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Abstract
In the past decade, more than 4000 exoplanets have been discovered using a host
of detection techniques. However, as of today, only a fraction of these planets have
been studied in great detail. For about 60 planets, we start to have preliminary
information about their atmospheric properties. Despite these successes, the spectroscopic analysis of exoatmospheres is still in its infancy and with the arrival of
better performing instrumentation from space and the ground, it is now necessary
to upgrade our modelling tools to maximise the science return of said future facilities. Currently, spectral retrieval models represent the most successful tools to
extract the chemical, thermal and dynamical properties of extrasolar atmospheres.
In this thesis, a full re-design of the well-established retrieval code TauREx is presented along with new feature extraction models, such as a state-of-the-art phase
curve retrieval method. New tools, such as the Alfnoor algorithm, were also developed and used to enable the simultaneous study of a large population of objects, as
opposed to individual planets. These new methods were used, in concert with other
dedicated tools, to analyse and interpret current data of exoplanetary atmospheres
recorded with the Hubble and Spitzer Space Telescopes. While providing new insights into exoplanets’ atmospheric properties, these analyses also demonstrate the
limitations of current instruments. Next generation space telescopes, such as Ariel
and JWST, will be revolutionary in providing thousands of high-quality exoplanetary spectra. The dramatic improvement of the data provided by these facilities will
undoubtedly cause big challenges in the interpretation. This thesis addresses some
of the expected challenges and paves the way to the design of future techniques,
valid for the study of large atmospheric samples.
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6.6

Spectra of K2-18 b and LHS-1140 b observed by HST WFC3 and
fits of different atmospheric scenarios . . . . . . . . . . . . . . . . 259

6.7

Posterior distributions for the water only atmospheric retrieval of
LHS 1140 b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

6.8

Graphical representation of the spot covering fractions considered
in the work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

6.9

Best fit from various stellar contamination models to the HST data
and the ground based data of LHS-1140 b . . . . . . . . . . . . . . 264

6.10 Artist impression of the exoplanet K2-18 b by Lélé. . . . . . . . . . 265
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Chapter 1

Introductory material

Contribution to this chapter: “This first chapter sets the scene and provides contextual material about the exoplanet field in general. Some of this introductory content and/or adaptations of previous derivations is published as supporting materials
in my papers. For example, the orbital dynamics section is published in Changeat
and Al-Refaie (2020), the discussion around exoplanet populations and transitional
planets can be found in Changeat et al. (2020d) and comments regarding the feasibility to constrain formation scenarios with atmospheric data were discussed in
Turrini et al. (2020). The Sections 1.4 and 1.5 linking exoplanetary populations,
classifications and formation are inspired from discussions with the whole Ariel
team. The arrangement, interpretation and reformulation of this material can be
considered my own work.”
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Context and thesis outline

The field of exoplanetary science is still in its infancy. While exoplanets were expected to exist since many years, the domain really kicked off 25 years ago, when
the observing techniques allowed for the first detection of these worlds (Latham
et al., 1989; Wolszczan and Frail, 1992; Mayor and Queloz, 1995). The observation from Mayor and Queloz (1995), which was recently awarded with a Nobel
Prize, highlighted the small wobbling of the star 51 Peg caused by the presence
of a Jupiter-size planet at 0.05 AU around a sun-like star. Since then, the number of discovered exoplanets increased to more than 4300, with the discovery of
new planets on a weekly basis now becoming routine. This revolution was initiated
with the launch of the Kepler Space Telescope (Borucki et al., 2010, 2011a,b), a
survey mission dedicated to the detection of transiting exoplanets. This rapid development came with many surprises. The planets around other stars do not appear
to resemble the planets in our own solar system. Despite strong observational biases for large, heavy exoplanets, the observed population of exoplanets is mainly
dominated by super-Earth / sub-Neptune type planets, with radii between 1 and 4
R (Howard et al., 2010; Foreman-Mackey et al., 2014; Mayor et al., 2011; Gaudi
et al., 2020). Similarly, many hot-Jupiters, i.e planets of similar sizes to Jupiter
but orbiting their host star very close-in (closer than Mercury), were observed despite not being anticipated by planetary formation models. Those two unexpected
classes of planets are not found in our solar system, but are by far the most studied
types of extrasolar planets. Smaller, temperate rocky worlds, which are traditionally
the most appealing targets due to their similarities with Earth, remain as of today,
inaccessible for in-depth characterisation. In the last few years, the field moved
from the gathering of simple bulk parameters (orbital parameters, planetary radius
and masses) to the more complex recovery of atmospheric properties. This new
interest became possible, mainly, thanks to the Hubble Space Telescope (HST) for
which new observing techniques, adapted to the rigorous observation requirements
of exoplanet transits, were introduced (McCullough and MacKenty, 2012; Deming
et al., 2013; Swain et al., 2008; Tsiaras et al., 2016). Now, the composition, thermal
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structure, cloud properties and dynamical processes can be constrained for about
60 planets (Tsiaras et al., 2018; Sing et al., 2016; Pinhas et al., 2019). The interpretation of those properties relies in the statistical extraction of the information
content from their wavelength dependent spectra. Many works pioneered the detection of molecular species, alkali metals and other ionic species in exoplanetary
atmosphere (Vidal-Madjar et al., 2004; Tinetti et al., 2007b; Barman, 2007; Redfield et al., 2008; Swain et al., 2009; Fossati et al., 2010; Linsky et al., 2010), but
as of today, extraction techniques continue to evolve at a rapid pace. In the next
few years, the commissioning of the next generation space telescopes such as the
James Webb Space Telescope (JWST Greene et al., 2016), Twinkle (Edwards et al.,
2018) and Ariel (Tinetti et al., 2018) will deliver, for the first time, large samples of
high quality datasets for the study of exoplanetary atmospheres. The interpretation
and analysis of those new datasets will allow to answer many of the currently unresolved questions:
- What are exoplanets made of?
- What are the physical, chemical and thermal processes at work?
- Are there trends in their atmospheric properties?
- How do exoplanetary properties link to their formation and evolution?
However, the extraction of information from current and next generation datasets
is associated with many challenges. This thesis explores some of these challenges
through concrete examples of current exoplanet datasets and simulations of next
generation observations.
In this first chapter, the field of exoplanet science is introduced. The chapter
starts by describing the evolution of exoplanet orbital trajectories, which naturally
leads to the main exoplanet detection methods. The detection techniques are important not only for discovering new planets, but also as some of them can be used
to characterise their atmospheres. A brief description of the current knowledge and
future motivations in the exoplanet field is also presented.
Chapter 2 introduces the main physical and chemical processes that are relevant to the study of exoplanetary atmospheres. These processes are essential in
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interpreting observations by current and next generation instruments. Due to their
complexity, many disciplines are involved (radiative transfer, chemistry, fluid mechanics...), requiring a dedicated description.
Chapter 3 dives into a detailed description of the techniques used to study
exoplanet atmospheres. The chapter explores, in particular, the transit, eclipse and
phase curves techniques, which are currently the most utilised, and describes their
implementation into atmospheric models. For completeness, the complementary
direct imaging and cross-correlation techniques are also discussed.
Chapter 4 introduces the retrieval framework as one of the most successful
tool for the analysis of low resolution spectroscopic datasets from exoplanet atmospheres. Here, building on the equations developed in the previous section, the
TauREx 3 retrieval framework is presented.
Applications of this retrieval tool to current observations from the Hubble
Space Telescope (HST), the Spitzer Space Telescope and TESS are presented in
Chapter 5. This chapter is organised to highlight some of the main challenges encountered when analysing such datasets and explores new ways of interpreting or
solving those issues.
Chapter 6 focuses on the next generation space telescopes Ariel and JWST,
taking the particular example of small transitional planets. The capabilities of those
instruments in probing the nature of these worlds is investigated.
Chapter 7 looks into the implications arising from the higher quality of these
datasets, presenting a new tool to analyse the atmosphere of large exoplanet populations. The chapter also covers the need for accurate ephemerides and observational
planning to ensure efficient use of next generation telescopes.
Finally, Chapter 8 illustrates why and how current retrieval techniques must
evolve when new telescopes will be online. Chapter 8 shows that assumptions done
when analysing current datasets might have to be re-evaluated using specific examples of new degeneracies that are currently unseen in datasets but will lead to
important biases when interpreting next generation datasets.

1.2. Orbital dynamics
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Orbital dynamics

The evolution of planetary systems is a vast and complex subject. While, this thesis
focuses on the exploration of atmospheric techniques, the detection and study of
exoplanet atmospheres rely on the good understanding of planet trajectories. As
such, an overview of the mathematical equations for predicting exoplanets orbital
evolutions is first presented.
The trajectories of planets and other bodies evolve due to gravitational interactions and collisions with the other objects in the system (host star, companion stars,
other planets, disks, surrounding gas...), thus creating an infinitely complex problem. The orbital evolution of such systems is either solved numerically or solved by
considering a simplified version of the problem (2-body problem, restricted 3-body,
perturbation methods and others). In the context of exoplanetary systems, it is often
sufficient to consider the problem as the simplified interaction of two bodies, the
planet and the host star, which allows a full analytical solution. Classical derivations
of two-body interactions following Poincare and Goroff (1992); Colwell (1993);
Sertorio and Tinetti (2001); Dvorak (2008); Seager (2010); Lissauer and De Pater
(2013); Perryman (2018) are here adapted.

The Equation Of Motion (EOM) for a central gravitational force is given by
Newton (2008):
r̈r +

GMs r
= 0,
r3

(1.1)

where r̈r is the second time derivative of the radial distance r , G is the gravitation
constant and Ms is the stellar mass. The vectors r and r̈r can be expressed in polar
coordinates (r, a) with the orthonormal basis (er ,ea ) as:

r = r er ,
ṙr = ṙer + rȧ ea ,
r̈r = (r̈

rȧ 2 ) er +

(1.2)
1d 2
r ȧ ea .
r dt
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The projection of the EOM on ea leads to the angular momentum constant L :
L = r2 ȧ = constant

(1.3)

For the projection on the er axis, a change of variable u = 1/r can be applied. It
therefore gives:
u̇ = u2 ṙ,
ü = 2u̇uṙ
Using L and noting that

d
dt

(1.4)

u2 r̈.

d
= ȧ da
the EOM on er transforms into:

u00

u=

GMs
.
L2

(1.5)

Where the derivatives are with respect to a. This classical second order differential
equation is known as the Binet’s equation with general solution:
u=

GMs
(1 + A cos(a
L2

B)),

(1.6)

where A and B are constants depending on the initial conditions. Using the classical
definitions of the semi-major axis a, the eccentricity e and the longitude of the
pericentre w0 , the final solution for r is:
r( f ) =
where f = a

a (1 e2 )
,
1 + e cos( f )

(1.7)

w0 , is defined as the true anomaly. These solutions have the forms of

ellipsis, hyperbola or parabola depending on e. For applications to exoplanets, the
problem is restricted to gravitationally bounded orbits so the solution is an ellipsis,
with e < 1. This is shown in Figure 1.1, where the eccentricity is 0.8 .

A transformation of this solution is required to express r(t) and a(t). This can
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Figure 1.1: Illustration of the 2 dimensional trajectory for a planet in an eccentric orbit (e =
0.8). The planet (brown P node) is orbiting the star (yellow S node) following
the solid black ellipsis from a position t0 (y = 0) to a position t. In dashed black
the circle of radius corresponding to the semi-major of the ellipsis a is shown.
From there, one can construct the angle z as the angle between the x axis and
the line from the origin to the planet projection directed by ey onto the circle.
The blue and red areas are the areas of interest for our problem.

be done by defining the mean anomaly h as the angular distance to the pericentre:
h=

2p
(t
P

t0 ) ,

(1.8)

where P is the orbital period. h does not have a physically evident interpretation
but it is related to an angle called the eccentric anomaly z (see Figure 1.1).
The law of equal areas, which is a consequence of the conservation of angular
momentum, gives:
h = 2p

A(t)
,
Atotal

(1.9)
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where A designs the surface of the ellipsis that is cut during a specific time t. Atotal
is the entire surface of the ellipsis and is equal to pab.
In Figure 1.1, A(t) corresponds to the red area. It is related to the blue area
A0 (t) by the relation A(t) = b/a A0 (t). From Figure 1.1, one can express A0 (t) as:
1
A0 (t) = a2 z
2

1 2
a e sin(z ).
2

(1.10)

Finally, the following standard relation is recovered:
2p
(t
P

t0 ) = z

e sin(z ).

(1.11)

Now the eccentric anomaly z can be related to r and a by noting that:
x = a cos(z ),
x = r cos( f ) + a e.

(1.12)

This leads to:
r = a(1

e cos(z )),

cos(z ) e
cos( f ) =
.
1 e cos(z )

(1.13)

There is now a direct link between the time t and the angular position of the planet
a, provided one can solve Equation 1.11 for z . This equation cannot be solved
directly but multiple ways of solving this equation exist (Smith, 1979; Danby and
Burkardt, 1983; Taff and Brennan, 1989; Colwell, 1993; Murray and Dermott, 2000;
Boyd, 2013). A simple method consists in the following iterative scheme:
z0 = h,
zi+1 = h + e cos(zi ).

(1.14)

The quantities r and f can be transformed to classical Cartesian coordinates using the standard rotation matrices, transforming the local ellipsis coordinate system
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Figure 1.2: 3-dimensional representation of a planet along its orbit. The planet trajectory
(in bold) forms an ellipsis with inclination angle i from the celestial sphere
while N1 and N2 represents the two nodes. The Z axis is along the observer
line of sight.

(x,y) into any generic Cartesian coordinate system (X,Y ,Z):
0 1
0 1
X
x
B C
B C
B C
B C
BY C = R i R w R W ByC
@ A
@ A
Z
z

(1.15)

where the R matrices describe the rotations for the argument of the pericentre w =
W + w0 , the inclination i and the longitude of the ascending node W .
0

1

B
B
R i = B0
@
0
0
cos(w
B
B
R w = B sin(w
@
0

0

0

cos(i)
sin(i)
W)
W)

1

C
C
sin(i)C
A
cos(i)

1
sin(w W ) 0
C
C
cos(w W ) 0C
A
0
1

(1.16)

(1.17)
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0
1
cos(W )
sin(W ) 0
B
C
B
C
RW = B sin(W ) cos(W ) 0C
@
A
0
0
1

(1.18)

This definition allows to express the planet trajectory. In the field of exoplanets, it
is common to place the observer on the Z axis and fix W = p. The X and Y axes
then remain on the plane that is perpendicular to the line of sight with the X axis
oriented along the orbit nodes. A sketch of this geometry is presented in Figure 1.2.
Finally, the coordinates T for planet trajectory along its orbit, which is illustrated for three cases in Figure 1.3, can be expressed in this 3D coordinate system:
0 1 0
T
cos(w)
B XC B
B C B
T = BTY C = B sin(w)cos(i)
@ A @
TZ
sin(w)sin(i)

1.3

10

1
sin(w)
0
rcos( f )
CB
C
CB
C
cos(w)cos(i) sin(i) C B rsin( f ) C (1.19)
A@
A
cos(w)sin(i) cos(i)
0

Exoplanet detection methods

Exoplanets are detected and studied by multiple methods. The most common are
Radial Velocity (RV), Transit, Eclipse, Direct Imaging, Micro-gravitational lensing,
Transit Timing/Duration Variations (TTV and TDV) and Astrometry. As exoplanets
are very small objects, one or two orders of magnitude smaller than their host stars,
their detection is very challenging and often involves very small signals. The first
exoplanet was detected using the RV technique and there are now about 800 planets
detected with this method (see Figure 1.4). The Transit method has proven to be the
most successful with about 3000 detected planets so far. Finally, 26 planets have
been directly observed 1 . The other methods are expected to play a major role in
the future but they are only representing a fraction of the detected planets to date.
Figure 1.4 shows the cumulative exoplanet detections with time, broken down by
detection technique.
1 extracted

from the NASA exoplanet archive website on 10.11.2020.
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Figure 1.3: Examples of planet trajectories for 3 cases. The planet positions at 60 different
times t in elliptic orbits are shown (a = 0.2 AU and e = 0.2) for: i=90 and W =0
(red); i=45 and W =0 (blue); i=45 and W =30 (green). The 3-dimensional
trajectory (left) and the projections to the (X,Y ), (X,Z) and (Y ,Z) planes (right,
respectively from top to bottom) are also shown.

1.3.1

Radial velocity

The radial velocity technique was historically used for the detection of 55-Peg b
(Mayor and Queloz, 1995), the first known exoplanet to orbit a sun like star. As
the planet orbits its host star, it exerts a small gravitational attraction, which makes
the star wobble around the centre of mass. The small velocity changes of the star
along the line of sight (of the order of m/s) can be measured as periodical Doppler
shifts in the star absorption lines. This method is most sensitive to planets for which
the orbital plane is crossing the line of sight, but it can be used to detect exoplanets
which are not completely aligned. The calculation of the signal amplitude greatly
depends on the planetary mass, the stellar mass and the orbital characteristics and
follows directly from the derivations in the previous section. While the motion of
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Figure 1.4: Cumulative exoplanet detections with time and detection methods. The original
image was generated from the NASA exoplanet archive website.

the star was mentioned in the orbital dynamics section, this can be re-introduced
by noting that the previous equations are valid for the system centre of mass. The
position vector for the individual bodies are then obtained by weighting the position
vector with the mass fraction of the attracting body. For the star, one has:
rs =

Mp
r,
Ms + M p

(1.20)

where rs is the radial star distance, M p is the planet mass and Ms is the stellar mass.
Now the velocity vector r˙s in the orbital plane is given by:
0

r˙s = @

r˙s cos f

rs f˙ sin f

r˙s sin f + rs f˙ cos f

1

A.

(1.21)

Differentiation of the previous Equation (1.7) gives:
(Ms + M p )e rs2 f˙ sin f
r˙s =
,
M p a(1 e2 )

(1.22)
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and the velocity vector becomes:

r˙s =

0

sin f

1

Ls
@
A,
Ms as (1 e2 ) cos f + e

(1.23)

where Ls = Ms rs2 f˙ is the angular momentum for the star and as =

Mp
Ms +M p a

is the

star’s semi-major axis. Ls can be expressed as a function of the ellipse parameters
a and e as follow:
s

Mp
Ls =
L =
Ms + M p

GMs2 M p2 a(1 e2 )
,
(Ms + M p )3

(1.24)

which leads to:
s

r˙s =

GM p2
(Ms + M p ) a(1

e2 )

0

sin f

1

@
A.
cos f + e

(1.25)

Finally, the velocity projected along the line of sight vs,z is given by (see previous Section):
s

vs,z =

G
(Ms + M p )a(1

e2 )

(cos(w + f ) + e cos(w)) M p sin(i),

(1.26)

In practice, measurements constrain the velocity semi-amplitude K given by:
K=

vmax
s,z

vmin
s,z
2

s

=

G
(1

e2 ) a (Ms + M p )

s

M p sin(i) ⇡

(1

G
M p sin(i).
e2 ) a Ms
(1.27)

Equation 1.27 indicates that the method is most sensitive to large, highly eccentric planets in close orbits. It also confirms that planets orbiting along the line of
sight (transiting) are the easiest targets, while planets orbiting in the celestial sphere
cannot be detected.
From Doppler information, it is possible to deduce the minimum mass of the
planet M p sin(i). The term sin(i) prevents to know exactly the mass of the planet but
provides a clear upper limit. When combined with other complementary observa-
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tion techniques, such as transit, the degeneracy with the inclination can be reduced
and the mass accurately determined.

The velocity of the star can be captured by observing the Doppler shifts (l
l0 ) in the absorptions and emission lines of the star. The relation is given by the
Einstein Doppler formula:
1 + k . vc
l = l0q
,
2
1 vc2

(1.28)

where k is the line of sight unit vector, l is the doppler shifted wavelength, l0 is
the rest wavelength and c is the speed of light.

1.3.2 Transit and Eclipse techniques
The transit method is currently the most commonly used technique to detect exoplanets. In the last 10 years, survey missions dedicated to the detection of exoplanets, such as Kepler, CoRoT and TESS, have exploited the potential of this
technique and detected about 3000 exoplanets, many more are predicted in the near
future. Similarly to RV, the technique relies on monitoring the host star’s variations.
When a transit event occurs, the planet passes in front of the star, blocking a fraction of the received light. These events can be observed, thus revealing the presence
of the planet and some of its properties. Transit events are periodic and can easily
be distinguished from astrophysical sources of noise (stellar variations, instrument
systematics, observing conditions) when long term monitoring is employed. For
some planets, the ‘eclipse’, can also be observed when the planet passes behind the
star. This is because planets also contribute to a small portion of the unresolved
total light (combining star+planet) just before eclipse. The planet signal can come
from either reflection of the stellar light in the visible wavelengths or planet thermal
emission in the infrared. Both transits and eclipses (illustrated in Figure 1.5) cause
measurable effects to the total observed flux and can reveal complex information
regarding the planet atmospheric properties. One of the main disadvantage of this

1.3. Exoplanet detection methods

51

method is the required alignment: the technique only works if the observer (Earth)
is aligned with the planet orbital plane. Therefore, only a small fraction of exoplanets can be studied using this method. In Figure 1.3 for example, only the red orbit
displays a transiting planet (i = 90 ).

eclipse
Star

Observer

transit

Figure 1.5: Illustration of an exoplanet transit and eclipse.

1.3.2.1

Transit and eclipse depths

To infer the planet properties, it is convenient to define the transit depth D as the
normalised differences between the in and out of eclipse situations:

D=

F(out) F(in)
,
F(out)

(1.29)

where F(out) is the baseline out-of-transit flux and F(in) is the in-transit flux. Figure 1.6 shows the corresponding situation for each of these quantities.
The flux coming from the planet can be from two main sources, the reflection
of the stellar light (due to the planet albedo) and the thermal emission from the
planet itself. For exoplanet atmospheric characterisation, most molecular features
are in the near to-mid infrared, where the albedo can be considered negligible.
One have:
F(out) = pB p R2p + pBs R2s
F(in) = pBs R2s + dT E p(B p R2p

Bs R2p ),

(1.30)

where dT E = 1 in transit and dT E = 0 in eclipse. B(l , T ) is the Planck’s function
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Fe (out)
Fe (in)

Ft (out)
Ft (in)
Figure 1.6: Diagram showing the exoplanet in the transit (Ft ) and in eclipse (Fe ), ’in’ and
’out’ of the line of sight. An atmosphere is also shown with the dark shaded
region (see Section 3).

defined by:
B(l , T ) =

2hc2
1
hc
5
l e l kB T

1

(1.31)

,

which depends on the wavelength l and the temperature T . kB is the Boltzmann
constant, h is the Planck constant, and c is the speed of light.
Now, noting that the flux received from the star is much greater than the flux
received from the planet ((B p R2p )/(Bs R2s ) ! 0) the equation 1.29 can be expanded:

B p R2p + dT E R2p (Bs
D=
Bs R2s

B p)

0

N

@ Â ( 1)i
i=0

B p R2p
Bs R2s

!i

1

+ O(N + 1)A

(1.32)

To first order, this gives the classical transit depth DT for d = 1 and the eclipse
depth DE for d = 0:
R2p
R2s
B p R2p
DE =
Bs R2s
DT =

(1.33)

The transit depth directly relates the decrease in the observed flux to the planetary radius. The eclipse, on the other hand is more sensitive to the planetary temperature (encoded in B p ). The transit depth is of the order of 1 percent for a Jupiter-size
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Figure 1.7: Diagram illustrating the first KELT-11 b transit event observed by TESS
(Changeat et al., 2020c). L is the full length of the transit, L0 is the length when
the planet is fully inside the star projected disk and b is the impact parameter
(b = a cos(i) / Rs ). The t variables corresponds to the times of different relevant
events. The light curve also appear smoother due to the star limb-darkening effect.

planet around a sun-like star. The eclipse depth is about 0.1 percent for a hot-Jupiter
in the infrared. The two techniques favours large close-in planets, which explains
the current observational biases towards large, hot planets.

1.3.2.2

Transit shape and limb darkening effects

While Equation 1.33 provides a simple formulation of the transit depth, determining
the full shape of a transit event requires a more complex analysis (see Figure 1.7).
The decrease of the observed light at ingress and egress (beginning and end of
transit) is characterised by a slope due to the planet not being fully inside the stellar
disk. The slope depends mainly on the planetary size, the stellar size, the semimajor axis and the orbital inclination i.
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Using the Pythagorean relation, the length of the transit L is given by:
q
L = 2 (Rs + Rp)2

bR2s ,

(1.34)

where b = a cos(i) / Rs is the impact parameter.
For a circular orbit, the angle aL spans the length of the transit:
sin(

aL
L
)= .
2
a

(1.35)

The total transit duration T14 , between t1 and t4 , is then related to this angle by:
aL P
T14 = P
= sin
2p
p

1

p
(Rs + Rp)2
a

bR2s

!

.

(1.36)

The same method can be applied to obtain the time T23 between t2 and t3 :
T23 = P

aL P
= sin
2p
p

1

p
(Rs

Rp)2
a

bR2s

!

.

(1.37)

The observational constraints on the times t1 , t2 , t3 and t4 can be used to estimate the impact parameter b and the semi-major axis a. Assuming a >> Rs and
T14 /P << 1:

b=

s

(1

R p /Rs )2 (T23 /T14 )2 (1 + R p /Rs )2
,
1 (T23 /T14 )2
2PRs
a=
p

s

Rp
2
Rs (T14

2)
T23

(1.38)

(1.39)

In an eccentric case, the same calculation holds, except that the relation between the times and lengths have to be solved using numerical methods (see Section
1.2).
In addition to the ingress and egress slopes, the transit shape is dependent on
the stellar limb-darkening. The central part of the stellar disk appears brighter than
the outer part, leaving an uneven transit signal (see Figure 1.7). This effect is due to
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the combination of a lower effective optical depth — lower star density and shorter
line of sight path — and cooler temperatures with increasing distances from the
centre of stars. In the literature, the limb-darkening effect is often accounted for
using the Claret (2000) law, which maps the star specific intensity I(µ) at a given
viewing angle q to the intensity at the centre of the star I(1).
I(µ)
=1
I(1)

4

Â ak (1

µ k/2 ),

(1.40)

k=1

where the viewing angle is µ = cosq and ak are the limb-darkening coefficients. The
limb-darkening coefficients are calculated using stellar models such as ATLAS or
PHOENIX (Kurucz, 1970; Husser et al., 2013; Espinoza and Jordán, 2015; Morello
et al., 2020). A list2 of pre-computed limb-darkening coefficients was recently published in Claret (2019).

1.3.2.3

Reflected light

The previous eclipse equation only considered the thermal emission from the planet,
which is valid for near to mid infrared observations. If the planet eclipse is observed
in the visible region, an additional term DR for the reflected light must be considered:
A p F(t)R2p
DR =
,
4a2

(1.41)

where A p is the planet albedo (the fraction of reflected stellar flux) and F(t) is a
time dependent orbital phase factor.
The orbital phase factor characterises the illuminated fraction of the planet that
is seen by the observer. It is therefore not limited to the eclipse and, in fact, thermal
and reflected light from the planet can be observed along the entire orbit. These
observations are called phase-curves.

1.3.2.4

Phase-curves

When observed along an entire orbit, planets leave a characteristic signal, which
encompasses the emission/reflection of the planet along different phases as well as
the transit and eclipse signals. For example, the HAT-P-7 b phase-curve obtained by
2 https://zenodo.org/record/2542748
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the Kepler Space Telescope is presented in Figure 1.8. In the top panel, one can see
the large difference of observed depths between the transit and the eclipse events.
However, when zooming in (middle panel), the high signal-to-noise obtained in
these Kepler observations allows to clearly distinguish the eclipse and the emission
from the planet along the entire orbital phase.

Figure 1.8: Phase curve observation of HAT-P-7 b by the Kepler space telescope (fold of
10 days of data). Top: Full view; Middle: Expanded view; Bottom: Residuals
from the light curve fit. Obtained from Borucki et al. (2009).

1.3.3 Direct Imaging
Radial velocity and transit/eclipse techniques are indirect methods in the sense that
they both rely on observing a signal induced by the planet onto its host star. Direct
imaging consists in resolving the planet in an image of the system.
A famous example of a directly imaged system is HR-8799, which harbours
4 known exoplanets (see Figure 1.9). The system has been observed at different
epochs, highlighting the dynamics and the evolution of the planets with time.
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Figure 1.9: Direct image with the Keck II telescope of the HR-8799 system. It is composed
of 4 giant planets. Figure taken from Marois et al. (2010).

The direct imaging method requires particular conditions to fully separate the
planet light from its host star. As the emitted light from the star is much greater than
the one from the planet, this is extremely challenging and has only been successful
for a few tens of planets so far. The contrast C between an exoplanet and its star is
defined by:
C=

Fp
.
Fs

Typical exoplanet contrasts in the near infrared are between 10

(1.42)
5

for young Jupiter

size planets of about 1500K around a sun-like star, and about 10

9

for smaller

worlds the size and temperature of the Earth. Modern instruments use coronographs
to block the light from the star, which increases the contrast and allows to achieve
higher performances. In the resulting image, the stellar light is greatly reduced, but
the detection remains difficult as the image still presents systematic residual flux by
the diffracted stellar light inside the instrument optics called speckles. The speckle
pattern is instrument specific and quasi-static (see Figure 1.10).

Often, the instrument systematic speckles are mitigated by image subtraction
techniques (Chauvin, 2018) such as angular differential imaging (ADI) and spectral
differential imaging (SDI). ADI consists in taking images at different roll angles,
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Figure 1.10: Images of CQ-Tau (Left), DQ-Tau (Middle) and HD10578 (Right) as observed with HST filter F110W (Figure from Yip et al. (2020c)). The speckles
are visible around the star in all 3 images. The planets are highlighted by the
white circles.

which leaves the speckle pattern unchanged but produces a rotation of the planet
signal (Marois et al., 2006; Lafrenière et al., 2007; Biller et al., 2013). SDI relies
on the wavelength dependence of the speckle pattern, which grows radially outward
with longer wavelengths, while the planet remain static in the field (Smith, 1987;
Biller et al., 2007; Rameau et al., 2015). ADI and SDI are not always possible
but recent Artificial Intelligence techniques have proven their potential in detecting
exoplanet signals from single snapshots and photometric observations (Yip et al.,
2020c).
In direct imaging, large telescope apertures are required since the diffraction
limit qdi f f for a telescope of diameter D is given by:
l
qdi f f = 1.22 ,
D

(1.43)

.
Often, these observations are carried by large ground base observatories with
correction from adaptive optics (for speckles and atmospheric perturbation processing). Comparison with the physical separation of the planetary system gives the
following constraint on the telescope size for a given planet:
D > 1.22

ld
a

(1.44)
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where d the distance of the system in pc and a is expressed in AU.
Despite being very challenging, this technique provided high quality spectra
for the study of brown-dwarfs and will, in the future, be heavily used by JWST for
the study of the atmosphere of gas giant planets (Danielski et al., 2018).

1.3.4

Other techniques

The detection of exoplanets has also been done using other techniques such as
micro-gravitational lensing, timing variations and astrometry. These techniques
only contributed a fraction of the discovered exoplanets so far. However, they remain of great interest since each detection techniques is sensitive to a particular
range/type of planets and they should play an important role in the future. Transit
and RV techniques are most sensitive to large/heavy planets in close-in orbits, while
direct imaging is more adapted for large, young planets at large distances from their
host star. The different techniques also give access to complementary information,
e.g the transit technique provides accurate radius and atmospheric chemistry information, eclipse and direct imaging are more sensitive to the atmospheric thermal
structure and RV is best for mass characterisation. Thus, having a wide range of
techniques ensures a large coverage of the parameter space and an access to complementary information.
- Micro-gravitational lensing: it relies on the relativistic magnification (lens
effect) of a distant source star when a star-planet system aligns between the source
and the observer (Christie, 2006; Beaulieu et al., 2006; Gaudi et al., 2008). When a
planet is present, the planet signal, which lasts between a few hours and a day, has
a characteristic additional magnification (see Figure 1.11).

The technique is not biased towards large objects, thus making possible the
detection of small planets at large distances. In Figure 1.11, the observed microlensing event is attributed to a 5.5 ML planet with an equilibrium temperature
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Figure 1.11: Light curve of the microlensing event of OGLE-2005-BLG-390Lb, showing
the presence of a planetary signal lasting for about a day. Image extracted
from Beaulieu et al. (2006).

of about 50K, located at around 6.5 kpc in the direction of the Galactic Bulge.
This example demonstrates the sensitivity of this technique in probing a different
population of planets compared with transit and RV methods. Two disadvantages,
however, are the relatively rare occurrence of these events and the repeatability. A
micro-gravitational lensing event can only be observed once.
- Timing/Duration Variations: The transit variation techniques (Agol and
Fabrycky, 2018; Nesvorný, 2019) measures the variations in the transit time and
duration of an already known planet due to the perturbations of a second planet.
The technique provides a very sensitive method that can detect small planets. It can
also be used to infer the presence of moons (Teachey and Kipping, 2018; Fox and
Wiegert, 2020; Kipping and Teachey, 2020)
- Astrometry: this technique is close to RV in the sense that both attempt
to detect the gravitational perturbation of a planetary companion on the host star.
Astrometry, however, consists in measuring the periodic tangential displacement
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of the star due to the planet perturbations. Since the displacement is of the order
of micro to milli-arcsecond, the sensitivity of current instrumentation only led to
a few false positive or unconfirmed detection (Pravdo and Shaklan, 2009; Bean
et al., 2010; McArthur et al., 2010; Sahlmann et al., 2013). However, in the next
few years, the Gaia Space telescope is expected to yield a large catalogue of stellar
positions that could lead to the discovery of many exoplanets (Perryman et al.,
2014). Gaia data has already been used to confirm the potential of this technique
on the known Jovian planet b -Pic b (Snellen and Brown, 2018). This technique is
favouring large planets, but it provides constraints on all the orbital parameters.

1.4

The observed population of exoplanets

The combination of observing techniques led to the discovery of more than 4300
exoplanets around all type of stars (main sequence, binary, pulsar, etc). With the
revolution started by the results of the dedicated telescope Kepler (Borucki et al.,
2010; Howell et al., 2014; Barentsen et al., 2018) and the first statistical surveys
(Cassan et al., 2012; Batalha, 2014), the scientific consensus is now that extrasolar
planets are ubiquitous, and that on average every star should host a planet. The
capabilities of Kepler and of the current facilities, however, only allow us to characterise the size, the mass and the orbital elements of these planets (see the detection
method section), thus providing a rather limiting picture of these worlds. Despite
these limiations, knowledge of these bulk and orbital parameters have opened up
a lot of questions. The first striking discovery is that the solar system, really does
not represent the variety of observed exoplanets. For instance, the first detected
planet-like object outside our solar system (Wolszczan and Frail, 1992) appeared
to be orbiting a pulsar. Now, a wide range of exoplanets have been observed (see
Figure 1.12), forming broad categories that are not always well separated. For the
purpose of this thesis, planets are classified in three broad categories:

- Rocky planets (R p < 1.5 R ): this category encompasses planets with a
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solid surface and any type atmosphere or no atmosphere. They are composed of a
significant fraction of elements such as Si, Mg, Fe, C, O. The ratios between those
elements are not necessarily solar and can span a wide range of values. More precise definitions are often used to characterise additional properties of these worlds,
but they are also less widely accepted (e.g there is no consensus about the exact
definition). Lava worlds are here defined as rocky planets with surface temperatures high enough to melt rock. Their tidally locked face would have a lava ocean
that would also feed the atmosphere of rocky elements such as silicates and metals.
55-Cancri e is a famous example of such a world (McArthur et al., 2004; Tsiaras
et al., 2016a). Solar system analogues are also commonly used, with famous examples being Earth-like planets or Venus-Like planets, where the differences here
lies in their atmospheric properties (N2 rich or CO2 rich). While their atmospheric
properties remain unconstrained, some of the planets in the TRAPPIST-1 system
(Gillon et al., 2017; de Wit et al., 2016, 2018) could potentially be analogues to
solar system planets.

- Transitional planets (R p ⇡ 1.5

2.5 R ): the knowledge of their radius and

their mass alone does not allow to determine the nature of these planets. They could
either have a rocky core with an hydrogen-rich envelope or contain a significant
amount of H2 O-dominated ices/fluids or sit anywhere in between (see also Figure
1.13). If known, the atmospheric composition could help distinguish between the
different scenarios. Since the nature of these planets is still unknown, authors have
used different terminologies to refer to these objects: super-Earths, sub-Neptunes,
water-worlds and ice-worlds. For the purpose of this thesis, super-Earths refer to
planets that are larger than the Earth, with a significant fraction of rocky materials
and a solid surface. Their atmospheres could be primordial or have evolved to more
secondary atmospheres. Sub-Neptune planets have a bulk composition mainly
made from primordial H2 and He. Water-worlds and ice-worlds have a significant
fraction of liquid and/or frozen water. These planets would likely have atmospheres
with a larger fraction of water vapour but could also have retained some hydrogen
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and helium. It is important to emphasise that current observations are not accurate
enough to distinguish between those planets. Similarly, it is not clear whether the
transition between those types of planets is sharp or if there is a more continuous
differentiation. Example of such transitional planets are GJ-1214 b (Charbonneau
et al., 2009; Kreidberg et al., 2014), K2-18 b (Cloutier et al., 2017; Tsiaras et al.,
2019) or LHS-1140 b (Dittmann et al., 2017; Edwards et al., 2020d).
- Gaseous planets (R p > 2.5 R ): This category represents the planets for
which H and He contribute significantly to their mass. They are currently the
prime targets for in depth characterisation due to their larger signals. Depending on
the planetary mass and radius, they are often compared to solar system analogues.
For example, a Jupiter-like planet would approximately have the size and mass of
Jupiter. With the discovery of hot-Jupiters, a category unseen in the solar system,
additional information regarding the planet’s temperature is often used. For example, in the literature, it is common to find references to warm-Neptunes, planets the
size and mass of Netpune but with temperatures between 400K and 1000K. In this
thesis, ‘warm’ refers to planet with equilibrium temperatures between 400K and
1000K, ‘hot’ refers to planets between 1000K and 2000K and ‘ultra-hot’ refers to
planets with temperatures higher than 2000K. Examples of such planets are KELT11 b (Pepper et al., 2017; Changeat et al., 2020c), WASP-43 b (Hellier et al., 2011;
Changeat et al., 2020b) or WASP-76 b (West et al., 2016; Edwards et al., 2020c).
Figure 1.12 shows the current population of exoplanets with information on
their orbital period and radius.

