of light by atmospheric particles that are much
smaller than the wavelength of the light and is known as Rayleigh scattering, causing a λ−4

dependence. However, the slopes in these spectra are less dependent on wavelength and
seem to be better explained by a λ−2 to λ−0.5 dependence. It can be seen from the model
comparison for HD 189733b in Figure 3.12 that its spectrum results in a high preference for
the inclusion of Mie scattering. Mie scattering and its parametrization in TauREx were also
introduced in Section 2.2.4. It is caused by atmospheric particles of about the same size of
the wavelength of the incoming light and can be seen as a consequence of clouds/hazes.
For particles that have about the same size as the wavelength, scattering is more enhanced
in the forward direction. This is described by Mie theory and has a weaker dependence on
wavelength than Rayleigh scattering.

The Mie scattering slope in the spectrum of HAT-P-12b is preferred with DS=68.68 over
the flat model, even though earlier studies ruled out the presence of a scattering slope (Mal-
lonn et al., 2015). For WASP-6b, the inclusion of Mie scattering is preferred with a DS=11.65
as compared to the flat model, but the detection is debatable since the absence of NIR data
points gives a very strong dependence of the slope on the Spitzer data points at 3.6 and
4.5µm. The slope caused by Mie scattering in HD 189733b is found with a high statistical
confidence (DS=488.17) and has been detected before (Lecavelier Des Etangs et al., 2008b).
For all of these planets, Mie scattering is a part of the models that are chosen for further anal-
ysis. To illustrate the effect of Mie scattering, Figure 3.13 shows the individual opacity con-
tributions of the different components included in the atmospheric model of HD 189733b. It
can be seen from the purple line that the addition of Mie scattering provides an adequate fit
to the observed slope in the spectrum and shows stronger absorption than the brown slope
caused by Rayleigh scattering.
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FIGURE 3.12: Model comparison HD 189733b, see caption of Figure 3.1. From
its high evidence it can clearly be seen that Mie scattering is an important

opacity source to explain the spectrum.
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FIGURE 3.13: Individual opacity contributions HD 189733b. The slope
caused by Mie scattering is prominently visible as the purple line.

3.2.8 Multimodal solutions

The spectrum of HD 209458b stands out compared to the other spectra in Figure 3.4, due
to the fact that a purely statistical analysis results in two models giving an equally ade-
quate fit to the observations. The posterior distribution shown in Figure 3.14 shows us that
these models have a large difference in the retrieved abundances. For the purpose of search-
ing for chemical trends, a reliable estimate of the abundance is needed and, therefore, we
need to make an informed decision on which of the retrieval outcomes to use. This can
be done by comparing them to the expectations that follow from models of equilibrium
chemistry (Woitke et al., 2018). In the case of HD 209458b the decision can be based on the
retrieved abundances of Na and K. The blue model is retrieved with mixing ratios equal
to log(Na)=−0.15 and log(K)=−0.63, which greatly exceeds the expected abundances from
equilibrium chemistry of up to 10−6 and 10−7 for Na and K respectively. Even though devi-
ations from this are possible in H-poor planetary atmospheres, Hot Jupiters are assumed to
be H-dominated. Therefore, the extremely high abundances of the blue model can be seen
as unrealistic and the red model can be chosen as the best fit to the observations.
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FIGURE 3.14: Posterior distributions of the retrieval for HD 209458b.

The same argument can be used to decide between the retrieved models for WASP-6b.
For this planet, mixing ratios of respectively log(K)=−3.30 and−7.08 are found as solutions
of the best-fitting atmospheric model, as can be seen in Figure A.14. Based on the equilibrium
chemistry predictions it can be said that the latter of these models provides the most realistic
abundance and therefore, the outcomes of this model will be used in further analysis.

Lastly, a multimodal solution is also found for WASP-12b. To determine the most realis-
tic solution its posterior distributions in Figure A.17 are used. Around the temperatures of
WASP-12b, Woitke et al. (2018) show that TiO is not the main Ti-bearing species and that,
regardless of the exact temperature, the expected abundance of TiO never exceeds values
of ∼10−7. Hence, it can be said that the high mixing ratio of log(TiO)=−1.20 from the red
model is physically unrealistic and the blue model is chosen as the best fit. Further discus-
sion on the spectrum of WASP-12b can be found in Section 5.1.

3.3 Atmospheric chemistry

Having determined the model with the highest evidence for each of our planets, Table 3.1
summarizes per planet the detected molecules along with their retrieved abundances and
Detection Significance DS (Equation 2.18). DS is given with respect to the flat model without
chemical signatures. For example, the DS of HAT-P-1b illustrates that the inclusion of H2O
is preferred with a confidence of DS=1.52 or ∼2.2σ as compared to a model without any
chemical species. Further to the right in the table, we can see that the model containing H2O
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as well as Na is preferred with a confidence of DS=2.22 or ∼2.5σ as compared to the flat
model. This statistical preference for the addition of Na over the H2O-only model is too small
to be significant according to Jeffrey’s scale. Nevertheless, as said before, the alkali metals
Na and K have such specific signatures that this is still regarded as a significant detection.
Note that whenever the Table gives multiple chemical detections for a planet, the Detection
Significance is given for the model containing the specific species, in addition to any other
species that is already specified in columns that are more to the left.

TABLE 3.1: Retrieved chemical abundances: planets below the line only have
WFC3 coverage, planets above also have Spitzer and/or STIS.

Planet log (H2O) DSa Other molecule ib log(i) DSa log (Na)c DSa log (K)c DSa T(K)

HAT-P-1 b -4.87+0.77
−1.94 1.52 - - - -7.65+1.18

−1.24 2.22 - - 1120+332
−260

HAT-P-12 b - - - - - - - -6.54+1.53
−1.43 68.91d 925+104

−101
HAT-P-26 b -3.10+1.19

−0.65 40.60 - - - - - - - 657+87
−52

HD 189733 b -4.63+0.73
−0.46 265.11 - - - -5.40+1.51

−0.90 506.65d - - 1469+6
−13

HD 209458 b -4.85+0.14
−0.15 92.16 TiO -9.94+0.09

−0.05 115.62 -7.05+0.33
−0.45 116.15 -7.93+0.31

−0.39 122.70 961+107
−78

WASP-6 b - - - - - - - -7.08+1.72
−1.80 12.48d 902+100

−67
WASP-12 b - - TiO -9.07+1.28

−0.61 8.29 - - - - 1179+1023
−454

WASP-17 b -3.99+0.28
−0.23 25.04 - - - - - - - 1315+71

−94
WASP-19 b - - OH -2.37+0.75

−0.79 5.77 - - - - 1534+380
−253

WASP-31 b -5.40+0.37
−0.42 5.16 CrH -8.49+0.62

−0.62 8.38 - - -7.63+0.75
−0.87 9.72 1483+264

−344
WASP-39 b -3.48+0.25

−0.23 68.88 CrH -8.39+0.37
−0.41 73.63 -6.74+0.46

−0.49 80.78 -8.22+0.71
−0.98 81.23 841+78

−75
WASP-52 b - - VO -9.18+1.07

−0.49 3.41 -7.61+1.58
−1.27 4.05 - - 752+295

−222

WASP-43 b -3.58+1.22
−1.23 3.08 AlO -5.16+1.66

−1.56 7.00 n/ae n/a n/a n/a 957+226
−129

WASP-101 b - - AlO -6.23+2.46
−1.30 1.21 n/a n/a n/a n/a 1141+325

−182
WASP-107 b -2.089+1.31

−1.76 40.94 - - - n/a n/a n/a n/a 533+133
−76

WASP-121 b -1.36+0.31
−2.59 9.64 VO -4.22+0.58

−2.54 15.31 n/a n/a n/a n/a 1476+162
−75

XO-1 b -0.82+0.18
−0.21 10.90 - - - n/a n/a n/a n/a 2120+433

−391

a Detection Significance over flat model
b If the planet has a significant H2O detection, molecule i is in addition to it

c If the planet has other chemical detection(s), alkali Na and/or K is in addi-
tion to it

d Also opacity due to mie scattering included (see Section 3.2.7)
en/a due to lack of optical coverage

3.3.1 H2O

H2O is the most frequently detected signature in our sample, which is not surprising given
the fact that it has a prominent signature inside the spectral regime (around 1.4µm; shown
in Figure 2.4). As can be seen in Table 3.1, the signature has been found to be significant
for 11 of the 17 planets. The Detection Significance greatly varies over our sample, ranging
from ∼2.2σ to greatly exceeding 5σ, and part of this range might also be explained by the
opacity caused due to the inclusion of Rayleigh and CIA. The effect of these sources of opac-
ity is briefly explained in Section 3.1. Our results then indicate a contrast: the planets with
coverage by STIS, WFC3 and Spitzer generally show lower abundances, compared to those
derived from WFC3-only observations. For the latter group, most notably for WASP-121b
and XO-1b, the abundances are relatively high. A broader wavelength coverage, especially
the inclusion of both optical and IR, allows us to break degeneracies between cloud prop-
erties and/or temperatures on one hand and gas abundances on the other (Griffith, 2014;
Heng et al., 2017) and, therefore, the abundances retrieved from WFC3-only spectra have to
be interpreted with great caution.

3.3.2 Alkali metals

The alkali metals Na and K have a strong absorption signature in the optical, as said in
Section 2.4.2. Both for Na and K, signatures have been detected in the spectra of 5 planets
that have optical measurements available from STIS. HD 209458b and WASP-39b show signs
of the presence of both Na and K, while the other planets hint towards the signature of
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one of them. HAT-P-12b, HD 189733b and WASP-6b have a particularly high DS for the
inclusion of Na and/or K over the flat model, but a large fraction of this DS is also resulting
from the inclusion of the optical slope caused by Mie scattering (see Section 3.2.7). Table 3.2
shows the Detection Significances of the Mie scattering opacities in these planets and it can
be seen that the addition of the alkali metals in the best model only results in slightly higher
evidences. Nevertheless, for the alkali metals, even a small decrease in evidence is regarded
as significant.