Statistical studies of the planetary masses and radii of exoplanets also revealed
interesting trends. While our solar system hosts 2 giant gaseous planets and 2 ice
giant planets, they in fact appear to be rather rare in exoplanetary systems. Despite
biases in observational techniques towards large, gaseous planets, current statistics show that small planets are the most abundant, especially around late-type stars
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Figure 1.12: Population of known exoplanets from exoplanet.eu as of March 2020. Left:
Current exoplanet population as function of radius and semi-major axis. The
blackbody temperature is calculated from the semi-major axis and assuming a
sun-like star. The regions corresponding to the different exoplanet categories
are also shown. Rocky worlds include Earth and super-Earth like planets.
Neptune-like also include sub-Neptunes. HJ means hot-Jupiter like planets.
UHJ means ultra-hot Jupiter like planets. Note that the boundaries of those
categories are not precisely defined. Right: Current exoplanet population as
function of radius and mass. The black lines show different interior compositions. In the two panels, reference solar system planets are shown with
astronomical symbols and reference exoplanets are shown with exoplanet cartoons. In particular, the issue regarding the nature of transitional planets is
highlighted by the overlapping regions for super-Earths, water/ice worlds and
sub-Neptunes and the degeneracies in the interpretation of interior composition. The figure is adapted from the Ariel Redbook (Tinetti et al., 2020).

(Howard et al., 2012; Fressin et al., 2013; Dressing and Charbonneau, 2013; Howard
and Fulton, 2016; Fulton et al., 2017; Fulton and Petigura, 2018; Dressing et al.,
2017). The frequency of these planets seems to follow a bimodal distribution (Fulton and Petigura, 2018) when plotted against the planetary size (see Figure 1.14),
with most planets clustering around two peaks at R p ⇠ 1.3 R and R p ⇠ 2.4 R .

A dependence of said distribution on stellar type was recently reported, with
the sub-Neptune desert shifting from 1.7-2 R for sun like stars to 1.4-1.7 R for K
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Figure 1.13: Tertiary diagram of the interior composition of GJ-1214 b in fraction of mass.
The gray lines are the iso-radius curves. The mass and radius constrain GJ
1214 b interior to the black dashed band on the right, meaning that both a full
water composition and a mix between rocky interior and hydrogen/helium is
compatible with the data. Figure from Valencia et al. (2013).

and M types (Fulton and Petigura, 2018; Cloutier and Menou, 2020; Cloutier et al.,
2020). This observational evidence can be explained by a combination of formation
and evolution processes, but the details of these processes are still not completely
understood. Knowing only the mass and the radius, the composition of the planets
in this range cannot be broken between sub-Neptune, water/ice worlds and superEarths (Valencia et al., 2013). This degeneracy is shown in particular for GJ-1214 b,
which could be a sub-Neptune with an Earth like nucleus and a primordial envelope
(see Figure 1.13), but could well be explained by a full water/ice composition.
Current theories predict that planets larger than 1.7 R would have a significant
contribution of volatiles to their planetary composition. Lower mass planets could
then be the remnants of the same larger planets which have lost part of their initial
gaseous envelope, due to XUV-driven hydrogen mass-loss coupled with planetary

66

Chapter 1. Introductory material

Figure 1.14: Exoplanet occurrence rate as function of their radius. The distribution is corrected for observational biases. Well known transitional planets have also
been placed. The figure is adapted from (Fulton et al., 2017).

thermal evolution (e.g. Leitzinger et al. (2011); Owen and Jackson (2012); Lopez
et al. (2012); Owen and Wu (2013, 2017); Owen and Campos Estrada (2019)).
However, from a formation perspective, in-situ formation of small-size planets is
also theoretically possible, but it may happen only under very specific conditions
(e.g. Ikoma and Hori (2012); Ogihara et al. (2015)).
Direct observations of the atmospheric composition of those planets are key to
remove the degeneracies associated with the bulk composition and nature of these
planets (e.g. Valencia et al. (2013); Zeng et al. (2018)), and therefore provide additional constraints to the formation and evolution scenarios currently considered in
the literature (Kite et al., 2020; Owen and Wu, 2013, 2017).
Current facilities however are not able to probe the atmospheric signal of those
planets, except for K2-18 b (Tsiaras et al., 2019), where its nature remains highly
ambiguous. Using the transit technique, atmospheric properties of about 60 planets
have already been inferred (Tsiaras et al., 2018; Sing et al., 2016; Pinhas et al.,
2019) but this mainly concerns hot-Jupiters, a class of planets not found in our
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solar system. These are by far the most accessible for remote sensing due to their
extended atmospheres. Many theories, inferred from observations or modelling,
have been proposed to explain the presence of those planets. However, the low
signal to noise and small wavelength coverage of current instrumentation limits
our understanding of these worlds. In particular, atmospheric observations of HST
are mainly sensitive to H2 O and marginally to other near-optical absorbers such as
metal oxide, metal hydrides and hydrogen ions (TiO/VO/FeH/H-), but large degeneracies exist. It is clear that the next step in our understanding of these exoplanetary
worlds will be to observe large samples of exoplanet atmospheres and draw statistical conclusions using JWST, Twinkle and Ariel.

1.5

Links with planetary formation

Important correlations between the formation and the composition of exoplanets
are expected (Turrini et al., 2020). Observationally, images of protostellar disks
provide constraints on the early stages of the planetary formation process, while the
study of exoplanet compositions reflects its final outcome. The path between those
epochs of the evolution is not yet fully understood but observations of both disks
and exoplanet atmospheres have started to provide constraints on these processes.
Indications of giant planetary formation (rings, gaps, arcs and spirals) have recently
been captured by ground based facilities such as ALMA and SPHERE (Brogan
et al., 2015; Isella et al., 2016; Boekel et al., 2017; Fedele et al., 2018; van der Marel
et al., 2019; Segura-Cox et al., 2020). ALMA has recently delivered unprecedented
resolved images of complex disk structures around young stars in the millimetre
range (see Figure 1.15).

Observations seem to indicate that giant planets can form over a wide range of
distances and very rapidly (possibly around 1 Myr), before the gas in the circumstellar disk dissipates (van der Marel et al., 2019; Segura-Cox et al., 2020). This
conclusion is surprising as it does not match the initial predictions from models of
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Figure 1.15: Mosaic of protoplanetary disk images, classified with their shape from Andrews (2020). Orange scale: Scattered light from small dust grains (l = 1.6
µm) obtained with SPHERE. Pink scale: Thermal continuum from mm-sized
particles (l = 0.9 mm) obtained with ALMA. Gray circles are the coronagraphic spots; White elipses represents the resolution; White scalebars are the
10 au scales.
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core accretion, which require longer timescales. It is expected that the different
scenarios of formation and migration might also be investigated through the study
of exoplanet atmospheres. Different formation pathways might lead to different relative abundances of heavier elements present in giant planet atmospheres (Turrini
et al., 2015; Turrini et al., 2018; Shibata and Ikoma, 2019; Shibata et al., 2020; Turrini et al., 2020). The C/O ratio, for example, is considered a good tracer of planet
formation processes (Oberg et al., 2011; Madhusudhan et al., 2016; Espinoza et al.,
2017), with low metallicity planets accreting C and O from the gas presenting supersolar C/O ratios, and high metallicity planets capturing solids having sub-solar C/O
ratios. Current observations of gas giants are consistent with a metal enrichment,
which motivated the inclusion of new physical processes in simulations and constrained formation models further (Shibata et al., 2020). In the future, it is expected
that the observation of not only C/O ratio but also N/O and S/O ratios, will provide
new lights in formation and evolution pathways of giant exoplanets (Turrini et al.,
2020).
For some planets, the link between formation and atmosphere could even be
more direct. Rocky lava planets are planets orbiting so close to their host star
that their surface reaches temperatures melting rocks. With surface temperatures
of above 2500K, they could remain in a permanent magma ocean stage (Nikolaou
et al., 2019) and form thin atmospheres containing a significant fraction of materials from their crust (Schaefer and Fegley, 2009; Miguel et al., 2011; Ito et al.,
2015; Ito and et al., 2020). For dry planets, their atmosphere would be composed
of rocky materials (K, Na, SiO) but if their bulk composition is volatile rich, their
atmosphere should be dominated by H2 O and CO2 with smaller amount of minerals
(Ito et al., 2015). 55-Cancri e (McArthur et al., 2004), Corot-7 b (Léger et al., 2009),
K2-141 b (Barragán et al., 2018) and HD-213885 b (Espinoza et al., 2019) are prime
examples of such planets. For this class of planets, constraints on the atmospheric
composition could allow to determine the bulk composition of their magma and
interior, which is inherently inform on their formation processes. Simulations of
lava planets with Ariel and JWST have demonstrated the feasibility of linking the
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interior composition to the observed atmospheric properties (Ito and et al., 2020).

Chapter 2

Atmospheric Physics for Exoplanets

Contribution to this chapter: “This chapter combines knowledge from many different fields that are necessary to understand the physical and chemical state of
planetary atmospheres. Most of the radiative transfer equations were developed in
early planetary/stellar studies and are reformulated in Section 2.1. For the thermal structure part, the general derivations can be found in Chandrasekhar (1960);
Liou (2002) while later applications to exoplanets are available in Hansen (2008);
Guillot (2010). My chemical understanding of exoplanetary atmospheres is based
on a careful reading of Dr. Olivia Venot’s thesis (Venot, 2012) and the fruitful discussions we had around this topic. The cloud section is a literature review of the
relevant articles. As I am particularly interested in the 3-D aspects of exoplanets,
I co-authored studies (Venot et al., 2020; Drummond et al., 2020) attempting to
quantify the impact of 3-D effects on the chemistry, the thermal structure and the
dynamics of exoplanet atmospheres. I contributed by performing retrieval analyses to investigate the detectability of those effects with Ariel and JWST. In Venot
et al. (2020), I carried out the TauREx retrieval study of WASP-43 b night side with
JWST. In Drummond et al. (2020), I simulated the Ariel observations to evaluate
the required number of observations to distinguish equilibrium and disequilibrium
effects.”
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The previous section described the main methods to detect exoplanets and es-

tablished the importance of atmospheric characterisation in constraining their nature, formation and evolution processes. Here, an introduction to the main atmospheric processes in planetary atmospheres is provided. Current and future observations aim to find evidences of these processes and constrain them in exoplanetary
atmospheres. In general, exoplanet atmospheres are complex 3-dimensional fluids
forming large and small scale structures. In the context of exoplanetary studies,
however, atmospheres are often described using simple 1-dimensional setups due
to modelling difficulties, computing resources and the still limited knowledge of
these worlds. This chapter summarises radiative transfer processes, it then explains
expected thermal structures and provides some basic knowledge about the chemical processes, including hazes/clouds that are expected to occur in planetary atmospheres. The impact of 3-dimensional dynamical processes is also briefly described
at the end of the chapter.

2.1

Introduction to radiative transfer

2.1.1 Definitions
Atmospheric physics is governed by radiative transfer, i.e the transfer of energy
through electromagnetic radiation. Here, the formalism and fundamental quantities
required in the context of planetary studies are defined. The concepts and formalism
presented here follow Chandrasekhar (1960); Goody and Yung (1995); Liou (2002).

2.1.1.1 Specific Intensity
Figure 2.1 defines an element of surface, dA and, the normal to the surface, n . Along
the specific direction s , defined by the angle q with n , each points on the surface
will radiate a unit of energy in the solid angle cone dW (differential solid angle, in
steradians). The energy dE of all the points of dA, transported in the time dt and
comprised in the wavelength l and l + dl in this pencil of light, is given by:
dEl = Il (ss)cos(q ) dA dt dl dW .

(2.1)
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The specific radiative intensity Il (ss) radiated by the projected surface
dA cos(q ) is a function of the direction µ = cos(q ). It corresponds to the transfer of radiative energy dEl in the element of surface dA during the time dt and is
expressed in erg/cm2 /s/Hz/Sr.
n

s

dW

q
dA
Figure 2.1: Illustration of a radiating surface dA. In the diagram, n is the normal to the
surface dA and s is the unit vector pointing in the observer direction.

2.1.1.2

Radiative Flux

The radiative flux Fl is the total energy per unit area dA, per unit wavelength dl
during the time dt:

which gives:
Fl =

Z

W

Z

dE
,
dAdl dt

(2.2)

Il (ss)cos(q )dW .

(2.3)

Fl =

By definition, the solid angle W is a measure of how large an object appears in
unit area on the unit sphere. It scales with distance d as

1
,
d2

and so is the Flux. The

differential dW in spherical coordinate is:
dW = sin(q )dq df .

2.1.1.3

(2.4)

Moments of the specific intensity

The study of exoplanet atmospheres often involve the moments of the specific intensity. The zero moment J , called mean intensity, is:
1
J =
4p

Z

1
Il (ss)dW =
2
W

Z +1
1

Il (ss)dµ.

(2.5)
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The first moment H is proportional to the Flux and given by:
1
H =
4p

Z

W

Il (ss)(nn.ss)dW =

Fl
.
4p

(2.6)

The second moment K is analogous to a radiative pressure and is defined by:
K =

1
4p

Z

W

Il (ss)(nn.ss)(nn.ss)dW =

1
2

Z +1
1

Il (ss)µ 2 dµ.

(2.7)

2.1.1.4 Optical depth
The optical depth tl characterises how opaque a medium is. Considering a medium
of density r, depth s and extinction coefficient kl , the optical depth can be expressed as:
tl =

Z

S

rkl ds

(2.8)

The value of s for which tl = 1 corresponds to the mean free path of the
photons in the atmosphere.

2.1.2 The radiative transfer equation
Radiative transfer describes the changes of specific intensity through a medium due
to the processes of emission, absorption and scattering. For a given medium of
density r, thickness ds and surface dA, represented in Figure 2.2, the variations of
specific intensity are given by:
dIl = dIe

dIa

dIs ,

(2.9)

where dIe denotes the energy emitted by the medium, dIa the energy absorbed by
the medium and dIs the energy scattered by the medium.
Emission is an addition of energy from the medium and it is independent of the
initial specific intensity. On the contrary, absorption and scattering are extinction
processes, proportional to the specific intensity. Introducing the emission coefficient J, the absorption coefficient ka and the scattering coefficient ks , the intensity

2.1. Introduction to radiative transfer

r
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Il0 = Il + dIl

dA
ds
Figure 2.2: Illustration of the propagation of a light ray through a medium of density r,
area dA and depth ds.

changes due to the different processes can be written as:
dIe = Jrds,
dIa = ka Il rds,

(2.10)

dIs = ks Il rds.
Replacing in Equation 2.9 leads to:
dIl = (Jl

(ka + ks )l Il )rds.

(2.11)

Defining the total extinction coefficient as kl = (ka + ks )l and the source term as
Sl =

Jl
kl ,

the equation becomes:
dIl
= Il
dtl

Sl .

(2.12)

This equation is commonly referred as the Radiative Transfer Equation. It describes
how electromagnetic radiation is affected when traversing a medium and will be
used to derive the wavelength dependent transit and eclipse signals. If the initial
incoming beam makes an angle q with the normal of the medium, the equation can
be generalised to:
µ

dIl
= Il
dtl

Sl .

(2.13)

The source function Sl comprises the thermal emission and scattering pro-
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cesses.
In general, the Radiative Transfer equation is difficult to solve due to the complexity of the source term and requires numerical methods. However, the equation
admits simple solutions in the simplified cases of a purely absorbing medium and a
purely emitting medium.
• Purely absorbing medium: Sl = 0
In the purely absorbing case, the source term does not contribute and the solution to the Radiative Transfer Equation simplifies to the Beer Lambert law:
I(t, l ) = I0 (l )e

tl
µ

(2.14)

,

where I0 (l ) is the incident specific intensity.
• Purely emitting medium: Sl = Bl (T )
In the case of a medium emitting as an idealised blackbody where the scattering
contribution can be neglected, the source contribution simplifies.

Sl = Bl (T ),

(2.15)

where Bl (T ) is the Plank function.
Multiplying both sides of the Radiative Transfer Equation and integrating between two arbitrary optical depths t1 and t2 gives the standard solution (Chandrasekhar, 1960):

I(t2 , µ, l )e

⇣

t2
µ

⌘

= I(t1 , µ, l )e

⇣

t1
µ

⌘

1
µ

Z t2
t1

0

B(T (t ))e

⇣ 0⌘
t
µ

dt 0

(2.16)

• Scattering case
At optical and near-infrared wavelengths, scattering processes cannot be neglected, requiring a more complex approach. Scattering properties are characterised
by the single scattering albedo w and the phase function Pl (µ, f , µ 0 , f 0 ).
The single scattering albedo reflects the ability of the medium to scatter light
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as compared to the total extinction processes:
w=

ks
.
ka + ks

(2.17)

The phase function describes the angular distribution of the scattered radiations
from one direction (µ, f ) to another (µ 0 , f 0 ). Often, the angle between those two
directions is noted Q. The phase function is normalised such that the integration
over all directions is unity:
Z

Pl (µ, f , µ 0 , f 0 )

dW 0
= 1.
4p

(2.18)

Under those definitions, the source term for scattering processes towards one
direction (µ, f ) must account for all the contributions from the incoming beams,
and is therefore integrated over the solid angle (µ 0 , f 0 ). The source function for
Multiple scattering processes is given by:
w
Sl = l
4p

Z 2p Z 1
0

1

Pl (µ, f , µ 0 , f 0 )Il (µ 0 , f 0 )dµ 0 df 0 .

(2.19)

This formulation, however, possesses integration issues due to the non homogeneous boundary conditions at the top of the atmosphere:
Il (t = 0, µ, f ) = Ili d (µ

µ0 )d (f

f0 ),

(2.20)

where I i is the incident stellar flux at the top of the atmosphere and the Kronecker
d functions reflect the discontinuities of the stellar flux, coming from the direction
(µ0 , f0 ). The solution is to separate the intensity Il into a direct Ild and scattered
component Ils , such that Il = Ild + Ils . Since Ild satisfies the Beer’s law, the radiative
transfer equation becomes:
dIls (µ, f )
µ
= Ils (µ, f )
dt

Z

Z

w l 2p 1
Pl (µ, f , µ 0 , f 0 )Ils (µ 0 , f 0 )dµ 0 df 0
4p 0
1
t
wl
Pl (µ, f , µ0 , f0 )Ili e µ0 .
4p

(2.21)
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Solving this equation is often difficult, in particular due to the complex forms

that the phase function P can take. It often involves numerical integrations, MonteCarlo methods or simplifying assumptions. For example:

- Isotropic Scattering: the radiation is scattered uniformly in all directions.
The form of the phase function is P(cos Q) = 1.

- Rayleigh Scattering: Describe the limit of scattering from particles much
smaller than the wavelength. It assumes P(cos Q) = 34 (1

cos2 Q).

- Complex Mie scattering: The phase function is expressed as a Legendre expansion. The form is then: P(cos Q) = Â wn Pn (cos Q), with Pn the nth Legendre
Polynomial.

2.2

Thermal structure of an atmosphere

2.2.1 Hydrostatic Equilibrium
Exoplanet atmospheres are in general considered in hydrostatic equilibrium, the
balance of forces for the pressure variations with the altitude z is:
dP
= rg,
dz

(2.22)

where P is the pressure and g = GM p /z2 is the gravitational acceleration. Using the
standard equation of state:
P=

rkB
T.
µ

(2.23)

This gives:
µg
z
P(z) = P0 e ( kT z) = P0 e H ,

where P0 is the pressure at the surface (z=0).

(2.24)
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Thermal Structure

The thermal structure of an atmosphere is regulated by two main processes: radiation and convection. At a given altitude, a single process usually dominates and
drives the thermal profile, depending on its efficiency. Deep in the atmosphere, the
heat is transferred by convection, following adiabatic gradients. Higher up, radiation becomes predominant (Chandrasekhar, 1960; Liou, 2002; Hanel et al., 2003;
Madhusudhan et al., 2014). Chemical species and aerosols capture/reflect incoming
starlight and/or radiate out heat depending on their properties. As stellar radiation
is, in general, more important in the visible, it is most affected by hazes, clouds
and species with large absorptions in these wavelengths (TiO, VO, AlO, FeH, K,
Na). On the contrary, the thermal emission from the planet has a large infrared
component and cooling is done by molecular species emitting in the infrared. The
temperature profile is therefore driven by the composition of the atmosphere leading to important temperature-chemistry feedback effects. The next sections describe
in more detail the behaviour of convective and radiative atmospheres and provide
some complementary comments on when thermal conduction may occur.

2.2.2.1

Convective atmosphere

In dense gases and liquids, energy transfers are dominated by the motion of large
scale fluid parcels, in a process called convection. Temperature differences create
density gradients that are forcing fluids to move. For a bubble of gas considered
adiabatic (no heat exchanges with the surrounding gas), the adiabatic law gives:
P1 g T g = constant

(2.25)

where P is the pressure and g is the adiabatic index. Differentiating and combining
with the hydrostatic equilibrium gives:
g
g

dT
µg
=
dz
1 T
kB T

(2.26)
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This translates into:

dT
=
dz

g
Cp

where C p is the thermal capacity at constant pressure and C p =

(2.27)
gR
(g 1)

with R =

kB
µ

the gas constant.
The dry adiabatic lapse rate, G =

g
Cp ,

describes the cooling of an adiabatic

atmosphere and defines a condition for atmospheric stability. Assuming a bubble of
gas raises upwards and expands to maintain the balance of pressure at its boundary,
it must cool down following the adiabatic cooling (Equation 2.27). If its temperature
ends up being lower than the surrounding atmosphere (e.g: Tbbl < Tatm ), then it
must also be denser and the bubble falls back into its initial position. This defines a
condition for atmospheric stability:
dTatm
>G
dz

(2.28)

and the reverse defines the regime dominated by convection:
dTatm
<G
dz

(2.29)

In planets, the lower part of the atmosphere (pressures above 1bar) and the interior
in the case of gas giants is regulated by convection. This translates into a decreasing
temperature with altitude following the adiabatic profile.

2.2.2.2 Radiative atmosphere
When the conditions for convection are not satisfied, the main mechanism of heat
transfer in planetary atmospheres is often radiation. The atmosphere radiates energy
outside depending on its temperature and composition (cooling). It also receives energy from the remaining heat stored in the interior and the irradiation from the star
at the top of the atmosphere (heating). These ’cooling’ and ’heating’ mechanisms
balance out, controlling the thermal profile of the atmosphere in the radiative region.
While often inferred from observations or numerical methods, a few analytical solutions for the temperature structure of a radiative atmosphere exist.
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81

A simple approach (Chandrasekhar, 1960; Liou, 2002; Hansen, 2008; Guillot, 2010; Parmentier and Guillot, 2014; Heng et al., 2014) consists in separating
the specific intensity into two channels: one for the visible part of the light that is
indexed with a ‘V’, mostly characterising the radiation from the star; one for the
infrared part that is indexed with a ‘R’, mostly describing the internal and atmospheric emissions. Then, ignoring scattering processes, one obtain two radiative
transfer equations corresponding to these two wavelength channels:
µ

dIV
= IV
dtV

dIR
µ
= IR
dtR

(2.30)

SR ,

where the first equation describe the incoming radiation field from the top of the
atmosphere and the second describes the re-radiated one from the planet. In the first
one, the source function (planet emission) in the visible is assumed to be negligible.
Using dti =

rki ds, for i being the wavelength channels, the definition of

radiative equilibrium is:
kV JV + kR JR = kR SR .

(2.31)

Using the zero µ moments (i.e: integrating along µ) of the radiative transfer equation leads to:
dHV
= JV
dtV

dHR
= JR + SR ,
dtR

(2.32)

which leads to the expression of energy conservation:
dHV
=
dtR

dHR
dtR

(2.33)

This equation expresses the fact that the decrease of energy in the incoming visible
ray, which is absorbed by the atmosphere, must be transferred to the infrared ray
with no losses.
The incident ray from the star is directional and comes at the top of the atmo-
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sphere with a defined angle q0 . Noting µ0 = cos(q0 ), the incoming flux from the
star as a function of the optical depth is given by:
Fstar = I0 µ0 e

tV
µ0

(2.34)

.

Combining Equations 2.32, 2.33 and 2.34, one gets:
dHR
=
dtR
where g =

kV
kR

gI0
e
4p

gtR
µ0

(2.35)

.

defines the visible-to-infrared absorption ratios.

Taking the first moments in µ of the infrared radiative transfer equation:
dKR
= HR ,
dtR

(2.36)

To solve this system, one must use a closure condition. A popular one is the Eddington approximation, which assumes that the intensity I can be expressed as a
linear function of µ: I(t, µ) = A(t) + B(t)µ. Using the moments of the intensity,
one can show the Eddington closure approximation: 3K = J , which combined
with Equation 2.32 leads to:
d2 JR
=
dtR2

3g
I0 e
4p

gtR
µ0

(2.37)

.

The solution of this second order differential equation is of the form:
JR (tR ) = J0 + J1 tR

3µ02 I0
e
4pg

gtR
µ0

.

(2.38)

The constants J0 and J1 can be inferred from the boundary conditions of the
problem. To determine J1 , one can use the fact that the emerging radiation from
the interior is fixed by the internal emitted flux Fint :
d
KR
dtR

tR !0

= HR =

1
Fint
4p

(2.39)
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Using the Eddington approximation (KR = 13 JR ), one gets:
J1 =

3
Fint .
4p

(2.40)

The second condition to fix J0 relies on energy conservation. The flux emerging at the top of the atmosphere (Fout ) must be equal to the sum of the incoming solar
flux and the internal flux.
Fout = Fint + µ0 I0

(2.41)

Now, since the emerging flux Fout is directed towards outside the planet atmosphere at t = 0, the integration angles µ, in the first moment of the intensity field
only spans µ = [0, 1]:
Fout = 2p

Z +1
0

IR (t = 0)µdµ

(2.42)

IR (t = 0) can be found by considering the radiative transfer equation using
SR = B = JR . This equation can be solved by multiplying with e
d⇣
µ
IR (t)e
dt

t
µ

⌘

t
µ

= JR (t)e

tR
µ

:

.

(2.43)

Integrating Equation 2.43 between t = 0 and t = •, one finds:
IR (t = 0) =

1
µ

Z •
0

JR (t)e

t
µ

dt

(2.44)

Replacing JR with Equation 2.38 and performing the integration gives:
3
IR (t = 0) = J0 + µFint
r

3µ02 I0
.
4g(1 + gµµ0 )

(2.45)

The result can then be plugged in Equation 2.42 for the integration in µ. Fout becomes:
Fout

1
= J0 + Fint
2

✓
◆
3µ03 I0 3µ04 I0
g
+
ln 1 +
.
2g 2
2g 3
µ0

(2.46)

Equating Equation 2.46 with Equation 2.41 allows to determine the constant J0
and finally the expression of JR (tR ). The final temperature structure T (t) in ra-
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diative equilibrium (JR (tR ) = s T 4 ) is given by Hansen (2008):
✓
◆
✓ ◆
3 4
2
3 µ0 2
4
4
T = Tint t +
+ µ0 Tirr 1 +
4
3
2 g

3
2

✓

µ0
g

◆3

✓
◆
g
ln 1 +
µ0

!
3µ0 ( µgt )
e 0 ,
4g
(2.47)

where the simplified notation tR = t is used. For convenience, Tint and Tirr have
4 and I = s T 4 . These respectively represent the
been defined using Fint = s Tint
0
irr

energy input from the star radiation and the planet interior.
This formulation describes the temperature profiles in an irradiated atmosphere. The term g controls where the star energy is deposited in the atmosphere.
More complete versions of this equation, using more complicated setup, exist. For
example Guillot (2010) includes heating of the atmosphere from the absorption
of the visible light, while Line et al. (2012); Parmentier and Guillot (2014) add a
second visible channel to increase the flexibility of the model and include thermal
inversions. The Guillot (2010) profile is given by:
✓
◆
✓
4 ✓2
3µ0 Tirr
3 4
2
µ0
g
T = Tint t +
+
+ +
4
3
4
3
g
3µ0
4

◆
µ0 (
e
g

gt
µ0 )

◆

(2.48)

In Figure 2.3, examples of atmosphere temperature profiles using Hansen
(2008) and (Guillot, 2010) are shown.

2.2.2.3 Conductive atmosphere
Conduction describes the transfer of energy by collision between particles. It is the
main process in a solid body and can be important in tenuous regions (Johnson,
1956). In particular, in the case of rocky planets with a solid surface, the interface region between the surface and the atmosphere is controlled by conductionconvection. The Fourier law, which describes conduction processes in general, can
also be used to describe the thermal flux exchanges between a solid and a fluid layer
(liquid or gaseous):
Fcc = hcc (Tsol

T f l ),

(2.49)
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Figure 2.3: Examples of day-side atmosphere temperature profiles using the formalisms
from Hansen (2008) and Guillot (2010) with Tirr = 1000K and Tint = 200K.
Hansen and Guillot agree when the visible opacity is low (g = 0.1) but for
large g ratio, the atmospheric heating (accounted in Guillot (2010)) becomes
important and leads to large differences.

where Fcc is the conduction-convection Flux at the interface between the solid surface and the fluid layer, hcc is the conduction-convection coefficient, Tsol is the solid
surface temperature and T f l is the fluid temperature.
In the upper part of the atmosphere, the thermal capacity decreases as the density gets lower with altitude. In comparison the thermal conductivity, which is not a
function of the density, remains important. In this part of the atmosphere, conduction starts to dominate again, leading to an isothermal profile (Johnson, 1956).

2.3

Concepts of atmospheric chemistry and clouds

The thermal structure and chemistry in exoplanets are linked by feedback processes.
Atmospheric temperatures drive chemical reactions, condensation of species and
dynamical processes, while at the same time, chemical species control the cooling
and heating of the atmosphere though absorption and emission. The feedbacks between these different processes are difficult to incorporate in a single framework. In
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many models, the thermal, chemical and cloud processes are separated in modules
and iterated over until convergence is reached. This complexity is one of the current
limitations for self-consistent high-resolution 3-dimensional modelling of exoplanet
physical and chemical processes. This section describes current techniques to predict chemical abundances in exoplanet atmospheres, the effect of disequilibrium
and dynamical processes as well as the formation of hazes and clouds.

2.3.1 Equilibrium chemistry
The chemical composition of an atmosphere in thermo-chemical equilibrium can be
estimated from the temperature - pressure structure and the elemental abundances.
Considering an exoplanet atmosphere as a close system, two main methods are
employed: Gibbs energy minimization (Agundez et al., 2014; Stock et al., 2018;
Woitke et al., 2018) and kinetic chemical networks (Leal et al., 2017; Moses et al.,
2011; Venot et al., 2015; Rimmer and Helling, 2016; Tsai et al., 2017).

2.3.1.1 Gibbs energy minimization
For a system, the Gibbs free energy G is defined as:
G = U + PV

T S,

(2.50)

where U is the internal energy of the system and S its entropy. The variations at
constant temperature and pressure are:
dG = d Q

T dS,

(2.51)

where the 1st law of thermodynamics dU = d Q + dW is used, with d Q the heat
added to the system and dW the mechanical energy added to the system. Using
the second law of thermodynamics, which states that the entropy of a system must
always increase and be constant for a closed system in equilibrium, Equation 2.51
gives the condition:
dG  0.

(2.52)
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This means that a system in thermochemical equilibrium must minimize the Gibbs
free energy. The Gibbs free energy can be expressed as a function of the atmospheric constituents:
Ns

G = Â (Gi (T, P) + R T ln(ni )) ni ,

(2.53)

i

where Ns is the number of species in the system, Gi (T, P) is the Gibbs free energy
of the ith species at a given temperature T and pressure P and ni is the number of
moles of ith element. These can be expressed using:
Gi (T, P) = h0i (T )

T s0i (T ) + R T

✓

◆
P
ln
,
P0

(2.54)

where the standard state enthalpy, h0i (T ), and entropy, s0i (T ), can be determined
from thermochemical data, under the form of polynomials, commonly refered as
‘NASA polynomials’ (Burcat, 1984; McBride, 1993; Burcat et al., 2005).
The condition of minimization is supplemented by the constraints of elemental
balance, which ensure the conservation of the number of individual atoms:
N j = Â ai j ni ,

(2.55)

i

where N j is the total number of moles of the j atomic species in the atmosphere, ai j
is the number of elements j contained in molecule i and ni is the number of moles
for the molecule i.
The resolution of this system of equations for the entire atmosphere is often
discretised using a layered approach. This methodology is used in the equilibrium
code ACE (Agundez et al., 2014), employed numerous times across in thesis.

2.3.1.2

Direct kinetic network

Chemical networks consists in solving a time dependent system of chemical reactions. The evolution of the chemical species is described by equations of the form:
∂ ni
= Pi (n0 , ..., nL )
∂t

ni Li (n0 , ..., nL ).

(2.56)
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where Pi is the production rate (cm 3 s 1 ) of species i, Li is the loss rate (s 1 ) of
species i. The production and loss rates are determined using the production and
loss terms in each individual chemical reactions. For example, the total production
rate of a species is given by:
NR

Pi (n0 , ..., nL ) = Â Pi (n0 , ..., nL ),
j

(2.57)

j

j

where j span the NR reactions considered. Pi is the contribution through reaction
j to the production rate of i. The same principle can also be applied for the loss
rates. The production and loss of each species is calculated until the system reaches
the steady state. This type of system is used to include more complex chemical
effects such as disequilibrium processes and/coupling with other models (radiative
atmospheric models, cloud models). Depending on the number of species/reactions
considered, these models can be slow, thus often requiring balanced trade-off between complexity and speed when they are used in self-consistent modelling (Venot
et al., 2019; Drummond et al., 2020)

2.3.2 Disequilibrium processes
Equilibrium chemistry schemes only represent a simplified picture and are not
thought to be representative of all atmospheres (Venot et al., 2019). Other phenomena such as photochemistry, vertical mixing or 3-dimensional effects can play
a significant role in pushing an atmosphere out of equilibrium.

2.3.2.1 Vertical Mixing
Vertical mixing describes the upward or downward movements of the gas that is
occurring because of temperature gradients. In most planets, this is an important
phenomena between 1 and 10

4

bars, which leads to a freeze of the equilibrium

reactions and creates chemical profiles that are constant with altitude. The speed of
chemical mixing in the atmosphere is characterised by the mixing timescale, tmix ,
defined by:
tmix =

L2
.
Kzz

(2.58)
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L is the mixing length and Kzz is the Eddy diffusion coefficient (Stone, 1976; Smith,
1998; Visscher, 2012), which describes the strength of mixing. In exoplanets, it is
often assumed that L = 0.5 H (Smith, 1998), where H is the atmospheric scale
height, defined properly in the next section, but Kzz remains difficult to predict and
has to be inferred from the data. Mixing becomes non-negligible when the mixing
timescale becomes smaller or equal to the chemical timescale tchem :
tmix  tchem

(2.59)

This can be described by the addition of a gradient term in Equation 2.56:
∂ ni
= Pi (n0 , ..., nL )
∂t

ni Li (n0 , ..., nL )

∂ Fi
∂z

(2.60)

where ∂ Fi /∂ z corresponds to the vertical mixing in the atmosphere from Eddy and
molecular diffusions. In most chemical models, such as Venot et al. (2018), it is a
function of the Eddy diffusion coefficient (Kzz ), the individual molecular diffusion
coefficient (Di ), the individual scale heights (Hi ) and the mixing ratios (yi ), where i
corresponds to the species:
Fi = n i D i

2.3.2.2

✓

1 ∂ ni
1
1 dT
+ +
ni ∂ z Hi T dz

◆

ni Kzz

✓

1 ∂ yi
yi ∂ z

◆

(2.61)

Photochemistry

In irradiated exoplanets, the chemistry can be altered by stellar irradiation, thus
inducing a coupling between thermochemistry and photochemistry. In hot-Jupiters
such as HD-209458 b or HD-189733 b, the stellar UV radiations can penetrate to
0.01 bar (Venot et al., 2012), thus requiring to add photodissociation reactions to
the chemical scheme. In the Earth atmosphere, photochemical reactions are the
origins of the Ozone layer and the stratospheric thermal inversion. The Chapman
reactions (Chapman, 1930; Crutzen, 1999; Catling and Kasting, 2017) describing
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the creation and destruction of Ozone are:
O2 + h(l < 242nm) ! O + O

j2

O + O2 + M ! O3 + M

k2

O3 + h(l < 1180nm) ! O + O2

j3

O + O3 ! 2O2

k3

(2.62)

where j2 and j3 are the O2 and O3 dissociation rates and k2 and k3 are the O2 and
O3 reaction rates. Then the kinetic changes in O and O3 can be expressed as:
d[O3 ]
= k2 [O][O2 ][M]
dt
d[O]
= 2 j2 [O2 ] + j3 [O3 ]
dt

j3 [O3 ]

k3 [O][O3 ].

k2 [O][O2 ][M]

k3 [O][O3 ].

(2.63)

(2.64)

Considering the simplification of steady state:
k2[O][O2 ][M] = j3 [O3 ] + k3 [O][O3 ],

(2.65)

with the left term representing the production of O3 and the right term the destruction of O3 . The main loss of O3 comes from its dissociation by photons, meaning
that k3 [O] can be neglected. Then substituting [O] in Eq. 2.64 + Eq. 2.63 leads to:

[O3 ] = [O2 ]

s

j2 k2 [M]
j3 k3

(2.66)

This equation provides a simple interpretation of the Ozone layer. At high altitude,
the abundance of [O2 ] and [M] is low, leading to low abundance of [O3 ]. At low
altitude, all the photons with l < 242nm have been absorbed in the atmosphere, so
j2 becomes negligible and so is [O3 ]. Ozone then forms a layer, present only in a
very specific region of the atmosphere between 15-40 km (around 0.001 bar).
In the solar system, similar types of photochemical reactions are responsible
for the creation of photochemical hazes on Titan. For irradiated planets, photochemistry can be responsible for photo-dissociation of the molecular species, which are
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replaced by atomic or ionized species in the upper part of the atmosphere. Photochemical hazes and clouds are also impacted by the stellar radiation and produce
changes in the local chemistry.

2.3.3

Hazes and Clouds

Due to the large variations in pressure and temperatures, exoplanet atmospheres
have complex chemical compositions that are ideal to form clouds. These clouds
can be composed of more exotic elements than on Earth (water, hydrocarbons, silicates, metals...), impacting the atmospheric properties through local depletion and
replenishment and having varied absorbing/scattering properties. Observations of
exoplanet atmospheres have confirmed the ubiquitous presence of clouds and hazes.
In most hot-Jupiters observed to date, these have been revealed through the presence of characteristic steep slopes at optical wavelengths or reduced water features
in the near-infrared region of transmission spectra. These effects can be seen in
recent atmospheric population studies Sing et al. (2016); Tsiaras et al. (2018); Pinhas et al. (2019). For example, Figure 3.1 from Section 4 shows current hot-Jupiter
spectroscopic data. These real observations cover the optical wavelengths from 0.5
µm to 1 µm thanks to the HST-STIS instrument. Slopes in those regions are explained by strong scattering due to the presence of hazes and/or clouds. In general,
Rayleigh scattering arises from the scattering of light by spherical particles that
are much smaller than the wavelength (Rc << l ), such as molecular species, and
scales as l

4

(Liou, 2002). Hazes (photochemically produced aerosols) and clouds

(produced by condensation) lead to different slopes that are best described by Mie
scattering, scattering by particles larger than the incident wavelength (Rc > l ) (Mie,
1908; Bohren and Huffman, 2008).