Planet DS Mie scattering DS best model

HAT-P-12b 68.68 68.91
HD 189733b 488.17 506.65
WASP-6b 11.65 12.48

TABLE 3.2: For the planets that required the opacity by Mie scattering to
explain their spectrum, the Detection Significance of the Mie scattering model
(for HD 189733b it represents H2O+Mie scattering) is compared to that of the

best model.

3.3.3 Other species

Evidence for TiO has been found in the spectra of HD 209458b and WASP-12b. With ab-
sorption signatures in a similar regime, VO was detected for WASP-52b and WASP-121b.
The high temperatures of Hot Jupiters are thought to imply the presence of both species and
their signatures are mostly seen in the regime 0.4−1.0µm (Fortney et al., 2008). The exact
shapes of these absorption signatures can be seen in Figure A.18 for TiO and Figure A.28
for VO. In a hydrogen-dominated atmosphere, the extremely high value associated with
the VO detection on WASP-121b (log(VO)=−4.22+0.58

−2.54) might again be seen as implausible
from a physical perspective, since equilibrium chemistry would expect at most 10−8 for any
V-bearing species (Woitke et al., 2018).

Signatures of another oxygen-bearing species were found in the spectra of WASP-43b
and WASP-101b, in the form of AlO. The distinctive signatures caused by this molecule can
clearly be identified in the spectrum of WASP-43b, as shown in Figure 3.15. The abundances
are again rather high and will be further discussed in Section 4.3. Finally, the retrievals
conducted here hint towards the first detections of CrH in the atmospheres of WASP-31b
and WASP-39b. As can be seen from Figure 3.2b (and for WASP-31b in A.25), this species
has multiple features in the range of 0.7 to 1.5µm.
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FIGURE 3.15: The opacity contributions for each of the parameters in the
highest evidence model for WASP-43b.
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Chapter 4

Discussion

This Chapter is initiated by a comparison with earlier retrieved abundances, before investi-
gating the possible existence of chemical trends. These chemical trends are then discussed
in light of several disequilibrium processes and the dependence on formation conditions.
Afterwards, systematic errors that might influence our retrieval results are discussed. The
Chapter is ended by providing prospects for the spectral regime offered by JWST.

4.1 Earlier Detections

It is important to emphasize that the results, as presented in the last chapter, are based on
the atmospheric models that turned out to be the best fit to the spectral data of each of
the planets. In other words, the best fit out of the model trials performed in this analysis
and assuming the simplified atmospheric representation in TauREx. Excluding a particular
chemical species from the atmospheric model means that the spectroscopic signature has
not been detected on the basis of statistics. This does not necessarily mean that a chemical
species is completely absent from the planetary atmosphere probed. Instead, the signatures
of a species can also fall outside of the observed spectral range, be too weak to be detected
or overlap with other spectral signatures. The signature of water was clearly detected for
many of the planets and a comparison with earlier detections can be insightful.

4.1.1 Water

All of the planets in our sample have been analysed before, sometimes using the same obser-
vations. This naturally provides us with the opportunity to compare our results to those of
earlier studies. Although many studies of individual exoplanets have been conducted (e.g.
HD 189733b (Pont et al., 2008), HAT-P-1b (Nikolov et al., 2014), WASP-121b (Evans et al.,
2016)), the comparison of the retrieved water abundances from this study has been limited
to other comparative studies. The reason for this is twofold: firstly, the majority of our sam-
ple was included in these comparative studies and resulted in water detections to compare
with. Besides that, the homogeneous retrievals done as part of comparative studies make it
more feasible to compare results. Besides the studies used for comparison in the following
tables, other comparative studies have been done using WFC3-only spectra (Fisher et al.,
2018) and with coverage from the UV to the IR (Barstow et al., 2017; Sing et al., 2016), but
these latter two do not explicitly report chemical abundances.

Table 4.1 gives a comparison for the water abundances as retrieved by different studies. It
is important to note that T18 (Tsiaras et al., 2018) only made use of the WFC3 spectra in their
analysis. As said before, broader coverage may be needed to break degeneracies between
gas abundances and planet radius or cloud coverage (Heng et al., 2017), possibly leading to
different retrieval results. Nevertheless, we can still compare the results of our WFC3-only
planets with those of (Tsiaras et al., 2018) and from this it can be seen that more realistic
values are retrieved by Tsiaras et al. (2018) for WASP-121b and XO-1b. For both planets,
this can be explained by the fact that their models contain more opacity sources (CH4, CO,
CO2, NH3, TiO, H2O and VO). Our models are limited to the species that have significant
detections: H2O for XO-1b and H2O and VO for WASP-121b. For XO-1b, the inclusion of
for example NH3 can greatly influence the retrieved water abundance, as it has signatures
just rightward of the H2O peak at 1.4µm. Nevertheless, Figure 3.11 tells us that even though
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TABLE 4.1: log(H2O) of other studies: n/a means planet was not included, -
means no significant detection.

Planet T18 W19 P19 This analysis

HAT-P-1b -2.68±1.22 -2.54+0.75
−0.67 -2.72+0.42

−0.56 -4.87+0.77
−1.94

HAT-P-12b -3.61±1.48 -5.70+1.22
−3.36 - -

HAT-P-26b -3.32±1.10 -1.83+0.46
−0.57 n/a -3.10+1.19

−0.65
HD 189733b -2.51±0.90 -4.66+0.35

−0.33 -5.04+0.46
−0.30 -4.63+0.73

−0.46
HD 209458b -3.19±0.87 -4.54+0.33

−0.27 -4.66+0.39
−0.30 -4.85+0.14

−0.15
WASP-6b n/a - - -
WASP-12b -3.12±0.92 -3.23+1.42

−0.80 -3.16+0.66
−0.69 -

WASP-17b n/a -3.84+1.27
−0.51 -4.04+0.91

−0.42 -3.99+0.28
−0.23

WASP-19b n/a -3.43+0.47
−0.52 -3.90+0.95

−1.16 -
WASP-31b -3.84±1.90 -4.55+1.77

−4.33 -3.97+1.01
−2.27 -5.40+0.37

−0.42
WASP-39b -5.94±0.61 -0.65+0.14

−1.83 -4.07+0.72
−0.78 -3.48+0.25

−0.23
WASP-52b -4.09±0.87 n/a n/a -

WASP-43b -4.36±2.10 -3.68+0.92
−0.88 n/a -3.58+1.22

−1.23
WASP-101b - n/a n/a -
WASP-107b n/a -2.87+0.95

−0.73 n/a -2.089+1.31
−1.76

WASP-121b -3.05±0.87 n/a n/a -1.36+0.31
−2.59

XO-1b -2.75±1.64 n/a n/a -0.82+0.18
−0.21

Mean −3.53± 0.95 −3.46± 1.38 −3.95± 0.74 −3.47± 1.50

T18: WFC3-only spectra, Tsiaras et al. (2018)
W19: Welbanks et al. (2019)

P19: Pinhas et al. (2019)

there are hints towards the inclusion of NH3 (or CrH), this inclusion is statistically not yet
significant using the current spectral range. Wider coverage might provide proof for this
inclusion and will be further discussed in Section 4.6. Signatures of VO and/or TiO are also
found in WASP-121b by Tsiaras et al. (2018).

The lower abundance we find for HAT-P-1b is probably caused by the difference in ref-
erence radius. As can be seen from the spectrum in Figure 3.4, the lowest transit depth
measurements fall somewhat below our best model. The models of Pinhas et al. (2019) and
Welbanks et al. (2019) seem to match these low transit depths, consequently resulting in the
deduction of stronger signatures and hence higher abundances. For HAT-P-26b, the inclu-
sion of ground-based optical transmission spectra by Welbanks et al. (2019) might explain
the different abundances, although the result of this analysis and (Tsiaras et al., 2018) seem
more realistic. The lack of a detection of water in WASP-12b here is caused by our analysis
of the spectrum from Sing et al. (2013). While this spectrum lacks a clear water signature,
more recent WFC3 observations do provide evidence of the water signature (Kreidberg et
al., 2015). Besides these clear differences, Table 4.1 also shows several similar results, for
example for HD 189733b, HD209458b, WASP-17b and WASP-107b. The non-detection of the
water signature in HAT-P-12b is in agreement with Welbanks et al. (2019), while the low
abundance of Pinhas et al. (2019) does not necessarily contradict this result. The studies also
agree on the non-detection in WASP-6b, mainly explained by a lack of coverage by WFC3
(as is the case for WASP-52b). The bottom row indicates the mean retrieved abundance over
this sample for each of the studies and illustrates a remarkable agreement. The results of
the remaining planets (WASP-19b, WASP-31b, WASP-39b, WASP-43b, WASP-101b) will be
discussed in Section 4.1.3.
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4.1.2 Alkali metals

Expanding the comparison towards the alkali metals, Table 4.2 compares the retrieved abun-
dances of the atomic species Na and K. Tsiaras et al. (2018) analyse WFC3-only spectra,
which prevents them from detecting the optical signatures of these species and thus also
prevents comparison. The first difference that might be noticed from the table is the limited
amount of detections made by Pinhas et al. (2019). Although they do not specify the exact
source of the line data, usage of different line lists may explain some of the differences in re-
trievals. Welbanks et al. (2019) use cross-sections based on the same line lists for Na (Allard
et al., 2019) and K (Allard et al., 2016).

TABLE 4.2: Comparison to abundances of other studies: n/a means planet
was not included, - means no significant detection.