The formation of clouds is a complex process as shown in Figure 2.4. Hazes
and clouds start forming from a ‘Nucleation’ process, the creation of seed clusters. These clusters are physically difficult to initiate from the gas phase only as
they require supersaturation, so it often involves the presence of particles or dust,
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Figure 2.4: The relevant processes to cloud formation. Inspired from (Helling, 2019).

which act as nucleation kernels. Formed seeds then grow by ‘Surface condensation’
and ‘Coagulation’. Surface condensation - which refers to the condensation of gas
molecules onto existing seeds - can occur even if supersaturation is not reached.
Coagulation describes the collision and aggregation of individual clusters. Through
surface condensation and coagulation, the cloud solid particles can grow to µm
scales. As seen in Figure 2.5, various types of clouds can form depending mainly
on pressure, temperature and abundance of the species: from silicates and metals in
hot-jupiter and rocky planets to water or ammonium in cooler atmospheres (Helling,
2019). Large particles also become heavier, impacting their movement in the atmosphere. This leads to ‘Gravitational settling’, which is the falling of the particles
to lower altitudes. If particles fall fast enough, growth processes are inefficient and
‘Raining’ occurs. When reaching lower altitude, temperature increases and leads to
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Figure 2.5: Cloud condensation curves (dashed lines) and temperature-pressure profiles
(solid lines) from the population planets in Sing et al. (2016). The temperature
structure was calculated using a 1D non-grey radiative transfer models Fortney et al. (2008). Thick portions of the temperature profiles are the pressures
probed by the spectra. Figure taken from Sing et al. (2016)

the ‘Evaporation’ of the condensates. The haze/cloud formation processes have important feedbacks on atmospheric composition. Growth depletes elements from the
local atmosphere, while evaporation produces a local enrichment. A stable cloud
structure requires dynamical transport processes to ’replenish’ the depleted atmosphere.
The impact of hazes and clouds can be seen in Figure 3.1, where large optical
slopes can be observed. For the planets analysed in Sing et al. (2016), the temperature structure is self-consistently calculated from the stellar and planet fluxes (see
Figure 2.5).

Many approaches using different level of complexity are employed in the treatment of clouds and hazes (Charnay et al., 2018; Helling, 2019). The more complex models estimate hazes / cloud properties from self-consistent micro-physical
generation of particles (Turco et al., 1979; Toon et al., 1979; Toon et al., 1992;
Helling et al., 2001; Allard, 2013; Kawashima and Ikoma, 2018), while simplified approaches use parametrised techniques to account for their broad properties
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(Ackerman and Marley, 2001; Burrows et al., 2006). In the context of data driven
analysis, the simplest approaches are sufficient to interpret current data. Their
determination usually consists in estimating the particle properties (type and size)
and their number density, while their impact on the atmosphere is modelled though
absorption only.

2.4

3-dimensional effects and dynamics

The processes investigated in the previous sections were mostly described in a 1dimensional setup. This, in many cases, allows a simplified description and analytical/simpler developments of exoplanetary physics. Exoplanet atmospheres, however, are 3-dimentional fluids obeying a complex coupled system of equations from
radiative transfer, thermodynamics, chemistry and fluid dynamics. The transport of
fluids in an atmosphere is ruled by the Navier Stokes equation:
r
where

Duu
Dt

=

d
dt

Duu
T + rgg,
= —P + —.T
Dt

(2.67)

+ u .— is the material derivative, u is the velocity vector of the flow,

T is the stress tensor and g is the gravitational acceleration vector.
The resolution in 3 dimensions of the full system of equations is un-practical
for data analyses, requiring months of numerical simulations for individual limited cases, which explains the wide use of 1-dimensional descriptions and the decoupling of such system of equations.
These assumptions, while mostly capturing the zero order behaviour, do not
always hold and 3-dimensional phenomena have to be taken into account, even in
current observations. In the recent years, simulations and observations have revealed the 3-dimensional nature of exoplanets. These 3D effects represent at the
same time one of the most promising aspect of exoplanet studies and an immense
challenge for the current generation of 1-dimensional models (Showman and Guillot, 2002; Cooper and Showman, 2006; Perez-Becker and Showman, 2013; Caldas
et al., 2019; Pluriel et al., 2020b; MacDonald et al., 2020; Skaf et al., 2020).
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Figure 2.6: First Map (top) of the exoplanet atmosphere HD-189733 b from the Spitzer
phase curve data (bottom) in Knutson et al. (2007). The flux modulation clearly
shows the day-night contrast and the hot-spot offset, highlighting the 3D structure of the planet.

Tidally locked hot-Jupiter have large day-night temperature contrasts that can
be observed using phase curves. These have already been observed with the Hubble Space Telescope (HST): WASP-43 b (Stevenson et al., 2014b, 2017), WASP103 b (Kreidberg et al., 2018) and WASP-18 b (Arcangeli et al., 2019); and with the
Spitzer Space Telescope (Spitzer): 55 Cancri e (Demory et al., 2016), HD 209458 b
(Zellem et al., 2014), HD 189733 b (Knutson et al., 2012), WASP-43 b (Stevenson
et al., 2017), WASP-33 b (Zhang et al., 2018), HD 149026 b (Zhang et al., 2018),
WASP-12 b (Bell et al., 2019) and KELT-1 b (Beatty et al., 2019), providing huge
constraints on exoplanets longitudinal temperature gradients. In particular, the pres-
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Figure 2.7: Results of a 3-dimensional coupled chemistry-radiation-hydrodynamics model
for HD-189733 b. Top: temperature map; Middle: H2 O map; Bottom: CO2
map. The left chemistry is assuming chemical equilibrium, while the right
one considers kinetic horizontal mixing. Figure taken from Drummond et al.
(2020).
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ence of hot-spots, at the sub-stellar points, were predicted and inferred from offsets
in the observed flux of most planets. The example of HD-189733 b is given in Figure 2.6). Complex 3-dimensional Global Climate Models (GCM) of hot-Jupiters
highlighted that their large scale height differences between the day and night side,
and their large temperature differences, would lead to inhomogeneous properties
(chemistry, temperature, clouds). For example, Drummond et al. (2020) simulated
HD-189733 b and showed that some molecules have homogeneous abundances due
to horizontal mixing, while some others form patches of higher/lower abundances.
This can be seen in Figure 2.7.
It has recently been pointed out that the 3-dimensional nature of exoplanet
atmospheres could induce important biases in 1-dimensional analyses of exoplanet
data. Currently, most models assume a 1-dimensional structure, which can lead to
three known biases:

- In eclipse, Taylor et al. (2020); Katherina et al. (2020) showed that 1dimensional models cannot account for the day-side inhomogeneities, leading to
biases in retrieval studies.

- At the terminator, the planet limb cannot be considered fully homogeneous
either. The day-night temperature contrast induces large scale height differences,
meaning that the stellar light filtered through the atmosphere traverses an inhomogeneous region, sometimes sharply transiting from a day-like region to a night-like
region (Caldas et al., 2019). This transition can be seen in Figure 2.8, where the
terminator region (x=0) is not homogeneous. In their work, they highlighted that
the more traditional assumption of 1D atmosphere leads to strong biases in the
retrieved transmission spectra.

- Also at the terminator, horizontal circulation advects the hot day side to the
night side from a preferred direction, leading to different East/West limb regions
(MacDonald et al., 2020).
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Figure 2.8: Temperature structure of a sub-Neptune planet like GJ-1214 b for different transition angles: 15 , 30 , 60 from left to right. From Caldas et al. (2019)

These effects, and ways to account for these biases, are discussed more in
Section 3.2.2 and Section 3.4, while section 5.5 illustrates how these solutions can
be applied to a real case.

2.5

Atmospheric Structure
The structure of an exoplanet atmosphere is a combination of all the previ-

ously described processes. Figure 2.9 illustrates these interactions. The lower part
of the atmosphere is expected to be cooling adiabatically and composed of molecular species obeying equilibrium chemistry. The stellar radiation does not reach these
pressures as it is mainly absorbed in the stratosphere and the thermosphere, which
means that the day and night side are expected to have a similar structure there. At
lower pressures, vertical and horizontal dynamical processes tend to freeze chemical reactions, leading to a vertically and horizontally mixed chemistry. At the same
time, more stellar radiation is absorbed across the whole spectrum, which leads
to differentiation between the day and night side processes. Clouds can form following condensation curves, which occurs both vertically and horizontally. Clouds
also provide positive or negative radiative feedbacks, which make the picture more
complex. When near-optical absorbers are present, the day-side temperature can be
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Figure 2.9: Structure of an irradiated exoplanet atmosphere. The plots from Lavvas et al.
(2014) show the temperature (left) and abundance of major species (right) vs
pressure. Figure taken from the PanCET proposal and modified with inspirations from Madhusudhan (2019).

much hotter with thermal inversion occuring and the apparition of new species from
dissociation/recombination. In extreme irradiation cases (T > 1800K), most of the
molecules dissociate leading to atomic species (neutral hydrogen). This is expected
to happen in the hot-spot of most hot-Jupiter planets. At the top of the atmosphere,
atmospheric escape takes place by either thermal escape or pick up of the charged
particles.
At different altitudes, the planetary atmospheres absorb and emit in different
wavelength ranges. In general, molecular species located in the lower part of the
atmosphere, the Troposphere, absorb and emit through molecular rotation and vibration. These absorptions are located in the infrared, providing an efficient cooling mechanism. Metal oxides/hydrides, however, are better absorbers of the nearvisible light. When they are present, they can drive thermal inversions at relatively
high pressures (0.1 bar) from absorption of the incoming stellar irradiation, thus
defining a Stratosphere region. Higher up, visible and UV light is absorbed by
electronic transitions of atomic and ionized species, thus inducing a high altitude
thermal inversion, the Thermosphere. Escaping processes, which often implies in-
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teraction of atoms and ionized species with the stellar wind can occur from the
middle UV to the X-ray range of the spectrum. By observing at different wavelengths, it is therefore possible to access different regions of the atmosphere and
infer the presence of different processes.

Chapter 3

Observation techniques for exoplanet
atmospheres

Contribution to this chapter: “This chapter describes the main methods to observe exoplanetary atmospheres, and includes discussions on Direct Imaging and
High resolution spectroscopy. The implementation of the radiative transfer equations for transit and eclipse geometries into retrieval codes is now considered as
“industry standards”. When it comes to phase curves, however, I present here the
concept and the first implementation of a semi-analytic technique to calculate the
planetary flux at each phase angle (Changeat and Al-Refaie, 2020). The code integration was done jointly with Dr. Ahmed Al-Refaie. I then applied the technique
in Changeat et al. (2020b) using updated equations and benchmarked the model
against real data. This work was motivated by the identification of 3-dimensional
biases and provides a solution to this major problem first identified in Caldas et al.
(2019); MacDonald et al. (2020); Taylor et al. (2020); Katherina et al. (2020).
I discussed these points in many main and co-authored papers (Changeat et al.,
2020b; Skaf et al., 2020; Edwards et al., 2020c; Pluriel et al., 2020a).”
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The previous chapter provided an overview of the main atmospheric processes

(thermal structure, chemistry, clouds and dynamical processes) that are believed to
be important in planets. This section described how the observing strategies introduced in Section 1.3 can be adapted for the study of these atmospheric properties.
Each observing strategy (transit, eclipse, direct image, phase-curve) is described
numerically in a model, which provides the atmospheric spectrum for a defined
atmospheric structure and bulk star/planet parameters (forward model). Through
absorption and emission processes, the atmosphere imprints the signature of the
processes of interest, which can then be recovered using a retrieval analysis (or
inverse technique). Retrieval techniques consists in recovering the most likely solutions and corresponding atmospheric parameters from the statistical sampling of
forward spectra.
This section mainly describes how atmospheres can be modelled. It is focused
on transit and eclipse models but it also introduces a newly developed phase-curve
model. Before diving into these descriptions, an extension of the basic equations of
Section 1.3 is used to understand the role of exoplanet atmospheres in transmission
spectra. For completeness, the cross-correlation technique used to analyse high
resolution spectra, which are obtained from the ground, is also briefly described at
the end of the section.

3.1

Basic transmission by an atmosphere

When a transit is observed, a way to include the planet atmosphere in the equations
presented in Section 1.3 is to replace R p with R p +h, where h represents the effective
size of the atmosphere (e.g: de Wit and Seager, 2013; Changeat et al., 2020e). This
can be visualised as the atmosphere acting as an optically thick layer (for a given l )
on top of the bulk opaque part composing the planet. Typically, the effective h for a
hot-Jupiter is between 1 and 10 percent its radius. When Equation 1.32 is developed
to second order, one obtains:
R2p 2R p h h2
DT = 2 + 2 + 2
Rs
Rs
Rs

B p R4p
+O
Bs R4s

R5p
R5s

!

.

(3.1)
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The first term is the transit depth. The second term is the leading contribution from
the atmosphere. The third and fourth terms are of similar order of magnitude and
describe a second order correction of the atmospheric contribution and the thermal
emission from the planet. The size of the observable atmosphere depends on the
planet properties. A simplified relation relates h to the atmospheric scale height H
(Seager et al., 2009; Tinetti et al., 2013; de Wit and Seager, 2013; Griffith, 2014;
Encrenaz, 2014; Cowan et al., 2015):
h ⇡ 5H = 5

kB Tp
,
µ pg p

(3.2)

where Tp is the planet temperature, µ p is the mean molecular weight and g p is the
planet gravity. Planet atmospheric signals are therefore easier to detect for lower
gravity planets with light atmospheres (primordial H2 -He) and high temperatures.
With current instruments, most of the suitable targets for atmospheric characterisation are hot-Jupiters, except for a few exceptions such as the ultra-hot planet 55Cancri e (Tsiaras et al., 2016a) and the habitable zone transitional planet K2-18 b
(Tsiaras et al., 2019).
In eclipse or direct imaging, inclusion of an atmosphere can be done by considering atmospheric layers with individual emission and absorbing properties. Observing at different wavelengths leads to transmission and emission spectra that
retain the fingerprint of the atmospheric properties: temperature structure, chemical
properties, clouds (e.g: Burrows et al., 2004, 2005; Swain et al., 2009).

3.2

Transit spectroscopy

A transit spectrum of an exoplanet atmosphere can be obtained by capturing the
wavelength dependent changes of the host star when the planet passes in front of it.
Figure 3.1 highlights some state-of-the art transmission spectra from two population
studies (Sing et al., 2016; Pinhas et al., 2019). Typically, low resolution observations are obtained by HST using the G141 grism (1.1µm - 1.6µm), which covers
the strong water feature at 1.4µm. They are sometimes complemented with the
near-visible G102 grism (Yip et al., 2020a) or STIS (Sing et al., 2016; Pinhas et al.,
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2019) for the characterisation of scattering processes and atomic species (K and
Na) or by the Spitzer Space Telescope using the 3.6µm and at 4.5µm photometric
bands, covering absorption from respectively CH4 and CO/CO2 . Complementary
observations can also be obtained from the ground at visible wavelengths with large
facilities such as the VLT (Yip et al., 2020a).

3.2.1 Simple 1-dimensional transit model

Figure 3.1: Observed and best fit transmission spectra from two exoplanet population studies. Left: Pinhas et al. (2019); Right: Sing et al. (2016). The error bars represents the observed STIS, WFC3 and Spitzer data with the 1s noise on observation.

The geometrical situation corresponding the the transit situation is described
in Figure 3.2.

The normalised differential flux D between in-transit Fin and out-transit Fout
can be calculated as:
DT =

Fout Fin R p (l )2
=
,
Fout
R2s

(3.3)
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Figure 3.2: Illustration of the transmission of stellar radiation through an exoplanet atmosphere (transit). R0 is the reference radius at which the atmosphere becomes
fully opaque. A light ray at altitude z propagates along the line of sight x. The
atmosphere is separated in Nlayers layers for size Dz, which are labelled by the
index l = j + k, where j refers to the z component and k to the x component.
The discretised altitude zl corresponds to the altitude at the lower boundary of
the layer l.

R p (l ) is the wavelength dependent radius which includes the atmospheric contribution and Rs is the stellar radius. The atmospheric contribution consists in the
absorption of the star light from the atmosphere, which follows the Beer-Lambert
law (see Equation 2.14).
The wavelength-dependent contribution of the atmosphere starts at the surface
labelled R0 , so:

2

pR p (l ) = Csur f +Catm (l ) = 2p

Z R0
0

rdr + 2p

Z •
R0

r(1

e

t(r,l )

)dr,

(3.4)

where r is the radial coordinate. In this geometry, the optical depth must be computed along the line of sight and can therefore be expressed as:
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t(r, l ) = 2

Z xf
0

Â ci(r0)r(r0)si(r0, l )dx,

(3.5)

i

where ci is the mixing ratio of the ith species, r the number density and si is the
absorption cross section of the ith species. x f is the maximum distance in the atmospheric layer along the line of sight.

Considering a 1-dimensional atmosphere made of Nlayers layers, the integration
of t along the x axis can be decomposed in elements t( j,k) , where j represents the
y axis indexes and k are the indexes along the x axis. Physical quantities (e.g: the
altitude z, the mixing ratio c) defined at a layer l can be related to the j, k indexes
using l = j + k and noting that k can only span the values from j to Nlayers . These
are indexed with an additional subscript, for instance ci,l is the mixing ratio of the
ith species at layer l.
From Figure 3.2, one can deduce that Dx( j,k) , the unit path integral corresponding to the element (j,k) and identified by the red section in light ray path is given
by:
Dx( j,k) =

s

R0 + z j+k+1
s
R0 + z j+k

2

2

✓
◆
Dz j 2
R0 + z j +
2
✓
◆
Dz j 2
R0 + z j +
,
2

(3.6)

where zl is the altitude at layer l and Dzl is the changes in altitude at layer l.
In our case, the layers are equally spaced in log pressure, which translates by:
✓

◆
Pl+1
Dzl = Hl log
,
Pl

(3.7)

where Hl is the scale height at layer l and Pl is the pressure at layer l.
Then the optical depth element t( j,k) is:
t( j,k) =

Ngas

Â ci, j+k r j+k si, j+k (l )Dx( j,k),
i

(3.8)
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and finally the total atmospheric contribution is given by:
Nlayers

Catm (l ) = 2p

Â

j=0

"

(R0 + z j ) 1

exp

"

Nlayers j

2

Â

k=0

t( j,k)

#!

Dz j

#

(3.9)

While this equation is directly evaluated by the forward model, a more complete versions of this is presented in Section 8.2 for an analytical exploration.

3.2.2

Inclusion of 3-dimensional effects in transit

The previous transmission model can be adapted to include 3-dimensional effects
(see previous chapter). In particular, Caldas et al. (2019); Pluriel et al. (2020a)
identified that irradiated planets with hot day side and cool night side, could have
large variations of the atmospheric scale height with longitude. This effect, along
with the variations in the temperature structure can lead to large differences in the
chemistry between the hot part of the terminator region and the cool part of the
terminator region.
To first order, one can simply increase the complexity of the transmission
model by assuming that the atmosphere can be described by two equally contributing regions (the day and night sides). The light rays seen in transit are therefore
filtered through the day-side region for half of their path and through the night side
region for the other half. In this case, both day and night properties and combine
them using:
Catm (l ) = 2p

Z •
R0

r(1

e

t1 (r,l )

⇥e

t2 (r,l )

)dr,

(3.10)

where A is the atmosphere contribution, t1 is the optical depth along the line of
sight of the day region and t2 is the one from the night side.
This description accounts for day and night side properties seen in transit.
The transmission spectrum, therefore provides some constraints linking both hemispheres. For planets where only the transit is observed, two regions might lead to
degeneracies that are difficult to break.
Recently, MacDonald et al. (2020) also showed the terminator region could
be affected by west-east differentiation. Global circulation processes are likely to
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drag the hot irradiated day-side of exoplanets towards the night side in a preferred
direction. This would therefore lead the terminator to be hotter on the morning
side than evening side. Using simulations, MacDonald et al. (2020) demonstrated
that this effect could lead 1-dimensional atmospheric retrievals to be systematically
biased towards lower temperatures. This effect was recently verified when analysing
current retrieved temperatures from transmission spectra Tsiaras et al. (2018); Skaf
et al. (2020). While not explored further in this thesis, a simple extension of the
previous equation to 4 regions could account for both day/night and East/West 3dimensional effects mentioned here:

Catm (l ) = p

Z •
R0

r(2

e

t1e (r,l )

⇥e

t2e (r,l )

e

t1m (r,l )

⇥e

t2m (r,l )

)dr,

(3.11)

where t m is the optical depth on the morning side of the terminator and t e is the
one of the evening.

3.3

Eclipse

Spectral observations of exoplanet eclipses are normalised in the same way as transmission spectra, except that the quantity of interest is the flux ratio. Observations
are still mainly obtained using the HST G141 grism and are often complemented
with Spitzer photometric points at longer wavelengths (3.6µm and 4.5µm bands)
since they contain more planet flux (e.g high signal to noise ratio). This is shown in
Figure 3.3, where the eclipse spectrum of KELT-7 b (top) from Pluriel et al. (2020a)
displays the emission features from H (l < 1.5µm). Figure 3.3 also presents in
the bottom panel, the eclipse spectrum of the well known planet HD-189733 b obtained in Swain et al. (2010) using various instruments that were used in the earlier
atmospheric studies. The absorption from water (l ⇡ 2µm) and CO (l ⇡ 4.5µm)
is clearly visible.

The analysis of eclipse spectra is usually done using 1-dimensional plane-
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Figure 3.3: Example of emission spectra for the recently studied exoplanet KELT-7 b (top)
from (Pluriel et al., 2020a) and HD-189733 b (bottom) from Swain et al. (2010).
The difference between the IRTF data and the other instruments was here attributed to non Local Thermodynamic Equilibrium effects.

parallel emission models of the planet atmosphere. Here, it is assumed that scattering processes can be neglected. The atmosphere is approximated with the plane
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parallel assumption and described in Figure 3.4.

Figure 3.4: Illustration of the plane parallel emission geometry used to estimate the secondary eclipse situation. R0 is the reference radius at which the atmosphere
becomes fully opaque. The emitted rays propagate toward the observer along
the z axis. The atmosphere is separated in Nlayers layers for size Dz and the
number of integration quadrature points in labelled Nquad .

The radiative transfer equation can then be written:
µ

dI(t, µ, l )
= B(T ) + I(t, µ, l ).
dt

This is solved, multiplying both sides by e

t/µ

(3.12)

and integrating between the surface

at optical depth ts and the top of the atmosphere where t = 0 (see Equation 2.16).
Assuming the radiation at the surface of the planet is Black-body like, the emerging
intensity at the top of the atmosphere is given by:
I(0, µ, l ) = B(Tsur f )e

ts
µ

1
+
µ

Z ts
0

B(T (t 0 ))e

t0
µ

dt 0

(3.13)

where Tsur f is the temperature at the reference surface. Converting this equation for
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numerical integration, one gets:
t0
µ

I(0, µ, l ) = B(Tsur f )e

1
+
µ

Nlayers 1

Â

B(Tl )e

l=0

tl
µ

(tl+1

tl ) ,

(3.14)

where tl is the optical depth, discretised at layer l and take the form:
tl =

Nmol Nlayers

Â Â

i=0

r j si, j ci, j Dz j .

(3.15)

j=l

Equation 3.14 provides the specific intensity of a plane parallel atmosphere observed with µ, the direction cosine of the viewing angle. For exoplanet applications,
the viewing angle needs to be integrated between 0 and 1 to cover the outgoing flux.
A classical technique to perform this integration is the Gauss-Legendre quadrature
method, which states:

Z +1
1

N

f (x)dx = Â wi f (xi )

(3.16)

i=1

where the xi and wi are the nodes and weights. There are multiple possible choices
for the nodes but for simple integration problems where f (x) is well approximated
by polynomials, it is common to use the Gaussian nodes. The ith Gaussian node xi
is taken as the ith root of the Legendre Polynomial of order N with the associated
weight wi given by Abramowitz and Stegun (1972):
wi =

2
(1

xi2 )[PN0 (xi )]2

,

(3.17)

where PN0 is the derivative of the Legendre polynomial of order N. Since the integration on µ is performed on [0,1], a change of variable can be performed to map
this to the standard [-1,1] interval:
xi + 1
2
wi
wi =
2

µi =

(3.18)

where µi and wi are the quadrature nodes and weights for an integration between
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[0,1]. The final integration over µ becomes:
I(0, l ) = 2p

Nquad

Â
g

wg I(0, µg , l )

(3.19)

where Nquad is the number of chosen quadrature points. Typically for applications
to exoplanet atmospheres with current datasets, the default value of 4 quadrature
points provides an adequate accuracy.
The final eclipse depth is computed using:
DE =

3.4

I(0, l )R2p
.
Is (l )R2s

(3.20)

Phase curve models

Depending on the observing technique used, different processes are constrained.
Transit and eclipse techniques, for example, are complementary. They probe two
distinct regions of the planet and are sensitive to different physical processes. Transmission spectra are most sensitive to the planetary radius, the cloud structure and
the atmospheric chemical species. Spectra from eclipse observations are particularly sensitive in the thermal changes with altitude. By design, however, transit and
eclipse techniques generally offer a 1-dimensional picture and are only poorly sensitive to the 3-dimensional geometrical repartition of chemical and thermal properties.
As such, current forward models in retrieval codes extract information from such
spectra using 1-dimensional descriptions (Rodgers, 2000; Irwin et al., 2008; Madhusudhan and Seager, 2009; Line et al., 2013; Waldmann et al., 2015b,a; Gandhi
and Madhusudhan, 2018; Mollière et al., 2019; Barstow et al., 2020b; Zhang et al.,
2019; Min et al., 2020). To overcome these limitations and characterise the longitudinal structure of exoplanets, optical and spectral phase curves have been used.
The technique consists in following the combined emission from the planet and
star along the entire planet orbit, thus capturing the emission from the planet as a
function of its phase. This technique is challenging, requiring suitable targets and a
stable instrument for a long period of thime, which limits its application to only a
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few planets with short orbital periods.
In theory, phase curve data allows to break the 3-dimensional degeneracies
discussed in transit and eclipse data (Caldas et al., 2019; MacDonald et al., 2020;
Taylor et al., 2020; Katherina et al., 2020). However, the implementation of such
solutions are not well explored in the literature yet. When performing phase curve
data analyses, most studies assume 1-dimensional structures and do not account
for the correlation between the different observed phases, performing independent
retrievals for each of the individual spectra obtained at each phase. In addition,
except for the UCL code TauREx3, there are no more-than-1D retrieval framework
available for unified retrieval analysis of these datasets (Changeat and Al-Refaie,
2020; Changeat et al., 2020b).

3.4.1

Phase dependent emission models

To calculate the phase dependent emission, the planet is separated in Nregions regions
where the chemistry, the temperature and the cloud properties can be considered
constant with latitude and longitude. In each region, the atmosphere is modelled
using the previously described emission model and the final objective is to determine the contribution of each region to the spectrum at a given phase-angle F.
In this setup, following integrations along the Gaussian quadrature points, the total
specific intensity at the top of the atmosphere is given by a modification of Equation
3.19 to:

I(l , F) = 2p

Nquad

Nregions

g

r

Â

Â

!

Ir (0, µg , l )Cr,g (F) ⇥ wg ,

(3.21)

where F is the phase considered, Ir is the intensity at the top of the atmosphere
for a given region r and the Cr,g coefficients define the contributions of region r
to the g Gaussian quadrature point. Since the coefficients C are phase dependent,
Equation 3.21 gives the specific intensity for a given phase angle F. When another
phase angle is evaluated, the individual intensities Ir (0, µg , l ) do not need to be recomputed and only the values of the C coefficients are updated. This means that
in terms of computing resources, the technique does not scale with the number of
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Figure 3.5: Illustration of 2-dimensional simplified phase geometry with three regions. The
black circle represents the planet boundary and the red separations are for the
terminator. The relevant parameters and an example of line integral (blue circle), corresponding to the Gaussian point µ =cos(q ), are also shown. The
parameter to be constrained is a, which is function of µ, F and K.

phases to be evaluated. In practice, the C coefficients can be calculated analytically
using the intersections between the Gaussian quadrature integration circles and the
different regions boundaries. The next two sections present two analytical methods
to estimate these coefficients. In both examples, only three regions are considered.

3.4.2 Simple 2-dimensional calculation
For this phase dependent emission model, the contributions of three regions (day,
terminator and night) are combined. For a given phase angle F, where F represents the angle between the star-planet and star-observer axes, the geometry is
projected onto the 2D disk to calculate the emission (see Figure 8.13). The terminator must pass through the three points (cos(F), 0), (0,1) and (0,-1) defined on the
orthonormal basis (ex , ey ) associated with coordinate (x,y) and the corresponding
polar coordinates (r, a). It must also be equivalent to a circle at phase 180 degrees
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and be symmetric along the y axis for phase 90 degrees. To match these conditions,
the terminator projection is assumed to form an arc circle passing through the three
previously mentioned points. The terminator boundaries are defined by the arc circles using the same centre but with smaller/larger radius using K± , where K+ and
K are the projected distances from the centre of the terminator to the boundaries.
K± therefore describes the size of the terminator region on the 2D disk and can be
related to the terminator spherical angle size qK by:
K± = |cos(F)

cos(F ± qK )|

(3.22)

Defining µ =cos(q ) the angle between the normal to the planetary surface
and the planet-observer axis, then sin(q ) is the radius of the disk for each Gaussian
point. Now the objective is to calculate, for each Gaussian point, the contribution
of the different regions: Cd for the day, Ct for the terminator and Cn the night.
This is equivalent to calculating the angles from the x axis to the intersection of
the terminator boundaries and the quadrature circle. The calculation is performed
analytically for a planet of unit radius.

In this model, the mean terminator equation is:
(x

x0 )2 + y2 = R2

(3.23)

cos(F)2 1
,
2cos(F)

(3.24)

with:
x0 =
and:

R2 = x02 + 1.

(3.25)

This equation is valid for a terminator region of area 0. For a terminator region
of angular size qK , the boundaries of the terminator region are described by the
same equation, with the radius of the terminator circle R0 = R ± K± . Replacing, one
gets:

116

Chapter 3. Observation techniques for exoplanet atmospheres

(x

✓q
◆2
2
x0 ) + y =
x0 + 1 ± K± .
2

2

(3.26)

Using polar coordinates x = rcos(a) and y = rsin(a) leads to:

r

2

2
2x0 r cos(a) = 1 + K±
±

q

x02 + 1.

(3.27)

An additional constraint comes from considering the integration circle of rap
dius sin(q ) = 1 µ 2 :
r2 = 1

µ 2.

(3.28)

Using Equation 3.27 leads to the relation:

cos(a± ) =

(1

cos(F)
p
cos2 (F)) 1

µ2

µ

2

2
+ K±
± 2K±

s

!
(cos2 (F) 1)2
1+
.
4cos2 (F)
(3.29)

This equation is not defined for µ = 1 as, in this case, the integration circle corresponds to a unique point. Similarly, in the case of F = 90 degrees, the terminator
boundaries are not defined by circles anymore but by vertical lines. This situation
requires a separated treatment and, using the same approach, the follwing form is
found:
sin(qK )
cos(a) = p
.
1 µ2

(3.30)

For each Gaussian point, the angles to the terminator boundaries K and K+
are denoted respectively a and a+ . In the general case, Cd = 2a , Cn = 2a+ and
Ct = 1

Cd

Cn .

In some cases, the angles a and a+ from Equation 3.29 are ill defined when
the integration circle does not intersect the terminator boundaries. These cases need
to be handled individually:
- When the integration circle is fully inside a region denoted with subscript R , the
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angles a and a+ do not exist. Then the corresponding coefficient CR,g = 1 and the
remaining coefficients are zero.
- If only one coefficient CR,g exists, then the integration circle is shared with only
two regions and the other coefficient is equal to 1 - CR,g .

3.4.3

Calculation of the coefficients from 3-dimensional projection.

In irradiated tidally locked planet such as WASP-43 b, an asymmetric emission in
the observed phase curves is often observed (Stevenson et al., 2014b, 2017). This
is potentially due to a directional redistribution of the atmosphere creating offsets
in the observed brightness temperature (hot-spot). Additionally, for these types
of planets, large day-night temperature contrasts have been observed. These two
effects can be accounted for by simple changes in the geometry presented in the
previous section. Here, the planet is again represented by three separated regions
(hot-spot, day side and night side) of homogeneous properties. The hot-spot region
corresponds to the region of highest temperatures (the sub-stellar point). The day
side represents the remaining part of the day-side atmosphere, facing the star. The
night side refers to the part in the atmosphere which does not receive direct stellar
radiations. The new geometry, shown in Figure 3.6, is described here but tested on a
real scenarios (WASP-43 b phase curve data from Stevenson et al. (2017), in Section
5.5. This model requires a new calculation for the C coefficients. For this example,
the previous calculation is improved by calculation of the intersection points in 3
dimensions.
In 3D, the hot-spot and terminator boundaries are considered as circles on the
surface of the planet sphere. These are therefore described by intersections between
planes (defined by the hot-spot and terminator locations) and the sphere (for the
planet). In addition, the Gaussian integration circles are equivalent in 3D to cylinder
of circular bases and directions parallel to the line of sight. In Cartesian coordinates
(x, y, z) with x pointing towards the observer, the problem is equivalent to solving
the following set of equations :
- Region Plane : Ax + By +Cz + D = 0
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Figure 3.6: Diagram of the phase curve geometry for irradiated planets with three regions.
Red: hot-spot; orange: day side; blue: night side. The labels in green corresponds to 3-dimensional spherical angles. The red labels are the 2D projections in the (y,z) plane, which is perpendicular to the line of sight (tangent to
the celestial sphere). The blue circle corresponds to the 2D Gaussian quadrature integration circles, also projected onto the celestial sphere plane. F is the
phase angle considered, D parameterises the hot-spot offset, a defines the size
of the hot-spot region. The integration circle is defined by its viewing angle
µ=cos(q ). The coordinates of Ph and Pn , the points of intersection with the
integration circle, are the quantities to determine.

- Planet Sphere: x2 + y2 + z2

1=0

- Gaussian integration Cylinder: y2 + z2

1 + µ2 = 0

Solving these equations for (x, y, z) leads to four possible solutions for the point
of intersection Pint that can be formulated using Equation 3.31.

0 1 0
x
B C B
B C B
B C B
p
B C B
B C B ±(ABµ BD±0C
ByC = B
B C B
B C B
B C B
@ A @
p
±(ACµ+CD±0 B
z

⌥µ
A2 µ 2 ±2AµD B2 µ 2 +B2 C2 µ 2 +C2
B2 +C2

1

C
C
C
C
D2 ) C
C
C
C
C
A

A2 µ 2 ±2AµD B2 µ 2 +B2 C2 µ 2 +C2 D2 )
B2 +C2

(3.31)
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Coefficient Hot-spot boundary
A
cos(q ) cos(F D)
B
cos(q ) sin(F D)
C
sin(q )
D
cos(a)
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Terminator
cos( q ) cos(F p)
cos( q ) sin(F p)
sin( q )
cos(p/2)

Table 3.1: List of the A, B, C and D coefficients depending on the boundary considered
(hot-spot and terminator) for the Equation 3.31 .

The coefficients A, B, C, D define the plane equation, hence the position of the
hot-spot and/or the terminator boundaries. These are defined as function of q the
inclination angle (assumed equal to 0 here), F the phase angle, D the hot-spot shift
and a the hot-spot size angle and are unique to each phase angle. Their expressions
are summarised in Table 3.1.
Finally, the coefficients Ch and Cn for the hot-spot and night side regions, can
be calculated from Equation 3.31 as the angles from the y axis to the intersection
points Ph and Pn . For a point of intersection Pint of coordinates (yint , zint ), this is
given by:

✓

zint
C = arctan
yint

◆

/p.

(3.32)

The last coefficient Cd for the day region, is calculated using the remaining difference:
Cid = 1

Cih

Cin .

(3.33)

As with the previous model, Equation 3.33 holds in most cases but in some situations, corresponding to ill defined solutions of Equation 3.31, the coefficients need
to be handled individually. This is done in the same way as in the previous section.

3.5

Direct imaging

The interpretation of direct imaging spectra does not present large differences to the
eclipse case and the same atmospheric model can be used. In fact, Equation 3.14
from the eclipse case is also valid for direct imaging. As the planet flux is observed
directly, Equation 3.20 can be simplified to lead to the planetary flux F p :
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Fp = p I(0, l )R2p .

(3.34)

In comparison to eclipse measurements, direct imaging targets another class
of exoplanets, much younger and further away from their host stars. Only a small
number of exoplanets have been imaged so far, but their observations in the near
infrared by large telescopes on the ground such as SPHERE (VLT), GPI (Gemini),
SCExAO (Subaru) or GRAVITY (VLTI) have led to high quality atmospheric spectra. Ground based instruments are mainly used due to the smaller working angle
their coronagraphs have as compared for example with HST (Biller and Bonnefoy,
2017). An example of spectrum obtained with the Gemini Planet Imager for the
directly imaged planet 55-Eri b is presented in Figure 3.7.

Figure 3.7: Spectrum of 55-Eri b obtained in the H and J bands with GPI (Macintosh et al.,
2015). Two atmospheric models (green and pink) are used to evaluate the data.

Compared to eclipses, additional difficulties may have to be considered. As
the observations are carried from the ground using coronagraphs, spectrally dependent contaminations can remain present in the data, thus impacting the inference of
the planet properties. In eclipse, the planetary mass and radius are usually known
a-priori from complementary techniques (RV and transit). On the contrary, it is often difficult to constrain the planet mass and radius from direct imaged data only,
which can introduce large degeneracies in the analyses. These effects are studies in numerous papers (Macintosh et al., 2015; Apai et al., 2017; Nayak et al.,
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2017; Biller and Bonnefoy, 2017; Carrión-González et al., 2020). In the near future, follow-ups of directly imaged targets using the astrometry technique could
provide important constraints on the planetary mass and reduce these degeneracies.
While not developed further in the present thesis, TauREx 3 can simulate the atmosphere of directly imaged planets and will potentially be used to this purpose in the
near future (Whiteford et al., 2020).

3.6

High resolution spectroscopy

Transit, eclipse, phase-curve and direct imaging techniques are currently done at
relatively low resolutions. Their analysis can be carried using retrieval techniques
(see Section 4), which is the main scope of this thesis. However, dispersion techniques (R ⇡ 100000), which consist in tracing the radial velocity shift of individual

molecular lines using high resolution ground based facilities, are also very powerful
in characterising exoplanet atmospheric properties. The technique relies on the principles developed in the radial velocity section, Section 1.3.1, and attempts to disentangle the individual molecular lines from telluric absorption, stellar absorption
and the planetary atmosphere. The technique was used for the first ground based
detection of CO using the CRIRES instrument on the VLT (Snellen et al., 2010).
Now, many facilities such as CRIRES+ (VLT), HARPS, IRD (Subaru) and GIANO
(TNG) are used for high resolution spectroscopy. Figure 3.8 shows the technique
for a simulated hot-Jupiter planet obtained by high-resolution spectroscopy. The
CO signal is seen as a wavelength dependent line absorption along the planetary
orbit.

As with direct imaging, the convolution of Earth atmosphere (signals from
molecules in Earth atmosphere and atmospheric perturbations) leads to many challenges, which require careful de-trending processes. Typically, a series of filtering
steps are used to remove the systematics trends that are common to all the wavelengths (Snellen et al., 2010; Brogi et al., 2016; Damiano et al., 2019). The covariance matrix of the spectra, which represents the correlations between wavelength
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Figure 3.8: Schematic of the high-resolution technique for the detection of CO from Birkby
et al. (2013). The white curves trace the individual molecular lines from the
planet atmosphere that are Doppler shifted depending on the orbital phase.
These can be separated from the Earth and host-star atmospheric lines (dark
vertical lines) that remain quasi-static with the orbital phase. The technique
can technically be used at any phase, but transits and eclipses provide the highest signals.

and time domains, is calculated. Using principal component analysis techniques
(e.g decomposition of the covariance matrix into eigenvectors and eigenvalues)
sources of noise as well as telluric and stellar signals are removed. The high order
components of the eigenvector decomposition represents poorly-correlated signals,
often residual noise in the data, and the low order components of known correlated
behaviour are identified as telluric or stellar signal (Damiano et al., 2019). These
signals are removed iteratively by maximising the cross correlation function around
the expected theoretical velocity for the system and the planet.
This reduction process does not affect much the exoplanet atmospheric signal
since it is shifted with wavelength over the observations, but removes the telluric
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and stellar features, which vary over time with no wavelength component (changing
airmass, seeing). Alternatively, a model spectrum of the telluric and the observed
star can be subtracted from the signal (Damiano et al., 2019). An example of these
reduction steps is presented in Figure 3.9

Figure 3.9: Steps in the reduction process of high-resolution data from a 5 hour observation
of the dayside of 51-Peg b at 3.2µm with CRIRES/VLT (Birkby et al., 2017).
Panel A: Observed spectrum from the CRIRES pipeline. Panel B: Median normalised spectrum. Panel C: Spectrum after removal of the first principle component. Panel D: Spectrum after removal of the optimal components (when the
planet signal starts to also be removed). Panel E: Same as D but with a 100
times water signal injected at step A to visually highlight the positions of the
lines.

One disadvantage of this observation technique is that the reduction process
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removes the baseline components, which does not allow to recover the absolute
intensities of the absorption lines. While a few studies explored the use of retrieval
techniques to analyse high resolution spectra (Brogi et al., 2017), cross-correlation
techniques are favoured due to this lack of baseline. When cross-correlation is
used, high-resolution models of molecular species are explored over a large range
of radial velocity semi-amplitudes for the planet (K p ) and the velocity of the system
(Vsys ) to attempt to match the wavelength trails of the spectral lines (see Figure
3.10). For two signals occurring with an offset j ⇥ Do , where Do is a step offset, the
normalised cross correlation function C( j) is given in Bracewell (1965); Damiano
et al. (2019):

Â (xi x̄).(yi j ȳ)
p
C( j) = p i
.
Âi (xi x̄)2 Âi (yi j ȳ)2

(3.35)

where x and y are the observed spectrum for a given phase (or time) and the corresponding simulated spectrum. Scanning the whole phase domain allows to build
the cross-correlation maps that are presented in Figure 3.10.

The cross correlation technique can be used to identify multiple compounds in
complex atmospheres (see Figure 3.11). In particular, this technique has a great potential in complementing current analyses of low resolution spectroscopy as they are
sensitive to other species (atomic species, optical absorbers). For example, metal
hydrides/oxides have a fairly similar signatures in the Hubble spectra (Edwards
et al., 2020c; Pluriel et al., 2020a) but could be distinguished using dispersion techniques. Where high resolution spectroscopy allows to break some of the degeneracies due to the resolution of the individual lines, low resolution is more adapted to
the constraints of abundances. This was one of the main motivations in Brogi et al.
(2017) and the idea of an integrated low-high resolution spectroscopy framework in
TauREx 3 is a possible avenue of future improvement.

Figure 3.10: Results of the cross-correlation technique for water on the exoplanet HD189733 b (Birkby et al., 2013). The dotted line corresponds to the expected
rest frame velocity of the planet, which matches the contour of highest correlation for water.
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Figure 3.11: Results of the cross-correlation technique on the exoplanet KELT-9 b during
its transit (Hoeijmakers et al., 2018). The atomic species Fe (green), Fe+
(brown) and Ti+ (blue) were detected but Ti (red) was not recovered.

Chapter 4

Spectral retrievals for exoplanet
atmospheres

Contribution to this chapter: “The concepts developed in this chapter describe
the extraction of information content via retrieval methods as opposed to modeldependent interpretations, establishing good practice in the emerging field of atmospheric retrievals. The chapter discusses the structure and the use of retrieval
techniques, with a particular focus on the UCL code: TauREx3. The code was built
in collaboration with Dr. Ahmed F. Al-Refaie, who developed the main architecture.
I led the scientific aspect of the code, taking part in the decision making process
and focusing on specific modules. For example I introduced the idea of retrieving
parametrised chemistries in Changeat et al. (2019) and was one of the first to consider molecule ratios for secondary atmospheres in Changeat et al. (2020d). These
ideas are integrated in the TaurexChemistry module. I had a significant involvement in building the forward models (previous section) and created new TauREx
contributions, such as the H opacity (Edwards et al., 2020c). Section 4.5 was
constructed by an extensive literature review and the experience I acquired carrying many retrieval studies. I also organised important community effort in order
to compare and validate different retrieval codes, through the ESA Ariel retrieval
working group. In the Ariel retrieval challenge, I provided the input simulations,
produced benchmark spectra and performed the TauREx retrievals.”
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To interpret exoplanet observed spectra, the model equations presented in the

previous Chapter are integrated in a retrieval framework. The general structure of
an atmospheric retrieval combines a simplified radiative transfer model (the forward
model, see Section 3) with an algorithm (the optimizer) sampling the parameters of
the model from pre-defined distributions (the priors) to converge to the most likely
set of parameters fitting the data (the posteriors). This chapter discusses the use of
retrieval frameworks in analysing exoplanet spectroscopic observations, focussing
on the recently developed TauREx 3 code (Al-Refaie et al., 2020b). TauREx3, the
recent rewrite of TauREx (Al-Refaie et al., 2020b), is a retrieval framework that provides extremely fast forward models for spectroscopic transmission and emission. It
is a flexible python library, that allows the user to augment the main functionalities
with custom code or use the library to construct dedicated pipelines, for example
Alfnoor (Changeat et al., 2020a).

4.1

Input contributions and opacities

Opacities are key elements in the forward model as they allow to estimate the wavelength dependent optical depth.

4.1.1 Molecular data
Molecular opacities are commonly characterised by their cross sections, which describe the probability of a species to absorb incoming radiation. These are usually
measured in unit of area. The estimate of cross sections is a computationally intensive and complex process, which requires the computation of individual transition
lines and their absorption profiles due to the excitation of energy states. These
absorption profiles are temperature and pressure dependent, thus often requiring
pre-computation in tabulated files.
Cross section tables can be computed from the spectral intensities and positions
of individual lines by building a frequency (n) grid of Ngrid points. For a given bin
j in this grid, the total opacity s j is given by summing the contribution of the
individual transitions:
s j = Â si j ,
i

(4.1)
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where the contribution of transition i in the bin j is given by:
si j = Si F(ni

n j ),

(4.2)

where Si is the absorption intensity of a transition with frequency ni and F is the
Voigt line profile.
The intensity Si for a line i resulting from the transition between two states is
given by:

Ai gi
Si (T ) =
exp
8pcQni2

✓

Ei
kb T

◆✓
1

exp

✓

hcni
kb T

◆◆

,

(4.3)

where ni is the line position (wavenumber), Ai is the Einstein-A coefficient for a
particular transition, gi is the degeneracy of a particular state with energy Ei and Q
is the partition function given by:
✓

Ei
Q = Â gi exp
kb T
i

◆

(4.4)

n j ) characterises the broadening of the line. In

The Voigt line profile F(ni

any medium, absorption lines extend over a range of wavelengths due to thermal and
pressure broadening. Thermal broadening arises due to doppler shifting induced by
the motion of the molecules along the line-of-sight. This results in a temperature
dependent Gaussian profile:
FD (n

1
ni ) = p exp
gD p

✓

ni )2

(n

gD2

◆

(4.5)

where ni is the line position and gD the Doppler width.
Pressure broadening results from collisions with the surrounding particles,
which is shortening the emission process and results in uncertainties in the emitted energy. This results in a pressure and temperature dependent Lorentzian profile.

FL (n

ni ) =

where gL is the Lorentzian width.

1
exp
p
(n

gL
ni )2 + gL2

(4.6)
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Opacity
H2 -H2
H2 -He
H2 O
CH4
CO
CO2
C2 H2
C2 H4
HCN
NH3
TiO
VO
FeH
H-

References
Abel et al. (2011); Fletcher et al. (2018)
Abel et al. (2012)
Barton et al. (2017); Polyansky et al. (2018)
Hill et al. (2013); Yurchenko and Tennyson (2014)
Li et al. (2015)
Rothman et al. (2010); Huang et al. (2017); Yurchenko et al. (2020)
Wilzewski et al. (2016); Chubb et al. (2020b)
Mant et al. (2018)
Barber et al. (2013)
Yurchenko et al. (2011); Tennyson and Yurchenko (2012)
McKemmish et al. (2019)
McKemmish et al. (2016)
Bernath (2020)
John (1988); Edwards et al. (2020c)

Table 4.1: List of opacities considered in this thesis: includes molecular opacities and CIA.

The Voigt line profile is then the convolution of those two profiles:
F(ni

n j) =

Z +•
•

FL (n

n j )FD (ni

n)dn,

(4.7)

which has to be approximated numerically.
Cross sections are typically produced at high resolution and then sampled to
lower resolutions. Simulations have demonstrated that a resolution of at least R =
10,000 is required for JWST and Ariel applications.
In atmospheric retrievals with TauREx, cross sections opacities are precomputed from the ExoMol (Tennyson et al., 2016), HITRAN (Gordon et al., 2016)
and HITEMP (Rothman and Gordon, 2014) line list databases. The list of opacities
considered in this thesis can be found in Table 4.1.

4.1.2 Specific case of H
The opacity of H can be computed from the abundances of neutral hydrogen H
and free electrons e

only (John, 1988). The bound-free absorption coefficient

(kb f (l , T )) corresponds to the photo-detachment of an electron bound to a hydrogen
atom and the free-free absorption coefficient (k f f (l , T )) results from the interaction
of free electrons in the field of neutral hydrogen atoms. These coefficients (in cm4
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dyne 1 ) are expressed per unit electron pressure and per hydrogen atom. One can
calculate the electron partial pressure in dyne cm

2

(Pe [dyne cm 2 ]) using:

Pe [dyne cm 2 ] = P[bar] ⇥Ve ⇥ 106 ,

(4.8)

where P[bar] is the atmospheric pressure in bar and Ve is the volume mixing ratio
of electrons. The weighted cross section sH for the H absorption is given by:
⇣
⌘
sH (l , T ) = kb f (l , T ) + k f f (l , T ) ⇥ Pe [dyne cm 2 ] ⇤VH ,

(4.9)

where VH is the volume mixing ratio of neutral hydrogen atoms. Hence only two
free parameters are left: the electron and neutral hydrogen volume mixing ratios.
In retrieval analysis, the hydrogen and electron mixing ratios are degenerated due
to their equal positions in these equations. A way to solve this degeneracy is to fix
the hydrogen volume mixing ratio, imposing a profile inspired from the literature
(for example Parmentier et al. (2018)). This way, the only remaining parameter to
constrain the H- absorption is the electron volume mixing ratio Ve .

4.1.3

Other contributions

The contribution to the optical depth can be generalised to include a combination of
processes by noting:

N

t(l , z) = Â Ci (l , z)

(4.10)

i

Where, C is the ith function out of possible N absorbers that contributes to the optical depth. The pure absorption case used for molecular absorption, Mie scattering
and Rayleigh scattering is then:
C(l , z) = Â
j

Z

s j (l , x)w j (x)r(x)dx

(4.11)

where w j is an altitude dependent weighting, here corresponding to the mixing ratio
of species j. The variable x still describe the variation of these physical quantities
along the line of sight and the integral bounds are [z, z f ]. Other forms of contribu-
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tions can be described this way, for example the contribution for Collision Induced
Absorption takes the form:
Ccia (l , z) = Â
j

Z

s j (l , x)w j (x)r(x)2 dx

(4.12)

Or for simple grey clouds:

Cclouds (l , z) =

8
>
<•
>
:0

if P(z) >= P0

(4.13)

if P(z) < P0

where P(z) is the pressure at altitude z and P0 is the pressure at the top of the cloud
deck. The sum over j is dropped since a single cloud species is considered here.
More complicated cloud models can be included this way. For example, the model
from Lee et al. (2013) allows to model clouds depending on their micro-physical
properties. In this model, the clouds are treated as opacities sc for each layer of size
Dz:
Clee (l , z) =

Z

sc cc (x)r(x)dx.

(4.14)

Where sc = Qext (x)pRc (x)2 with Rc is the size of the cloud particles and cc is the
cloud mixing ratio. Here the extinction efficiency Qext (x) is defined as:
Qext (x) =

5
Q0 (x)Xc (x)

4 + X (x)0.2
c

,

(4.15)

where the parameter Q0 describes the type of cloud considered and the cloud size
parameter Xc (x) is defined by:
Xc (x) =

2pRc (x)
.
l

(4.16)

It is common practice to consider Rc (x) and Q0 (x) as constant with altitude for
retrieval applications. Here, the extinction processes of Rayleigh scattering, Mie
scattering and Collision Induced Absorption are modelled as absorption processes.
These simplifications are often used in retrieval studies as the full modelling of such
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Figure 4.1: General structure of a retrieval. The forward model is run multiple times to fit
for the input spectrum, following an optimizing procedure. The model assumptions and priors are important factors impacting the final posteriors.

processes is too complex (see Section 2.1).

4.2

Code Structure

TauREx 3 (Al-Refaie et al., 2020b,a) is the new version of TauREx (Waldmann
et al., 2015b,a). The code acts as a library providing ready to use functions for atmospheric modelling. The architecture and main classes provided by TauREx 3 can
be found in Figure 4.2. Classes are self-sufficient components of TauREx that can
be used independently for single purpose or be integrated into other custom codes.
These components are combined into a full pipeline for atmospheric retrievals (illustrated in Figure 4.1), meaning that TauREx 3 is at the same time a retrieval code
and an API (Application Programming Interface).
TauREx 3 is designed to adapt to the rapid development of atmospheric theories and allow the addition of new models with minimal effort. It allows for the
rapid prototyping of new methods and retrieval regimes though the use of plugins
(TauREx 3.1). Plugins are, in essence, installable enhancements to TauREx 3. They
allow new features to be included in the pipeline natively without modifying the
main TauREx 3 codebase. A list of working plugins for TauREx 3.1 can be found
in Table 4.2. The code is open-source, licensed under a BSD license and avail-
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Figure 4.2: The overall structure of TauREx 3. Each orange box describes a class, solid
arrows flowing out describe outputs, solid arrows flowing in describe inputs.
Dashed arrows describe creation of an object. Figure taken from Al-Refaie
et al. (2020b).

Plugin
taurex
taurex
taurex
taurex
taurex
taurex
taurex
taurex
taurex
taurex
taurex
taurex

cuda
opencl
ace
ggchem
fastchem
venotdiseq
dynesty
scipypriors
petitrad
phasecurve
jwst
ariel

Description
CUDA-acceleration of forward models
OpenCL-acceleration of forward models
Equilbrium Chemistry using ACE
Equilbrium Chemistry using GGChem
Equilbrium Chemistry using FastChem
Chemical disequilibrium models
Dynesty optimizer
scipy.stat continuous functions as priors
petitRADTRANS forward models and opacity formats
1.5D phasecurve forward models
JWST instrument noise simulator
Ariel instrument noise simulator

Availability
PyPI
PyPI
PyPI
PyPI
PyPI
PyPI
PyPI
PyPI
PyPi
On publication
On publication
On publication

Table 4.2: List of currently available plugins of TauREx 3.1. Availability describes where
a user may acquire the plugin. PyPI availability means that the plugin can be
acquired using pip install. On publication refers to plugins that will be
available after their relevant publication.

able at http://github.com/ucl-exoplanets/TauREx3_public and
the Python Package Index (PyPi): https://pypi.org/project/taurex/.

4.3. Forward models
Forward model
Transmission
Emission
Direct Imaging
Phase Curve 1.5D (2D)
Phase Curve 1.5D (3D projection)
Transmission (two regions)

Description
Base transit forward model
Base emission forward model
Base direct Imaging forward model
Simple phase curve model
Simple phase curve model with hot-spot
Transmission model with two regions
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Section
Section 3.2.1
Section 3.3
Section 3.5
Section 3.4.2
Section 3.4.3
Section 3.2.2

Table 4.3: List of currently available forward models in TauREx 3.1.

4.3

Forward models

The forward model is built from classes. These define the state of different components of the exoplanet atmosphere. At the highest level, a forward model needs
a Planet and a Star. The structure of the Planet atmosphere is then added by using
the Pressure, Chemistry and Temperature classes. Then the physics to be considered is described using Contributions (see Figure 4.2). These combine to produce
a forward model representing the different situations described in Section 3. The
available forward models in the current version of TauREx 3 are described in Table
4.3.

4.4

The retrieval optimiser

For atmospheric studies of exoplanets, the forward model M provides a unique
mapping from a set of parameters Q (orbital, star, planet, atmosphere) to a simulated
spectrum S such that:
Q)
S = M (Q

(4.17)

When an observation is carried out, one in fact obtain a noised instance, the
data D , of S such that:
D ⇡ S + e,

(4.18)

where e is the noise vector and the approximation sign reflects the fact that the
model remains an approximation of the real phenomena. The goal is to estimate
the parameters Q , given the observations D . Here, four issues appear: the inverse
mapping function M

1

is unknown due to the non-linearity of the atmospheric

processes at play, the addition of the noise e implies that the actual true mapping is
lost, the underlying noise distribution is unknown, and finally M is a model chosen
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to best represent the observed system but cannot be expected to encompass all its
aspects.
There are many optimizing strategies that allows us to map the likelihood of the
data and the model. These include grid sampling, optimal estimation, Markov Chain
Monte Carlo models (MCMC) and Nested sampling amongst others. In essence,
the goal for all of them is similar, requiring the comparison of model generated
Q)) with the actual observations D and identification of the
observations S (or M (Q
most likely input parameters Q . Recently, Bayesian inference methods and more
specifically Nested sampling techniques (Skilling, 2004) have become mainstream
in exoplanet applications. They have the ability to sample large solution spaces
efficiently with little prior knowledge and there are reliable in identifying multimodal and correlated solutions. Bayesian techniques rely on the Bayes theorem:

Q|D
D, M ) =
p(Q

D|Q
Q, M )p(Q
Q|M )
p(D
,
D|M )
p(D

(4.19)

Q|D
D, M ) is the posterior probability of the parameters given the observed
where p(Q
D|Q
Q, M ) is the probability of the data given a parameter set (also redata and p(D
Q|M ) is the prior function, which
ferred as the Likelihood function L ). Then p(Q

refers to the initial knowledge on the parameters. One can view the entire process
as an update of the initial knowledge (prior) with the additional information from
D|M ) is the Bayesian evidence, which normalises the
the observed data. Finally p(D
posteriors and will be denoted E. In an inverse problem, the aim is to determine the

Q|D
D, M ), which provides the density function of the difposterior distribution p(Q
ferent model parameters. Most sampling methods do not account for E and sample
from un-normalised posteriors, as E is independent from the model parameters and
is computationally intensive to evaluate.
The likelihood function characterises how a model realisation fits to the observed data. The likelihood function is defined by:
Ndata

L =

’

k=0

1
p
exp
2pek

✓

(Sk

◆
Dk )2
,
2ek2

(4.20)
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D). Sk , Dk
where Ndata is the number of datapoints in the observation Ndata = dim(D
and ek are the k-th values of respectively S , D and e.

Markov Chain Monte Carlo (MCMC) consists in starting from an arbitrary set
of points, chosen randomly in the parameter space, which evolve in “chains” to
sample the parameter space. These points are “walkers” moving in the parameter
space semi-randomly according to an algorithm that looks for the regions in the parameter space which have higher likelihood values. In MCMC techniques, the next
step in the chain only depends on the previous step. Different algorithms exist to
suitably choose the next step but one of the most simple is the Metropolis-Hastings
algorithm. Given a current state i with a parameter set Q i and the posterior distribuQi |D
D, M ), a possible next step is drawn from a pre-defined distribution, for
tion p(Q
example, a Gaussian distribution with mean Q i and pre-defined variance. The new

step has the probability p of being accepted/rejected depending if p is greater than
a random number generated between 0 and 1
✓

◆
Qi+1 |D
D, M )
p(Q
;1 .
p = min
Qi |D
D, M )
p(Q

(4.21)

The MCMC technique (Metropolis et al., 1953; Caldwell and Kröninger, 2006)
allows to sample efficiently the parameter space but it is limited when the parameter
space is complex, presenting multi-modal or highly degenerate solutions. These
issues can be partially addressed using multi-chain MCMC algorithms. Also, the
technique does not easily allow for model comparison as the computation of the
evidence is harder.
The comparison of different models, which is commonly required in exoplanet
retrieval studies, relies on the estimation of the Bayesian evidence E. This can be
derived by writing:

D) p(D
D|M1 )p(M1 )
p(M1 |D
=
,
D) p(D
D|M2 )p(M2 )
p(M2 |D

(4.22)

where the M1 and M2 are two models to compare. When there is no prior knowledge in favour of a particular model, the comparison of two models then reduces to
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log(B) Interpretation
0 to 0.5
No Evidence
0.5 to 1 Some Evidence
1 to 2 Strong Evidence
>2
Decisive
Table 4.4: Interpretation of the Bayes ratio (Kass and Raftery, 1995)

the evaluation of the Bayesian evidence, more precisely the Bayes factor B:
B=

E1
.
E2

(4.23)

An interpretation of the Bayes factor for model selection can be found in Jeffreys (1998); Kass and Raftery (1995) and in Table 4.4.
In Nested sampling techniques, the focus is shifted to the calculation of the
Bayesian evidence E. The evidence is accurately calculated, leaving the posterior distribution as a by-product of the process. The algorithm starts from a set
of “live points” randomly drawn from the prior distribution. The point of lowest
likelihood is then replaced by a new point with higher likelihood generated from
the prior distribution. The “trace” of live points is therefore constructed by shrinking iso-likelihood contours (see Figure 4.3) up until a user defined condition on the
likelihood changes is reached (evidence tolerance). Once converged, the posterior
distribution can be build from the discarded trace points.

The Bayesian evidence E is equal to the distribution of the observed data
marginalised over the parameters. It is the volume span by the posterior distribution
and is given by:
E=

Z

Q)p(Q
Q|M )dQ
Q
L (Q

(4.24)

This integral is difficult to evaluate directly when a large number of model parameters is sampled, but one can transform it into a 1-dimensional integral by scanning
Q) = l , using the transforthe prior volumes under the iso-likelihood contours L (Q
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Figure 4.3: Illustration showing the iso-likelihood contours Li in a 2-dimensional posterior
X i ) function (right). Image taken
distribution (left) and the corresponding L (X
from Feroz et al. (2019).

mation:
X = p(Q
Q|M ) dQ
Q,
dX
X (l ) =

Z

Q)>l
L (Q

Q|M ) dQ
Q
p(Q

.

(4.25)

By assuming a monotonically decreasing function L , which is guaranteed by
choosing increasing iso-likelihood contours, the evidence becomes:
E=

Z 1
0

X )dX
X.
L (X

(4.26)

This can be easily evaluated numerically from sample evaluation using the trapezium rule:

N

X i ),
E = Â wi L (X

(4.27)

i=1

where

1
Xi
wi = (X
2

1

X i+1 )

(4.28)

With the evidence E calculated, the posterior can then be recovered by weighting the discarded points by pi :
pi =

X i)
wi L (X
E

(4.29)

140

Chapter 4. Spectral retrievals for exoplanet atmospheres

Figure 4.4: Cartoon showing the progression of the MultiNest algorithm, which uses ellipsoids to approximate iso-likelihood contours. The separation into two clustered
regions is also shown in (e). Image taken from Feroz and Hobson (2008).

In the MultiNest implementation of Nested Sampling (Feroz et al., 2009; Feroz
and Hobson, 2008), the new points are sampled from multi-dimensional ellipsoids,
defined by the current “live” points, instead of the full prior volume (see Figure 4.4).
This approach samples more efficiently the parameters as the acceptance rate decreases less with new ellipses being drawn every N steps. In this setup, multimodal
solutions can be described by separated ellipses around the clustered regions.

4.5

Recipe to perform atmospheric retrievals with
TauREx 3

4.5.1 Parametric vs self-consistent
When performing retrieval studies on a spectrum, assumptions on the state of the
atmosphere must be done. The model to be fitted is user defined. These assumptions must be taken carefully as a retrieval will always provide a model dependent
solution. In recent years, atmospheric models adapted to include more and more
complex behaviour. The need for increased complexity is sometimes addressed in
the literature through additional constraints in the retrievals from dynamical and
chemical models (“hybrid” models). This method is already widely explored in retrievals aiming at constraining the thermal profiles, e.g. the Guillot model (Guillot,
2010) and other 2-stream approximations (Heng et al., 2014; Malik et al., 2017).
This strategy allows for more complex thermal profiles to be considered, while
limiting the number of free parameters. Similarly, equilibrium and disequilibrium
chemical models may be used to constrain chemical profiles. Agundez et al. (2014)
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showed, with their 2D chemical model of HD 209458 b and HD 189733 b, that accurate parameterisations of exoplanetary atmospheres could be extremely complex.
Interesting alternatives combine both physical/chemical models and free parameters
such as the model adopted by Madhusudhan and Seager (2009), where the chemical profiles are computed in equilibrium and multiplied by a factor to account for
potential departures from this equilibrium.
These self-consistent models have, however, two major disadvantages. First,
the forward model requires significant computing time to ensure convergence of
the chemical/dynamical modules, which becomes even longer when iterated in retrievals. Secondly and more fundamentally, they imply assumptions on the state of
the planet and its physical/chemical behaviour. As of today, the physics of such
systems is not well known and thus, the selection of a particular model may lead to
results biased by preconception. For instance, Venot et al. (2012) proposed a disequilibrium model adapted for hot-Jupiters and found significant differences when
comparing with other models such as the equilibrium ones. This result highlights
the issue of assuming a particular physics as a prior in inverse models, when our
knowledge of exoplanetary atmospheres is still in an early phase. At least until
our knowledge of these exotic worlds has progressed substantially, the results obtained by spectral retrievals should be kept independent from ab initio dynamical
and chemical models, and used instead to constrain/validate some aspects of said
models.
This philosophy is adopted throughout multiple examples in this thesis, where
except when explicitly stated, the retrievals are performed using free heuristic assumptions.

4.5.2

Main setup

The spectra from eclipse and transit observations of HST and next generation telescopes usually probe the pressure range between 1 bar and 10

4

bar (see Figure

8.11). The structure of the atmosphere is therefore well represented using 100 layers spanning the pressures between 10 bar and 10

9

bar in log pressures.

In the case of primary atmospheres, it is common to assume that the main gases
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are H2 and He and their ratio is usually fixed to literature values (solar abundance).
As those two molecules are inactive gases and therefore have negligible influence
on the exoplanet spectrum, except through the mean molecular weight and CIA.
Possible errors resulting from this assumption would only impact the scale height,
and produce minor negligible changes in other parameters such as the temperature
(see Section 8.2). For these atmospheres, a solar ratio of He/H2 = 0.17 can be assumed. In secondary atmospheres, the ratios between the main components must
be fitted directly, while avoiding obvious degeneracies between multiple inactive
gases (e.g: fitting for H2 , He and N2 at the same time would lead to degeneracies
as those three gases are inactive). Opacities for Collision Induced Absorption, including H2 -H2 and H2 -He, and Rayleigh scattering can be included since they are
automatically calculated from the gas composition of the atmosphere. In TauREx 3
these are included as contributions (see Table 4.7).
In both transit and eclipse spectroscopy, the mass can be fixed to the most accurate literature value, since the main impact is through the scale height and retrievals
would have difficulties to constrain this parameter (see Section 8.2). Transit spectroscopy is highly sensitive to the planetary radius, which can therefore be left as a
free parameter. In eclipse, however, large degeneracies occur between the temperature and the radius (see Equation 1.33 for example). It is therefore convenient to fix
its value to the best available estimate from a transit observation.

4.5.3 Model Choices and degeneracies
4.5.3.1 Temperature
In the case of transit spectra, most studies assume isothermal temperature profiles.
This is justified by the narrow wavelength coverage and signal-to-noise in available observations (with the Hubble Space Telescope) which do not allow to probe
large pressure regions in the planetary atmosphere. The temperature variations in
transmission act as a second order parameter and the spectrum is more sensitive to
the mean temperature value, which directly appears in the scale height. However,
Barstow et al. (2012), Rocchetto et al. (2016) and Changeat et al. (2019) highlighted
the impact of temperature variations for high signal-to-noise and broad wavelength
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Temperature profile
Isothermal
Guillot2010
Rodgers2000
Npoint
TemperatureFile
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Description
Isothermal temperature profile
Radiative equilibrium from (Guillot, 2010)
Layer-by-layer (Rodgers, 2000)
N-point temperature profile (Waldmann et al., 2015a)
Profile loaded from file

Table 4.5: Available temperature profiles in TauREx 3

coverage cases, indicating that JWST and Ariel would be able to retrieve more complex temperature structures from transit spectra. In eclipse, temperature variations
are crucial since the molecular features are directly generated by the temperature
gradient in the atmosphere (Madhusudhan et al., 2014). In those cases, one can use
physical approaches such as the profile from Guillot (2010) described in Section
2.2.2.2 or other self-consistent radiative approximations. A more heuristic unbiased
approach consist in retrieving freely moving temperature-pressure points (N-points)
from which a temperature profile is linearly interpolated. With this type of N-point
profile, the number of points must be adapted to the quality of the spectrum. With
HST emission spectra, using three points usually provides decent results. For phasecurves or next generation telescopes, which will provide more detailed information
about the thermal structure, more points are needed. When 3-dimensional effects
are playing an important role (see the phase-curve example, Section 3.4 and 5.5), a
simple 1-dimensional profile leads to biases Feng et al. (2016); Taylor et al. (2020).
A list of the available temperature profiles in TauREx 3 can be found in Table 4.5.

4.5.3.2

Chemistry

The current standard is to assume constant mixing ratios with altitude for HST retrievals. This is justified by the narrowness of the pressure region probed in the
atmosphere. Transmission spectra are more sensitive than emission spectra to the altitude dependent information concerning chemistry, but direct parametric retrievals
require a large spectral coverage (see Section 8.1). When self-consistent models
are used, equilibrium chemistry is the preferred option since more complex disequilibrium processes require heavy computing resources. In addition, planets with
temperatures above 1300K, which are the main targets of HST, are predicted to be
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in chemical equilibrium since chemical timescales decrease with temperature becoming smaller than dynamical timescales. These self-consistent models allow to
obtain more complex chemical profiles, but it is important to remind that most of
the derived profiles are in fact extrapolated from the additional model assumptions
and that equilibrium chemistry is not a valid assumption in general (see Section
2.3). The vertical dependence of chemical profiles can also be accounted for in
free models using parametric description. For example, the ‘two-layer’ chemical
parametrisation from Changeat et al. (2019) enables more complex retrievals in
JWST and Ariel. The profile is described by three variables: the surface/bottom
abundance XS , the top abundance XT and the pressure defining the separation of the
two layers (Input Pressure Point PI for the forward model and Retrieved Pressure
Point PR ). The chemical profile is linearly interpolated in log space – smoothing
over 10% of the atmosphere – to avoid a sharp transition in the profile (see Figure
4.5).

When free chemistry is used, the choice of species in the model can significantly impact the retrieval results. In general, one must consider all the species
that possess absorbing properties in the observed wavelength range. However, in
some cases, degeneracies can appear depending on the information contained in
the spectrum. A common example is CO and CO2 which absorb in the 4.5µm
Spitzer channel but have little absorption in HST. In consequence, the recovered
abundances of those two species in retrievals combining HST and Spitzer cannot be
trusted due to potential biases between the different observations (see Section 5.4).
Also, most metal oxides/hydrides have broadband absorptions covering similar regions in the HST range below 1.4µm, which lead to degenerate posteriors when
considering low resolution and low signal-to-noise HST data (discussion in Section
5.3.5). When these degeneracies appear, complementary retrievals without some of
the species can help to understand better the information content of the spectrum
and the extent of the degeneracies. Similarly, constraints from our knowledge of
physics can sometimes help to eliminate/favour some of the molecules.
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Figure 4.5: Example of a 2-layer chemical profile with H2 O. This profile can be used as
input for forward simulations of exoplanet spectra, as well as for fitting data
in retrievals. Here, the surface layer is depleted with a mixing ratio XS (H2 O)
of 10 10 and the top layer has a large quantity of H2 O, with XT (H2 O) = 10 3 .
The separation pressure of the two layers is set to PI (H2 O) = 10 3 bar and the
transition is smoothed over 10% of the atmosphere (10 layers).

Profile
Constant
Two-layer
ACE
GGChem
FastChem
Venot-diseq

Type of profile
Constant vertical profile
Two-layer profile (Changeat et al., 2019)
Equilibrium chemistry from Agundez et al. (2014)
Equilibrium chemistry (Woitke et al., 2018)
Equilibrium chemistry (Stock et al., 2018)
Dis-equilibrium chemistry (Venot et al., 2015; Venot et al., 2019)
Table 4.6: Available chemical schemes in TauREx 3

4.5.3.3

Clouds

Cloud properties and simulations rely on complex micro-physical processes (see
Section 2.3.3). As those processes are complex to model and that their application
to exoplanets is not yet fully understood, it is preferable to use faster and more flexible parametrised models (see Section 4.1.3). As with all other parts of the retrieval,
it is also important to consider the available information content in the spectrum.
For example, clouds mainly affect the spectrum in the visible range, making their
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Class
Contribution
AbsorptionContribution
CIAContribution
RayleighContribution
SimpleCloudsContribution
BHMieContribution
LeeMieContribution
FlatMieContribution

Type of contribution
Base class
Molecular absorption
Collisionally induced absorption (CIA)
Rayleigh scattering
Grey clouds
Mie scattering (Bohren and Huffman, 2008)
Mie scattering (Lee et al., 2013)
Constant value opacity

Table 4.7: Available contributions in TauREx 3

characteristics difficult to recover using HST G141 only. In near infrared, it is therefore common to consider only a grey opaque cloud layer, since the more complex
models would be unconstrained. When additional data are considered, such as HST
G102, HST STIS or ground based observations, it is common to use a models estimating the Mie scattering slope such as the Lee cloud model (Lee et al., 2013).
Clouds are added to TauREx 3 models as contributions (see Table 4.7 for the full
list).

4.5.4 Sampling
To sample the parameter space of free parameters, extended boundary conditions
(within the chosen model assumptions) are required to ensure unbiased extraction
of the information content. For example, mixing ratios of the chemical species are
commonly considered between 10

12

and 0.01 for a primary atmosphere. Setting

the optimiser MultiNest with an evidence tolerance of 0.5 and a number of live
points above 750 ensures an accurate exploration of the parameter space.

4.6

Comparisons of TauREx with other codes

All retrieval codes follow a similar structure, which include a forward model that
produces a spectrum and a sampling algorithm. However, there might be differences in the forward model details and/or the sampling methods that can lead two
different retrieval tools to provide different answers on the same input data. For
example, the analysis of hot Jupiter WASP-63b was undertaken by four separate
teams (Kilpatrick et al., 2017). Substantial discrepancies are apparent between the
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solutions for H2 O abundance in particular. By contrast, independent retrievals of
the transmission spectrum of WASP-52b presented by Bruno et al. (2020b) produce more consistent results. In this context, the TauREx transit forward models
and retrievals were benchmarked against the retrieval codes NEMESIS (Irwin et al.,
2008) and CHIMERA (Line et al., 2013) in Barstow et al. (2020b). The forward
model spectra were found to be in good agreement, leading to residuals of less
than 40ppm. While these differences should not affect the results of current atmospheric retrieval studies, they might affect some high SNR cases with next generation telescopes. Most of the discrepancies were attributed to differences in the
line-list choices and/or their treatment. While those residual differences are small,
when performing retrieval cross-comparisons on synthetic spectra of about 30ppm,
they can lead to large differences (higher than 1 sigma the true value). The retrieval
results can be found in Barstow et al. (2020b) but a case with high SNR is presented
in Figure 4.6 to highlight the issue.

When a lower SNR is used (100ppm error on spectrum), the discrepancies disappear and all retrieval results are consistent with the input true value. The study
was also extended to include other retrieval codes ARCIS (Min et al., 2020), PyRat
Bay (Cubillos and Blecic, 2020) and POSEIDON (MacDonald and Madhusudhan,
2017) in the context of the retrieval challenge organised by the Ariel consortium
in 20201 . The results of this community effort were reported in (Barstow et al.,
2020a). Comparative retrieval studies such as those ones are required to understand
differences between current state-of-the art retrieval models and ensure they are accurate enough for the next generation datasets. In those investigations, models were
simple (constant chemistry, constant temperature, transmission only) and complementary studies in eclipse and/or with increased model complexity will have to be
performed to ensure JWST and Ariel data are exploited to their full potential.

1 website:

https://arielmission.space/data-challenges/
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Figure 4.6: NEMESIS retrieval comparison of a cloudy super-Earth on the TauREx (red)
and CHIMERA (blue) forward models where a 30ppm noise is added to the
input spectrum. NEMESIS solutions are outside 1s the true values (black).
The same results are found when reversing retrieval codes and forward models.