(A) Sodium (log(Na))

Planet P19 W19 This analysis

HAT-P-1b -8.44+1.45
−2.12 -8.58+1.20

−1.79 -7.65+1.18
−1.24

HAT-P-12b - - -
HAT-P-26b n/a - -
HD 189733b -7.77+1.64

−0.87 -4.19+0.67
−0.73 -5.40+1.51

−0.90
HD 209458b - -5.47+0.61

−0.48 -7.05+0.33
−0.45

WASP-6b - - -
WASP-12b - -6.64+2.13

−2.98 -
WASP-17b - -8.65+1.76

−1.67 -
WASP-19b - -5.11+1.00

−1.05 -
WASP-31b - - -
WASP-39b -3.86+1.31

−1.36 -3.62+1.14
−2.69 -6.74+0.46

−0.49
WASP-52b n/a n/a -7.61+1.58

−1.27

(B) Potassium (log(K))

P19 W19 This analysis

- - -
- - -6.54+1.53

−1.43
n/a - -
- -5.54+0.49

−0.44 -
- -7.00+0.59

−0.49 -7.93+0.31
−0.39

-5.53+2.01
−1.85 -3.22+1.21

−3.79 -7.08+1.72
−1.80

- - -
- - -
- - -
- -3.48+1.38

−2.31 -7.63+0.75
−0.87

-4.22+1.25
−1.12 -5.62+2.30

−2.05 -8.22+0.71
−0.98

n/a n/a -

W19: Welbanks et al. (2019)
P19: Pinhas et al. (2019)

Looking at Table 4.2, our analysis results in the detection of the K doublets for HAT-P-
12b. As described in Section 3.2.7, this is only with a DS=0.23 over a model containing only
Mie scattering. In this analysis, it was decided to still quantify such a small DS as significant
for Na and K, since the signature of K is evident in HAT-P-12b’s spectrum in Figure 3.4. Both
Pinhas et al. (2019) and Welbanks et al. (2019) adhere to the 2σ or DS≥1 detection threshold
for the inclusion of the alkali lines, explaining the absence of a K detection. The discrepancy
in the detection of K in HD 189733b can probably be related to different modelling of the
scattering slope at lower wavelengths of the planet’s spectrum.

Next up, the differences seen in the retrievals of WASP-12b, WASP-17b and WASP-19b
need to be explained separately. Our non-detection of Na and instead the inclusion of TiO
in WASP-12b seems to reasonably explain the planet’s spectrum in the optical regime. The
exclusion of TiO in the analysis of WASP-12b by Welbanks et al. (2019) explains their de-
tection of Na at a small DS of 1.58, as can be seen from our analysis as well in Figure A.16.
Regarding the analysis of WASP-19b, Welbanks et al. (2019) use a ground-based transmis-
sion spectrum, resulting in a highly improved optical coverage. The limited number of data
points that have been used in our analysis does not cover the optical part well enough to
detect the alkali metals. Finally, the spectrum of WASP-17b clearly shows an observed ab-
sorption peak at the wavelengths expected for Na absorption (see Figure 4.1). Including
Na in the retrieval does produce its optical signature around 0.59µm but this is not strong
enough to explain the huge increase in transit depth that is observed at this wavelength.
Therefore, the addition of Na does not lead to an increase in the Bayesian evidence and,
hence, there is no statistical preference for this inclusion. For the sake of consistency the de-
tection has been excluded, even though the abundance corresponding to the model in Figure
4.1 (log(Na)=−8.69) seems to match the result of Welbanks et al. (2019) extremely well.
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FIGURE 4.1: Transmission spectrum of WASP-17 b and the best fit by the
model including H2O and Na.

There appears to be agreement on the detection of the alkali metals in other planets,
albeit with significant differences in retrieved abundances. Besides the different sources of
line data, a reason for this is overlap with spectral signatures of other species: many of the
species discussed in the next Section show signatures in the same optical regime (such as TiO
described above for WASP-12b), leading to possible overlap and, as a consequence, changes
in the retrieved abundances.

4.1.3 Other species

Early evidence for the presence of TiO in the atmosphere of HD 209458b was discovered at
10−4−10−3 solar abundance by Désert et al. (2008) and our finding of 10−3× stellar abun-
dance agrees well with this. For WASP-12b, our analysis provides evidence for the presence
of TiO, whereas earlier dedicated searches ruled out its absorption features (Sing et al., 2013).
However, as illustrated by Figure A.16, neither the presence of VO nor Mie scattering due to
clouds/hazes can be ruled out statistically in favour of TiO. Besides TiO, another important
process providing the opacity of the best fitting model is Rayleigh scattering caused by tiny
particles (see Figure A.18). The presence of Rayleigh and/or Mie scattering agrees with the
findings of Sing et al. (2013). Evans et al. (2016) also reported evidence for VO (as well as
TiO and FeH) in WASP-121b, while Tsiaras et al. (2018) call the presence of VO and TiO in
this planet ’suggestive’.

The detection of AlO in the atmosphere of WASP-43b is a confirmation of the discovery of
Chubb et al. (2020c). Our retrieved abundance (log(AlO)=−5.16+1.66

−1.56; Table 3.1) agrees well
with the values of −5.25+2.03

−1.87 from their retrievals. Moreover, the additional detection of
water in our analysis is also consistent with that of Chubb et al. (2020c) (at an abundance of
log(H2O)=−3.79+1.37

−2.74) and compared to the other studies in Table 4.1. Hints for the absorp-
tion signatures of AlO are also seen in the spectrum of WASP-101b, as described in Section
3.2.4. This planet was already notified as ’scoring highly in terms of potential detections of
atmospheric features’ by Tsiaras et al. (2018), but quantifying these features turned out to
be difficult. The characteristic shape of AlO absorption provides a reasonable fit to the ob-
served spectrum, as is also evident from Figure A.31. Since AlO was not included in earlier
retrievals for WASP-101b, the exact abundance can not be compared to earlier results.

WASP-19b seems to be a peculiar case as compared to the retrieval outputs of the other
planets, with hints for the detection of OH. As described in Section 3.2.1, the detection of
OH only has a small statistical preference over H2O, which is not surprising given the lim-
ited amount of data points covering this planet’s spectrum and the similarities in the (low-
resolution) spectral behaviour of H2O and OH around 1.4µm. More measurements in the
spectral ranges of STIS and/or WFC3 will probably already tell us a lot more about the exact
cause of the opacities. Nevertheless, further distinguishing the two species through wider
wavelength coverage will be further discussed in Section 4.6.
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Lastly, Table 3.1 shows that the retrievals also result in the detection of CrH for WASP-31b
and WASP-39b. As described in Section 3.2.2, the model that includes CrH in the atmosphere
of WASP-31b is significant over any other model. For WASP-39b, the model containing H2O
and CrH is slightly preferred over one with H2O and NH3. Since earlier retrievals did not
include CrH in the analysis, comparing the retrieved abundances to earlier findings is not
possible. However, the detections of CrH naturally follow the presence of the molecule in
the atmospheres of brown dwarfs (Burrows et al., 2001; Kirkpatrick et al., 1999). Where com-
parison to earlier detections is not possible, the retrieved abundances can still be compared
to predictions from thermochemical equilibrium calculations.

4.2 Chemical trends

With the chemical detections in perspective to other findings, the model providing the high-
est Bayesian Evidence is then chosen for further analysis, thus including the detections as
listed in Table 3.1. Since the majority of the chemical detections concern water, this is natu-
rally the first target to search for possible trends. To be able to quantify the resulting abun-
dances we have to look at the ratios of different species. By definition, the sum of the differ-
ent chemical components in an atmosphere is equal to 1, or:

[H2] + [He] + ∑[i] = 1 (4.1)

The term ∑[i] represents the mixing ratios of all the different gases that might be present in
an atmosphere. For Hot Jupiters, we assume an atmosphere that is dominated by Hydrogen
and Helium, with a ratio [He]

[H2]
= 0.15

0.85=0.176. Hence, Equation 4.1 can be rewritten as:

1.176[H2] = 1−∑[i] (4.2)

Based on the retrieved abundances in Table 3.1 the contributions by other trace gases can
assumed to be negligible, so that we have:

[H2] =
1− [H2O]

1.176
(4.3)

Using this, we can define the planetary [H2O/H2] abundance ratio:

[H2O/H2] =
1.176[H2O]

1− [H2O]
(4.4)

4.2.1 Thermochemical

As the first possibility for a trend, the dependence of the planetary [H2O/H2] abundance on
the planetary temperature may be investigated. To be able to interpret the retrieved abun-
dances, a reference abundance is needed. Assuming a solar initial composition (Asplund
et al., 2009), this reference abundance has been calculated as a function of temperatures as-
suming equilibrium chemistry at a pressure of 1 bar by Woitke et al., 2018. For temperatures
below ∼1200K, the majority of O is expected to be in H2O, leading to an expected abun-
dance of log(H2O)∼−3. For temperatures above ∼1200K, half of O is expected in H2O (the
other half being in CO) and the abundance is expected to be log(H2O)∼−3.3 (see also Mad-
husudhan (2012)). Between these two regimes, there is a transition region, as shown by the
decrease in the expected abundance around 1200K. The retrieved exoplanetary abundances
can be compared to the predictions from equilibrium chemistry as seen in Figure 4.2.
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FIGURE 4.2: The retrieved planetary temperature versus the [H2O/H2] ra-
tios calculated from the retrievals. Open dots are planets with WFC3-only
spectra, the filled dots also have coverage by STIS and Spitzer. The blue line
indicates the expectations from equilibrium chemistry using a solar initial el-
emental composition (Madhusudhan, 2012; Woitke et al., 2018) and the green

line shows the best fit to the filled dots.

From this Figure, it can be seen that HAT-P-26b and WASP-39b have a [H2O/H2] abun-
dance that is consistent with and slightly lower than the predictions from equilibrium chem-
istry. The planets with WFC3-only spectra are indicated by the open dots and although
they generally seem to indicate an enhanced [H2O/H2] abundance, most of them are con-
sistent with any possible outcome. XO-1b is the exception here, but its extremely high water
abundance is unlikely from a physical point of view and can be the result of retrieval using
WFC3-only coverage (Heng et al., 2017). The rest of the filled dots (HD 209458b, HAT-P-1b,
WASP-17b, HD 189733b and WASP-31b in order of increasing temperature) all lie signifi-
cantly below the predicted values from equilibrium chemistry, which is an indication for the
depletion of water in their atmospheres and might be a hint towards disequilibrium pro-
cesses influencing the atmospheric compositions. Generally, there seems to be a trend of
decreasing water abundance with increasing temperature for the filled dots, as indicated by
the green line in Figure 4.2. Although this is thermochemically not expected, such a trend
may be related to the incoming stellar radiation since this is a huge factor in the determina-
tion of the planetary temperature.