Chapter 5

Extraction of exoplanet information
from current data

Contribution to this chapter:

“In this chapter I present retrieval analyses of

data from current observatories. Section 5.1 is not my own work and is a reformulation of the reduction techniques established by Dr. Angelos Tsiaras. These
techniques are automated in the reduction pipeline Iraclis (Tsiaras et al., 2016). In
all the data oriented papers, the reductions of the HST spectra from the raw images were done in collaboration with Dr. Billy Edwards, using Iraclis. I performed
the atmospheric retrieval studies of the planets KELT-11 b, WASP-76 b, KELT-7 b,
WASP-96 b, KELT-9 b and WASP-43 b and carried their physical and chemical interpretations. I also played an important role in extracting and interpreting the
atmospheric information content for other targets by collaborating with many other
researchers. Many of these collaborators were trained during the Ariel Summer
School, where I taught the use of TauREx and retrieval techniques. Examples are:
WASP-127 b, WASP-79 b and WASP-62 b - Skaf et al. (2020); HD 106315 c and
HD 3167 c - Guilluy et al. (2020); GJ-1132 b - Mugnai et al. (2020b); WASP-117 b
- Anisman et al. (2020); LHS-1140 b - Edwards et al. (2020d).”
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This section presents applications of the concepts described in the previous

chapters to real exoplanet datasets. The observations were mainly acquired by the
HST WFC3 camera and are sometimes complemented by Spitzer or TESS observations. The goal here, is to highlight current challenges encountered when analysing
exoplanet spectra. The section starts with a summary of reduction techniques for
the HST raw images. It then focuses on the issue of model dependent solutions
using the example of KELT-11 b. Stellar contamination is further developed with
the case of WASP-76 b, for which the host star is known to have a companion. Two
planets (KELT-7 b and WASP-96 b) are then used to highlight the issues arising
when combining datasets from multiple instruments. Finally, WASP-43 b is taken
as a test bench for the study of 3-dimensional effects and biases using the newly developed phase-curve retrieval model. The properties benchmark planets that were
investigated in retrieval studies are summarised in Table 5.1.

5.1

Spectrum Extraction from the Hubble Space
Telescope

The first HST WFC3 observations of exoplanetary atmospheres in transit and
eclipse were made using staring mode. These observations could be reduced using tools provided by the Space Telescope Science Institute (STScI) such as the
HST reduction pipeline CalWF3 and the spectroscopic package aXe. However, due
to the instrument not being initially designed for exoplanet observations, staring at
a star for a long time implied rapid saturation of the illuminated pixels and thus
decreased the efficiency of these observations.
To overcome these issues, a spacial scanning mode, which allows the sensitive WFC3 camera to observe bright targets for a longer time, was added to the
HST capabilities. During an exposure, the telescope slews slowly along the cross
dispersion direction, allowing to spread the stellar light to more pixels and avoid
rapid saturation. The number of photons collected during spacial scanning is much
larger than in staring mode, thus increasing the signal-to-noise of the observations.
Nowadays, all observations of exoplanetary atmospheres using the WFC3 camera

Sec. 5.2
Sec. 5.3
Sec. 5.4.1
Sec. 5.4.2
Sec. 5.5
Sec. 6.2
Changeat and Edwards (2020)
Anisman et al. (2020)
Guilluy et al. (2020)
Guilluy et al. (2020)
Mugnai et al. (2020b)
Skaf et al. (2020)
Skaf et al. (2020)
Skaf et al. (2020)

2.69
1.76
1.73
1.05
0.66
0.21
2.4
1.17
1.31
0.83
0.21
1.39
1.64
1.28

Rs (Rsun )
5375
6329
6789
5540
4400
3216
10140
6038
6256
5286
3270
5750
6600
6230

Ts (K)
1.35
1.85
1.53
1.20
1.04
0.15
1.84
0.96
0.44
0.24
0.10
1.15
1.55
1.35

R p (RJ )
0.17
0.79
1.28
0.48
2.05
0.022
2.88
0.27
0.046
0.026
0.0052
0.18
0.85
0.58

M p (MJ )
1700
2160
2050
1290
1430
240
4050
1000
870
500
530
1400
1720
1470

T p (K)
T
TE
TE
T
P
T
E
T
T
T
T
T
T
T

Method
HST
HST
TESS, HST, Spz
HST, VLT, Spz, TESS
HST, Spz
HST
TESS, HST, Spz
HST
HST
HST
HST
HST
HST
HST

Instruments

Detections
H2 O, C-bearing
H2 O, TiO (E)
H2 O (T), M(T), e (E)
H2 O, Na
H2 O
H2 (?), H2 O (?)
TiO, VO, FeH, e
H2 O
H2 O, NH3 (?)
H2 O, CO2 (?)
None
H2 O, FeH
H2 O, FeH
H2 O, FeH

Table 5.1: Summary of the parameters for a list of exoplanets, which were investigated in co-authored papers. Planets in bold are described in this
thesis T: transit; E: eclipse, P: phase-curve. HST: Hubble Space Telescope; Spz: Spitzer; TESS: Transiting Exoplanet Survey Satellite. In
the detection column, M stands for metal oxides or hydrides, while (?) indicates that the detection is less than 3s . The parameters are taken
from literature values, while the detections are from the retrieval analyses papers.

Reference

Name

Kelt-11 b
WASP-76 b
KELT-7 b
WASP-96 b
WASP-43 b
LHS-1140 b
KELT-9 b
WASP-117 b
HD-106315 c
HD-3167 c
GJ-1132 b
WASP-127 b
WASP-79 b
WASP-62 b
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employ this technique. However, due to the much more complexe structure of the
spectra onto the detector, dedicated extraction techniques are required.

5.1.1 Recovering Transmission and Emission spectra
The analysis starts from the raw unprocessed images. These can be downloaded
from the MAST archive1 , once publicly released. Then reduction and extraction
steps adapted to the scanning mode are required. These are all included and automated by the publicly available package Iraclis (Tsiaras et al., 2016; Tsiaras et al.,
2016a, 2018) and are described in the next sections.

5.1.1.1 Reduction steps
Before spectrum extraction, reduction steps are required to process the raw data.
These include ”Bias-level and zero read corrections”, ”Non-linearity correction”,
”Dark current subtraction”, ”Gain variations correction”, ”Sky background subtraction”, ”Bad pixels and cosmic rays correction”.

Bias-level and zero read corrections: The WFC3 detector operates in nondestructive reads and does not possess a shutter (photons are collected even before
the exposure starts). As with all CCDs, an artificially induced electronic bias is introduced to ensure the Analogue-to-Digital converter always receives a positive sigp
nal. To correct for the 1/ f noise associated with this offset, where f is the recorded
flux, the values of reference pixels, not sensitive to incoming light and located at the
beginning and end of each row, are subtracted from each non-destructive read. Then
a zero-read flux fz , defined as the difference between the calibration super zero-read
frame (Hilbert, 2014) and the first non-destructive read of the detector, is subtracted
from each non-destructive read to normalise f to this reference level.
Non-linearity correction: The WFC3 detector is known to operate nonlinearly with absolute flux. A correction is therefore required:
fc = (1 + c1 + c2 f + c3 f 2 + c4 f 3 )f ,
1 https://archive.stsci.edu/

(5.1)
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where fc is the corrected flux and f is the absolute recorded flux. The coefficients ci
are non-linearity coefficients given in calibration files.
Dark current subtraction: The dark current in WFC3 detector is not linear. In
order to correct for it, the appropriate super-dark calibration frames (Dulude et al.,
2014) needs to be subtracted from the non destructive reads.
Gain variations correction: The data number units are converted in electrons
using the Gain variation calibration files for the 4 quadrants of the detector.
Sky background subtraction: The sky background is subtracted from the
images using a given template (Kummel et al., 2011) scaled by the least illuminated
region on the detector (see Figure 5.1 for an example).
Bad pixels and cosmic rays correction: Bad pixel positions have been identified in previous calibration cycles (Hilbert, 2012), however, cosmic rays are more
difficult to identify. These can be flagged from the difference with the neighbouring
points. If the difference is 5s larger than the average of the neighbouring points,
then this is categorised as a cosmic ray. To correct for it, one can perform a 2D
interpolation of the image and replace the flagged pixels.

5.1.1.2

Extraction step

The extraction step allows to reconstruct a 1-D spectrum from the separation in
wavelength bins of the scanned spectrum. Wavelength channels with corresponding
apertures on the detector are constructed for each spacial image (see Figure 5.1).
Due to the nature of the scanning technique, it is therefore crucial to identify
the lines of constant wavelengths onto the detector. Multiple effects have to be taken
into account.
Position shift: The initial position of the star can be determined as all visits include an un-dispersed image at the beginning. However, when scanning, the
HST guiding system does not reset to the exact same position, creating horizontal
and vertical shifts. These are corrected by comparing the structure of the spatially
scanned spectra with the one obtained during the first exposure. The spacial horizontal shift Dxi and vertical shift Dyi are fit using the normalise sum along the
spectra columns and rows respectively. The scan length can also variate and it is
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Figure 5.1: Apertures of the different wavelength channels during a scan (white) and aperture for the sky background subtraction (red). From Tsiaras et al. (2016)

calculated from fitting an extended Gaussian function to the sum along the rows of
the last non-destructive read.
Dispersion variations: The structure of the spatially scanned spectrum is not
parallel to the detector vertical axis, which means that a 1-D spectrum can’t be
extracted from the simple sum of the 2-D components along the scanning axis. This
is due to the detector being tilted by 24 about the horizontal axis and the first order
spectrum of the G141 grism being inclined by 0.5 with respect to the detector rows.
The effect can be seen in Figure 5.2, where the constant wavelengths vertical lines
are not parallel at the beginning and the end of the spectrum. To account for these
variations, a grid of points (xl , yl ) at different l is constructed and used to fit the
coefficients of a function tracing the line of constant wavelengths during the scan:
yl =

✓

◆ ✓
◆
c1
s1
+ c3 +
+ s3 xl
c2 + l
s2 + l

(5.2)
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Figure 5.2: Position of the constant wavelengths lines on a 2-D spacially scanned spectrum
with the HST G141 grism. Top: Full image with white arrow representing the
scanning direction; Bottom: Zoom on the left and right edges, showing the
misalignment. From Tsiaras et al. (2016)

Equation 5.2 can then be used to define apertures of quadrangular shape for each
user defined wavelength bins. For pixels on the edges of the apertures (falling into
two wavelength bins), it is required to spread the flux between the two channels
using a polynomial distribution.

5.1.1.3

Light curve fitting

Once the 1-D spectra are extracted, these are built into raw light curves: the white
and spectral light curves. Before extracting the spectrum from the spectral light
curves, the white light curve is used to de-trend the detector systematics.
The WFC3 infrared detector introduces a long term systematics (timescale of
a visit) and a short term systematic (timescale of an orbit), commonly referred as
ramps, that are present in both the white and spectral light curves. The first systematic has a linear behaviour, while the second one has an exponential component.
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When analysing exoplanet atmospheric data, it is common to discard the first orbit of each visit as they present stronger wavelength-dependent ramps, and the first
exposure after each buffer dump as these contain significantly lower counts than
subsequent exposures (Deming et al., 2013; Tsiaras et al., 2016; Mansfield et al.,
2018). The white light curve is then fit by multiplying a transit model F(t) (here
pylightcurve 2 ) by a normalisation factor n and an instrument systematic function
R(t) such that:
Fw (t) = nR(t)F(t)

(5.3)

where Fw (t) is the best-fit model on the white light curve
The instrument systematic function has the form:
R(t) = (1

ra (t

T0 ))(1

rb1 e

rb2 (t t0 )

),

(5.4)

where t is the time, T0 is the mid-transit time, t0 is the time at each orbit start, ra
is the linear ramp coefficient and (rb1 , rb2 ) are the exponential ramp coefficients.
The transit model F(t) is function of the standard orbital parameters (T0 , P, i, a/Rs ,
e and w), the transit depth R p /Rs and the limb-darkening coefficients for the star.
The limb darkening coefficients depends on the host star characteristics and are
included using the Claret (2000) model (see Section 1.3.2.2).
In the case of HST, observations have periodic gaps corresponding to the occultation of the target by the Earth. This introduces larges degeneracies when fitting
all the parameters of the transit model, especially when the ingress and/or egress
is masked. It is therefore often better to not fit for the limb darkening coefficients
and the parameters already accurately determined by previous observations. Tsiaras
et al. (2018) showed that fitting the limb darkening coefficients does not generally
affect the recovered spectrum and Morello et al. (2017) showed that uncertainties
in stellar models do not significantly affect the atmospheric spectra in the WFC3
spectral band. In most analyses, only the mid-transit time T0 and the transit depth
R p /Rs are fitted.
2 https://github.com/ucl-exoplanets/pylightcurve
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To calculate the spectral dependent transit depths, two methods exists. 1) Fitting the spectral dependent light curves in the same way as the white light curve
(e.g the instrument systematic function and the transit model becomes wavelength
dependent); 2) divide all the spectral light curves by the white and fit for a wavelength dependent normalisation factor, a wavelength dependent slope linear with
time, and a wavelength dependent relative transit model. These are equivalent to
the following equations:

1)
2)

n(l )R(l ,t)F(l ,t)
n(l )(1

X(l )(t

✓

F(l ,t)
T0 ))
Fw (t)

◆

(5.5)

where X(l ) is the coefficient of the wavelength-dependent linear slope. Either
method can be used to fit the spectral light-curves. In general, the bands of the
spectral light-curves are selected such that the SNR is approximately uniform across
the planetary spectrum, with a resolving power of the order of R=70 depending on
the data quality.
At the end of the process, one obtains the wavelength dependent transit/eclipse
depth (spectrum) that can then be analysed using atmospheric models.

5.1.2

Literature techniques to extract phase-curve spectra

Current techniques to extract phase-curve spectra from observations of HST combine an instrument model (similar to the one presented in the previous section) with
a transit/eclipse model and add a phase-curve function to represent the flux variation with phase. In Stevenson et al. (2014b) for instance, the function f phase used to
account for the phase variation is a linear combination of two cosines:
f phase (t) = C1 cos

✓

2p(t

C2 )
P

◆

+C3 cos

✓

4p(t

C4 )
P

◆

,

(5.6)

where t is the time and P the orbital period of the planet. The coefficients C1 to
C4 are free parameters. The second cosine part allows to account for asymmetric
aspect of the phase-curve due to the hot-spot shift.
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This generic formulation allows to extract the white phase-curve flux. (see

Figure 5.3), which can then be used to calibrate and fit the spectral phase-curves
following a similar method to the previous section.

Figure 5.3: White phase-curve of WASP-43 b extracted in Stevenson et al. (2014b). The
data was captured over 8 HST visits, corrected for the HST systematics and fit
using the generic phase-curve model presented here.

5.2. The transmission spectrum of KELT-11 b: A benchmark planet

5.2

159

The transmission spectrum of KELT-11 b: A
benchmark planet

Figure 5.4: Artist impression of the exoplanet KELT-11 b by Lélé.

5.2.1

Context

The first real planet studied for this thesis is KELT-11 b (see artist impression Figure 5.4). The planet KELT-11 b, which orbits a G8 star, is particularly interesting
due to the high quality data that can be obtained from its single Hubble Space Telescope observation. It constitutes the perfect benchmark to investigate what can
be extracted from current datasets. Transmission and emission spectroscopy have
formed the cornerstone of exoplanet atmospheric characterisation, enabling the discovery of water in many planets (Tinetti et al., 2007b; Crouzet et al., 2014; Tsiaras
et al., 2018). While the detection of water is now routine for the hot-Jupiter class of
planets, other molecules such as the carbon species remains challenging with current space instrumentation. With a few exceptions (Swain et al., 2008, 2009), most
claims for the carbon species from space have been based on additional absorption
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in the infrared Spitzer photometric bands (Madhusudhan et al., 2010; Stevenson
et al., 2017; Line et al., 2016; Gandhi et al., 2019; Wakeford et al., 2020) or from
ground based observations using either direct imaging (Macintosh et al., 2015; Barman et al., 2015; Lacour et al., 2019) or high-dispersion techniques (Snellen et al.,
2010; de Kok et al., 2013; Konopacky et al., 2013; Brogi et al., 2017). While very
valuable, these detections often lack a reference baseline or require the combination
of multiple instruments (see Section 5.4 for examples of such issues), each with different systematics, which may limit the determination of absolute abundances or
may lower the detection significance (Yip et al., 2020d; Brogi and Line, 2019).
The planet KELT-11 b was discovered in 2016 orbiting a bright G star (Kmag
= 6.122), with an orbital period of 4.736 days (Pepper et al., 2017). Due to its very
low density (0.093 g.cm 3 ), it was immediately associated with a very large scale
height and was predicted to become one of the ”benchmark” planets for atmospheric
characterisation. Further observations from the ground and the Spitzer Space Telescope refined the orbital and star parameters (Beatty et al., 2017). A recent paper
(Žák et al., 2019a) analysed the high resolution data from HARPS in the search for
sodium, hydrogen and lithium. They saw no evidence for these species, and they
attributed the non-detection to the possible presence of high altitude clouds. They
also reported a low stellar activity of the host star, a result obtained by monitoring
the Ca I and Mg I lines.

5.2.2 Reduction step
The analysis of the HST dataset is done using the Iraclis reduction pipeline (see Section 5.1) and the TauREx3 retrieval suite (see Section 3). More specific details can
be found in Changeat et al. (2020c). The reduction process included the standard
steps described in Section 5.1: zero-read subtraction, reference-pixels correction,
nonlinearity correction, dark current subtraction, gain conversion, sky background
subtraction, calibration, flat-field correction and bad-pixels/cosmic-rays correction.
The first orbit of the visit was discarded as it presents larger systematics. Since the
orbital parameters from Beatty et al. (2017) are accurate, the only fitted parameters
for the Iraclis reduction step were the planet-star radius ratios, the mid-transit time
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and the instrument model parameters. The parameters used are summarised in Table 5.2. Using the Iraclis pipeline, the resulting white and spectral fits are shown in
Figure 5.5 and 5.6 respectively. The resulting spectrum transit depths are shown in
Table 5.3.
Parameter

Value

Unit

Stellar parameters
Radius (RS )
2.69 ± 0.22
Mass (MS )
1.44 ± 0.43
Temperature (TS )
5375 ± 25
Surface Gravity (log g)
3.7 ± 0.1
Metallicity ([Fe/H])
0.17 ± 0.07
Orbital parameters
Transit Mid Time (T0 )
2457483.431 ± 0.0007
Period (P)
4.73613 ± 0.00003
Inclination (i)
85.3 ± 0.3
Semi-major axis to star radius ratio (a/Rs )
4.98 ± 0.05
Eccentricity (e)
0.0007+0.002
0.0005
Planet parameters
Radius (R p )
1.35 ± 0.10
Mass (M p )
0.171 ± 0.015

Rsun
Msun
K
cgs
BJDT DB
days
degrees
RJ
MJ

Table 5.2: Parameters used in this work from Beatty et al. (2017).

5.2.3

Spectral retrieval analysis

The analysis uncovered the presence of large molecular signatures in the atmosphere of KELT-11 b, as seen in the spectral modulations in Figure 5.7. This provides the perfect opportunity to evaluate model dependent solutions in the context
of low resolution and small wavelength coverage datasets.
For the spectral retrieval analysis, the standard setup follows the guidelines in
Section 4.5. Multiple retrievals were performed, varying the considered molecular
species:
- Base run: H2 O, CO, CH4 and CO2 .
- Extended: Base + HCN, C2 H2 and C2 H4
- Full: Extended + TiO, VO and FeH
- Water only: H2 O
- ACE: Equilibrium chemistry retrieval with ACE (Agundez et al., 2014)
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Figure 5.5: White light curve fit for the transit of KELT-11 b. First panel: raw light curve,
after normalisation. Second panel: light curve, divided by the best fit model
for the systematics. Third panel: residuals for best-fit model. Fourth panel:
auto-correlation function of the residuals. Black data points are for forwards
scans while data from reverse scans is indicated in red.

Except in the ACE run, the abundances are considered constant with altitude
and the temperature is assumed isothermal for all scenarios. In all models, CIA and
Rayleigh scattering were included as well as a fully opaque grey cloud cover. The
resulting best fit spectra are presented in Figure 5.7 and the retrieved parameters are
summarised in Table 5.4.
From our retrieval exploration, we find that the free chemistry retrievals provide a reasonable fit to the observed spectrum. Table 5.4 provides the global log
evidence relative to the flat line model. This indicator describes the significance to
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Figure 5.6: Spectral light curves fitted with Iraclis for the transmission spectra where, for
clarity, an offset has been applied. Left: the detrended spectral light curves
with best-fit model plotted. Right: residuals from the fitting with values for
the Chi-squared (c 2 ), the standard deviation of the residuals with respect to the
photon noise (s̄ ) and the auto-correlation (AC).
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Wavelength [µm]
1.1153 - 1.1372
1.1372 - 1.1583
1.1583 - 1.1789
1.1789 - 1.1987
1.1987 - 1.2180
1.2180 - 1.2370
1.2370 - 1.2559
1.2559 - 1.2751
1.2751 - 1.2944
1.2944 - 1.3132
1.3132 - 1.3320
1.3320 - 1.3509
1.3509 - 1.3701
1.3701 - 1.3900
1.3900 - 1.4100
1.4100 - 1.4303
1.4303 - 1.4509
1.4509 - 1.4721
1.4721 - 1.4941
1.4941 - 1.5165
1.5165 - 1.5395
1.5395 - 1.5636
1.5636 - 1.5889
1.5889 - 1.6153
1.6153 - 1.6436

Transit depth [%]
0.22871
0.22859
0.22508
0.22511
0.22340
0.22432
0.22511
0.22866
0.22570
0.22202
0.22343
0.22862
0.23519
0.23655
0.23506
0.23660
0.23985
0.23378
0.23694
0.23197
0.22856
0.23431
0.23617
0.23302
0.22865

Error [%]
0.00161
0.00177
0.00196
0.00189
0.00162
0.00179
0.00188
0.00150
0.00181
0.00197
0.00173
0.00165
0.00177
0.00190
0.00182
0.00176
0.00185
0.00162
0.00186
0.00190
0.00172
0.00183
0.00189
0.00180
0.00176

Table 5.3: WFC3 transit depths and errors (in percent) for for KELT-11 b.

which an atmospheric signal is detected and allows us to compare the tested models
(Kass and Raftery, 1995; Tsiaras et al., 2018).
The selection of the best model, amongst the ones tested, is difficult since their
respective log E lie within the same range (variations of less than 3). The ‘full’
model provides the best statistical fit but is only marginally better than the other
solutions. In all the tested scenarios, the temperature seems consistent (except in
the ‘ACE’ retrieval) around 1300K. All the solutions agree on the presence of water
vapour in the atmosphere of KELT-11 b with potentially a sub-stellar abundance.
The spectrum possess an additional feature after 1.5µm, which is not common for
exoplanets of this class. From the retrieval, this suggests that some combination of
additional species, potentially carbon base compounds, is required to explain the
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Figure 5.7: Comparison of the best-fit spectra from the different retrievals on the KELT11 b reduced HST data (orange). The feature seen after 1.5µm is better reproduced by models including carbon species but all the models provide a decent
fit to this spectrum.

Parameter

Base

Extended (1)

Extended (2)

Water only

Full

ACE

Rp
T
Pc
log H2 O
log CO
log CH4
log CO2
log HCN
log C2 H2
log C2 H4
log TiO
log VO
log FeH

1.19+0.01
0.03 [1.18]
1334+206
167 [1216]
5.0+0.7
0.8 [4.2]
-5.9+0.4
0.2 [-5.3]
-3.8+1.2
4.3 [-2.0]
+1.7
-9.7 1.6 [-7.9]
-6.5+1.8
3.7 [-4.4]
-

1.13+0.03
0.04 [1.13]
1194+188
155 [1169]
2.7+0.6
0.6 [2.7]
-4.0+0.7
0.7 [-3.9]
-6.9+3.4
3.3 [-2.3]
+2.2
-8.4 2.3 [-6.4]
-3.0+0.7
0.9 [-2.7]
-4.1+0.7
0.7 [-4.1]
+1.9
-9.2 1.8 [-8.6]
-8.6+2.2
2.1 [-9.5]
-

1.18+0.01
0.03 [1.14]
1273+196
150 [1349]
4.4+1.0
0.6 [3.6]
-5.7+0.5
0.3 [-5.1]
-4.5+1.6
4.7 [-2.9]
+1.7
-9.5 1.6 [-11.4]
-4.9+0.8
4.0 [-4.0]
-6.5+1.1
3.4 [-5.4]
+1.5
-9.6 1.5 [-10.4]
-9.5+1.6
1.6 [-11.8]
-

1.18+0.01
0.01 [1.18]
1423+120
83 [1504]
5.2+0.5
0.5 [4.7]
-6.2+0.1
0.1 [-6.2]
-

1.10+0.03
0.05 [1.09]
1307+172
141 [1347]
2.5+0.6
0.9 [2.3]
-3.6+0.6
0.7 [-3.3]
-7.3+3.2
2.9 [-11.6]
+2.4
-8.1 2.4 [-10.1]
-3.0+0.6
2.7 [-2.1]
-3.7+0.7
0.8 [-3.5]
+2.1
-8.8 2.0 [-8.7]
-8.4+2.6
2.3 [-9.5]
-5.1+0.6
0.8 [-4.9]
-10.0+1.3
1.2 [-9.6]
-8.8+1.7
2.0 [-6.6]

0.94+0.03
0.03 [1.01]
2462+76
125 [2398]
1.8+0.4
0.4 [2.9]
-

log M
C/O

-0.7 [1.1]
0.99 [1.00]

0.4 [1.0]
0.51 [0.78]

-1.2 [0.2]
0.76 [0.93]

-3.3 [-3.3]
-

0.4 [1.29]
0.53 [0.50]

0.3+0.5
0.7 [0.3]
0.77+0.1
0.3 [0.88]

D log E

65.4

66.5

64.9

64.5

66.9

59.3

Table 5.4: Summary of our different retrieval scenarios. For each parameter we provide the
median and 1s retrieved parameters as well as the value from the maximuma-posteriori (MAP) in bracket. A large difference between the median and the
MAP highlights a parameter that did not converge or a non-Gaussian behaviour.
We also derive the metallicity (log M) and carbon to oxygen ratio (C/O) following (MacDonald and Madhusudhan, 2019). The last line provides the global log
evidence of each retrieval relative to a flat line model. This is built using D log
E = log E - log E f lat .
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observed feature. When included in the retrieval, CO2 is systematically recovered,
despite abundances that variate depending on the model considered. For the other
species (CO and HCN), their detection depends on the model considered. In particular, HCN is detected in solution 1 of the extended model and in the full model,
but the recovered abundances are way higher than expected by current chemical
scheme. This is showcased by the results of our ACE run, for which the estimated
chemistry is detailed in Figure 5.8. The ACE retrieval favours a solution with H2 O
and CO as main absorbing species, which is consistent with the solution 2 of the
extended retrieval and with the base run. In those scenarios, CO2 is also present but
HCN is not detected. The posterior distributions for the base and extended runs are
shown in Figure 5.9, highlighting tailed distributions in the carbon compounds for
all solutions. This behaviour strongly indicates the degeneracies between CO, CO2
and HCN in explaining the feature after 1.5µm and shows model dependence in the
results for this planet.
The same dataset was recently analysed in an independent study from Colón
et al. (2020). While different reduction pipelines were used, their main conclusions
are similar to the one presented here, unveiling a spectrum of similar spectral shape.
The studies strongly agree on the presence of water vapour in this planet, with subsolar abundances that vary depending on model assumptions. Due to the shape of
the spectrum, the need for an additional absorption after 1.5µm is also highlighted.
In Colón et al. (2020), this is attributed to HCN. Here, it is shown that this could be
well matched by a mix of carbon bearing species, which include HCN, but it was
not possible to statistically attribute the features to this molecule only (see Table
5.4). Their analysis also included the TESS and Spitzer photometric measurements,
finding evidence for TiO. However, the combination of datasets from different instruments with no wavelength overlap should be done carefully (see Section 5.4 for
a detailed discussion). In particular, the Iraclis spectrum, while having a similar
spectral shape, is offset by about 200 ppm to the one used in Colón et al. (2020).
Similar offsets of about 400 ppm are observed in their paper as well, when analysing
the spectra obtained with different pipelines. In the ‘full’ retrieval, which includes
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Figure 5.8: Best fit spectrum and mixing ratio of the active species with altitude recovered
in the ‘ACE’ scenario.
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Figure 5.9: Posterior distributions from our different free retrieval scenarios. Black: Base
retrieval; Red: Extended retrieval, solution 1; Blue: Extended retrieval, solution
2.

TiO and other near-visible species, it is found that TiO is also favoured by the HST
dataset (this is driven by the data points around 1.3µm), but when the TESS data is
added, TiO disappears in favour of FeH, due to the higher HST spectrum recovered
here (Changeat et al., 2020c). Thus, identification of a near-visible absorber and/or
its precise abundance is likely to be biased by systematic offsets when TESS+HST
is used. Finally, most of the scenarios investigated here recover a well defined
temperature around 1300K, which is expected from previous transit observations
(Tsiaras et al., 2018; Caldas et al., 2019; Pluriel et al., 2020b; MacDonald et al.,
2020; Skaf et al., 2020). However, this disagrees with the findings from Colón et al.
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(2020), which find a lower limit on the temperature of about 1900 K. These differences could either be due to the use of different reduction/retrieval pipelines or
differences in the choice of models (temperature/clouds).
As opposed to the suggestions by Žák et al. (2019a), the large size of the spectral features indicate a relatively clear atmosphere and the retrieval analysis of the
G141 HST grism does not recover evidence of high altitude clouds. The top pressure for the clouds is higher than Pc & 0.1 bar. These results could indicate that
the atmosphere of KELT-11 b is depleted in sodium and lithium. Other possibilities
include a hazy atmosphere, with more opaque absorption at lower wavelengths.
Having one of the highest signal-to-noise ratios of the known exoplanets and a
super extended atmosphere, KELT-11 b will be a prime target for future observatories. We analysed the HST G141 spectrum of the planet KELT-11 b. From spectral
retrieval explorations, the presence of water vapour was confirmed, with sub-solar
abundances. In addition to this, the rich spectrum features an additional absorption
after 1.5µm, which is clearly detected in all our retrieval scenarios. This could come
from a mixture of carbon bearing species (CO, CO2 or HCN) and while equilibrium
chemistry seem to favor CO and CO2 , the spectrum does not contain enough information to clearly identify the mix of compounds. However, when included, CO2
seems to be systematically detected, with varying abundances depending on the
model. The high abundance of carbon species, inferred from the base model, and
the relatively low abundance of water suggest a planet with high C/O ratio (Venot
et al., 2015). This could have important implications regarding the formation processes for this planet and potential inform formation and evolution models (Oberg
et al., 2011). A high C/O ratio, along with the contrast between the rich spectrum presented by this study and the data from the ground at shorter wavelengths
(Žák et al., 2019b), showcases a planet with particularly interesting physics and
chemistry. Observations with future observatories, such as the James Webb Space
Telescope (Greene et al., 2016), Twinkle (Edwards et al., 2018) and Ariel (Tinetti
et al., 2018), would dramatically enhance our comprehension of this world and thus
provide outstanding information for chemical models and formation theories. Us-
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ing this planet as an example, the model dependent behaviour of retrieval studies
on low resolution and small wavelength coverage data was explored, indicating the
need for cautious interpretations of HST datasets.

5.3

Contamination of stellar companions: The ultrahot Jupiter WASP-76 b.

Figure 5.10: Artist impression of the exoplanet WASP-76 b by Lélé.

5.3.1 Context
Ultra-hot Jupiters are an intriguing population of exoplanets. With dayside temperatures greater than ⇠2000 K, these planets were truly unexpected and continue
to unveil surprising traits. Despite being a rare outcome of planetary formation,

many have been found using ground-based surveys such as the Wide Angle Search
for Planets (WASP, Pollacco et al. (2006)), the Hungarian Automated Telescope network (HAT, Bakos et al. (2013)) and Kilodegree Extremely Little Telescope (KELT,
Pepper et al. (2007)). Given their size and temperature, as well as the brightness of
their host stars, these planets are excellent targets for atmospheric characterisation.
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Moreover, they offer the opportunity to explore atmospheric chemistry and dynamics in extreme conditions. Understanding their composition, and thus their metallicity and carbon to oxygen ratio, is crucial for constraining formation and migration
theories (Venturini et al., 2016; Madhusudhan et al., 2017; Turrini et al., 2020).
It is suggested that these very hot atmospheres could have inverted
temperature-pressure profiles due to strong optical absorption such as TiO and VO
(Hubeny et al., 2003; Fortney et al., 2008). For planets below 2000 K, non-inverted
temperature profiles have so far been recovered, with for example WASP-43 b
(Stevenson et al., 2014b, 2017) and HD 209458 b (Line et al., 2016). Observations
of the hotter ultra-hot Jupiters have, thus far, been inconclusive on their thermal
structure and composition. While some have shown features due to water or optical
absorbers, others are consistent with a simple blackbody fit (e.g. Madhusudhan
et al., 2010; Haynes et al., 2015; Beatty et al., 2017; Evans et al., 2016, 2017, 2018;
Arcangeli et al., 2018; Kreidberg et al., 2018; Hoeijmakers et al., 2018; MikalEvans et al., 2019; Bourrier et al., 2019; Edwards et al., 2020c; Pluriel et al., 2020a;
Changeat and Edwards, 2020). This variety may well be because the emission
spectrum in this band-pass is dependent on both the water content and the thermal
structure of the planet, and the G141 grism (1.1-1.7 µm) probes a region of the
atmosphere where the temperature only varies slowly with pressure (Parmentier
et al., 2018; Mansfield et al., 2018). Work by Fortney et al. (2008) also suggests
the day side atmospheres of such planets can be divided into two separate classes.
The first class represents atmospheres that might have significant opacity due to the
presence of TiO and VO gases and thus results in, for example, atmospheric temperature inversions (with hot stratospheres). In these atmospheres, since TiO and
VO are in the gaseous form and are not depleted by condensation in atmospheric
cold traps, this implies a relatively poor atmospheric circulation. In the second
case, atmospheres which do not possess opacity due TiO and VO, are expected to
better redistribute the absorbed energy, resulting in cooler day-sides and warmer
night-sides.
Upon the discovery of a companion (see Figure 5.11), WASP-76 became the
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Figure 5.11: Image from Keck II in the K-band of the WASP-76 system. Figure taken from
Ngo et al. (2016). In the HST WFC3 data, the two objects are not separated,
hence requiring a contamination correction.

brightest star known (class F7) to host a planet with a radius greater than 1.5 RJ
(West et al., 2016). While brighter targets have since been discovered, WASP-76 b
is still one of the best currently-known targets for atmospheric characterisation and
belong to this class of ultra-hot Jupiters. The HST observations of the transit were
obtained in 2015, with the WFC3 G141 grism as for KELT-11 b. This spectrum was
analysed by Tsiaras et al. (2018) as part of a population study of 30 gaseous exoplanets and the retrievals suggested a water rich atmosphere (log(H2 O) =

2.7 ± 1.07)

with a 4.4s detection of TiO and VO. However, as noted in the study, the abun-

dances of TiO retrieved were likely to be nonphysical and affected by correlations
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between the molecular abundances, planet radius and cloud pressure. Although not
reported in the discovery paper (West et al., 2016), the presence of a stellar companion was noted in several following studies (Wöllert and Brandner, 2015; Ginski
et al., 2016; Ngo et al., 2016; Bohn et al., 2020) and the common proper motion
of the two objects was confirmed by Southworth et al. (2020). This was not accounted for in previous studies of the WFC3 transmission spectrum (Tsiaras et al.,
2018; Fisher and Heng, 2018) and could also have caused some biases in the results. Using Wayne simulations (Varley et al., 2017), it is possible to remove the
contamination of the companion, which motivated the reanalysis of the transmission spectrum presented here and detailed in Edwards et al. (2020c). In addition to
this, the planet was recently observed in eclipse with HST, thus providing a richer
picture of one of the most accessible ultra-hot Jupiter planet. This planet is a prime
example of the ultra hot-Jupiter. Here, the reanalysis of the transmission spectrum
and the addition of the emission spectrum allow to explore in more details this class
of planet. The presence of the stellar companion is also an interesting opportunity
to discuss the impact of stellar contamination in exoplanet analyses.
Complementary observations of WASP-76 b at high resolution from the ground
were also obtained using the High Accuracy Radial velocity Planet Searcher
(HARPS, Pepe et al. (2000)) and the Echelle Spectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO, Ehrenreich et al. (2020)).
They respectively found evidence for Na and Fe. The Fe signature was blue-shifted
on the trailing limb, providing evidence for strong day-to-night winds and an asymmetric dayside. The lack of Fe signal on the leading limb was interpreted as the
species condensing on the nightside, which directly shows that the 3-dimensional
structure of exoplanets can already be observed from transit and emission spectroscopy.

5.3.2

Reduction step

As for Kelt-11 b the raw images from HST are publicly available on the MAST
archive. The transmission spectrum was acquired as part of proposal 14260, taken
in November 2015, while the observation of the eclipse was taken during proposal
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Input Stellar & Planetary Parameters⇤
T⇤ [K]
6329±65
R⇤ [R ]
1.756±0.071
M⇤ [M ]
1.458±0.021
2
log10 (g) [cm/s ]
4.196±0.106
[Fe/H]
0.366±0.053
a/R⇤
4.08+0.02
0.06
e
0 (fixed)
i
89.623 +0.005
0.034
w
0 (fixed)
P [days]
1.80988198+0.00000064
0.00000056
T0 [BJDT DB ]
2458080.626165+0.000418
0.000367
Mp
0.894+0.014
0.013
Rp
1.8540.077
0.076
⇤ Taken from Ehrenreich et al. (2020)
Companion Star Parameters
T⇤ [K]
4824†
R⇤ [R ]
0.83†
M⇤ [M ]
0.79†
2
log10 (g) [cm/s ]
4.5‡
[Fe/H]
0.0‡
† Taken or derived from Bohn et al. (2020)
‡ Assumed value

Table 5.5: Stellar and planetary parameters for WASP-76 b used during the Iraclis, Wayne
and TauREx analyses.

14767 in November 2016. The standard reduction steps from the Iraclis pipeline
are carried (see Section 5.1). Similarly to Kelt-11 b, the first orbit of each visit is
discarded. Alexoudi et al. (2018) showed that the inclination can have a strong effect
on the derived slope of optical transmission data. In order to check this, a light curve
fittings run can be done with the inclination as a free parameter. For WASP-76 b,
the spectral transit depths from these fittings did not differ from the fixed inclination
case. However, the best-fit inclinations differed between the transit and eclipse light
curve and so the orbital parameters were set to values from Ehrenreich et al. (2020),
see Table 5.5. Following the same methodology applied to Kelt-11 b, a spectrum for
the transit and the eclipse was obtained. Due to the contamination of both spectra
from the companion star of WASP-76, an additional step is needed.
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5.3.3

Correction for the stellar companion

The stellar companion of WASP-76, reported by Bohn et al. (2020) and Southworth
et al. (2020) has a K magnitude which is ⇠2.30 fainter and the separation between
both stars is only 0.436”. For exoplanet spectroscopy, this additional source of
light modifies the transit/eclipse depth. For the Hubble STIS observations analysed
by von Essen et al. (2020), the point spread functions (PSFs) of WASP-76 and
its companion could be distinguished. However, due to the plate scale of HST
WFC3 it is not resolvable in this case. Hence, to account for this, estimates of the
contamination are performed with the publicly available WFC3 simulator Wayne3 .
Wayne is capable of producing grism spectroscopic frames, both in staring and
in spatial scanning modes (Varley et al., 2017). Using the stellar parameters from
Bohn et al. (2020), the contribution of the companion star to the spectral data was
modelled. Simulated detector images of both the main and companion star were
created and used to extract the flux contribution in each spectral bin of each star. The
correction to the spectra is then applied as a wavelength dependent dilution factor
which is derived as a ratio of extracted flux between the stars. Such an approach
has previously been used on WFC3 data (e.g. for WASP-12 b Stevenson et al.
(2014a); Kreidberg et al. (2015); Tsiaras et al. (2018)). The recovered transmission
and emission spectra, before and after the correction, are shown in Figure 5.14
along with the correction factor used. The values are also given in table of the same
figure. Two trends are seen: firstly, the transit and eclipse depths are increased and,
secondly, the slope of the spectrum is changed in each case due to the differing
spectral types of the stars.

5.3.4

Spectral retrieval analysis

The retrievals for transmission and emission spectra are performed using the most
recent stellar parameters and the planetary mass from Ehrenreich et al. (2020), see
Table 5.5. The following opacity sources are included in both runs: molecular
species (H2 O, CH4 , CO, CO2 , FeH, TiO, VO and H-), CIA and Rayleigh scattering.
While very similar, some differences explained in Section 4.5 are required between
3 https://github.com/ucl-exoplanets/wayne
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Figure 5.12: White light curves for the transmission (left) and emission (right) observations
of WASP-76 b. First panel: raw light curve, after normalisation. Second
panel: light curve, divided by the best fit model for the systematics. Third
panel: residuals for best-fit model. Fourth panel: auto-correlation function of
the residuals.

Figure 5.13: Spectral light curves fitted with Iraclis for the transmission (left) and emission
(right) spectra where, for clarity, an offset has been applied. In each plot, the
left segment shows the detrended spectral light curves with best-fit model and
the right segment shows the residuals from the fitting. In the residuals, the
values correspondons to the Chi-squared (c 2 ), the standard deviation of the
residuals with respect to the photon noise (s̄ ) and the auto-correlation (AC).
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l
[µm]
1.12625
1.14775
1.16860
1.18880
1.20835
1.22750
1.24645
1.26550
1.28475
1.30380
1.32260
1.34145
1.36050
1.38005
1.40000
1.42015
1.44060
1.46150
1.48310
1.50530
1.52800
1.55155
1.57625
1.60210
1.62945

Width
[µm]
0.0219
0.0211
0.0206
0.0198
0.0193
0.0190
0.0189
0.0192
0.0193
0.0188
0.0188
0.0189
0.0192
0.0199
0.0200
0.0203
0.0206
0.0212
0.0220
0.0224
0.0230
0.0241
0.0253
0.0264
0.0283

Dilution
Factor
1.080007
1.081612
1.083408
1.084441
1.085204
1.086487
1.087721
1.089421
1.091716
1.091428
1.092315
1.093736
1.095211
1.096720
1.097740
1.097564
1.099283
1.100529
1.102016
1.103614
1.107372
1.109843
1.110741
1.113385
1.114973

Transit
Depth [%]
1.1557 ± 0.0054
1.1585 ± 0.0052
1.1570 ± 0.0047
1.1551 ± 0.0041
1.1534 ± 0.0048
1.1614 ± 0.0050
1.1578 ± 0.0042
1.1572 ± 0.0047
1.1574 ± 0.0044
1.1414 ± 0.0048
1.1480 ± 0.0036
1.1686 ± 0.0050
1.1713 ± 0.0043
1.1721 ± 0.0046
1.1649 ± 0.0044
1.1714 ± 0.0046
1.1691 ± 0.0042
1.1701 ± 0.0043
1.1689 ± 0.0048
1.1737 ± 0.0042
1.1707 ± 0.0042
1.1652 ± 0.0054
1.1518 ± 0.0048
1.1598 ± 0.0040
1.1535 ± 0.0056

Eclipse
Depth [%]
0.0607 ± 0.0039
0.0711 ± 0.0040
0.0736 ± 0.0043
0.0597 ± 0.0048
0.0772 ± 0.0053
0.0544 ± 0.0041
0.0633 ± 0.0050
0.0692 ± 0.0042
0.0742 ± 0.0047
0.0770 ± 0.0053
0.0836 ± 0.0052
0.0870 ± 0.0050
0.0976 ± 0.0052
0.0903 ± 0.0044
0.0882 ± 0.0048
0.0955 ± 0.0051
0.0988 ± 0.0048
0.1139 ± 0.0045
0.1160 ± 0.0044
0.1035 ± 0.0051
0.1067 ± 0.0045
0.1038 ± 0.0048
0.1138 ± 0.0053
0.1067 ± 0.0056
0.1031 ± 0.0054

Figure 5.14: Spectra obtained by this analysis. Left Top: Wavelength-dependent correction
factor derived from the Wayne simulations. Left Middle: the corrected (black)
and uncorrected (red) transmission spectra. Left Bottom: the same but for the
emission spectra. Right: Table of the spectra with the dilution factor.

the two retrievals. Since in emission spectroscopy the radius is degenerate with
temperature (e.g. Griffith, 2014), the value is fixed to the best fit value obtained from
the transmission retrieval. In transmission, the temperature is assumed isothermal
while in emission more flexibility is required. In order to avoid biases, a nonphysically informed approach is chosen, consisting of 3 temperature points. This
leads to 5 free variables: surface temperature (Tsur f ), temperature of point 1 (T1 ),
temperature of point 2 (Ttop ), pressure of point 1 (P1 ) and pressure of point at the
top (Ptop ). These points are allowed to vary freely in the pressure grid ranging
from 10 bar to 10

10

bar. The transmission retrieval includes the additional opacity

corresponding to an opaque grey cloud layer.
Previous analysis of the transmission spectra by Tsiaras et al. (2018) detected
water along with the suggestion of TiO and VO. Having accounted for the stellar
companion, the slope at the blue end of the spectrum is now reduced and thus the
retrieval does not find substantial evidence of significant abundances of TiO or VO.
However, the recovered water abundance of log(H2 O) = -2.85+0.47
0.71 is consistent
with that from Tsiaras et al. (2018) (log(H2 O) = -2.70±1.07). For carbon-based
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molecules (CO, CO2 , and CH4 ), precise constraints on their abundances were not
extracted due to the lack of dominant features in the G141 wavelength range (see
Section 5.2 for an example where carbon species are recovered). Additionally, the
abundance of e-, which is linked to H- opacity (see Section 4.1.2), was not constrained but a 1s upper limit of log(FeH)<-7.3 can be inferred. The best-fit model
favours the presence of clouds at log(P) = 0.91 Pa, significantly correlated with the
abundance of water. The best-fit spectrum and the posteriors are given in Figure
5.15 while the priors and results from the retrieval are given in Table 5.6. To understand the statistical significance of our results, one can also ran a “molecule free”
retrieval where the only fitted parameters were the planet radius, planet temperature
and cloud-top pressure. Scattering due to Rayleigh and CIA were also included.
The difference in Bayesian log evidence was computed to be 24.7 in favour of the
fit including molecules. This indicates a significant evidence of the detection of
molecular features (>7s , Kass and Raftery (1995)).
For the emission spectrum of WASP-76 b, the retrieval analysis shows significant evidence of TiO, with an abundance of log(TiO) = -5.62+0.71
1.57 , along with H2 O
at a concentration of log(H2 O) = -2.81+0.51
0.65 . Additionally the emission spectrum
places an upper bound on the presence of both iron hydride and vanadium oxide at
log(FeH), log(VO) ⇡ -7. Again the carbon-based molecules were not constrained
due to the lack of spectral information in the WFC3 G141 wavelength band. A
temperature inversion in the dayside of WASP-76 b is suggested by the retrieval,
which is consistent with the presence of optical absorbers. The retrieval posteriors
for the emission spectrum are shown in Figure 5.16 while Figure 5.17 displays the
best-fit temperature profiles for both observations. In the emission case, the model
was compared to a simple blackbody fit, which converged to TBB = 2778±8 K. The
difference in Bayesian log evidence was 12.4, signifying the fit with H2 O, TiO and
a thermal inversion is statistically preferable at >5 s .

5.3.5 Discussion
The results from retrieval analyses can be compared to theoretical predictions from
self-consistent forward models (these were not used for the retrievals since the goal
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Figure 5.15: Posterior distributions for the transmission spectrum of WASP-76 b which
suggest the presence of a large amount of H2 O as well as placing upper limits
on the abundances of TiO, VO and FeH. Inset: transmission spectrum (black)
with best-fit model and 1-3s uncertainties (blue).

is to extract information content directly). Using petitCODE, a 1D numerical iterator solving for radiative-convective and chemical equilibrium (Mollière et al., 2015,
2017), a model for WASP-76 b was computed from the stellar and planetary parameters in West et al. (2016). The code includes radiative scattering, opacities for
H2 , H , H2 O, CO, CO2 , CH4 , HCN, H2 S, NH3 , OH, C2 H2 , PH3 , SiO, FeH, Na, K,
Fe, Fe+ , Mg, Mg+ , TiO and VO, as well as collision induced absorption by H2 –H2
and H2 –He. Cloud condensation of refractory species is included in the equilibrium chemistry, but not as opacities. For WASP-76 b, an intrinsic temperature of
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Figure 5.16: Posterior distributions for the emission spectrum of WASP-76 b which suggest the presence of a large amount of H2 O as well as TiO. Inset: emission
spectrum (black) with best-fit model and 1-3s uncertainties (red). Also shown
is a blackbody fit (grey) which has a temperature of TBB = 2778±8 K.

600K was adopted, following the prescription by Thorngren et al. (2019). A global
planetary averaged redistribution of the irradiation was assumed.
Two models were produced: one with, and one without, the presence of TiO
and VO. For the former case, the resulting temperature-pressure profile and equilibrium abundances are shown in Figure 5.17. The temperature profile shows an
inversion in the range probed by transmission/emission spectroscopy (typically
⇠ 1 mbar to ⇠ 100 mbar), compatible with the retrieval analysis. This inversion

was only present for the model with TiO/VO opacities. A similar result is shown in
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Parameters Prior bounds Scale
H2 O
-12 ; -2
log
CH4
-12 ; -2
log
CO
-12 ; -2
log
CO2
-12 ; -2
log
TiO
-12 ; -2
log
VO
-12 ; -2
log
FeH
-12 ; -2
log
e-12 ; -2
log
Tterm (K)
1600 ; 4000 linear
Tsur f (K)
1600 ; 4000 linear
T1 (K)
1600 ; 4000 linear
Ttop (K)
1600 ; 4000 linear
P1 (Pa)
6;2
log
Ptop (Pa)
3 ; -2
log
Pclouds (Pa)
6 ; -2
log
R p (R jup )
1.3 ; 2.2
linear

Transmission
Emission
+0.42
-2.85 0.71
-2.81 +0.51
0.65
unconstrained unconstrained
unconstrained unconstrained
unconstrained unconstrained
<-6.1
-5.62 +0.71
1.57
<-6.9
<-7.9
<-7.3
<-7.0
unconstrained unconstrained
2231+265
None
283
None
2805 +689
680
None
2413 +147
159
None
3147 +189
168
None
4.50 +0.89
1.13
None
-0.20 +1.36
1.10
0.91+0.70
None
0.46
1.67+0.04
None
0.03

Table 5.6: List of the retrieved parameters, their uniform prior bounds, the scaling used and
the retrieved value for the emission and transmission retrievals.

Lothringer et al. (2018), who found the same dichotomy between atmospheres with
and without TiO/VO for planets with equilibrium temperatures of Teq = 2250 K.
Similarly, the retrieval abundance for TiO in emission (log(TiO) = -5.62+0.71
1.57 ,
while higher, is consistent to 1s with the log(TiO) ⇡ -7 predicted by petitCODE.
The upper boundary of log(FeH) < 7 that was retrieved from the emission spectrum

also agrees well with expectations from the self-consistent model. In transmission,
the upper limit placed on these molecules is greater than the predicted abundances
and thus the non-detection is likely due to the poor quality of the data or mechanisms trapping those molecules on the day-side. Furthermore, the extent of H2 O
in the terminator and on the dayside matches the predictions from the petitCODE
chemical equilibrium model. Finally, the VO chemical profile is seen to be below
the sensitivity of the emission spectrum. This could be due to TiO, FeH and VO
possessing similar features in the G141 waveband. The degeneracies between all
the optical absorbers (metal oxides and hydrides such as TiO, TiH, VO, FeH or
AlO) in the narrow wavelength coverage of the G141 might indicate that absolute
abundances of these molecules is difficult to accurately extract, especially when one
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Figure 5.17: Results of a self-consistent petitCODE model for WASP-76 b compared with
the retrievals on WFC3 data. Top left: comparison of the temperature-pressure
profiles. The petitCODE model (orange) features a thermal inversion at 1
mbar, due to absorption by TiO and VO, and closely matches the retrieved
profile. Top right: Molecular abundances for the petitCODE simulation. The
equilibrium fractions of most molecules (bottom) remain approximately constant for pressures higher than a few mbar. They drop quickly at lower atmospheric pressures due to thermal dissociation. Bottom left: Comparison
of constrained molecular abundances in transmission (dotted lines) to those
from the petitCODE simulation (solid lines). The water abundance is seen to
be around 1s higher than predicted. Bottom right: Comparison of constrained
molecular abundances in emission to those from the petitCODE simulation.
Again the water abundance is seen to be around 1s higher than predicted
while the TiO concentration is within 1s of the model.
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or two datapoints might favor one specie other another.
The equilibrium chemical abundances of most molecules, except CO, drop
significantly for pressures lower than a few mbar due to thermal dissociation in
the upper atmosphere (Lothringer et al., 2018; Parmentier et al., 2018; Arcangeli
et al., 2018). Models by Parmentier et al. (2018) suggest that, for WASP-76 b,
nearly half the water should be dissociated at the 1.4 µm photosphere. Thus the
H2 O bands are significantly muted due to thermal dissociation in the upper layers
of the atmosphere, owing to the intense irradiation by the nearby host star, as seen in
Arcangeli et al. (2018); Lothringer et al. (2018); Kreidberg et al. (2018). Between 1
and 1.4 µm, both water and TiO/VO opacities are low, leading to a region where H-,
TiO, and H2 O opacities have similar strength. Particularly, H- opacity fills the gap
between the two water bands at 1.1 and 1.4 µm, effectively lowering the contrast
between the top and the bottom of the bands.
From Figure 5.17 one can also notice that the quick depletion of molecules in
the atmosphere may introduce inaccuracies in the retrieval, as it assumes a single
chemical abundance for the whole atmospheric pressure range (see Section 8.1).
However, the chemical abundances of most molecules remain roughly constant
for the pressure range that can be probed with these observations. Here, while
molecules are expected to differ significantly with pressure, the data quality is unlikely to support a retrieval with greater complexity due to the narrow wavelength
coverage.
Optical absorbers have been proposed as one of the leading theories as to why
ultra hot Jupiters exhibit thermal inversions (e.g. Fortney et al., 2008). However,
the search for those molecules has so far been very difficult, with only a few planets
with confirmations.
WASP-19 b for example has been studied via transmission spectroscopy at
near-infrared wavelengths with claims confirming and refuting the presence of TiO.
The retrievals of the STIS G430L, G750L, WFC3 G141 and Spitzer IRAC observations suggest the presence of water at log(H2 O) ⇡ -4 but show no evidence of optical
absorbers (Sing et al., 2016; Barstow et al., 2017; Pinhas et al., 2019). However,
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ground-based transits acquired with the European Southern Observatory’s Very
Large Telescope (VLT), using the low-resolution FORS2 spectrograph (R⇠3000)
which covers the entire visible-wavelength domain (0.43–1.04 µm), suggested the
presence of TiO, to a confidence level of 7.7s (Sedaghati et al., 2017). This was
challenged in Espinoza et al. (2019), which found a featureless spectrum and argue
the results of Sedaghati et al. (2017) are likely to be contaminated by stellar activity.
Evidence for a thermal inversion and optical absorbers has been seen in HATP-7 b, which was first studied in emission during the commissioning program of Kepler when the satellite detected the eclipse as part of an optical phase-curve (Borucki
et al., 2009). This optical eclipse measurement was combined with Spitzer photometry over 3.5-8 µm to infer the presence of a thermal inversion (Christiansen
et al., 2010), which was suggested due to the high flux ratio in the 4.5 µm channel of Spitzer compared to the 3.6 µm channel. The impact of interpreting combined datasets is investigated in Section 5.4. Their chemical equilibrium models
associated these emission features with CO, H2 O and CH4 . A thermal inversion
was also reported to provide the best fit to these data by the atmospheric models of
Spiegel and Burrows (2010) and Madhusudhan and Seager (2010). All three studies
noted that models without a thermal inversion could also explain the data, though
only with a very high abundance of CH4 . More recently, Mansfield et al. (2018)
obtained two eclipses using the HST WFC3 G141 grism. When combined with
previous observations, it was found to be best fit with a thermal inversion due to
optical absorbers, but at a low statistical significance when compared to a simpler
blackbody fit.
Finally, some planets have been observed with both transit and eclipse spectroscopy. For instance, studies of WASP-33 b have suggested the presence of Aluminium Oxide (AlO) in its transmission spectrum (von Essen et al., 2019) while the
WFC3 emission is best-fit by TiO and a thermal inversion (Haynes et al., 2015).
However, the nature of the star (d -Scuti variable) makes analyses of the atmosphere
of this planet very challenging. Indeed, the host star is known to exhibit at least
8 pulsation modes, with some comparable to the planet orbital period, requiring
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a careful modelling. Other studies using WFC3 G141 that have concluded optical absorbers may be present in WASP-121 b by Evans et al. (2017). WASP-121 b
has an equilibrium temperature of 2500 K and H2 O was detected at a 5s confidence
with indications of absorption at high altitudes implying the presence of VO or TiO.
The best-fit VO abundance was log(VO) = -3.5+0.4
0.6 . Subsequently, observations of
WASP-121 b with the G102 grism were taken and combined with the original data.
In this further study, H- was included as an opacity source and the results were not
consistent with the previously recovered VO abundance (Mikal-Evans et al., 2019).
Also, Bourrier et al. (2019) performed a retrieval on the combined data, with the
addition of data from TESS, and concluded VO abundance of log(VO) = -6.03+0.50
0.69 ,
far lower than the initial retrieval on WFC3 G141 data. Additionally, the optical
phase-curve presented in Daylan et al. (2019) suggested inefficient heat transport.
This agrees with the work of Fortney et al. (2008), which postulated that the presence of optical absorbers would lead to, and require, large day-night temperature
contrasts. However, Merritt et al. (2020) used high-resolution ground-based observations to place limits on the maximum abundances of TiO and VO in the terminator
of WASP-121 b to log(TiO) < -9.26 and log(VO) < -7.88. Nevertheless the authors
of this study note that these upper bounds are degenerate with the cloud deck and
scattering properties while also being limited by the accuracy of the VO line lists.
Thus, the presence of these optical absorbers cannot be definitively ruled out as yet.
The analysis of WASP-76 b presented here, makes this planet the second ultrahot Jupiter to be studied through both transmission and emission spectroscopy using
WFC3 in scanning mode. In the analysis of WASP-121 b’s transmission and emission spectra by Evans et al. (2018); Mikal-Evans et al. (2019), chemical equilibrium
models were used to fit the data. These models suggested super-solar metallicities of 10-30 and 5-50 times solar to 1s in transmission and emission respectively.
These metallicity ranges provide H2 O abundances which are similar to those recovered here (10 3 -10 4 ). The models from Parmentier et al. (2018) suggest that, for
WASP-121 b, ⇠ 70% of the H2 O in the 1.4µm photosphere should be dissociated,

compared to ⇠ 50% in WASP-76 b. Additionally, the metallicity (Fe/H) of WASP-
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76 is greater than that of WASP-121 and both are above solar, at 0.366 and 0.12
respectively (Ehrenreich et al., 2020; Mikal-Evans et al., 2019). It could therefore
be expected that WASP-76 b has slightly more H2 O than WASP-121 b but, while
the best-fit solution agrees with this prediction, the 1s errors on the abundance are
too large to be definitely conclusive.
In essence, the exoplanet WASP-76 b is a perfect laboratory for the study of the
ultra hot-Jupiter class. So far, it is one of the only exoplanet to have a confirmed TiO
detection (on the day side). It is however a challenging target due to the presence of
a stellar companion that affects the observed spectrum. A correction technique was
here presented to account for this contamination.

5.4

Combining instrument spectra: KELT-7 b and
WASP-96 b as examples

Figure 5.18: Artist impression of the exoplanet WASP-96 b by Lélé.
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5.4.1

KELT-7 b

KELT-7 b is a transiting hot-Jupiter, in the same temperature range as WASP-76 b,
+0.046
with a mass of 1.28+0.18
0.18 MJ , a radius 1.533 0.047 RJ , an orbital period 2.7347749

± 0.0000039 days and an equilibrium temperature ⇠2048 K (Bieryla et al., 2015).
KELT-7 b, having a relatively low surface gravity, high equilibrium temperature,

and a bright host star (F2 class), is also an excellent candidate for thorough atmospheric characterisation. The planet has previously been studied in both transit
and eclipse using the Spitzer Space Telescope’s InfraRed Array Camera (IRAC)
(Garhart et al., 2020) and a ground-based eclipse was measured by Martioli et al.
(2018). Here, this exoplanet is analysed using transmission and emission spectroscopy from the Hubble Space Telescope’s WFC3. As with WASP-76 b, the availability of both transit and eclipse allow for a better insight into the nature of this
planet, and to constrain independently terminator and day side regions. Datasets
from Spitzer IRAC and TESS are available for this planet, which provides the opportunity to explore the combination of instrument observations. As with KELT11 b and WASP-76 b, the raw data was obtained from the Mikulski Archive for
Space Telescopes4 . Both observations of KELT-7 b were undertaken in 2017 as part
of Hubble proposal 14767. The spectrum for both transit and eclipse observations
is extracted using the Iraclis pipeline (see Section5.1) and the literature values from
Bieryla et al. (2015). The corresponding white light curve and spectral light curves
are available in respectively Figure 5.19 and Figure 5.20. The extracted spectra can
be found in Table 5.7.
The HST data is combined with the Spitzer and TESS data, for which different
scenarios are investigated. In both emission and transmission, a TauREx3 retrieval
is ran with the HST only spectrum, the HST+Spitzer and the HST+Spitzer+TESS
data. The retrieval setups for TauREx are the same as in the WASP-76 b case and
follow the principles in Section 4.5. The included molecular absorptions are H2 O,
CO, CH4 , TiO, VO, FeH and H-. In the transmission case, an additional run is
done without the presence of H-. This example allows to investigate the stability of
4 https://archive.stsci.edu/
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Wavelength [µm]
0.8
1.12625
1.14775
1.16860
1.18880
1.20835
1.22750
1.24645
1.26550
1.28475
1.30380
1.32260
1.34145
1.36050
1.38005
1.40000
1.42015
1.44060
1.46150
1.48310
1.50530
1.52800
1.55155
1.57625
1.60210
1.62945
3.6
4.5

Bandwidth [µm] Transit Depth [%] Eclipse Depth [%]
Instrument
0.4
0.7961 ± 0.0018
TESS
0.0219
0.8159 ± 0.0045 0.03737 ± 0.0045
HST WFC3
0.0211
0.8134 ± 0.0045 0.03951 ± 0.0046
HST WFC3
0.0206
0.8062 ± 0.0048 0.03669 ± 0.0045
HST WFC3
0.0198
0.8152 ± 0.0048 0.03544 ± 0.0048
HST WFC3
0.0193
0.8195 ± 0.0047 0.03876 ± 0.0041
HST WFC3
0.0190
0.8181 ± 0.0043 0.03787 ± 0.0049
HST WFC3
0.0189
0.8114 ± 0.0049 0.03865 ± 0.0043
HST WFC3
0.0192
0.8172 ± 0.0054 0.03292 ± 0.0046
HST WFC3
0.0193
0.8170 ± 0.0060 0.04363 ± 0.0043
HST WFC3
0.0188
0.8130 ± 0.0055 0.04558 ± 0.0042
HST WFC3
0.0188
0.8237 ± 0.0046 0.03523 ± 0.0044
HST WFC3
0.0189
0.8163 ± 0.0050 0.03577 ± 0.0043
HST WFC3
0.0192
0.8174 ± 0.0042 0.04638 ± 0.0044
HST WFC3
0.0199
0.8117 ± 0.0043 0.04633 ± 0.0045
HST WFC3
0.0200
0.8171 ± 0.0047 0.04750 ± 0.0038
HST WFC3
0.0203
0.8191 ± 0.0047 0.04555 ± 0.0051
HST WFC3
0.0206
0.8127 ± 0.0056 0.04515 ± 0.0046
HST WFC3
0.0212
0.8179 ± 0.0050 0.04580 ± 0.0044
HST WFC3
0.0220
0.8164 ± 0.0047 0.04480 ± 0.0046
HST WFC3
0.0224
0.8006 ± 0.0048 0.05031 ± 0.0048
HST WFC3
0.0230
0.8112 ± 0.0052 0.04825 ± 0.0048
HST WFC3
0.0241
0.8052 ± 0.0052 0.04765 ± 0.0050
HST WFC3
0.0253
0.7989 ± 0.0063 0.05397 ± 0.0052
HST WFC3
0.0264
0.7872 ± 0.0057 0.04457 ± 0.0048
HST WFC3
0.0283
0.7936 ± 0.0057 0.04332 ± 0.0051
HST WFC3
0.75
0.7925±0.0062
0.1688 ± 0.0046 Spitzer IRAC⇤
1.015
0.8092±0.0036
0.1896 ± 0.0057 Spitzer IRAC⇤
⇤ Taken from Garhart et al. (2020).

Table 5.7: Spectral data of KELT-7 b used in this study.

Figure 5.19: White light-curve for transmission (left) and emission (right) observations of
KELT-7 b. For each panel; Top: raw light-curve, after normalisation. Second:
light-curve, divided by the best fit model for the systematics. Third: residuals.
Bottom: auto-correlation function of the residuals.
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Figure 5.20: Spectral light-curve fits from Iraclis of transmission (left) and emission (right)
spectra - for clarity, an offset has been applied. In each plot, the left segment
shows the spectral light-curves while the residuals are shown in the right section. c is the reduced chi squared, s is the ratio between the standard deviation of the residuals and the photon noise, and AC is the auto-correlation of
the fitting residuals.

retrieval analyses to the combination of datasets and the presence of model dependent solutions. The spectra and temperature structures are described in Figure 5.21,
while the posterior distributions for those nine cases can be found in Figures 5.22,
5.23 and 5.24.
In the HST only case, the analysis uncovers a rich transmission spectrum
which is consistent with a cloud-free atmosphere and suggests the presence of water
vapour and dissociated hydrogen, as shown by the posterior distributions in Figure
5.22. The retrieved temperature of around 1400 K for the terminator region is consistent with the expected value given the equilibrium temperature (Skaf et al., 2020).
Being in a temperature regime (Teq ' 2000 K) where 3D effects across the limb are

expected to be important (see also Section 5.5), it remains important to note that
the abundances and temperature retrieved could suffer significant biases (Caldas
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et al., 2019; Pluriel et al., 2020a; MacDonald et al., 2020; Skaf et al., 2020). In
particular, 2D effects, such as those suggested by Wilkins et al. (2014), can affect
the observed spectrum. In Wilkins et al. (2014) the observed emission spectrum
of CoRoT-2 b presents similarities to that of KELT-7 b but could be better fit using two blackbodies, probing the importance of latitude/longitude inhomogeneities.
Such inhomogeneities will certainly be important in the analysis of emission data
from future missions (Feng et al., 2016; Taylor et al., 2020; Katherina et al., 2020;
Changeat and Al-Refaie, 2020; Changeat et al., 2020b).
In contrast with the transmission and the results from WASP-76 b (see Section
5.3), the extracted emission spectrum from HST does not contain strong absorption
or emission features. Although the data is not consistent with a simple blackbody,
as shown in Figure 5.21, it can be explained by a varying temperature-pressure profile and H-. The best fit favours a thermal inversion in the stratosphere of KELT-7 b,
which is consistent with current predictions of this type of planets: the retrieved
emission temperature-pressure profile are in agreement with simulations from petitCODE and matches the results found in the case of WASP-76 b.
Since KELT-7 b has also been studied in both transit and eclipse by the Spitzer
Space Telescope, and in transit with TESS, it raises the question of instrument compatibilities. Combining data from multiple instruments or observatories has become
the standard within the field as a way of increasing the spectral coverage, seeking
to break the degeneracies that occur when fitting data over a narrow wavelength
range (e.g. Sing et al., 2016). However, such a procedure is fraught with risk due to
potential incompatibilities between datasets:

- It has been shown that using different orbital parameters (a/Rs and i) in the
fitting of the data can lead to offsets between the datasets (Yip et al., 2020d).

- The choice of limb darkening coefficients can cause vertical shifts in the
spectrum (Tsiaras et al., 2018).
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Figure 5.21: Best-fit spectra (left) and temperature-pressure profiles (right), with one sigma
errors in each case, for transit (top and middle) and eclipse (bottom) observations of KELT-7 b with HST data only, HST and Spitzer (red) and HST, Spitzer
and TESS (green). The top transmission plots, and the emission case, include
the H- opacity while the middle plots do not.

- Stellar variability, activity or spots can also induce offsets in the recovered
spectra (e.g. Bruno et al., 2020b).
- Imperfect correction of instrument systematics can alter the fitted white light
curve depth, again generating shifts between datasets, making the derived transit/eclipse depths incompatible (e.g. Stevenson et al., 2014a; Stevenson et al., 2014;
Diamond-Lowe et al., 2014).
Each of these effects can of course affect HST data alone but, in this case, the
offset would likely only lead to slight changes in the retrieved temperature or radius. In Colón et al. (2020), for example, offsets of about 400ppm were found when
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Figure 5.22: Posterior distributions for atmospheric retrievals of KELT-7 b in transit with
various datasets. The addition of Spitzer data brings little change to the atmospheric properties while TESS data drives the retrieval to favour FeH over H-.
We note that this FeH abundance is far above the expected (log(FeH)⇠ 7).
The reported values for each parameter are those obtained with the fit on all
three datasets.
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Figure 5.23: Posterior distributions for atmospheric retrievals of the emission spectra of
KELT-7 b with and without Spitzer data (blue and red respectively). The addition of Spitzer data brings little change to the atmospheric properties except
the derived water abundance which appears clearly with Spitzer data. The
reported values for each parameter are those obtained with the fit on both
datasets.
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Figure 5.24: Posterior distributions for atmospheric retrievals of the transmission spectra
of KELT-7 b with various datasets, this time without including H- as an opacity source. The addition of Spitzer data again has little effect on the retrieved
atmospheric properties while TESS data drives the retrieval to higher temperatures and rules out the presence of TiO and VO. All cases require an FeH
abundance which is far greater than expected. The reported values for each
parameter are those obtained with the fit on all three datasets.
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analysis the same HST raw data with different reduction pipelines. When combining datasets, for instance HST WFC3 and Spitzer IRAC, offsets in one of these, or
differing offsets in both, could lead to wrong recovered abundances. In transmission and emission, Spitzer observations are sensitive to CH4 in the 3.6µm band and
CO or CO2 in the 4.5µm band while WFC3 data cannot constrain these molecules.
Thus the detection, or non-detection, would be based entirely off the two Spitzer
bands relative to the WFC3 data. An offset in either one of these would instigate
the incorrect recovery of the CH4 , CO and CO2 abundances. In emission, these
Spitzer points have been used as evidence for the presence of, or lack of, a thermal
inversion. Differences in the correction of systematics have led to discrepant results
(e.g. HD 209458 b: Knutson et al. (2008); Diamond-Lowe et al. (2014)).
In order to investigate the effects of combined instruments, the Spitzer data
for KELT-7 b, taken from the study by Garhart et al. (2020) of 36 hot Jupiters, was
added. For the fitting of the Spitzer eclipses, Garhart et al. (2020) froze the orbital
parameters to those from Bieryla et al. (2015), overcoming the first hurdle about
combining datasets. The transit observations were also fitted with fixed orbital
parameters and limb darkening coefficients from Claret (2000), again consistent
with the HST reduction presented here. The issues of stellar variability and instrument systematics cannot be easily ruled out without an overlap in spectral coverage.
Therefore, in all cases, the compatibility of the datasets cannot be guaranteed. Additionally, the TESS data was cautiously added, using the same orbital parameters
and limb darkening laws during the fit.
The best-fit retrieved spectra, both with and without the Spitzer data, is shown
in Figure 5.21. Little difference is seen between the fits, particularly in transmission
where the best-fits are almost constantly within 1s of each other. The recovered
temperature pressure profiles are also practically identical. While this may suggest
the data is compatible, it also shows that the information content of adding Spitzer,
in this case, is relatively low. Therefore this begs the question of whether risking
data incompatibility is worthwhile when there is little to gain. Figure 5.22 and 5.23
show posteriors from the fittings with and without Spitzer, again highlighting the
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similarity between the fits. In transmission, the only noticeable difference is in the
recovered CO abundance, which is not constrained in the case of HST alone but
the addition of Spitzer suggests an abundance of log(CO) = -4.56+1.72
4.69 . The second
change is in the water abundance recovered in emission, with HST and Spitzer
converging to log(H2 O) = -5.11+1.37
4.03 while no constraint can be made in the HST
only case.
On the other hand, the addition of the TESS transmission data drastically
changes the solution, removing the detection of dissociated hydrogen, instead preferring FeH to explain the absorption at the shorter wavelengths within the G141
grism due to the shallow TESS transit depth. In order to understand this behaviour,
further retrievals of the transmission spectrum were carried without the H- opacity,
again finding that there is little difference when adding Spitzer data as shown in
Figure 5.24. In this case, all data combinations readily agree on the abundances of
H2 O, FeH and CO. However, differences are seen in the evidence for TiO and VO,
for which the addition TESS data rules out log abundances > -10. The recovered
radius and terminator temperature also change, with the TESS dataset preferring a
lower radius and higher temperature. This example suggests that it is imperative to,
at the very least, study multi-instrument datasets separately, as well as combined,
when doing model fitting. This issue is illustrated more dramatically in the next
section for the case of the hot-Jupiter WASP-96 b, were the combination involves
ground based observations.

5.4.2 WASP-96 b
WASP-96 b (Figure 5.18) is a transiting gaseous hot-Jupiter discovered by Hellier
et al. (2014) during the WASP-South Survey. It orbits around a G8 star of magnitude
12.2 (V mag) and was observed previously (Nikolov et al., 2018) using the FORS2
spectrograph on the Very Large Telescope (VLT). The obtained optical transmission
spectrum (from 0.35-0.80 µm) showed, under the assumption of chemical equilibrium, that the atmosphere of the planet is cloud-free and contained an absolute
sodium abundance of log cNa = 6.9+0.6
0.4 . The temperature of the atmosphere was
found to be 1710 +150
200 K, which is notably higher than the equilibrium temperature
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Figure 5.25: White light curves for the G102 (left) and G141 (right) transit observations of
WASP-96 b. First panel: raw light curve, after normalisation. Second panel:
light curve, divided by the best fit model for the systematics. Third panel:
residuals for best-fit model. Fourth panel: auto-correlation function of the
residuals.

of the planet Teq = 1285 ± 40K, thus being incompatible with the common trans-

mission biases (Skaf et al., 2020). As additional data from the HST G102 (0.8-1.1
µm) and G141 (1.1-1.7 µm) grisms are publicly available on the MAST archive,
they were reduced and analysed using atmospheric retrieval technique, aiming to
investigate the combination of these new datasets with the one from Nikolov et al.
(2018). The results of this study are detailed in Yip et al. (2020a). The implications of combining the HST data with the data from Nikolov et al. (2018) are
explored, since large offset between the ground-based and space-based spectra can
be observed. The fitted white and spectral light curves, following the methodology presented in Section 5.1, for the G102 and G141 transmission observations are
shown in Figures 5.25 and 5.26. The datasets used in this study can be found in
Table 5.9.
The top panel of Figure 5.27 shows the best-fit spectrum from the G102 and
G141 data only retrievals. It also displays the raw spectrum obtained with the VLT
in Nikolov et al. (2018). With no correction, the two sets of spectra are not compatible. In particular, an approximative 1000ppm offset between the ground-based
(blue) and space-based data (black) can be seen. There are a number of potential
sources for the differences seen here (see KELT-7 b analysis in Section 5.4.1). In
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Figure 5.26: Spectral light curve fits from Iraclis for the G102 (left) and G141 (right) transmission spectra where, for clarity, an offset has been applied. In each plot, left
panel: the detrended spectral light curves with best-fit model plotted; right
panel: residuals from the fitting with values for the Chi-squared (c 2 ), the standard deviation with respect to the photon noise (s̄ ) and the auto-correlation
(AC).

this case, imperfect corrections of instrument systematics (either on VLT or HST
side) certainly have the potential to significantly alter the recovered transit depth.
For example, here, the ramp corrections applied to some of the HST exposures are
greater than the offset seen between the HST and VLT data. However, the ramps
in the G102 and G141 data are very different, yet their fits are seemingly agreeing.
In their study of the VLT data, Nikolov et al. (2018) noted that the derived depths
from their two visits had marginal disagreement (1.4-s ). Said difference was 720
ppm but the authors noted that this level of variation is consistent with the photometric variability of the star, which is associated with active regions on its surface,
of 920 ppm. The variation in the stellar flux could therefore be the cause of much of
the offset seen here. This could also be causing differences between the G102 and
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G141 observations though the derived depths are within 1-s . These were taken 10
days apart while the VLT datasets were taken with a gap of 24 days.
The case presented here is an obvious example of when instrument incompatibilities can be visually inspected. Despite such incompatibilities, studies often
combine datasets (e.g. Sing et al., 2016; Pinhas et al., 2019; Mancini et al., 2013;
Bean et al., 2013; Stevenson et al., 2016; Sotzen et al., 2019) but since analyses
may not necessarily agree with each other, such practice should be approached with
caution. An approach sometimes taken in the literature to cope with these issues
is to introduce an offset to a dataset. Bruno et al. (2020a) showed that the active
star WASP-52 could create incoherent observations, due to stellar spots. The team
combined transit data from HST/STIS, HST/WFC3, and Spitzer/IRAC of WASP-52
b and corrected for the offset in HST/WFC3 by accounting for the effect of stellar
spots before retrieving the planet’s atmospheric composition based on the corrected
observations. Kirk et al. (2019) also explored the effect of stellar activity on the atmospheric retrieval of WASP-39 b when combining different datasets. In that study,
the infrared data came from HST WFC3 G102 and G141 while the optical datasets
were from the ground-based ACAM instrument on the 4.2 m William Herschel Telescope or from HST STIS, providing continuous coverage from 0.4-1.6 µm. They
found no noticeable offset and little difference in the retrieved parameters when accounting for stellar activity, suggesting that, for WASP-39 b, the datasets could be
compatible. In a study of WASP-74 b with photometry from ground-based instruments along with HST/WFC3 and Spitzer/IRAC, Luque et al. (2020) fitted for an
offset for the HST data, discovering a best-fit value of 434 or 615 ppm, depending
upon the additional data used. Wilson et al. (2020) obtained FORS2 data of WASP103 b and combined it with other ground-based data as well as data from HST and
Spitzer. They applied a small offset to match the GMOS and FORS data before
including an offset parameter in their retrievals to account for any further discrepancies. Meanwhile, in their study of HAT-P-12 b, Yan et al. (2020) attempted to fit
for two offsets to improve their fitting of HST WFC3, HST STIS and LBT data but
found it did not lead to solutions which were statistically better than without offsets.
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Finally, Murgas et al. (2020) fitted for an offset between HST WFC3 and OSIRIS
observations in the case of WASP-69 b. The values of 479 and 618 ppm were recovered when fitting with/without spot corrections. They noted the cause could be
biases due to instrument systematics but that largest semi-amplitude of the WASP
photometry, 13 mmag, would result in a flux variation of 2.4% which could account
for the 2.2% increase in flux between the observations. Here, for the planet WASP96 b, without assigning a specific cause for the observed offset, both HST only and
combined datasets are studied. In the combined case, an offset between the VLT
and HST data is fitted. This choice of correction does not necessarily capture the
complexity of the problem and it is not guaranteed that the instrument systematics
are wavelength independent.
When HST only is considered, the best-fit model contains the absorption features of water, which are particularly visible at 1.1 and 1.4 µm. The retrieval analysis constrains the water abundance to log(H2 O) = -3.08+1.08
1.81 , consistent with predictions from equilibrium chemistry models (Agundez et al., 2014; Woitke et al.,
2018; Stock et al., 2018). Assuming an isothermal temperature profile, the retrieved
temperature is T = 609+173
120 K, which is lower than the equilibrium temperature of
the planet and much lower than the temperature obtained by Nikolov et al. (2018).
On the other hand, this analysis is also consistent with the presence of a grey cloud
top pressure at log(Pclouds ) = 4.39+0.95
1.21 , which seems to suggest a relatively clear
atmosphere, confirming the findings of Nikolov et al. (2018). With HST only, the
fitting of a more complicated cloud model, including Mie description model is not
adequate due to the small wavelength coverage of these observations (see Section
4.5). Additionally, most other expected molecules have poor absorption in the wavelengths considered, which explains the poor constraints on NH3 , CO and CH4 . For
NH3 , the retrieval is still able to extract a 1s upper bound of log(NH3 )upper = -6.51.
The posterior distributions for this retrieval are shown in Figure 5.28.
For the combined data, the best-fit spectrum is plotted in the bottom panel
of Figure 5.27. This combined retrieval unveiled an offset of 1197

+134
101

ppm be-

tween the two instruments as shown in the posterior distributions in Figure 5.29.
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Figure 5.27: Transit depths derived from HST data (this work) with the addition of data
from the VLT (Nikolov et al., 2018). A clear offset can be seen between the
ground-based and space-based datasets (top panel). The panels also show the
best fit spectrum for HST only (top, in blue) and HST+VLT after correction
(bottom, in orange).