4.2.2 Photochemistry

Besides playing a key role in the determination of the temperature, stellar radiation may
strongly influence a planet’s atmospheric composition by photochemical processes and in
this section we will try to quantify this influence, by looking at the irradiance from the host
star that is received by the different planets. The derivation of this irradiance is described
in Section 2.4.3. As a first step, we need to find a way to distinguish the existence of any
possible trend from the fact that the planets may have formed in protoplanetary disks of
varying elemental compositions. This can be done using the primary assumption that the
protoplanetary disk had the same initial elemental composition as the host star (Madhusud-
han, 2019), motivated by the fact that both the star and the disk are expected to be the result
of the same collapsing protostellar cloud. Moreover, giant exoplanets are thought to have
H2 and He dominated primary atmospheres which are expected to be good tracers of the
initial conditions. Therefore, the retrieved planetary [H2O/H2] abundance can be normal-
ized using the host star abundances as presented in Table 2.6. In case of an unknown stellar
[O/H] ratio, the [Fe/H] ratio has been used instead. Conversion of the unit dex used for
abundance ratios is done via:

[Z/H] = 10Z/H(dex) × [Z/H]� (4.5)
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The corresponding propagation of uncertainties in the stellar abundance ratios is calculated
using:

δ[Z/H] = 10Z/H(dex) × [Z/H]� × log(10)× δ(Z/H(dex)) (4.6)

Where [Z/H]� represents the abundance ratio using solar elemental abundances from As-
plund et al. (2009), shown in Table 4.3.

Element Abundance

[Fe/H] 3.16× 10−5

[O/H] 4.90× 10−4

[Na/H] 1.74× 10−6

[K/H] 1.07× 10−7

[Al/H] 2.82× 10−6

[Cr/H] 4.37× 10−7

[Ti/H] 8.91× 10−8

[V/H] 8.51× 10−9

TABLE 4.3: Solar abundances of various elements (Asplund et al., 2009).

The normalization of the planetary [H2O/H2] allows us to make an approximate compar-
ison between atmospheric abundances that resulted from presumably different formation
conditions. To quantify the possible influence of photochemistry, Figure 4.3 shows the nor-
malized [H2O/H2] abundance as a function of the irradiance. It can be seen that HAT-P-26b
and WASP-39b have a relatively high water abundance and are, at the same time, belonging
to the least irradiated planets in our sample. The other planets with observations in both the
optical and IR are found to have relatively low abundances. The WFC3-only planets again
show the general behaviour of strongly enhanced abundances.

FIGURE 4.3: The irradiance received at the planet’s location versus the nor-
malized planetary [H2O/H2] ratios from the retrievals. Where possible and
indicated by the blue dots, stellar [O/H] ratios have been used for the nor-
malization. Where [O/H] ratios are not available, [Fe/H] has been used in-
stead. Open dots are planets with WFC3-only spectra, the filled dots also
have coverage by STIS and Spitzer. The orange points represent the irradi-
ances calculated under the assumption of stellar blackbody radiation based
on the effective temperature (see Section 2.4.3). A linear fit to the filled red

and blue dots and its corresponding 1σ and 2σ is also shown.

Using both Figures 4.2 and 4.3, it can be seen that planets that are depleted in comparison
to equilibrium chemistry expectations are also the planets receiving the highest irradiance.
This might be an indication of photochemical processes causing disequilibrium chemistry
and it has been attempted to quantify this trend by trying a linear fit on the normalized
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[H2O/H2] abundance as a function of stellar irradiation. The enhanced but uncertain abun-
dances of WFC3-only spectra make the open dots (especially WASP-121b and XO-1b) ex-
treme outliers, greatly influencing the general behaviour seen in Figure 4.3. To prevent these
physically unrealistic results from being the decisive factor in our analysis, it has been de-
cided to exclude the results from WFC3 only spectra in the investigation of possible trends.
By doing so, a negative trend can be identified in Figure 4.3, indicating that higher irradia-
tion would lead to a lower [H2O/H2] abundance. The resulting best fit to the planets that
have observations between 0.3 and 4.5µm is given by:

log([H2O/H2]norm) = (−3.09± 1.63) log(I/I⊕) + (8.09± 4.38) (4.7)

Despite the indicated negative slope, the linear fit can only provide a limited description
of the data, having an R2 of 0.55, and its 1σ and 2σ regions illustrate the large uncertainty.
About half of the variance in the data is not accounted for by this fit and we do not observe
a definite trend of the water abundance as a function of stellar irradiation.

Expanding the investigation of the possible photodissociation of water, it would be prefer-
able to look at the planetary irradiance resulting from UV luminosity only: specifically in the
FUV regime at 120 to 195nm (Heays et al., 2017). As described in Section 2.4.3, water might
be dissociated by photons in this wavelength range via:

H2O + hν −−→ OH + H

UV measurements are hard to make and therefore also scarcely available for our stars. There-
fore, the UV luminosities have been estimated using the stellar blackbody spectra, as shown
by the pink contour in the lower wavelength regime of Figure 2.5. To justify this approxi-
mation to a certain extent, we can compare the blackbody luminosities with the actual lu-
minosities by having a look at the orange dots in Figure 4.3. At least for the full spectral
regime, the stellar output is well-approximated by the assumption of blackbody spectra, as
is evident from how well the orange dots match the actual measured stellar outputs (blue
and red dots). Figure 4.4 then shows the normalized [H2O/H2] abundance as a function of
this FUV irradiance.

FIGURE 4.4: Blackbody FUV irradiance received at the planet’s location ver-
sus the normalized [H2O/H2] abundances from the retrievals. Where possi-
ble and indicated by the blue dots, stellar [O/H] ratios have been used for
the normalization. Where [O/H] ratios are not available, [Fe/H] has been
used instead. Open dots are planets with WFC3-only spectra, the filled dots
also have coverage by STIS and Spitzer. A linear fit to the filled dots and its

corresponding 1σ and 2σ is also shown.

Again excluding the WFC3-only sample and making the comparison with Figure 4.2,
it can be noted that the planets with depleted [H2O/H2] abundances tend to receive more
blackbody FUV radiation from their host star. HD 189733b is the notable exception here,
having a highly substellar water abundance but receiving a relatively small amount of FUV
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radiation under the assumption of a blackbody spectrum. A linear fit with the corresponding
1σ and 2σ uncertainty is shown by the green line and shaded regions respectively and results
in the following relation:

log([H2O/H2]norm) = (−1.11± 0.66) log(Iuv) + (−3.01± 1.95) (4.8)

Although tighter constraints on the fit can be seen here, with an R2 of 0.35 this linear fit is
only a limited description of the data.

4.2.3 Mass-metallicity

Another possible trend can be explored using the assumption from equilibrium chemistry
that for temperatures below ∼ 1200K, the majority of O is found in H2O and for temper-
atures above ∼ 1200K, the O is more or less equally divided between H2O and CO (Mad-
husudhan, 2012; Woitke et al., 2018). Following this, a planetary abundance ratio can be
written as:

[O/H]pl =
[H2O]

[H2O] + [H2]
=

[H2O]

[H2O] + 1−[H2O]
1.176

(4.9)

For planets hotter than 1200K, this ratio is then multiplied by two to compensate for the
assumed abundance of O in CO. The uncertainty in the [O/H] ratio is calculated using the
upper and lower bounds on the retrieved H2O abundance. Using Equation 4.6, the planetary
ratios can then be expressed in units of the stellar ratios via:

[Z/H]pl

[Z/H]∗
(4.10)

With an associated uncertainty expressed as:

[Z/H]pl

[Z/H]∗

√
(

δ([Z/H]pl)

[Z/H]pl
)2 + (

δ([Z/H]∗)

[Z/H]∗
)2 (4.11)

This is equivalent to a normalization of the planetary abundance ratio or metallicity, again
based on the primary assumption that the protoplanetary disk in which the planets formed
had the same initial elemental composition as the host star (Madhusudhan, 2019). The re-
sulting mass-metallicity relation is shown in Figure 4.5.

FIGURE 4.5: Mass-metallicity relation, with the planetary ratio in terms of the
host star abundance ratio. The blue dots indicate normalization using stellar
[O/H] ratios and red dots [Fe/H]. The green line and shaded regions show
the linear fit and associated 1σ and 2σ uncertainty, excluding the planets with
WFC3-only spectra. The purple line is the best fit found by Welbanks et al.
(2019). The orange point represents the recent measured equatorial water

abundance of Jupiter (Li et al., 2020).
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The measured planetary abundance ratio also seems to decrease for increasing mass.
The decreasing trend is seen from fitting the sample both with and without the WFC3-only
planets. The green line is the linear fit excluding the WFC3-only planets and is given by:

log([O/H]pl/[O/H]∗) = (−2.03± 1.07) log(M/MJ) + (−1.03± 0.30) (4.12)

With an R2 of 0.60, this relation appears to give a better description of the data but is still
inconclusive. Notably, the retrieved abundances appear to be low compared to Jupiter’s
equatorial water abundance (Li et al., 2020). Welbanks et al. (2019) compare the relation to
the solar mass-metallicity relation for inferences of giant planet [C/H] abundances and also
report the exoplanetary trend to be subsolar.

4.2.4 Other species

A few of the planet-hosting stars out of our sample have more extended data on their abun-
dance ratios, on top of the [Fe/H] and [O/H] ratios shown in Table 2.6. Using these stellar
abundance ratios, we can make more estimates on enhancement or depletion of planetary
abundances as compared to their host star.

Star [O/H] [Na/H] [Ti/H] [Cr/H] Reference

HD 189733 0.070 0.040 0.050 0.050 Brewer et al. (2016)
HD 209458 0.090 -0.020 0.070 0.050 Brewer et al. (2016)
WASP-12 0.330 0.180 0.250 0.270 Brewer et al. (2016)
WASP-17 0.080 -0.210 0.010 -0.040 Brewer et al. (2016)
WASP-19 0.180 0.170 0.250 0.210 Brewer et al. (2016)
WASP-31 0.060 -0.170 0.010 -0.080 Brewer et al. (2016)
WASP-39 n/a -0.04 -0.03 -0.07 Faedi et al. (2011)

TABLE 4.4: Abundance ratios for stars hosting some of the planets in our
sample. The [O/H] ratio for WASP-39b was not available. All ratios are given

in dex (see Equation 4.5).