The increased wavelength coverage (continuous coverage from 0.4-1.6 µm) has the
advantage to increase the information content, giving access to more complicated
physical processes related to atomic species and cloud properties. The retrieval
complexity is therefore increased accordingly (see Section 4.5) by adding a Mie
cloud models (Lee et al., 2013) and two additional atomic species (K and Na). The
extension of the wavelength coverage towards the visible also helps to provide better constraints on the temperature of the terminator. The retrieved temperature (T
= 954 K) matches the prediction from Caldas et al. (2019); Pluriel et al. (2020b);
MacDonald et al. (2020); Skaf et al. (2020). An interesting potential explanation for
the large temperatures difference between the 1700 K inferred from the VLT only
data and the one retrieved from the HST only data could be that the signal from
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Figure 5.28: Posteriors distribution of different atmospheric parameters retrieved using
HST data only (top of Figure 5.27.)

those two molecules comes from different regions of the terminator (day/night part)
or different altitudes. Caldas et al. (2019), taking the example of H2 O and CO,
predicted that some molecules could have a signal from the day-side part of the
terminator region only or inversely the night-side part only.
The retrieved abundances for H2 O and Na in this combined retrieval are in
marginal agreement with the HST only analysis reported in here and Nikolov et al.
(2018) (See Table 5.8 for comparison between retrieval scenarios). The consistency
in the water abundances indicates that the water feature may be stable enough to be
retrieved accurately with HST only, even in the case of the low terminator temper-
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Figure 5.29: Posteriors distribution of different atmospheric parameters retrieved using
both HST data and VLT data (after offset correction, bottom of Figure 5.27)

ature recovered previously. Such a results is expected given the strong features of
H2 O in the WFC3 range.
Based on the retrieval result and the visually compatible observations in Figure 5.27, it may be tempting to conclude that the correction has been successful.
However, this kind of correction is an ad-hoc solution to the problem and is not
supported by extensive theoretical studies. Conclusions drawn from this kind of
combined observations should be treated carefully and comparisons with models
fitting single datasets and expectations from theoretical studies should be done.
A retrieval study of 10 hot Jupiters by Pinhas et al. (2019) found that optical
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Parameter
log(H2 O)
log(Na)
R p [RJ ]
T [K]

HST
3.08+1.08
1.81
N/A
1.22+0.01
0.01
609+173
120

(Nikolov et al.)
N/A
5.1+0.6
0.4
N/A
1710+150
200

HST+VLT
3.65+0.90
0.94
3.88+1.05
0.82
1.21+0.01
0.01
954 +198
195

Table 5.8: Comparison between different retrieved quantities for three different scenarios
(HST only, VLT only and HST+VLT). Results from VLT alone is reproduced
from Nikolov et al. (2018). Quantities that were not constrained by any of the
scenarios are not displayed.

data played a significant role in ensuring that a reliable constraint on the abundances
derived from infrared data could be placed. When combining optical and infrared
data of HD-209458 b from HST (STIS + G141), they found the constraints on water
to be narrowed by a factor of 3. However, the abundances retrieved in each case
were drastically different: log(H2 O)W FC3 = -3.3+0.80
0.75 and log(H2 O)ST IS+W FC3 = 4.66+0.39
0.30 .
In contrast, the water abundances recovered in this study, with and without optical data, are in good agreement with one another and well within 1s . This agreement may well be due to the addition of the G102 grism, which has not been used
to observe HD-209458 b, highlighting that it has the capability to provide excellent
constraints on the water abundance when combined with G141. Additionally, while
the focus here was to combine ground-based and space-based instruments, such an
offset discrepancy could also occur in space-based datasets from different instruments. Combining HST STIS, HST WFC3 G141 and Spitzer IRAC has become
common place in the field (e.g. Sing et al., 2016). Given that there is no wavelength
overlap in those studies, there is a risk of offsets occurring which could bias the
results of subsequent atmospheric retrievals. C/O ratio estimates from the combination of HST and Spitzer IRAC bands is likely to be subject to such biases. The
G102 grism remains an under utilised instrument for exoplanet spectroscopy but
would offer extra confidence that the STIS and G141 datasets are compatible by
providing wavelength overlap with both.
WASP-96 b was also observed by TESS and the Spitzer space telescope. While
these datasets were not included in the retrieval analysis presented here, they were
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l [µm] Depth [%]
0.37565
1.4065
0.40530
1.3992
0.41330
1.3844
0.42130
1.4238
0.42930
1.4019
0.43730
1.3705
0.44530
1.4125
0.45330
1.4035
0.46130
1.4026
0.46930
1.3796
0.47730
1.3617
0.48530
1.3712
0.49330
1.3976
0.50130
1.4001
0.50930
1.3716
0.51730
1.3698
0.52530
1.3696
0.53330
1.3985
0.54130
1.3805
0.54930
1.3796
0.55730
1.3707
0.56530
1.4208
0.57330
1.4111
0.58130
1.4468
0.58930
1.4542
0.59730
1.4456
0.60530
1.4361
0.61330
1.4217
0.62130
1.4084
0.62930
1.4456
0.63730
1.4015
0.64530
1.4111
0.65330
1.4236
0.66130
1.3621
0.66930
1.4187
0.67730
1.3980
0.68930
1.3408
0.70130
1.3682
0.70930
1.4074
0.71730
1.3948
0.72530
1.4029
0.73330
1.4280
0.74130
1.3787
0.74930
1.3896
0.76130
1.4052

Error [%] Dl [µm]
0.0349
0.05130
0.0417
0.00800
0.0380
0.00800
0.0386
0.00800
0.0470
0.00800
0.0369
0.00800
0.0297
0.00800
0.0282
0.00800
0.0287
0.00800
0.0264
0.00800
0.0226
0.00800
0.0294
0.00800
0.0238
0.00800
0.0316
0.00800
0.0254
0.00800
0.0229
0.00800
0.0217
0.00800
0.0204
0.00800
0.0216
0.00800
0.0202
0.00800
0.0231
0.00800
0.0219
0.00800
0.0218
0.00800
0.0196
0.00800
0.0215
0.00800
0.0200
0.00800
0.0200
0.00800
0.0187
0.00800
0.0221
0.00800
0.0231
0.00800
0.0220
0.00800
0.0209
0.00800
0.0231
0.00800
0.0201
0.00800
0.0187
0.00800
0.0268
0.00800
0.0175
0.01600
0.0204
0.00800
0.0220
0.00800
0.0194
0.00800
0.0222
0.00800
0.0218
0.00800
0.0184
0.00800
0.0219
0.00800
0.0172
0.01600

Instrument
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2

l [µm] Depth [%]
0.77330
1.3685
0.78130
1.3750
0.78930
1.3739
0.79730
1.3628
0.81250
1.3532
0.83750
1.3806
0.86250
1.3792
0.88750
1.3829
0.91250
1.3800
0.93750
1.3996
0.96250
1.3574
0.98750
1.3804
1.01250
1.3789
1.03750
1.4053
1.06250
1.3796
1.08750
1.3965
1.11250
1.4212
1.12625
1.3899
1.14775
1.4110
1.16860
1.4116
1.18880
1.3875
1.20835
1.3664
1.22750
1.3811
1.24645
1.3730
1.26550
1.3809
1.28475
1.4164
1.30380
1.3804
1.32260
1.4031
1.34145
1.3927
1.36050
1.4132
1.38005
1.4429
1.40000
1.4585
1.42015
1.4273
1.44060
1.4345
1.46150
1.3797
1.48310
1.4007
1.50530
1.4038
1.52800
1.3887
1.55155
1.3661
1.57625
1.3945
1.60210
1.3796
1.62945
1.3791
0.8
1.3803
3.6
1.4796
4.5
1.4861

Error [%] Dl [µm]
0.0247
0.00800
0.0218
0.00800
0.0279
0.00800
0.0264
0.00800
0.0179
0.00250
0.0239
0.00250
0.0220
0.00250
0.0313
0.00250
0.0311
0.00250
0.0189
0.00250
0.0205
0.00250
0.0215
0.00250
0.0199
0.00250
0.0216
0.00250
0.0234
0.00250
0.0140
0.00250
0.0111
0.00250
0.0162
0.02190
0.0200
0.02110
0.0210
0.02060
0.0181
0.01980
0.0217
0.01930
0.0210
0.01900
0.0152
0.01890
0.0185
0.01920
0.0185
0.01930
0.0191
0.01880
0.0229
0.01880
0.0180
0.01890
0.0170
0.01920
0.0238
0.01990
0.0241
0.02000
0.0206
0.02030
0.0191
0.02060
0.0227
0.02120
0.0183
0.02200
0.0218
0.02240
0.0190
0.02300
0.0154
0.02410
0.0170
0.02530
0.0235
0.02640
0.0217
0.02830
0.0346
0.4
0.0860
0.75
0.0538
1.015

Instrument
VLT FORS2
VLT FORS2
VLT FORS2
VLT FORS2
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G102
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
HST G141
TESS
Spitzer IRAC
Spitzer IRAC

Table 5.9: The transit depths derived here for TESS, HST and Spitzer along with the VLT
data, post offset correction.
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Figure 5.30: Best-fit model to the VLT and HST observations with data from TESS and
Spitzer over-plotted. The diamonds denote the transit depth of the model
across these entire bands. The Spitzer data is within 1s of the retrieval model
but the error bars are so high that little extra information could be gained by including them in the retrieval. Additionally, the risk of an offset is still present
but undetectable given the lack of wavelength overlap.

reduced and plotted, for visual inspection, in Figure 5.30. The TESS data was reduced following the standard methodology described in Edwards et al. (2020e,b).
The Spitzer data was extracted using a novel technique based on artificial intelligence, which is described and tested in Morvan et al. (2020).

The two Spitzer points (3.6 µm and 4.5 µm ) are within 1s of the best fit
VLT+HST solution. Hence, it is possible that Spitzer is consistent with the other
instruments. However, this is by no mean guaranteed, as there is no wavelength
overlap for Spitzer. Additionally, given the size of the error bars on the Spitzer data,
little additional spectral information can be gained for this case. The TESS point,
on the other hand, is about 2s away from the solution, thus also highlighting the
difficulties encountered when combining datasets.
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Figure 5.31: Artist impression of the exoplanet WASP-43 b by Lélé.

5.5.1

Context

As previously said, transit and eclipse techniques are complementary, probing two
distinct regions of the planet (day-side and terminator region) and being sensitive to
different physical processes. Transmission spectra are most sensitive to the planet
radius, the cloud structure and the atmospheric chemical species. Spectra from
eclipse observations are particularly sensitive in the thermal changes with altitude.
While previous sections focused on other aspects of retrieval studies (model dependent solutions, stellar contamination and combination of datasets), they still highlighted these concepts. For instance, more complex temperature-pressure structures
were required when analysing eclipse spectra, simple clouds were added to transmission retrievals or the radius was only retrieved in transmission and fixed in emission. In addition, these examples allowed to unveil some of the issues arising from
the 3-dimensional aspects of exoplanets (inhomogeneous emission or complex terminator limb). The 3-dimensional information of exoplanet atmospheres is best
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extracted from phase-curve analyses (Esteves et al., 2013; Placek et al., 2017; Sing,
2018; Parmentier and Crossfield, 2018; Deming and Knutson, 2020; Barstow and
Heng, 2020). Here, an application of the recently developed phase-curve model (see
Section 3.4) is presented. It allows, for the first time, the use of retrieval frameworks
to analyse spectrally dependent phase-curve datasets in a unified manner, accounting at the same time for the main 3-dimensional biases highlighted in the previous
sections.
Of all the observed phase-curve targets, WASP-43 b (Artist impression in Figure 5.31) has the most complete set of observations, with high quality spectra from
both HST and Spitzer. The planet was discovered orbiting a K7 star in 2011 (Hellier
et al., 2011) and, while its radius is similar to that of Jupiter, it is twice as massive
(Hellier et al., 2011; Bonomo et al., 2017). The atmospheric data was first analysed
in Stevenson et al. (2014b, 2017), providing a unique insight on the properties of
this world. They unveiled variations in the chemical abundances of H2 O, CO2 and
CH4 , and revealed a particularly low emission from the planet night-side, suggesting inefficient heat redistribution and/or a large cloud cover. Their spectral retrieval
analysis was performed for each of the individual spectra obtained at each phase: in
these analyses no correlation between the different observed phases was considered.
More recently, Irwin et al. (2019) used optimal estimation techniques to investigate
the combined information content of the spectra at different phases. This was the
first successful attempt to analyse the spectral phase-curve of an exoplanet with a
unified model. Due to the computing cost of their model, concessions had to be
made in the sampling technique. Their paper highlighted the limitations induced
when using optimal estimation technique in exoplanet atmospheric studies, where
observations have a low signal-to-noise and the prior knowledge on the solution is
unknown. Other studies highlighted the importance of using phase-curve data to
break the degeneracies coming from the 3-dimensional aspect of exoplanets (Feng
et al., 2016; Taylor et al., 2020; Katherina et al., 2020). In particular, Katherina
et al. (2020) performed the first combined retrieval of the WASP-43 b phase-curve
using full exoploration of the parameter space with the MultiNest sampler. Here,
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WASP-43 b is used as an example to benchmark the new TauREx phase-curve implementation. The model presented in Section 3.4 is used in its retrieval implementation (Changeat and Al-Refaie, 2020) to analyse the 3-dimensional structure of the
planet (Changeat et al., 2020b).

5.5.2

A case study of WASP-43 b: Benchmark and limitations

This section presents an example of a phase-curve using the first model of Section
3.4.2 on the hot-Jupiter WASP-43 b (Stevenson et al., 2014b, 2017; Irwin et al.,
2019; Morello et al., 2019). The planet, showing a large day-night contrast, and a
sharp transition at the terminator is used to validate the phase-curve model. While
Stevenson et al. (2017) used a different model to the one presented here, its results are used to set the parameters shown in Table 5.10. Each region has its own
temperature-pressure profiles. The chemical abundances are assumed constant with
altitude and are coupled between the terminator and the night side. This leaves
only two parameters per molecule: the day side mixing ratio and the terminator and
night side mixing ratios. The model was run for 8 phases with 30 Gaussian quadrature points, resulting in spectra at the phases: 22.5 , 45 , 67.5 , 90 , 112.5 , 135 ,
157.5 and 180 degrees (see Figure 5.32. The resulting spectra are shown with the
real HST observations in Figure 5.33).
- Number of Gaussian quadrature points required
The numerical integration method requires a fixed number of Gaussian quadrature points. In the literature (Waldmann et al., 2015a; Irwin et al., 2019), eclipse calculations are often performed using a small number of Gaussian points (typically
less than 10). As the parameter directly affects the accuracy of the forward mode, a
careful study of its impact in the phase-curve case is required. This can be assessed
by varying the number of Gaussian points for the same scenarios and comparing the
results to a reference model (here with 1000 Gaussian points). A single metric M
can be built to describe the model accuracy:

M=

Âl ÂF Sre f (l , F) ⇥ F(l , F)
,
Âl ÂF Sre f (l , F)

(5.7)
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Parameters
R p (RJ )
M p (MJ )
Tsur f (K)
T1 (K)
P1 (bar)
T2 (K)
P2 (bar)
T3 (K)
P3 (bar)
Ttop (K)
Ptop (bar)
H2 O
CH4
CO

Day
1.036
2.050
1850
1850
0.2
1750
6 ⇥ 10 2
1500
2 ⇥ 10 2
1450
2 ⇥ 10 3
6 ⇥ 10 3
10 7
10 2

Terminator

Night

coupled
coupled
coupled
coupled
1750
500
1700
450
1
1
1600
none
0.7
none
1250
none
0.1
none
1000
400
2
10
10 2
5
10
coupled term
4
10
coupled term
4
10
coupled term

Table 5.10: Parameters used for the Day, Terminator and Night regions of our WASP-43 b
model.

Figure 5.32: Phase curve forward model and geometry. Top: Geometry of the phase model
at different phases. From left to right: 22.5 , 45 , 67.5 , 90 , 112.5 , 135 ,
157.5 and 180 . Blue: night side contribution; orange: terminator contribution; red: day side contribution. Bottom: Corresponding phase-curve spectra
simulated with our model.
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Figure 5.33: Left: Zoomed in version of Figure 5.32 with the observed HST datapoints
from Stevenson et al. (2017) for phase 25 degrees (blue), 90 degrees (yellow)
and 180 degrees (red). Right: Atmospheric structure of WASP-43 b.

where l is the wavelength, F the orbital phase, Sre f is the planet to star signal for
1000 Gaussian points and the function F is defined as:
F(l , F) =

|Sre f (l , F) SGP (l , F)|
,
Sre f (l , F)

(5.8)

where SGP is the planet to star signal with a number of Gaussian points to be analysed. Equation 5.8 represents the weighted average of the normalised distance
from the reference model at 1000 Gaussian points, where the weights are the reference model fluxes at each wavelength. In this definition, the weighted average
accounts for the planet flux being lower at small phases, inducing larger differences
in |Sre f (l , F)

SGP (l , F)|. Figure 5.34 shows the normalised difference with the

baseline model for the phase-curve model with 2D C-coefficients.

The accuracy of the model (M) scales linearly in log-scale with the number of Gaussian quadrature points. For all Gaussian points, this is lower than the
characteristic current noise on phase-curve measurements. For current exoplanet
applications, a choice of 10 to 30 Gaussian points represents a good trade-off between accuracy (M is less than 1 percent) and speed.
- Computational Efficiency
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Figure 5.34: M as a function of the number of Gaussian quadrature points in the phasecurve model. This shows the weighted averaged normalised difference compared to the baseline model with 1000 Gaussian points.

A single phase calculation requires a minimum of three emission models. Each
of the three emission model and associated quantities is computed up until the
Gaussian-quadrature summation step. Then for each phase, the completion of the
calculation using the appropriate C-coefficients. The heavy calculation is therefore
performed only once for each model and the computation time is independent of the
number of phases.
This computational performance can be verified. Using a Macbook-Pro 2017
(2.3 GHz Intel Core i5) and the same model used of the WASP-43 b example, the
average execution time of the forward model is only about four times slower than
a standard eclipse forward model (a simple transit model, corresponding to phase
0 degrees, is also included for this test). This result is shown in Table 5.11 where
the results for 1, 10, 100 and 1000 phases with 30 Gaussian points are compared
against a single eclipse run.
The second test concerns the scaling with number of Gaussian quadrature
points. This test is important to determine the best trade-off between speed and
accuracy. Using the same methodology to simulate 8 phases simultaneously leads
to Table 5.12, where the estimated time for 2, 4, 8, 14, 20, 30, 50 and 100 Gaussian
quadrature points is presented.
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n Phases

1

10

Time (s)

10.10

10.17

100

213

1000 eclipse only

10.99 18.35

2.29

Table 5.11: A comparison of the time required to produce a different number of phases with
the phase-curve forward model (30 Gaussian quadrature points). The simple
emission is also shown for comparison.

n Gauss
Time (s)

2

4

8

14

20

3.8 4.1

4.9

5.9

7.6

30

50

100

10.2 15.2

27.4

Table 5.12: A comparison of the time required to produce 8 phases with the phase-curve
forward model for different number of Gaussian quadrature points.

Here, the scaling is much worse. Indeed, the Gaussian points number impacts
directly the emission calculation of each of the three models. The emission calculations involve sums and exponential of 2D arrays representing wavelengths and
number of layers.

The significant computational efficiency demonstrated against a large sample
of phases makes this model suitable for standard Bayesian retrieval applications.
This is of huge importance as the increased information content from combining
phase spectra requires significantly more sampling points (1,000,000+) to reach the
necessary evidence in retrievals.
-Limitations of the model
As seen in the previous section, this new technique to analyse phase-curves
achieves high performances. The integrals along the phases are performed in a
semi-analytical manner, taking advantage of a particular geometry. However, this
approach means that the model can only be applied to planets that are compatible with the defined geometry. Here, the planets must be tidally locked or in
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spin-synchronous orbits, for which the regions can be approximated with a homogeneous temperature and chemical structure and/or for which the available data is
not detailed enough to support a more granular model. In the two models presented,
only three regions are resolved. For the next generation of space telescopes such
as ESA-Ariel (Tinetti et al., 2018), NASA-JWST (Bean et al., 2018) or Twinkle
(Edwards et al., 2018), it may be necessary to consider more detailed geometries
with more than three regions or have a continuous description of the geometry.
Other improvements include the plane-parallel assumptions made in Equation 3.14.
While each region has its own scale height, the planet curvature leads to terminator emission through more complicated atmospheric paths at phase angles close
to 180 . These effects are not accounted for here as they would require a full
3-dimensional treatment (Caldas et al., 2019). Other effects described in Caldas
et al. (2019) or MacDonald et al. (2020), such as the transmission through multiple
atmospheric regions in transit scenarios or the differences between morning and
evening terminator are natively supported by the modifications of the transmission
models proposed in this thesis.

5.5.3 Retrieval set-up
5.5.3.1 Observations
The observations used to test and illustrate the phase-curve model presented in Section 3.4 were obtained from Stevenson et al. (2014b) and Stevenson et al. (2017)
with no modifications. These consist of 15 already reduced spectra of the phasecurve of WASP-43 b: 0.0625, 0.125, 0.1875, 0.25, 0.3125, 0.375, 0.4375, 0.5,
0.5625, 0.625, 0.6875, 0.75, 0.8125, 0.875, 0.9375. The data was originally captured by the Hubble Space Telescope in November 2013 (Program GO-13467) during three full orbital phases, three transits and two eclipses with the WFC3 G141
grism (wavelength coverage from 1.1 µm to 1.6 µm). These consisted of spatially
scanned images corresponding to 13-14 HST orbits for the phases and four HST
orbits for the transit and eclipses. Complementary phase-curve observations were
obtained by the Spitzer Space Telescope, using the 3.6 µm (2 visits, including 1

5.5. A phase-curve analysis of WASP-43 b

215

discarded) and 4.5 µm (1 visit) photometric channels (Programs 10169 & 11001,
PI: Kevin Stevenson). In addition to this, the transmission spectrum (phase 0) from
Kreidberg et al. (2014) is also included as this provides additional constraints on the
day-night limb and allows us to extract the planet radius with greater accuracy.
In emission, a large wavelength coverage is usually required to ensure that a
sufficient pressure range of the atmosphere is probed, thus constraining the temperature structure. Normally, this is done by combining the observations from HST
and Spitzer to obtain spectra spanning 1.1µm to 4.5µm. This however can bring
additional difficulties as nothing guarantees the compatibility of these observations
(see Section 5.4). Sources of discrepancies can come from different instrument systematics, the use of different orbital elements, different reduction pipelines, stellar
or planet temporal variations (Yip et al., 2020d). Later studies of the WASP-43 b
Spitzer data (Mendonça et al., 2018; Morello et al., 2019) proved that independent reduction pipelines can obtain different results for the same input dataset. The
Spitzer data from Stevenson et al. (2017) was utilised as-is. Complementary retrievals were run with the HST only data to investigate how the Spitzer points affect
the phase-curve solution. To date, this WASP-43 b dataset is one of the most complete. The integrated phase-curve framework accumulates the information at all
phases to extract extremely precise constraints on the atmospheric properties of this
planet.

5.5.3.2

Detailed retrieval configuration

In the retrievals performed here, the stellar parameters were taken from Bonomo
et al. (2017) and the planetary mass was fixed (Changeat et al., 2020e) to its radial
velocity measurement (Bonomo et al., 2017). Since the transmission spectrum,
which is very sensitive to the planet radius, was included this parameter was left
as free. As described in Section 3.4.3, the atmosphere is separated three regions:
hot-spot, day side and night side. Each region is composed of 100 layers spaced
in log-pressures. In this work 3 classes of models were studies, with increasing
complexity:
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- 2-Faces free: This is a simplified geometry with no hot-spot. The influence from the hot-spot region is removed by coupling all parameters (temperature,
chemistry, clouds) between the hot-spot and the day side regions. This allows to
check the consistency of the model and compare it with previous results from the
literature. This setup uses a similar geometry to Katherina et al. (2020). Free
constant with altitude abundances are used for the molecules H2 O, CH4 , CO, CO2
and NH3 . In one scenario, these are coupled between all three regions. The free
temperature profiles and cloud properties were left independent between the day
and night regions. The clouds are modelled using a simplistic fully opaque grey
cloud. Complementary runs were also used to explore the effect of Guillot (2010)
temperature profiles and de-coupled chemistries (different chemistry between the
nigth and day sides).

- 2-Faces equilibrium: In a second scenario, the same geometry is used but
the model complexity is increased by considering equilibrium chemistry for the day
and night side regions. The chosen equilibrium scheme is ACE from Agundez et al.
(2014). It calculates thermo-chemical equilibrium abundances for H, He, C, O and
N bearing species, which is expected for hot-Jupiters between 1000 K and 2000 K.
The chemistry was de-coupled between the day and night regions (different chemical profiles) but the free parameters (metallicity and C/O ratio) are shared between
all regions.

- Full: Simulations were performed using the full model by introducing the
hot-spot region described in Section 3.4.3. The definition of this region requires the
additional hot-spot offset (D) and hot-spot size (a) parameters. In the first place,
these were retrieved but since the recovered value mismatched the one from the
reduction step in Stevenson et al. (2014b), this was then fixed to -12.2 degrees.
For the hot-spot size, various values are tested: 30, 40 and 50 degrees, consistent
with standard predictions from recent models for this planet (Kataria et al., 2015;
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Parameters
Prior bounds Scale
metallicity
-1 ; 3
log
C/O ratio
0.1 ; 5
linear
free abundances
-12 ; -1
log
hot-spot temperature points (K) 1000 ; 4000 linear
day temperature points (K)
700 ; 3000 linear
night temperature points (K)
300 ; 1700 linear
Pclouds (Pa)
7;0
log
R p (R jup )
1 ; 1.1
linear
Table 5.13: List of the parameters fitted in the retrieval, their uniform prior bounds and the
scaling used. Note that the parameters metallicity and C/O are activated for
the equilibrium runs, while in the free chemistry run uses the free abundances
parameters.

Irwin et al., 2019). Since little changes were observed, only the 40 degrees run is
presented in the result section and complementary retrievals, exploring the impact
of hot-spot size, hot-spot clouds and the addition of the Spitzer data, are discussed
in a later section.
In all scenarios, except when stated otherwise, the parameterisation of the temperature profiles was done using the N-point profile from TauREx-3 (Al-Refaie
et al., 2020b). As previously said, this heuristic profile interpolates linearly between N freely moving temperature-pressure points. For the hot-spot and day regions, seven temperature points are retrieved at fixed pressures (106 , 105 ,104 , 103 ,
102 , 1 and 0.01 Pa). Since the information content decreases on the night side due
to the lower emission, retrieving 5 points (106 , 105 ,103 , 10 and 0.1 Pa) was more
suitable. All the free parameters considered in this retrieval and their uniform priors
are described in Table 5.14:

5.5.4

Results

Well constrained solutions are recovered for all three scenarios. By considering all
spectra together, the information content contained in these analyses is increased
as compared to traditional single spectrum retrievals (Changeat et al., 2020b). This
allows to extract more complex information as compared to previous studies. In all
three cases, a decent fit of the observed spectra is obtained. This can be seen in
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Figure 5.35 and 5.36, comparing the best fit spectra of the 3 scenarios.
One can notice that the increase in complexity between the different scenarios
allow to better reflect the observed data, especially in the Spitzer region. For example, the inclusion of the hot-spot with a shift of -12.2

in the Full model (red

model in Figures 5.35 and 5.36) improved the capability to fit the slightly higher
flux observed from phases 0.0625 to 0.4375. Interesting different interpretations of
the data can be made from the solutions recovered by these 3 scenarios.
More precisely, the 2-Faces free chemistry retrieval indicates similar results to
previous studies for this planet (Stevenson et al., 2017; Irwin et al., 2008; Katherina
et al., 2020) but it also highlights the need for an increased complexity, matching
the information content in the spectra. The retrieval finds a hot day side with a large
temperature decrease and a cool night side. The retrieved chemistry is also fairly
similar, with a relatively low abundance of water. When variations with altitude and
longitude in the chemistry are introduced (2-Faces model with equilibrium chemistry), the retrieval prefers models with higher water abundances (2 orders of magnitude larger). This behaviour drives a sub-solar metallicity and C/O ratio. In the
most complex scenario, when a hot-spot is added, the temperature profile displays
a stratosphere with a thermal inversion around 103 Pa on the day side and hot-spot.
This model, however, is associated to a different chemistry with a supersolar metallicity and a slightly higher C/O ratio. The solution is particularly interesting as it
appears stable to changes in the model parameters such as clouds and hot-spot size.
In all three scenarios, the best fit temperature profiles on the day side are consistent
with some sort of thermosphere, a high altitude thermal inversion (physical interpretation can be found in Section 2.2.2.2). In essence, these tests demonstrate the
potential of phase-curve data in describing 3-dimensional effects and the feasibility to extract these information using retrieval frameworks. This exploration also
clearly shows the model dependence of data analysis techniques and the need to use
models of adapted complexity. The individual models are described in more details
in the next sections.
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Figure 5.35: Best fit spectra and geometry of our WASP-43 b phase-curve retrieval with
the 2-Faces free chemistry model (green), the 2-Faces equilibrium chemistry
model (blue) and the full model (red). The diamonds represent the the averaged Spitzer bandpasses. The right panels have inverted wavelength axis.
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Figure 5.36: Best fit spectra and geometry of our WASP-43 b phase-curve retrieval with
the 2-Faces free chemistry model (green), the 2-Faces equilibrium chemistry
model (blue) and the full model (red). It is the same as Figure 5.35, but
zoomed in the HST wavelength range. The c 2 was calculated for the data
between 1.1µm and 1.7µm only.
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2-Faces free: Benchmark retrieval

In this run, only two regions are considered: day and night sides. The geometry and
the chemistry model (free chemistry) are similar to what was recently presented in
Katherina et al. (2020), which allows for an easier comparison with their findings.
A major difference in the model presented here is the parametrisation of the temperature structure. Here, a free approach with an independent temperature structure between the day and night sides is chosen. Indeed, alternative physically motivated descriptions, such as the parametrisation from Guillot (2010) assume a 1-dimensional
atmosphere experiencing irradiation from 2-sources (upward and downward fluxes).
While this hypothesis well describes a planet day side with poor atmospheric redistribution, it does not accurately represent the night side of a tidally locked planet,
which are by definition not receiving direct stellar flux (see also Section 4.5). For all
models in this paper, except when stated otherwise, a free parametrisation is therefore favoured. The posteriors and chemistry for the 2-Faces free chemistry model
with coupled chemistry and free temperature profile are presented by the blue runs
in Figures 5.37 and 5.38.
Figure 5.35 highlights the difficulty of the 2-Faces free model to fit the Spitzer
points around the secondary eclipse. This is most likely due to the symmetry enforced in this type of geometry. The temperature profile for the day-side mainly
decreases with altitude, which is consistent with previous studies (Stevenson et al.,
2014b, 2017; Kataria et al., 2015; Irwin et al., 2019; Katherina et al., 2020), but
one can notice the preference (large 1s uncertainties) for a thermal inversion above
103 Pa. Complementary retrievals, parametrising the temperature profile with the
prescription from Guillot (2010) similar to Katherina et al. (2020), indicate that a
non-inverted temperature profile and chemistry (orange runs in Figures 5.37 and
5.38) is also a viable solution. The presence of thermal inversions for this planet
is discussed later, in Section 5.5.4.3. On the night side, the temperature is poorly
constrained due to the low flux received at these phases and the model prefers high
altitude clouds. In terms of chemical species, this retrieval finds very constrained
abundances for water and ammonia (see posteriors Figure 5.38). These match the
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Figure 5.37: Temperature structure in the 2-Faces free scenarios for the day side (top) and
night side (bottom). Blue: 2-Faces free chemistry with free T-p profile and
coupled chemistry; Orange: 2-Faces free chemistry with Guillot (2010) profile
and coupled chemistry; Green: 2-Faces free chemistry with free T-p profile
and de-coupled chemistry.
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Figure 5.38: Posteriors distribution of the day side chemistry and the clouds properties
for the 2-Faces free runs. Blue: 2-Faces free chemistry with free T-p profile
and coupled chemistry; Orange: 2-Faces free chemistry with Guillot (2010)
profile and coupled chemistry; 2-Faces free chemistry with free T-p profile
and de-coupled chemistry.
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abundances found by the joint-scenario in Katherina et al. (2020). As opposed to
their results, the free T-p profile run does not recover constraints on CO2 , which can
be explained by the use of a more flexible temperature structure. Indeed, when the
Guillot profile is used, similar abundance for CO2 are recovered (see orange run in
Figure 5.38). This retrieval exploration using the 2-Faces free chemistry model confirms the findings presented in Stevenson et al. (2017); Irwin et al. (2019); Katherina
et al. (2020) but also highlights different solutions when using more flexible temperature structures. Another retrieval with a de-coupled chemistry between the day and
night side is also ran. This retrieval corresponds to the green run in Figures 5.37 and
5.38. Due to large day/night temperature contrast, differences in the chemistry can
be expected (see Section 2.3 and 2.4), hence the need for a de-coupled chemistry.
This retrieval presents a very different picture with a much higher water content on
the day side (around 10 2 ) and a much more complex temperature structure. The
chemistry recovered here is similar to the ones presented in the next sections using
de-coupled equilibrium chemistry models (2-Faces equilibrium and full models).

5.5.4.2 2-Faces equilibrium: Equilibrium chemistry retrieval
One major assumption, taken in the previous scenario, is the constant chemistry
with altitude and longitude. Previous studies showed that atmospheric chemistry
is not constant and that assuming so could lead to observable biases (Agundez
et al., 2014; Venot et al., 2012; Drummond et al., 2018; Woitke et al., 2018; Stock
et al., 2018; Venot et al., 2020; Drummond et al., 2020; Changeat et al., 2020a)
and Section 7.1 and 8.1. In order to provide a more realistic description of chemical properties, one could either assume more complex parametrisations (Parmentier
and Crossfield, 2018; Changeat et al., 2019) or use self consistent chemical models
(Woitke et al., 2018; Agundez et al., 2014; Stock et al., 2018). While both approaches are viable with high quality data, the low wavelength coverage of HST
favor the more constrained models. For this run, the chemistry was therefore assumed in equilibrium for all three regions using the scheme from Agundez et al.
(2014). This assumes the atomic elements are evenly spread across the planet atmosphere, leaving only two free parameters for the chemistry: metallicity and C/O
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Figure 5.39: Molecular abundances in the different regions of the 2-Faces run, according
to the chemical equilibrium scheme. Orange: day side; Blue: night side.

ratio. The impacts of these assumptions are discussed more in Section 5.5.5. The
best fit spectra for this model is represented in blue in Figure 5.35 and 5.36. As
compared with the previous run, the use of equilibrium chemistry allows to better
fit the Spitzer photomotric points. The detailed posterior distributions are presented
in Figure 5.41. In this scenario, the retrieved chemistry is well constrained, the
retrieved abundance profiles are shown in Figure 5.39.
The atmosphere is consistent with a slightly supersolar metallicity (0.76+0.1
0.12 )
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Figure 5.40: Temperature structure in the 2-Faces equilibrium scenario.

and a low C/O ratio (0.25+0.07
0.06 ). In particular, the use of the chemical scheme allows
large variations in the abundances of carbon bearing species between the day and
night side. These are linked to the large retrieved temperature differences between
the two regions (see Figure 5.40) and are matching the findings from the free chemistry run with decoupled chemistry (green run in Figures 5.37 and 5.38). As compared to the 2-Faces free run, an interesting difference is the retrieved abundance
for water. Here, the retrieval finds that the abundance for water remain constant
between the two regions (as expected from thermochemical equilibrium) but that it
might be 2 orders of magnitude higher than the values found in the free chemistry
case (log(H2 O) = -4.4). In fact, a very similar solution (with high water abundance)
can also be recovered from a free chemistry retrieval when the abundances between
the day and night side regions are de-coupled (see previous section), clearly indicating the need to account for chemical variations between those two regions. In
terms of temperature structure, the day side temperature profile mainly decreases
with altitude but it presents a thermosphere, similar to the free chemistry run. The
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Figure 5.41: Posteriors distribution of the chemistry and the clouds properties for the 2Faces equilibrium chemistry run.

night side is much colder and include high altitude clouds at pressures as high as 10
Pa.