With the abundance ratios as shown in Table 4.4, Equations 4.10 and 4.11 can be used to
calculate the planetary abundance ratios in terms of those of the host star. Doing so, the sim-
plified assumption was made that the species detected in our analysis contains the majority
of the element in question. For example, since we only have knowledge of the abundance
of CrH in WASP-31b, this is assumed to be the major Cr-bearing species. Equilibrium chem-
istry calculations predict important contributions from atomic Cr, CrO, CrS and, for high
temperature, ionized Cr. For the [O/H] ratio a distinction has been made for temperatures
below and above 1200K, as was also done in Section 4.2.3. Again, this allows to make a
comparison to the abundance ratios of the host star and the result of this can be seen in
Figure 4.6. This method generally seems to suggest the depletion of Oxygen in planets as
compared to their host star, although WASP-17b and HD 189733b are more or less consis-
tent with their host star. From the Na detection only, the Na abundance ratios are depleted
for lower temperatures and consistent with those of the host stars for higher temperatures.
Both chromium (∼0.01 times stellar) and titanium (∼(1−6)× 10−3 times stellar) seem to be
depleted over a wider range of temperatures, according to detections of only CrH and TiO
respectively.
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FIGURE 4.6: Planetary abundance ratios for 4 different elements, based on the
relevant chemical species detected in this analysis. The ratios have been nor-
malized by the stellar abundance ratios as given in Table 4.4 and the dashed
horizontal line represents exact agreement between the ratios of planet and

host star.

4.3 (Dis)equilibrium Chemistry

In Section 4.2.1, the retrieved water abundances are compared to the theoretically expected
values at pressures of 1 bar, calculated assuming equilibrium chemistry of a gas consisting
of Solar initial composition (Asplund et al., 2009). For such a composition and taking con-
densation into account, the gaseous species hosting a certain element and their expected
abundances can be calculated by the minimization of the Gibbs free energy using, for exam-
ple, the publicly available GGChem code (Woitke et al., 2018). The Gibbs free energy is a
measure of the energy stored in a system that can be used to do work at constant tempera-
ture and pressure. The equilibrium composition of a system is reached when the free energy
reaches a minimum value and there is no driving force behind a chemical reaction. An elab-
orate discussion of the Gibbs free energy can be found in Atkins et al. (2014). Abundances
that deviate from the expectations from equilibrium chemistry indicate disequilibrium pro-
cesses.

4.3.1 Water

The retrieved water abundances are 4−150 times lower than the predicted values for the
majority of the planets and seem to decrease with increasing temperature, as is seen by the
best-fitting green line in Figure 4.2. This is not in agreement with the predictions from equi-
librium chemistry, which approximately describes the behaviour as a step function with a
transition region around 1200K. With an R2=0.52 about half of the variance in the data is
not accounted for by this fit and we do not observe a definite trend of the water abundance
as a function of temperature. Nevertheless, the clear discrepancy between theory and ob-
servations needs to be explained. Possible causes of disequilibrium chemistry, which is an
imbalance in chemical reactions between the forward and reverse direction, were introduced
in Section 1.4.1 and may deliver (part of) this explanation (Moses, 2014).

Firstly, photochemical processes can alter the stratospheric composition of an atmosphere
by absorption of shortwave radiation, as described in Section 2.4.3, and may be important
for the composition at pressures <1 bar (Line et al., 2010), although other studies limit its
influence to higher atmospheric layers (pressures <1mbar) (Moses et al., 2011). Since the
transmission spectra probe an atmosphere between ∼1 − 10−3bar (see Figure 1.4), the in-
fluence of UV radiation on the retrieved chemical abundances may not be relevant. The
photodissociation of water in Hot Jupiters has been studied before (e.g. Liang et al., 2003),
motivated by the extreme UV fluxes expected to be received by Hot Jupiters. The results in
Figure 4.4 do not show a definite trend between the water abundance and UV irradiation but
the existence of a negative slope is suggestive for at least some influence. Such a negative
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trend would be expected if the photodissociation of water is the main process controlling
the water abundances. However, it should be noted that stellar UV outputs can be highly
variable (e.g. Bourrier et al. (2020)) and our determination of FUV irradiance is a crude es-
timate, leaving the existence of this trend as inconclusive. The photolysis products in the
form of OH also tend to quickly recycle back into H2O in an H2-dominated atmosphere
(Moses, 2014), tempering expectations of observing water depletion with higher UV irradi-
ances. Nevertheless, the reported detection of the spectral signatures of OH in WASP-19b,
combined with the relatively high estimated EUV/FUV irradiance of ∼2500 W/m2, might
suggest that this recycling is not dominant here. This could be another interesting indication
of water photodissociation in Hot-Jupiter atmospheres.

Another possible cause of disequilibrium abundances is transport-induced quenching.
Since Hot Jupiters are expected to be tidally locked, large temperature differences between
the day- and nightside can cause strong horizontal winds (Guillot et al., 1996). These winds
can transport fluid parcels in chemical equilibrium from the dayside to the nightside, where
they rapidly cool and reaction rates are too slow to equilibrate. Both horizontal and vertical
transport may be important factors in relating photochemical influences to inferences from
transmission spectra (e.g. Cooper et al. (2006), Steinrueck et al. (2019)). Since we do not
retrieve any dynamical parameters, the importance of dynamics has not been investigated
in this analysis.

As described in Section 2.2.4, the presence of clouds and/or hazes is also expected in
Hot Jupiter atmospheres. A consequence of this presence is usually a flattening of spectral
features since stellar photons are unable to penetrate below layers of clouds and hazes (e.g.
Sing et al., 2013; Deming et al., 2013). This flattening of features may subsequently lead to
lower chemical abundances resulting from our retrievals. In this regard, the observed de-
crease of H2O abundance with increasing temperature in Figure 4.2 suggests that chances for
the emergence of clouds and/or hazes increases with temperature. Looking at the thermo-
chemical origin of clouds, condensation curves would imply this is counter-intuitive since
species tend to condense out when temperatures decrease (Lodders, 2010). Alternatively, the
presence of high-altitude hazes can explain both low abundances in general and abundances
decreasing as a function of temperature since higher temperatures would imply higher (UV)
irradiation. Kawashima et al. (2019) show that at least for planets of T<1000K, a higher UV
irradiance might lead to enhanced photochemical production of hazes. Thus, the decreasing
trend of water abundances with temperature in Figure 4.2 as well as UV irradiation in Figure
4.4 may be (partly) explained by increased production of hazes high up in the atmosphere,
leading to an enhanced flattening of spectral features for more strongly irradiated (and thus
hotter) planets. Although photochemical disequilibrium is less likely for higher tempera-
tures, it may still be expected for planets of up to T=2000K (Moses, 2014; Moses et al., 2011).
The hydrocarbons that might be haze precursors are expected to form from the photolysis
of CH4, which makes the production of hydrocarbons less likely at hotter exoplanets (Moses
et al., 2011). Besides that, the strong optical slope that would be a consequence of scattering
by haze particles is retrieved for only 3 planets, out of which only HD 189733b has a water
detection. Therefore, assuming the parametrization for particle scattering in TauREx, no cor-
relation is seen from the retrievals. Quantifying the possible relation between them would
need more planets possessing both a significant water and haze detection.

4.3.2 Other species

The alkali metals found in our analysis seem to agree well with the expectations from equi-
librium chemistry. For Na, the models of Woitke et al. (2018) predict most of Na in atomic
form for a wide range of temperatures, at an abundance of around 10−6. At temperatures
lower than 750K, other Na-bearing species such as NaCl and NaOH become important and
the expected abundance of atomic Na rapidly decreases. Most of our retrieved abundances
are on the lower side of this prediction but still consistent with it, especially when taking
uncertainties in the exact abundance as well as the retrieved temperature into account. HD
189733b stands out with a higher retrieved abundance but is also still consistent with the
predictions. For K, similar behaviour is seen: an equilibrium abundance of around 10−7



48 Chapter 4. Discussion

is expected with a rapid decrease below 750K due to KCl and KOH taking over. The re-
trieved abundances for HD 209458b and WASP-39b are on the low side but all planets are
still consistent with equilibrium predictions.

As noted by Chubb et al. (2020c) for their detection of AlO in WASP-43b, aluminium is
expected to be more abundant in a variety of molecules at the temperatures probed. For
WASP-43b (957K) and WASP-101b (1141K), the most notable Al-bearing species would be
atomic Al, AlOH, Al2O, AlH, AlF and AlCl (Woitke et al., 2018). Regardless of tempera-
ture, the AlO abundance resulting from equilibrium chemistry never exceeds log(AlO)=−8,
whereas the retrieved values are as high as −5.16 for WASP-43b and −6.23 for WASP-101b.
Sources of this high AlO abundance may be the deeper layers of the atmosphere via verti-
cal mixing and/or the evaporation of clouds consisting of Al-bearing species such as Al2O3
(Chubb et al., 2020c).

For TiO and VO, Woitke et al. (2018) predict abundances of up to 10−7 and 10−8 re-
spectively at 1500K, with decreasing abundances for lower and higher temperatures. Both
molecules belong to the major element-bearing species at the temperature ranges of Hot
Jupiters and the results for HD 209458b, WASP-12b and WASP-52b are on the lower end as
compared to the predictions, especially for HD 209458b. This result was found before and
explained by the strong day-night temperature gradient causing strong horizontal winds
(Parmentier et al., 2013). On the dayside, TiO may be in gaseous phase whereas it might
quickly condense out on the nightside due to the lower temperatures. This process can form
a cloud base and lead to depletion under the influence of gravitational settling. Parmentier
et al. (2013) show that this can lead to a cold trap on the nightside of HD 209458 b, deplet-
ing TiO from the atmosphere. Under the influence of these processes, differences between
the evening and morning terminator regions can also be expected. The VO-abundance of
WASP-121b seems unreasonably high but this might also be related to constraining the VO
abundance using a WFC3-only spectrum.

The retrieved abundance of OH in the atmosphere of WASP-19b is also high compared
to equilibrium expectations: at WASP-19b’s temperature of ∼ 1500K, an abundance of up
to 10−9 is expected. For higher temperatures, this could increase towards 10−4. An extreme
combination of vertical mixing and photochemical dissociation of water perhaps results in
abundances as high as 10−2.37. However, the limited spectral coverage of WASP-19b and the
resulting similarity between H2O and OH signatures leave this result as inconclusive but
intriguing for follow-up with JWST (see Section 4.6).

Lastly, there is the detection of CrH in the atmospheres of WASP-31b and WASP-39b.
Not CrH but atomic chromium is the main Cr-bearing species for the temperatures of these
planets, whereas significant fractions are also expected to be in CrO or CrS. Nevertheless,
at these temperatures, CrH is expected from equilibrium chemistry at abundances between
10−10 and 10−9. The retrieved abundances are relatively high, indicating that processes such
as vertical mixing or a source of atomic Hydrogen reacting with atomic chromium may be
needed to explain the observed CrH. Since atomic Hydrogen is a product of the photodisso-
ciation of water (see Section 4.2.2), this process may contribute to the production of CrH.

4.4 Planet Formation

The stellar ages in Table 2.6 range from 1Gyr to 11Gyr and tell us that the planets in our sam-
ple may range from young to ancient exoplanets. This variety in ages may have implications
for mass-loss through atmospheric escape (Owen, 2019), whereas atmospheric abundances
may also be related to the conditions during the formation of the planets (Öberg et al., 2011).
Low H2O abundances are possible in two ways, relating to these conditions (Madhusudhan
et al., 2014). Firstly, the overall planetary abundances may be low, implying that element
abundances such as [O/H] are low while ratios between elements are solar (e.g. C/O∼0.5).
Alternatively, the overall abundances may be consistent with or superstellar but the C/O
ratio is high (Madhusudhan, 2012). As can be seen from Table 2.6, the majority of planet-
hosting stars in our sample have supersolar abundances. Following the core accretion sce-
nario for forming giant planets (Pollack et al., 1996), the Hot Jupiters around these stars can
also be expected to have high oxygen content and, consequently, high H2O abundances.
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The generally substellar [O/H] ratios seen in Figure 4.5 might then also have some impor-
tant implications for the formation scenarios of these planets. The main factors determining
the atmospheric composition of a Hot Jupiter are the location where it forms in the disk and
the relative amounts of gas and solids that are accreted (Brewer et al., 2017). This same study
finds evidence for a general trend of high C/O ratios in Hot Jupiters and most prominently
HD 209458b. Combined with a substellar [O/H] this suggests the formation of this planet
beyond the water snow line from where it subsequently migrated inwards, after the gas in
the disk had dissipated and without significant solid accretion.

Figure 4.6 gives an ensemble of retrieved abundance ratios of the planets in terms of
that of their host stars, assuming the detected species contains all of the particular element.
For HD 209458b, this indicates substellar ratios for [O/H] at 3%, [Na/H] at 6% and [Ti/H]
at 0.1%. As described above, the low [Ti/H] might be explained by the presence of Ti in
other Ti-bearing species or due to the existence of a cold trap (Parmentier et al., 2013). Cor-
recting for this would probably still result in substellar values and our analysis thus also
suggests overall substellar abundances for HD 209458b. Although an estimate of the C/O
ratio is not included in our analysis, the substellar abundances, combined with the super-
stellar C/O ratio of Brewer et al. (2017), is an indication that HD 209458b formed beyond
the water snowline and, after the dissipation of the disk, subsequently migrated inwards
without accreting a significant amount of solids.

The abundance ratios of WASP-31b and WASP-39b are about 0.1% of the stellar ratios
and also hint toward overall low abundances, possibly related to a similar scenario. How-
ever, the presence of Cr in other Cr-bearing species might significantly increase the [Cr/H]
ratio. Besides that, no evidence for high C/O ratios currently exists: for WASP-39b there is
evidence of a low C/O ratio instead (Wakeford et al., 2017b).

HD 189733b seems to have [O/H] and [Na/H] more or less consistent with its stellar
values. Combined with the stellar C/O ratio (Brewer et al., 2017), this could be an indi-
cation for the formation of this planet close to its host star according to the core accretion
scenario. The retrieved presence of Mie scattering due to clouds/hazes, which could cause
some obscuration, may explain the [O/H] ratio (and H2O abundance) being on the low side.

For WASP-12b we report a large substellar [Ti/H] ratio, but this might again be (partially)
caused by a cold trap (Parmentier et al., 2013) or the presence of other Ti-bearing species. The
lack of other abundance ratios leaves this result as inconclusive.

WASP-17b seems to be in good agreement with the predictions from equilibrium chem-
istry as well as the host star abundance ratios. This might indicate formation close to its host
star (depending on the C/O ratio) as well as clear skies on the planet, as was also reported
by Sedaghati et al. (2016). This agreement and the fact that such a clear water signature is
seen in its spectrum make WASP-17b an interesting target for further characterisation with
the upcoming facilities that will be discussed in Section 4.6.

4.5 Systematic Uncertainties

There are a number of systematic uncertainties influencing the results as presented in this
thesis. As a first deficiency, the analysis that is presented in Chapter 3 does not take the band-
widths associated with the spectroscopic observations into account. Especially considering
the broadband photometric observations made by Spitzer, these bandwidths are significant
and their omission influences the retrieved values for the evidence and the atmospheric pa-
rameters. Table 4.5 compares the retrievals with and without bandwidths for WASP-31b
(many measurements in the spectral regime) and WASP-19b (sparse coverage). Although
small, it can be seen that systematic errors are introduced by this deficiency: the atmospheric
signatures show similar behaviour and retrieved abundances show modest variations. The
values with and without bandwidths are still consistent with each other in the retrieved un-
certainties. Furthermore, taking the bandwidths of observations into account leads to slight
decreases in the Bayesian evidence associated with the models. This decrease is not sur-
prising since the inclusion of bandwidths leads to an additional factor of uncertainty for
an atmospheric model. The Detection Significance, quantifying the preference of the more
complex over the flat model, can also be compared and does not change significantly with
the inclusion of the bandwidths. Therefore, our resulting atmospheric detections can still be
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seen as valid. Nevertheless, the first improvement in this analysis will be to eliminate this
systematic uncertainty. Another consequence of this deficiency is the offsets that are seen for
the diamonds in the spectra in Figure 3.4. These diamonds should be located on the model fit
at the location of each of the measurements. Not considering the bandwidths leads to offsets
for some of these diamonds, as clearly seen for the 3.5µm point of, for example, WASP-31b.
This effect is purely visual and is solved by including the bandwidths in our analysis, as
shown for WASP-31b in Figure 4.7.

TABLE 4.5: Comparison between results from retrieval with and without
bandwidths, considering the highest evidence model from our analysis in

Chapter 3.

WASP-19b log(OH) T(K) Rp Pcl log(E) DS

without band widths −2.37+0.75
−0.79 1534.07+380

−253 1.38+0.00
−0.01 4.97+0.68

−0.57 96.51 5.77
with band widths −2.41+0.80

−0.78 1536.17+375
−261 1.38+0.00

−0.01 4.98+0.70
−0.57 96.43 5.63

WASP-31b log(H2O) log(CrH) log(K) T(K) Rp Pcl log(E) DS

without band widths −5.40+0.37
−0.42 −8.49+0.62

−0.61 −7.63+0.75
−0.87 1483.08+264

−344 1.48+0.02
−0.01 3.88+0.21

−0.21 409.50 9.72
with band widths −5.41+0.38

−0.40 −8.49+0.62
−0.62 −7.60+0.68

−0.90 1489.45+256
−356 1.48+0.02

−0.01 3.88+0.20
−0.20 409.47 9.81
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FIGURE 4.7: The transmission spectrum and model fit for WASP-31b, taking
into account the bandwidths of the measurements.

The bottom-up approach followed here is valuable in inferring the presence of chemi-
cal species in an exoplanet atmosphere. However, this approach may introduce biases in
the constraints on retrieved parameters. A non-detection of a particular species on the ba-
sis of this purely statistical approach does not necessarily imply the complete absence of
this species in an atmosphere. Instead, its non-detection can be caused by an abundance
that is too low to be statistically significant, the obscuration of signatures by the presence
of clouds/hazes or the overlap with other spectral signatures. The omission of a particular
species can then influence the retrieval outcomes since its signatures (even if they are statis-
tically insignificant) have to be explained by the absorption of other species. This may result
in unreasonably tight constraints as well as unrealistic values for retrieved abundances. In
this way, the retrievals may introduce biases in, for example, the abundances of species that
are included in the model.

Thirdly, the normalisation in Section 4.2.2 was done with the purpose of removing the
possible dependence of atmospheric abundances on initial conditions in the specific plane-
tary system. Stellar [O/H] ratios were not available for a number of host stars and, therefore,
their [Fe/H] ratios were used. As can be seen from Table 4.3, the Sun has an [Fe/O] ratio of
0.05 and for the other stars in our sample a similar [Fe/O] ratio is found (0.05−0.065). There-
fore, the normalization of planetary ratios by a combination of stellar [Fe/H] and [O/H] ra-
tios can be expected to lead to another systematic uncertainty. Figure 4.8 shows the resulting
mass-metallicity trend by using only [Fe/H] ratios to normalized the retrieved abundances
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and it can be seen that with a slope in log-space of −0.49±1.36 the trend is less strong. This
illustrates the biases that result from using different abundance ratios for normalization and
will also decrease the strength of the trends in Figures 4.3 and 4.4.

FIGURE 4.8: Same as Figure 4.5: mass-metallicity relation, but now with plan-
etary ratios in terms of the host star [Fe/H] ratio only. The orange line and
shaded regions show the linear fit and associated 1σ and 2σ uncertainty, ex-
cluding the planets with WFC3-only spectra. The green line is the best fit

found by using both [Fe/H] and [O/H] ratios for normalization.

Finally, the 1D retrieval performed here assumes that the averaged terminator proper-
ties are representative for the complete atmosphere. In view of the limited data and the
computational expenses, 1D retrieval is a reasonable starting point. However, thermal and
compositional gradients between the day- and nightside of a planet can significantly influ-
ence transmission spectra (Caldas et al., 2019; Pluriel et al., 2020). Hence, analysing the
inherently 3D atmospheric structure with 1D retrievals can lead to systematic uncertainties
in temperatures and abundances and future work should be aimed at understanding these
biases and/or incorporating higher dimensional atmospheric models in the retrieval pro-
cess.

4.6 Prospects for JWST

The prospects for already near-future space-based exoplanet characterisation are exciting
with the planned launch of the James Webb Space Telescope (JWST) in 2021 and ARIEL in
2028 (Tinetti et al., 2018). JWST will offer a wide spectral range from 0.6 to 28µm (Beichman
et al., 2014). The spectral resolution of JWST for the observations of exoplanet atmospheres
varies greatly over its four instruments. NIRISS can provide simultaneous wavelength cov-
erage from 1−2.5µm at R∼700 and NIRCam offers 2 modes at R∼700 for 2.5−3.9µm and
3.9−5.0µm. Besides that, NIRSpec has medium (R∼1000) and high resolution (R∼2700)
spectroscopic modes for 4 separate wavelength regimes in the range 0.7−5.2µm and a low
resolution (R∼100) mode for simultaneously obtaining data in the 0.7−5.2µm range. MIRI
covers the range from 5−12µm with a low resolution mode (R∼100). Lastly, the medium
resolution mode (R∼1550− 3250) of MIRI can span the full range from 5− 28µm but would
need three different visits to the same object. A comprehensive review of the expected out-
comes from transits observed by JWST (transmission as well as emission spectra) is provided
by Greene et al. (2016). High-quality spectra between 1 to 11µm will likely be obtained for
a variety of exoplanets and for many cases (especially planets with clear skies) already the
range of 1−2.5µm will suffice to constrain the major chemical constituents in an exoplane-
tary atmosphere (Greene et al., 2016). Nevertheless, measurements of up to four instruments
may have to be combined and in doing so, we need to take systematic errors as well as stel-
lar variability into account (Barstow et al., 2015). To complement the analysis done here, the
transmission spectra of a selection of our sample can be simulated for the wider JWST range.
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As a first example, the results from the highest evidence retrieval model of WASP-39b
can be used. Comparing the different atmospheric models in Figure 4.9, it can be seen that
CrH only influences the spectrum around ∼ 1µm, which is relatively well-covered already
with current instruments. NH3 is a particularly active absorber at longer wavelengths and
coverage between 1 and 2.5µm will greatly increase the estimate on its presence. Therefore,
JWST will likely provide us with key information to either confirm or rule out the presence
of NH3 and/or CrH.

FIGURE 4.9: The expected appearance of the spectrum of WASP-39b in
the JWST range, based on the parameters resulting from the highest evi-
dence retrieval model. On top of the presence of H2O, Na and K, the dif-
ferent lines correspond to the inclusion of CrH, NH3 and CrH+NH3, with
log(CrH)=−8.4 and log(NH3)=−5. The current observations are indicated

by the black dots and corresponding error bars.

As described in Section 3.2.1, for WASP-19b there are uncertainties in distinguishing be-
tween the inclusion of OH and/or H2O to explain its spectrum. For this planet, either the
presence of OH at a temperature of 1534K or the presence of H2O at a temperature of 1805K
can explain the observed spectrum. Figure 4.10 shows the expected appearance for JWST
of different models based on the retrievals of WASP-19b. It can be seen that the different
appearances around ∼1 and ∼2µm only can already provide evidence to confirm or deny
the presence of H2O and/or OH to explain the spectrum. This might provide important
evidence for possible photochemical processes in Hot Jupiter atmospheres, as described in
Section 4.3.
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FIGURE 4.10: The expected appearance of the spectrum of WASP-19b in the
JWST range, based on the parameters resulting from the highest evidence
retrieval models. The blue and orange spectra are based on two models
found to have a high evidence by the retrieval, with log(H2O)=−5.6 and
log(OH)=−2.4. The other lines combine these results for the different re-
trieved temperatures. The observations are indicated by the black dots and

corresponding error bars.

Thirdly, the spectrum of WASP-17b1 can be used to illustrate JWST’s capacity to constrain
the C/O ratio at high temperatures (Greene et al., 2016) by constraining the molecular abun-
dances of CO and CO2. Section 4.4 describes the importance of the C/O ratio in determining
the planetary formation history, while CO and CO2 are expected to be the main C-bearing
species at high temperatures (Woitke et al., 2018). Figure 4.11 shows that while the spectral
appearance of the different models is hardly distinguishable for a wide wavelength range,
the absorption signatures seen around 4.5µm should be significant to provide constraints on
the presence of CO and/or CO2.

1In Guaranteed Time Observation program of JWST: GTO 1353 (https://www.stsci.edu/jwst/
observing-programs/approved-gto-programs)

https://www.stsci.edu/jwst/observing-programs/approved-gto-programs
https://www.stsci.edu/jwst/observing-programs/approved-gto-programs
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FIGURE 4.11: The expected appearance of the spectrum of WASP-17b in the
JWST range, based on the parameters resulting from the highest evidence
retrieval model (log(H2O)=−4) and the inclusion of CO and/or CO2. The
Na absorption peak around 0.6µm is excluded from the models because it
does not provide an adequate fit to the data around it (see Section 4.1.2). The
current observations are indicated by the black dots and corresponding error

bars.

HAT-P-26b2 is both the smallest and the coldest planet in our sample. At its tempera-
tures, CH4 is expected to be the main C-bearing species (Woitke et al., 2018). To illustrate the
detectability of CH4, Figure 4.12 shows the spectrum assuming an atmospheric model with
(orange) and without (blue) its presence. It can again be seen that the two spectra are clearly
distinguishable between 1 and 2.5µm already. In this case, the C/O ratio may be derived
based on the constraints on the CH4 abundance and this might again provide insights into
the planet formation history.

FIGURE 4.12: The expected appearance of the spectrum of HAT-P-26b,
based on the parameters resulting from the highest evidence retrieval model
(log(H2O)=−3.1) and the inclusion of CH4. The observations are indicated

by the black dots and corresponding error bars.

2In Guaranteed Time Observation program of JWST: GTO 1177 & 1312 (https://www.stsci.edu/jwst/
observing-programs/approved-gto-programs)

https://www.stsci.edu/jwst/observing-programs/approved-gto-programs
https://www.stsci.edu/jwst/observing-programs/approved-gto-programs
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Regarding the prospects for the other planets in our sample, it is worth mentioning that
WASP-43b, WASP-101b and XO-1b are part of the Early Release Science Program (Bean et al.,
2018; Stevenson et al., 2016). Furthermore, the GTO includes transmission spectra of HAT-
P-12b (1281), WASP-52b (1201) and WASP-107b (1201, 1224, 1280). The lack of NIR data and
the huge difference in optical and Spitzer transit depth make WASP-6b (for the spectrum,
see Figure 3.4) another interesting target for further characterisation. The spectra that have
been simulated for the JWST range are highly simplified by only including the species that
were retrieved and those with implications for the C/O ratio. Actual JWST spectra can be
expected to contain many more absorption signatures due to the presence of a wide variety
of chemical species and also have the potential to further enhance our knowledge of clouds
and/or hazes (e.g. Kempton et al. (2017)). Without a doubt, observing the spectrum of any
of the planets with JWST will lead to surprising and insightful results and this makes any
planet in our sample an intriguing candidate for further characterisation.
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Chapter 5

Conclusions

With the goal of investigating the possible existence of chemical trends, the transmission
spectra of 17 exoplanets have been comparatively analysed using the TauREx II retrieval
framework. The planets can be classified as Hot Jupiters and 12 of them offer coverage from
0.3 to 4.5µm, whereas the others only have observations available in the NIR (1.1 to 1.7µm).

Under the assumption of the simplified atmospheric model in TauREx and out of the
trials that were part of this analysis, the retrievals mainly resulted in the detection of the
characteristic absorption signature of water, of which 11 detections were made. Following
Jeffreys’ scale, the detection significances vary from ∼2.3σ for HAT-P-1b to far greater than
5σ for other planets, as compared to a flat model containing no spectral signatures. Further-
more, we confirm the detections of TiO in HD 209458b and WASP-12b, VO in WASP-52b
and WASP-121b and AlO in WASP-43b. The presence of signatures of OH in WASP-19b and
AlO in WASP-101b are indicated with a significance of ∼2.1σ, although it should be noted
that alternatively explaining the spectrum of WASP-19b by the presence of water can not be
ruled out statistically. The characteristic absorption peaks of the alkali metals Na and K were
each detected for 5 of the planets with optical coverage, whereas particle scattering follow-
ing Mie theory was needed to explain the absorption slopes at UV and optical wavelengths
in the spectra of HAT-P-12b, HD 189733b and WASP-52b.

The first indications for the presence of CrH in Hot Jupiter atmospheres have also been
found. For WASP-39b, the CrH signature is currently hard to distinguish statistically from
a model including NH3 instead. Nevertheless, the addition of CrH to a model containing
only H2O is preferred at∼3.5σ significance. It has been shown that future observations with
JWST may help to solidify the confidence in detecting the signatures of any of these species.
For WASP-31b, the preference for the inclusion of CrH is already evident from the current
observations. The inclusion of CrH has a significance of∼3.8σ over the flat model, while the
additional inclusion of H2O is prefered with ∼2.6σ over the CrH-only model.

The most reliable abundance constraints were retrieved for spectra with coverage by
STIS, WFC3 and Spitzer, while abundances that were retrieved using WFC3-only spectra suf-
fer from degeneracies between abundances on the one hand and planet radii or clouds/hazes
on the other. With this in mind, only the planets with coverage by the three instruments were
used to explore the possible dependence of retrieved abundances on planetary parameters.
The retrieved water abundance generally is lower than predictions from equilibrium chem-
istry, most notably for the planets of higher temperature, and an attempt was made to relate
this to disequilibrium processes. Since the temperature of a planet is strongly related to the
amount of radiation it receives, the dependence of the water abundances on the estimated
FUV irradiation was investigated. While the intuitively correct observation was made that
more strongly irradiated planets have lower water abundances, possibly indicating the pho-
todissociation of water, a fit to this trend was not found to be statistically significant. On
top of that, it is unsure whether photodissociation is relevant for transmission spectra at all.
Instead of photodissociating water, UV irradiation might lead to lower abundances due to
the production of photochemical hazes. To further explore the influence of photochemistry,
actual measurements of the stellar UV output would be a noteworthy improvement over the
blackbody estimation that was made here. It was also shown that the spectral range of JWST
may lead to more improved constraints on the signatures and thus abundances of H2O and
its photolysis product OH, possibly providing further insight in exoplanetary photochem-
istry.
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The mass-metallicity relation for O/H abundance ratios resulting from the retrievals
agrees within 1σ with earlier findings but suffers from biases due to the normalization by
stellar [Fe/H] as well as [O/H] ratios. Further planetary abundance ratios were inferred
under the assumption that a particular element is exclusively found in the chemical species
that was detected as part of our retrievals. The exception here was oxygen, which is assumed
to be equally divided between H2O and CO for T>1200K. Where stellar data was available,
the resulting abundance ratios (Cr/H, Na/H, O/H and Ti/H) were compared to the stellar
ratios. Both stellar and substellar (6× 10−3 to 10−1) abundance ratios are seen. Combined
with planetary C/O ratios, if available, this provides a hint towards formation pathways.
Substellar ratios and high C/O ratios may be expected when a planet forms outside of the
water snowline and subsequently migrates inwards at a low solid accretion rate. In contrast,
stellar ratios may be expected for a planet forming close to its host star. For now, a wide
variety of formation histories seem plausible based on the abundance ratios.

5.1 Future work

The analysis presented in this thesis can be further improved in its homogeneity by con-
ducting a retrieval on every transmission spectrum including the full set of molecules for
which a significant detection was found. Thus, retrieve every planet using a model includ-
ing AlO, CrH, H2O, Na, K, OH, TiO and VO plus some of the molecules predicted to be
present by equilibrium chemistry, such as CH4, CO, CO2 and NH3. Detections would still
only be reported in the case of a sufficient detection significance (DS). As said in Section 4.5,
a non-detection does not necessarily imply the absence of a particular species and, therefore,
subjecting every planet to the same model complexity can lead to better and more homoge-
neous estimates on the abundances of species that have a significant detection. The recent
upgrade to TauREx III (Al-Refaie et al., 2019) offers support for the high amount of free
parameters since it has reduced the time to perform retrieval by a factor of 6.

As another recommendation for this analysis, the sample size can be increased and the
wavelength coverage can be improved and extended. For example, the WFC3 observations
for WASP-12b used here are of limited quality and an improved observation was made by
Kreidberg et al. (2015), clearly indicating the presence of water. Furthermore, recent observa-
tions of WASP-52b (Bruno et al., 2018) and WASP-6b (Carter et al., 2020) extend the coverage
for those planets into the WFC3 regime as well.

A definite disentanglement of the different processes influencing the atmospheric com-
position (also including transport-induced quenching) would need indisputable trends. This
challenging endeavour will need improvements on many sides: increased homogeneity by
a retrieval including all relevant molecules, better understanding of clouds/hazes, better es-
timates of C-bearing species for C/O ratios, improved stellar UV measurements and more
knowledge on the biases induced by conducting 1D retrievals to describe the 3D structure
of an atmosphere. The potential of JWST in elucidating ambiguous results and accurately
quantifying C/O ratios was illustrated, while JWST might also be a step forward in in-
terpreting clouds/hazes. In the longer term, ARIEL (2028) will lead to a wealth of plane-
tary spectra that can be used for comparative studies and SPICA (2032) will provide high-
resolution spectra of transiting exoplanets as well as MIR direct images of far-out exoplanets
(Goicoechea et al., 2008). Other proposed missions such as LUVOIR1 and HabEx2 aim to
take the next leap towards the characterisation of potentially habitable exoplanets (Snellen
et al., 2019).

All in all, uncovering the myriad of processes influencing the atmospheric state of an ex-
oplanet may seem to be an intimidating endeavour. Nevertheless, the wealth of knowledge
that has already been acquired using instruments that were not necessarily designed to do
so, can only leave us fascinated for the potential outcomes of improved and more dedicated
facilities.

1https://asd.gsfc.nasa.gov/luvoir/
2https://www.jpl.nasa.gov/habex/

https://asd.gsfc.nasa.gov/luvoir/
https://www.jpl.nasa.gov/habex/
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Appendix A

Additional Retrieval Plots

In Chapter 3, the procedure of retrieval and model selection is described in detail for WASP-
39b. To support the interpretation of retrieval outcomes, the results for several other planets
were also shortly described. Every planet has three plots resulting from the retrieval pro-
cedure (spectrum, posterior distributions and individual opacity contributions) and a plot
with the model comparison. To preserve readability, many of these plots have not been in-
cluded in Chapter 3. In what follows, the plots that were not included in the main body of
this Thesis are provided per planet.

A.1 HAT-P-1b

FIGURE A.1: Model comparison for HAT-P-1b using the Bayesian evidence
for different atmospheric models. The flat model is shown as the orange dot,
while cyan dots indicate more complexity in the form of a chemical species
or Mie scattering specifically indicated by the label accompanying each dot.
One level higher, blue dots represent H2O and an additional parameter, again
specified by the label accompanying the dot. For the third level the highest
evidence model from lower complexities is complemented by Na and/or K.
The scale bars indicate the statistical preference for a more complex model
over a simpler one and are based on the difference in Bayesian Evidence be-

tween models (see Table 2.3).
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FIGURE A.2: Posterior of the retrieval for HAT-P-1b.
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FIGURE A.3: The opacity contributions for each of the parameters in the high-
est evidence model for HAT-P-1b.

A.2 HAT-P-12b

FIGURE A.4: Model comparison HAT-P-12b, see caption of Figure A.1.
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FIGURE A.5: Posterior of the retrieval for HAT-P-12b.
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est evidence model for HAT-P-12b.
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A.3 HAT-P-26b

FIGURE A.7: Model comparison HAT-P-26b, see caption of Figure A.1.
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A.4 HD 189733b
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FIGURE A.10: Posterior of the retrieval for HD 189733b.

A.5 HD 209458b

FIGURE A.11: Model comparison HD 209458b, see caption of Figure A.1.
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A.6 WASP-6b

FIGURE A.13: Model comparison WASP-6b, see caption of Figure A.1.
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FIGURE A.15: The opacity contributions for each of the parameters in the
highest evidence model for WASP-6b.
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A.7 WASP-12b

FIGURE A.16: Model comparison WASP-12b, see caption of Figure A.1.
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FIGURE A.18: The opacity contributions for each of the parameters in the
highest evidence model for WASP-12b.
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A.8 WASP-17b

FIGURE A.19: Model comparison WASP-17b, see caption of Figure A.1.
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FIGURE A.20: Posterior of the retrieval for WASP-17b.
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FIGURE A.21: The opacity contributions for each of the parameters in the
highest evidence model for WASP-17b.
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A.9 WASP-19b
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FIGURE A.22: The posterior distributions of the retrieved parameters for the
highest evidence model for WASP-19b.
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A.10 WASP-31b
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FIGURE A.24: The posterior distributions of the retrieved parameters for the
highest evidence model for WASP-31b.
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A.11 WASP-52b

FIGURE A.26: Model comparison WASP-52b, see caption of Figure A.1.
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highest evidence model for WASP-52b.
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A.12 WASP-43b
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FIGURE A.29: The posterior distributions of the retrieved parameters for the
highest evidence model for WASP-43b.

A.13 WASP-101b
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FIGURE A.30: The posterior distributions of the retrieved parameters for the
highest evidence model for WASP-101b.
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FIGURE A.31: The opacity contributions for each of the parameters in the
highest evidence model for WASP-101b.

A.14 WASP-107b

FIGURE A.32: Model comparison WASP-107b, see caption of Figure A.1.
Note that the retrievals including Na and K are absent, since this planet lacks

optical coverage.
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FIGURE A.34: The opacity contributions for each of the parameters in the
highest evidence model for WASP-107b.
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highest evidence model for WASP-121b.
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FIGURE A.36: The opacity contributions for each of the parameters in the
highest evidence model for WASP-121b.

A.16 XO-1b

log(H2O) = −0. 82+0. 18
−0. 21

10
00

15
00

20
00

25
00

30
00

T

T = 2120. 20+432. 80
−391. 34

1.
16

1.
18

1.
20

1.
22

R
p

Rp = 1. 19+0. 01
−0. 01

2.
5

0.
0

2.
5

5.
0

lo
g(
P

cl
ou

d
s)

log(Pclouds) = 3. 25+1. 81
−1. 79

1.
6

1.
2

0.
8

0.
4

0.
0

log(H2O)

0

3

6

9

µ
 (

d
e
ri

v
e
d
)

10
00

15
00

20
00

25
00

30
00

T

1.
16

1.
18

1.
20

1.
22

Rp

2.
5

0.
0

2.
5

5.
0

log(Pclouds)

0 3 6 9

µ (derived)

µ (derived) = 5. 01+1. 36
−1. 06

FIGURE A.37: Posterior of the retrieval for XO-1b.
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FIGURE A.38: The opacity contributions for each of the parameters in the
highest evidence model for XO-1b.
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Appendix B

Theory

B.1 Equilibrium temperatures

A first-order approximation of planetary temperatures can be made through the concept
of equilibrium temperature. This is the surface blackbody temperature that is derived by
balancing the incoming stellar flux by the atmospheric absorption and outgoing thermal re-
radiation. Using the Stefan-Boltzmann law for re-radiation and ignoring other heat sources
(greenhouse effect, internal heating, etc.) it can be written as:

Teq =
L∗(1− A)

16πa2 f σ
(B.1)

Where f is the heat redistribution factor describing the effectiveness of atmospheric circula-
tion and heat transfer. It is generally assumed that f = 1 for isotropic planetary emission
and f = 0.5 if only the planet day-side re-radiates the energy, which would be the case
for a tidally-locked planet without heat redistribution. A is the Bond albedo, which gives
the fraction of energy re-emitted relative to the amount received integrated over all wave-
lengths. The lower bound for the planetary temperatures has been calculated assuming
isotropic planetary emission and a Bond albedo of 0.9, which is high compared to the Solar
System (highest value is 0.77 for Venus). The upper bound is calculated using Mercury’s
Bond albedo of 0.12 and planetary emission only from the day-side hemisphere. The prior
isothermal atmospheric temperature has been calculated assuming isotropic planetary emis-
sion and Jupiter’s Bond albedo of 0.34. The resulting values are shown in Table 2.4.
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