5.5.4.3

Full retrieval

The previous models have difficulties to fit the spectra for the phases near eclipse.
This is due to the symmetry imposed when considering only 2-Faces (see Section
2.4, 3.2.2 and 3.4.3). To increase to complexity, the geometry is split in 3 distinct
regions: hot-spot, day side and night side. For the run presented here, the model
has a fixed hot-spot size of 40 degrees and no clouds on the hot-spot (the cloud
top pressure was fixed at 106 Pa). This choice is justified by predictions, which
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suggests that the hot-day side of irradiated exoplanets might be cleared due to the
strong stellar irradiation (Lee et al., 2016; Parmentier et al., 2016; Lines et al., 2018;
Helling, 2019). The best fit spectra for this scenario are compared in Figures 5.35
and 5.36.
The same run is also investigated on the HST spectra only (see Section 5.4 for
more context). Both HST+Spitzer and HST only runs are presented in Figures 5.42
and 5.43. The HST+Spitzer run is colored while the HST only run is grey. Both fits
(with and without the Spitzer photometric points) do not show major differences in
the HST wavelengths range and are well fitted to the observed data. Outside the
HST wavelength coverage, however, Figure 5.43 shows that the inclusion of the
Spitzer points leads to large differences in the retrievals, thus rising questions about
their compatibility. The temperature structure associated with the HST+Spitzer retrieval is presented in Figure 5.44, which as expected, clearly displays a hotter day
side and a more strongly irradiated hot-spot.
As in the free temperature 2-Faces runs presented in previous sections, the
temperature structure is consistent with the presence of thermal inversions for this
planet. This contrasts with previous findings from Blecic et al. (2014); Stevenson
et al. (2014b); Kreidberg et al. (2014). The retrieved temperature structure indicates
the presence of a stratosphere (above 105 Pa) and the presence of a thermosphere
(above 10 Pa) on the planet’s day side and hot-spot. We note that the current data
does not allow us to probe the highest altitudes (thermosphere) with great accuracy,
leading to large 1s uncertainties on the retrieved profile (around ±600K). For this

planet, thermal inversions are predicted (Kataria et al., 2015; Showman et al., 2009)
in presence of optical absorbers such as atomic species (K, Na) or metal hydrides
and oxides (e.g. AlO, FeH, SiO, TiO, TiH or VO). The presence of aluminium oxide (AlO) in the transmission spectrum of WASP-43 b has recently been highlighted
in Chubb et al. (2020a). This detection, made at the terminator region, could come
from a contamination from the day-side (Caldas et al., 2019; Pluriel et al., 2020b),
where the molecule is more likely to be in gaseous form. Earlier ground-based
observations of the transit (Chen et al., 2014) were also consistent with optical ab-
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Figure 5.42: Best fit spectra and geometry of the WASP-43 b phase-curve retrieval with the
Full model (colored). At the top, the eclipse (left) and the transit (right) are
shown. The grey spectra correspond to the HST only retrieval and shows the
impact of adding the Spitzer data.
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Figure 5.43: Same as Figure 5.42 but zoomed around the HST wavelength range. The c 2
was calculated for the data between 1.1µm and 1.7µm only. The diamonds
represent the the averaged Spitzer bandpasses (Orange: HST only run; Green:
2
HST+Spitzer run). The indicated cHST
was computed from 1.1µm and 1.7µm
only.
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Figure 5.44: Retrieved mean and 1s temperature structure of WASP-43 b for the different regions. Hot spot: red; day side: orange; night side: blue. The hot-spot
presents a significantly higher temperature, especially at the top of the atmosphere.

sorption (from K/Na or TiO/VO) and/or Rayleigh scattering. Their observations of
the eclipse suggested poor day-night contrast, as also suggested in our results, and
potential high altitude emission on the planet day side.
From a theoretical perspective, recent studies by Lothringer et al. (2018) have
also shown that thermal inversions could occur naturally in the day-side of irradiated hot-Jupiters due to the dissociation of the main molecules and the addition of
continuum opacity from negative hydrogen (H-). While their investigations were
performed on a F-type star with a larger UV flux than WASP-43 (K-type), their
fiducial hot-Jupiter simulations showed that planets at distances from their host star
similar to WASP-43 b (0.1 AU) and with equilibrium temperatures around 1500 K,
could display inversions above 100 Pa, regardless of their TiO/VO content. The
results presented here might provide a strong observational evidence in favour of
these theoretical predictions.
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Figure 5.45: Posteriors for the chemistry and the cloud parameters in the runs with a fixed
hot-spot size at 40 degrees. In blue: clear hot-spot (minimum cloud pressure
forced at 106 Pa); In orange: cloud allowed on the hot-spot.

Figure 5.46 shows the atmospheric structure derived from the phase-curve
model. The planet presents an inflated day side (and hot-spot) with a large scale
height difference between the day and the night regions. This conclusion also holds
for the models with only 2-Faces, strongly suggesting that using 1-dimensional
transmission models to analyse transit spectra might lead to large biases for these
types of planets as their current formulations lack the flexibility to properly represent such 3-dimensional effects. Recent studies (Skaf et al., 2020) already found
observational evidences of these effects in Hubble transmission spectra and, as next
generation telescopes will be more and more precise, this indicates the importance
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Figure 5.46: Retrieved atmospheric structure of WASP-43 b. The red region is the hot-spot
(shifted by 12.2 degrees); The orange region is the day-side; The blue region
is the night side. The legend corresponds to the altitude at 5 scale heights.
Hotter temperatures on the day side lead to a significantly larger atmosphere.

to consider complementary phase-curve studies. For irradiated targets, phase-curves
will bring additional constraints which will allow us to break these 3-dimensional
degeneracies. On the night side, a large temperature decrease with altitude is retrieved, which can be inferred from the very low emission of the spectra at these
phases. Similar results were already highlighted in Stevenson et al. (2014b, 2017);
Irwin et al. (2019); Katherina et al. (2020).
The abundance profiles predicted by the equilibrium chemistry scheme for this
planet are shown in Figure 5.47. The retrieved metallicity (1.81+0.19
0.17 ) and C/O
ratio (0.68+0.11
0.12 ) for this atmosphere, shown in blue in the posterior distribution
Figure 5.45, are particularly well constrained. The other run in this figure, which
includes clouds on the hot-spot, is discussed in Section 5.5.5.2. The solution corresponds to a slightly carbon enriched atmosphere with a super-solar metallicity,
which contrasts with the previous 2-Faces equilibrum retrieval. For WASP-43 b,
Global Climate Models (GCM) have shown that supersolar metallicities are a good
fit to the Stevenson et al. (2017) data, as lower metallicity could lead to large hotspot offsets (Kataria et al., 2015). Overall, water remains present in all regions of
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Figure 5.47: Molecular abundances in the different regions according to the chemical
equilibrium scheme. Red: hot-spot; Orange: day side; Blue: night side.
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the atmosphere with abundances consistent with the previous 2-Faces equilibrium
run. Carbon converts from mainly CO on the day-side to CH4 on the night side, with
an overall higher abundance of these species as compared with the previous runs.
NH3 , which will be a very strong absorber in the spectra from the next generation
telescopes, such as JWST (Greene et al., 2016), Twinkle (Edwards et al., 2018) and
Ariel (Tinetti et al., 2018), might reach detectable abundances on the night side of
the planet.
In terms of cloud properties, grey clouds were not found by our analysis on
the day-side nor on the night-side. Although clouds have been suggested as an
explanation for the very low temperature of the night side, one can notice that all
spectra, even at low orbital-phases, are showing some prominent water absorption
features at 1.4 µm which explains why clear atmosphere solutions are favoured
when enough flexibility is given to the model. While no evidence of night side
clouds was found, clouds are not ruled out and as the signal of the night side phases
is weaker, the retrieval does not probe at pressures higher than 104 Pa.
Overall, when compared to the previous runs without hot-spot and/or the results from Stevenson et al. (2017); Irwin et al. (2019); Katherina et al. (2020), this
more complex retrieval leads to a very different picture. When a hot-spot is added,
a thermal inversions (stratosphere and thermosphere) with a rich chemistry is the
best fit to the combined phase-curve spectra.

5.5.5

Discussion

In the full retrieval, a large number of assumptions were taken: hot-spot size, clear
hot-spot, addition of the Spitzer data and other model assumptions such as chemistry or temperature parametrisations. As all retrieval analyses are to some degree
model dependent (see Section 5.2), it is always interesting to study the stability of
a solution to model assumptions, especially since large differences are observed
to the model without hot-spot. In this section, complementary runs are presented
to illustrate caveats that are relevant to understand the stability of the previously
performed retrieval.
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5.5.5.1 The impact of the hot-spot size
When performing the retrievals with free hot-spot size and offsets, unstable solutions were encountered which motivated the need to fix those two values. While
there might be observational reasons to fix the hot-spot offset (such as the observed
peak emission in the phase from Stevenson et al. (2014b)), the hot-spot size cannot
be constrained easily from prior analyses. For baseline full model it was set to 40
following suggestions from 3-dimensional studies (Kataria et al., 2015; Irwin et al.,
2019; Helling et al., 2020) but other values might, in fact, also explain the observed
data. The impact of the hot-spot size, can be investigated by running complementary retrievals with various hot-spot sizes. The cases with 30 and 50 fixed hot-spot
sizes are considered. For the chemistry and the clouds (Figure 5.48) comparisons
of the 3 simulations indicate very similar results. The temperature structure also
remains similar in most of the atmosphere, but there are a few differences in the
top part of the hot-spot and the day side where the retrieved temperature increases
with smaller hot-spot. As only little differences appear, it explains the difficulties to
recover reliable information on the geometry of this planet with current data. Using
similar techniques, one can however believe that data from the next generation telescopes, with a larger wavelength coverage and a higher signal-to-noise ratio, might
be sensitive enough to infer the hot-spot geometry directly.

5.5.5.2 Model with hot-spot clouds
In the baseline full model, the planet does not include clouds on the hot-spot (the
cloud top pressure was fixed to 106 Pa). This choice is justified by theoretical predictions, which suggests that the hot day side of irradiated exoplanets might be
cleared up due to strong stellar irradiation from the host stars (Lee et al., 2016;
Parmentier et al., 2016; Lines et al., 2018; Helling, 2019).
When clouds are included on the hot-spot, a clear hot-spot solution is recovered, which is favored by most models of such atmospheres, but the posterior solution also includes a cloudy hot-spot scenario with clouds up to 103 Pa (see Figure
5.45). As a result, the corresponding temperature profile in the cloudy hot-spot solution (see Figure 5.50) presents larger uncertainties for higher pressures, which are
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Figure 5.48: Posteriors distribution of the chemistry and the clouds properties for the run
with a = 30 degrees (green), a = 40 degrees (blue) and a = 50 degrees (red).

in this case enabling a wider range of solutions without necessarily stratospheric
thermal inversions. While opaque clouds are less likely present on the day side of
WASP-43 b, Helling et al. (2020) suggested that this region could host some mineral clouds with large particle size as well as photo-chemically driven hydrocarbon
hazes. With a much stronger day-side emission, the information contained in the
phase-curve data is greater for this regions, thus potentially allowing us to detect
the first evidences confirming these predictions.
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Figure 5.49: Best fit spectra and geometry of our WASP-43 b phase-curve retrieval with
clouds allowed on the hot-spot. The transit (left) and the eclipse (right) are in
the top panels. The diamonds represent the the averaged Spitzer bandpasses
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Figure 5.50: Temperature structure in the case of the HST+Spitzer retrieval with clouds allowed on the hot-spot. As compared with the clear hot-spot model (see Figure
5.44), the uncertainties on the hot-spot temperature in the lower atmosphere
are much larger.

5.5.5.3

Importance of the Spitzer data for this analysis

It is known that combining data from multiple instrument can lead to strong degeneracies (Yip et al., 2020d; Irwin et al., 2019; Pluriel et al., 2020a; Katherina et al.,
2020) in retrieval results (see also Section 5.4). While the use of HST along with
Spitzer provides a large wavelength coverage, necessary to simultaneously infer atmospheric properties in emission spectroscopy (temperature/clouds/chemistry), the
stability of the solution is investigated by reproducing our retrieval on the HST data
only. Figure 5.43 provides the spectra centered around the HST wavelength range
for base HST+Spitzer retrieval (coloured spectra) and the HST only case (grey).
The runs are also extended to the Spitzer region in Figure 5.42. Both fits (with
and without the Spitzer photometric points) do not show major differences in the
HST wavelengths range and are well fitted to the observed data. Outside the HST
wavelength coverage, however, the inclusion of the Spitzer points leads to large
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Figure 5.51: Temperature structure in the case of the HST only retrieval. The 1s error on
the temperature profiles is much larger than in the HST+Spitzer case but the
overall shape of those profiles is qualitatively consistent (see Figure 5.44).

differences in the retrievals predictions.
For the thermal structure, similar solutions are found (see Figure 5.51), with
larger error on the retrieved profiles for the HST only run. This behaviour is expected from the decrease in information content since HST only covers a short
wavelength range. The chemistry, in the HST only case, pushed towards very high
metallicities (log(m) > 2.0), highlighting the importance of a large wavelength coverage to simultaneously retrieve the temperature and chemistry profiles in emission.
The addition of the 3.6 µm and 4.5 µm Spitzer points provide valuable information to constrain the carbon-bearing species, thus impacting the retrieved chemistry
greatly (see Figure 5.42).

5.5.5.4 Other model choices
In this work, a particular geometry is assumed when computing the phase-curve
emission. The solutions found with this new model contrast with previous analyses
(Stevenson et al., 2017; Irwin et al., 2019; Katherina et al., 2020) and highlight new
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possibilities for the atmosphere of WASP-43 b. The choices made here aimed to
achieve a balance between our current understanding of the physical properties of
irradiated planets and the complexity of the analysed data. However, as of today,
there is no obvious way to assess the amount of information that can be extracted
from an exoplanet spectrum or a set of spectra. This example demonstrated the possibility to analyse phase-curve data in a unified way, allowing for the extraction of a
more complete and complex picture than standard techniques. However, there is no
guarantee that this model is complex enough or best represents the planet geometry.
In other terms, when fitting exoplanet data, one always recovers a model dependent
solution, which means that other 3-dimensional geometries might be more accurate or relevant than what is presented. In the case of phase-curves, complementary
work (testing more complex/simple geometries, comparing with simulated data)
must be performed to completely understand the model dependent errors introduced
by these choices. It is important however to highlight that the technique presented
in this work is very general and can be adapted to other 3-dimensional geometries.
This model is intended to evolve by reflecting the community advancements in the
understanding of 3-dimensional effects on exoplanet atmospheres.
Similarly, this comment also applies for physical and chemical assumptions,
which might lead to biases too. In the most complex run the planet chemistry is
assumed in thermo-chemical equilibrium and the chemistry is coupled between the
different regions. While suggested as a good approximation for hot-Jupiter planets
in the temperature ranges of WASP-43 b, this might not be the case and previous
studies already demonstrated the dangers of assuming equilibrium chemistry for
exoplanets undergoing disequilibrium processes (Line and Yung, 2013; Rocchetto
et al., 2016; Blumenthal et al., 2018; Steinrueck et al., 2019; Changeat et al., 2019;
Venot et al., 2020; Changeat et al., 2020a; Drummond et al., 2020; Al-Refaie et al.,
2020a). In addition to this point, the equilibrium scheme used in this study does not
include exotic molecules such as TiO, VO, AlO or H-. The lack of those molecules
might also lead to biases and have an important impact on the predicted molecular
abundances, especially as the results from this analysis suggests the presence of
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N

Retrievals

1

2-Faces free T-p (C)

2

2-Faces Guillot T-p (C)

3

2-Faces free T-p (DC)

4

2-Faces equilibrium

5

Full 40

6

Full (other HS sizes)

7

Full 40 (HS clouds)

8

Full 40 (HST only)

Assumptions

Highlighted results

C free chemistry
DC free T-p
DC grey clouds
C free chemistry
DC Guillot T-p
DC grey clouds
DC free chemistry
DC free T-p
DC grey clouds
C eq chemistry
DC free T-p
DC grey clouds
C eq chemistry
DC free T-p
DC but clear HS
C eq chemistry
DC free T-p
DC but clear HS
C eq chemistry
DC free T-p
DC allowed on HS
C eq chemistry
DC free T-p
DC but clear HS

low H2 O abundance and NH3 consistent with literature
Mostly non-inverted T-p with a potential thermal inversion
Night side clouds
low H2 O abundance, CO2 and NH3 consistent with Katherina et al. (2020)
non-inverted T-p consistent with Katherina et al. (2020)
No clouds - these were not included in Katherina et al. (2020)
high H2 O, CH4 and CO2 abundances (not consistent with 1 and 2)
Presence of a stratosphere
high-altitude night side clouds
high abundances for H2 O, CH4 , CO and CO2 (similar to retrieval 3)
mostly decreasing, presence of a thermosphere
day and night side clouds
supersolar metallicity
presence of stratosphere and thermosphere on day-side
no clouds
supersolar metallicity (very slight changes from 5)
same as 40 , with a T-p increase for smaller HS
no changes in clouds from 5
supersolar metallicity (same as 5)
presence of stratosphere and thermosphere on day side
no clouds day and night sides but possible on HS
very high metallicity (nonphysical)
presence of thermosphere. Larger T-p uncertainties from 5
no clouds day and night sides

§
5.5.4.1
5.5.4.1
5.5.4.1
5.5.4.2
5.5.4.3
5.5.5.1
5.5.5.2
5.5.5.3

Table 5.14: Assumptions and main results from the WASP-43 b retrieval runs presented in
Changeat et al. (2020b) (C: coupled; DC: de-coupled; eq: equilibrium; HS:
hot-spot)

thermal inversions on the day side of this planet. Similarly, clouds were assumed as
fully opaque grey opacities, which is a simplification that will have to be challenged
when considering higher quality spectra from next generation telescopes (Bohren
and Huffman, 2008; Lee et al., 2013; Heng and Demory, 2013; Powell et al., 2018,
2019; Barstow, 2020; Helling et al., 2020).

5.5.5.5 Conclusion of the phase-curve exploration
Phase-curve data associated with a unified analysis such as the one presented in
Changeat and Al-Refaie (2020); Changeat et al. (2020b), undeniably provide a
more complete picture of exoplanet atmospheres than conventional methods. By
using a new type of simplified representation for the exoplanet WASP-43 b, this
study demonstrates the feasibility of building dedicated techniques for the study of
these complex datasets. This technique provides access to an unprecedented level
of detail which, along with the upcoming increase in data quality by next generation
space based instruments, has the potential to revolutionise our understanding of exoplanet atmospheric physics. This example can also be seen as the first attempt to
accounts for the main 3-dimensional biases affecting exoplanet analyses from transit and eclipse spectroscopy, thus being an important step forward to improve the
exploitation of these observations as well. By testing different assumptions for the
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geometry of WASP-43 b in the model, the impact of model assumptions to the recovered results was also demonstrated (see Table 5.14). With the upcoming JWST,
Ariel and the next generation of space telescopes, this highlights the importance of
studying these model dependent behaviour to ensure an optimal extraction of the
higher quality spectral data.

Chapter 6

Study of transitional planets with
Ariel and JWST.

Contribution to this chapter: “As part of my PhD, I produced original research
to investigate the performances of future missions like the Ariel and the JWST space
telescopes. With the aim to investigate the limits of these telescopes for small
worlds, I looked into the transitional planets K2-18 b in Changeat et al. (2020d),
LHS-1140 b in Edwards et al. (2020d) and GJ-1214 b in Bourgalais et al. (2020).
In the first one, I simulated different scenarios for transitional planets and evaluated the capabilities of future telescopes to recover their nature using retrievals.
In the second one, I performed retrieval analyses of the rocky planet LHS-1140 b
from the HST data. In the latter work, I was invited to perform Ariel and JWST
retrieval simulations and study the detection limits of the ionised species. These
species were predicted in small planets from the laboratory experiments performed
by Dr. Jérémy Bourgalais. ”

246

Chapter 6. Study of transitional planets with Ariel and JWST.
The study of exoplanetary atmospheres is about to undergo a revolution. In the

next decade, many new facilities will come online, providing new insight into these
extraterrestrial worlds. The revolution, however, will not come without efforts as
many of the currently used techniques will not be applicable for the analysis of these
new datasets. In Chapter 4, TauREx 3 was presented. It redefines the standards in
terms of computing performances and adds the flexibility to absorb any new codes
as external modules, thus being a necessary step forward in preparing the analysis
of next generation datasets. The previous chapter highlighted some of the effects,
such as model dependent results, combination of instruments, 3-dimensional aspects to name a few, that are not always considered in current HST spectroscopic
data but will be of major importance with next generation telescopes such as Ariel
or JWST. In the next three chapters, including also chapters 7 and 8, new challenges
associated with the next generation of observatories are discussed.
In particular, this chapter aims to present the performances of next generation
telescopes such as JWST and Ariel in the context of small transitional planets. The
limitations of current generation are first highlighted with the cases of LHS-1140 b,
which was observed with HST. Then, simulations are presented to demonstrate that
next generation telescopes will have the capabilities to break many of the current degeneracies. Here, the capabilities of Ariel and JWST to break degeneracies between
primary and secondary atmospheres on small size planets are discussed, using the
examples of LHS-1140 b, K2-18 b and GJ-1214 b.
Before detailing those results, the telescopes considered in this thesis are described. While ground based instruments will provide considerable information
on exoplanet atmospheres, this thesis mainly focuses on space-based spectroscopic
data that will be obtained by Ariel and JWST.

6.1

The next generation of space telescopes

In the next 10-20 years, many new observatories will come online. Here, a description of the next generation of low resolution space based telescopes, which is
a prime focus of this thesis, is provided. For completeness, a on-exhaustive list of
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current and future observatories with their capabilities for exoplanets and synergies
with Ariel is provided in Figure 6.1.

Figure 6.1: List of observatories with capabilities for exoplanet atmospheric characterisations. Taken from the Ariel Redbook (Tinetti et al., 2020).

6.1.1

Ariel

The ESA Ariel space telescope is a 0.64 m2 telescope, which aims to answer the
fundamental questions on what the planets are made of and how they form and
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evolve. The telescope is planed to be launched in 2028 and It will be the first
telescope dedicated to study the atmosphere of a large population of exoplanets.
Most of the data taken by Ariel will be immediately public after the main calibration
steps are carried. It is expected to yield detailed insights for about 1000 exoplanets,
characterising their thermal structures, chemical compositions, cloud properties and
dynamical processes as a function of longitude, latitude and altitude. All three
main observing techniques will be used (transit, eclipse and phase curve) and some
planets will be revisited with multiple techniques or at different times to provide a
complete picture of their environment. Such extremely ambitious mission will lead
to new challenges as it will bring the study of exoplanet atmospheres to the galactic
scale by revolutionizing the volumes of data at play. The types of observations are
separated in ’Tiers’ (Tinetti et al., 2016; Tinetti et al., 2018), with different goals:
- Tier 1 Reconnaissance survey: observations in tier 1 will use a low spectral
resolution to characterise about 1000 planets. It will aim to answer basic questions
through the large statistical sample of observed planets and serve as a baseline to
choose the targets for the more advanced tiers. The purpose is to obtain the fraction of planets which are cloudy, the fraction of small planets which have retained
their primary envelope, remove mass-radius degeneracies to constrain planet interiors, obtain rough estimates of the planet properties such as temperature, albedo or
the presence of main molecules and finally classify the planets through color-color
diagrams.
- Tier 2 Deep survey: it uses a higher spectral resolution on a sub-sample
of about 500 planets, constituting the core of the mission. This mode will allow
to characterise the atmospheric chemistry (main components and trace gases), the
temperature structure, the cloud properties and other dynamical processes.
- Tier 3 Benchmark planets: for the highest SNR planets, they can be reobserved over time at maximum resolution. This will provide weather and temporal
variability and precise details on atmospheric dynamics.
- Tier 4 Phase-curves and bespoke observations: it is a special tier for targets
of particular interests. Custom observations with individualised requirements, such
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Instrument l (µm) R - Tier 1 R - Tier 2 R - Tier 3
VISPhot
0.5 - 0.6
Ø
Ø
Ø
FGS1
0.6 - 0.8
Ø
Ø
Ø
FGS2
0.8 - 1.1
Ø
Ø
Ø
NIRSpec 1.1 - 1.95
1
10
20
AIRS-CH0 1.95 - 3.9
3
50
100
AIRS-CH1 3.9 - 7.8
1
10
20
Table 6.1: Wavelength coverage (l ) and resolutions (R) of each spectrometers (NIRSpec,
AIRS-CH0 and AIRS-CH1) for the Ariel tiers. Also shown are the photometers
(VISPhot, FGS1 and FGS2).

as phase curves, can be carried in tier 4.

Figure 6.2: Simulated Ariel transit spectra of WASP39 b for the different Tiers from Edwards et al. (2019b).

Ariel observations will simultaneously cover the wavelengths from 0.5µm to
7.8µm. The telescope has 3 photometers: a Visible Photometer (VISPhot) and
two Fine Guidance Sensors (FGS1 and FGS2) that are also used for the observations. The telescope also has two spectrometers: the Near Infrared Spectrometer
(NIRSpec) and the Ariel Infrared Spectrometer (AIRS). The resolution of the spectrometers is adapted to the Tier levels. A description of the resolution achieved for
each Tier can be found in Tinetti et al. (2018); Edwards et al. (2019b); Mugnai et al.
(2020c). It is summarised in Table 6.1, while an example of simulated observation
with ArielRad for WASP-39 b is presented in Figure 6.2.

250

Chapter 6. Study of transitional planets with Ariel and JWST.
Instrument / Filter
Wavelength range
NIRISS SOSS
0.6 - 2.8
NIRSpec Prism
0.7 - 5
NIRSpec G140M/H - F070LP
0.7 - 1.27
NIRSpec G140M/H - F100LP
0.97 - 1.89
NIRSpec G235M/H - F170LP
1.7 - 3
NIRSpec G395M/H - F290LP
2.9 - 5
NIRCam Grism - F322W2
2.5 - 4
NIRCam Grism - F444W
3.9 - 5
MIRI LRS
5 - 14

Resolving Power
700
100
1000/2700
1000/2700
1000/2700
1000/2700
1500
1650
100

Table 6.2: Instrument modes of the JWST. Adapted from Batalha et al. (2017).

6.1.2 JWST
The NASA James Webb Space Telescope (JWST) is a general observatory, planned
to be launched in 2021. Its 6.5m diameter mirror and its extensive instrumentation
(see Table 6.2) will revolutionize the characterisation of exoplanet atmospheres.
The large diameter of JWST will provide detailed constraints on a wide range
of planets, down to secondary atmospheres of small rocky worlds (Cowan et al.,
2015; Greene et al., 2016), using transit, eclipse and phase curve observations (Bean
et al., 2018). The performances of JWST to characterise small worlds and the capability to solve some of the most fundamental exoplanet questions are explored
in particular in Section 6. For most planets, multiple observations will be required
since each instrument mode has to be operated independently. As opposed to Ariel,
JWST is not dedicated to the study of exoplanets, thus implying a much greater
pressure on observing time, a smaller sample of targets and less flexibility in the
observing strategies. A limited fraction of the total time (ERS) will be immediately
released in the public domain (Bean et al., 2018), while the rest of the General Observing (GO) proposals and Guaranteed Time (GTO) should be released after a one
year proprietary period.

6.1.3 Twinkle
Twinkle (Edwards et al., 2018, 2019a) is a small space telescope (0.45m) managed
by the private company Blue Skies Space Ltd. (BSSL) for the characterisation of
exoplanets and Solar System objects. It is expected to be launched in 2023 and
should therefore fly at the same time as JWST, providing interesting synergies. The

6.1. The next generation of space telescopes

251

data will be available through the participation to one of the Survey program and/or
the purchase of dedicated time. The telescope covers the wavelengths from 0.4 4.5 µm simultaneously and will be able to characterise a wide range of exoplanet’s
atmospheres (see Figure 6.3)1 .

Figure 6.3: Simulated spectra for different benchmark planets. Top: HD-209458 b with
3 transits; Bottom: GJ-1214 b with 20 transits. Extracted from the official
Twinkle website

While the performances of Twinkle are not explored in this thesis, due to the
1 https://www.twinkle-spacemission.co.uk/

252

Chapter 6. Study of transitional planets with Ariel and JWST.

complementary ability of the telescope, future extensions to the work presented here
are likely to include Twinkle examples.

6.1.4 Instrument Simulations
In order to investigate the performances and retrieval challenges accompanying the
next generation of space telescopes (here, Ariel and JWST), appropriate estimations of the observation noise is required. Two instrument simulators were used
to simulate realistic observations: ArielRad (Mugnai et al., 2020c) for Ariel and
ExoWebb (Edwards et al., 2020a) for JWST. In both simulators, the noise budget
includes estimates for:
- Photon noise: Poisson noise arising from the randomness of the target photon
flux.
- Zodiacal background: Noise from the diffuse background light of the sky. It
depends on the target position.
- Instrument emission: Noise coming from the thermal emission of the optics.
- Inner sanctum emission: Noise arising from the thermal emission of the telescope
enclosure.
- Dark current: Noise arising from the random generation of charges in the detector,
even when no photons are hitting the device.
- Gain noise: It accounts for instabilities in the electronic acquisition chain (amplifiers, digitisers).
- Read noise: Noise arising from the readout process when the electrons are converted from the analog to digital signal.
- Jitter noise: Noise from the pointing drifts of the telescope. It depends on the
spatial and spectral drifts, the PSF, the individual pixel response and the intra pixel
variations.
- Payload noise floor: Accounts for the sources of noise not accounted by previous
mechanisms.

In most example presented in the next sections, the information content in
exoplanet spectra is evaluated using retrieval techniques. A 4-step methodology is
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adopted:
1. A high resolution forward model is computed using TauREx3. The parameters used in this run constitute the true value.
2. Using the relevant instrument simulator it is binned down to the resolution of
the telescope and the noise on observation is estimated.
3. Depending on the purpose of the simulation, the obtained observation can be
‘scattered’ or not. In an ‘un-scattered’ set, the theoretical simulated spectrum
is conserved as-is. In a ’scattered’ set, one reproduces the random realisation
of observations by applying a Gaussian scatter to each datapoint using the
true value as mean and the simulated noise as variance. Scattered datasets
better describe what would be obtained in an actual observation by the telescope but cannot be used to characterise retrieval biases as ‘unfortunate’ runs
could lead to large discrepancies between true and retrieved values (Feng
et al., 2018; Changeat et al., 2019). Un-scattered spectra are more suitable
for the study of retrieval biases and intrinsic correlations between the atmospheric parameters (Feng et al., 2018). On the opposite side, scattered spectra
can inform on the stability and the redundancy in the information content
of the simulated spectra. Previous studies have used both types to simulate
observations by future telescopes (Barstow et al., 2012; Tinetti et al., 2015;
Feng et al., 2016; Rocchetto et al., 2016; Mollière et al., 2017; Batalha et al.,
2017; Tinetti et al., 2018; Blumenthal et al., 2018; Feng et al., 2018; Edwards
et al., 2018; Changeat et al., 2019; Lustig-Yaeger et al., 2019; Changeat et al.,
2020e). Feng et al. (2018) results predict that retrieved uncertainties should
be similar in both ‘scattered’ and ‘un-scattered’ runs but that retrieved means
could be different.
4. The resulting spectrum (scattered or un-scattered) is retrieved assuming no
prior knowledge using TauREx3. This allows to characterise the information
content in the spectrum by direct comparison to the true values.
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This methodology allows to compare various scenario and assess the informa-

tion content that can be extracted from spectra obtained with the next generation
space telescopes.

6.2

Transitional planets with HST.

Figure 6.4: Artist impression of the exoplanet LHS-1140 b by Lélé.

While the rapid development of exoplanet studies has revealed more and more about
their atmospheric properties (Sing et al., 2016; Line et al., 2016; Tsiaras et al.,
2016a; Oreshenko et al., 2017; Barstow et al., 2017; Tsiaras et al., 2018; Evans
et al., 2017; Edwards et al., 2020c), the study of small transitional planets in, and
around, the Fulton gap (see Figure 1.14) has so far remained very limited. Famous
examples of such planets are GJ-1214 b, 55-Cancri e, the planets in the TRAPPIST1 system, K2-18 b and the recently analysed LHS-1140 b.
There is a growing evidence that some transitional planets have the ability to
retain a significant fraction of hydrogen (Tsiaras et al., 2016a, 2019; Owen et al.,
2020; Edwards et al., 2020d). However, current observations of the atmospheres
of these small worlds have not yet allowed us to infer precise constraints on their
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nature. The sub-Neptune GJ-1214 b was observed multiple times with the Hubble
Space Telescope (HST) (Kreidberg et al., 2014) and other instruments. Current
observations are suggestive of a cloudy world, which have motivated an extensive
literature (Menou, 2011; Haghighipour, 2013; Valencia et al., 2013; Kataria et al.,
2014; Charnay et al., 2015; Gao and Benneke, 2018; Lavvas et al., 2019; Miguel
et al., 2019; Venot et al., 2019). Based on its mass and radius, placing the planet
on the right side branch of the radius valley, it is speculated that its atmosphere
is hydrogen dominated, however so far this could not be confirmed by the direct
measurement of its atmosphere and its density is still compatible with a water/ice
world.
Observations of 55-Cancri e, an extremely hot and irradiated low mass planet
with a radius  2 R (Figure 6.5), suggest the presence of a volatile-rich atmo-

sphere (Tsiaras et al., 2016a; Demory et al., 2016; Hammond and T. Pierrehumbert,
2017; Angelo and Hu, 2017). However, further observations are needed to constrain current models of the atmospheric composition and stability (Ito et al., 2015;
Hammond and T. Pierrehumbert, 2017; Modirrousta-Galian et al., 2020).
Hubble observations of the TRAPPIST-1 planetary system (de Wit et al., 2016,
2018) did not reveal the atmospheric composition of these rocky worlds (de Wit
et al., 2016, 2018; Ducrot et al., 2018). Current analyses, however, seem to rule out
the possibility of clear primary atmospheres.
Future observatories such as JWST and Ariel are needed to provide adequate observational constraints to the modelling effort inspired by these planets
(Kislyakova et al., 2017; Papaloizou et al., 2017; Barr et al., 2018; Grimm et al.,
2018; Suissa and Kipping, 2018; Unterborn et al., 2018; Dorn et al., 2018; Wright,
2018; Moran et al., 2018; Bolmont, 2018; Hay and Matsuyama, 2019; Dobos et al.,
2019; Dencs and Regály, 2019; Schoonenberg et al., 2019; Yang et al., 2019; Vecchio et al., 2020; Hu et al., 2020; Hori and Ogihara, 2020; Kimura and Ikoma,
2020).

Recent observations of K2-18 b with HST have, for the first time, revealed the
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Figure 6.5: Artist impression of the exoplanet 55-Cancri e by Lélé.
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Figure 6.6: Spectra observed by HST WFC3 and fits of different atmospheric scenarios.
Top: K2-18 b (Tsiaras et al., 2019); Bottom: LHS-1140 b (Edwards et al.,
2020d). All the considered solutions imply a non-significant fraction of hydrogen and favour the presence of water vapour.
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presence of water vapour in the atmosphere of a low mass planet (2.6R , 8.6M )
orbiting within the habitable-zone of its star. This detection, published by two independent studies, Tsiaras et al. (2019); Benneke et al. (2019), is particularly exciting if compared with the featureless atmospheric signals observed so far in the
Super-Earth/Sub-Neptune regime (Kreidberg et al., 2014; de Wit et al., 2018). Nevertheless, while the water vapour feature is evident in the HST-WFC3 observations
(see Figure 6.6), it is not possible to constrain its abundance, in particular relative to H/He and other undetectable gases. The narrow wavelength coverage of the
HST-WFC3 camera does not allow to distinguish between a primary atmosphere
or a more secondary atmosphere. The same issue was also investigated in the case
of LHS-1140 b. Edwards et al. (2020d) presented a tentative evidence for water
vapour in a habitable zone rocky planet by studying the atmosphere of this planet.
LHS-1140 b is a 1.7 R planet with a density of 7.5 gcm 3 , thus implying that the
planet must have a significantly rocky structure. The habitable zone rocky planet
LHS-1140 b orbits a small M-dwarf of radius 0.21 Rs and temperature 3200K with
another rocky planet LHS-1140 c (1.2 R ). With respective orbital periods of 24
days and 3.78 days, the equilibrium temperature of planet b is about 240K while
planet c reaches 440K. To study the atmosphere of LHS-1140 b, three main retrievals were performed on the reduced HST data:
- H2 O: the water vapour bounds are left free from 10

12

to 1.

- H2 O (> 10%): the water vapour bounds are left free from 0.1 to 1.
- H2 O & N2 : Nitrogen is added to the H2 O model, with the ratio N2 /H2 being fitted
for.
We note that a recent paper (Bezard et al., 2020) highlighted, based on thermochemical models, that methane could potentially be a major contributor of the
1.4µm feature in K2-18 b. While not explored here, this scenario falls into our
third retrieval scenario, for which N2 represents additional contribution from unknown absorbers. Retrieval analyses of the observed spectrum indicates the likely
presence of water vapor in the three cases, with abundances higher than 10

4.4

and

up to several percent (see Figure 6.6). The detection of water vapour is, however,
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Figure 6.7: Posterior distributions for the water only atmospheric retrieval of LHS 1140 b.
Figure taken from Edwards et al. (2020d).

lower than the usual 3s threshold as compared to the flat line model, highlighting
again the difficulties of constraining the nature of these planets with HST. Figure
6.7 shows the recovered posteriors for the H2 O case, while the complementary posterior distributions can be found in Edwards et al. (2020d).

In addition, as both K2-18 b and LHS-1140 b orbit M-dwarfs, which are expected to be active, stellar contamination could have affected the observed spectrum. In both, K2-18 b and LHS-1140 b, spectral features were found to be robust
to most of the tested stellar contamination models. For LHS-1140 b, many stellar
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spot and faculae models from Rackham et al. (2018) were investigated as shown in
Figure 6.8. While one must remain prudent when combining datasets (see Section
5.4), these stellar contamination models were able to provide a good explanation
of the HST data only, but could not explain simultaneously the HST and the slope
in additional data obtained from the ground by Diamond-Lowe et al. (2020). The
spectroscopic observations in Diamond-Lowe et al. (2020) were obtained simultaneously by the IMACS and LDSS3C multi-object spectrographs on the twin Magellan telescopes, leading to a spectrum from 0.6µm to 1µm with a median error of
260 ppm. The best fit stellar contamination models for LHS-1140 b are shown in
Figure 6.9. While the HST data seems to be well explained by a star with maximum
solar spot contamination, the same model is also ruled out from the slope of the
Magellan data, even if offsets are considered (see Edwards et al. (2020d) for more
details). If confirmed, this detection would imply that LHS-1140 b retained some
primordial hydrogen due to the larger than expected features (see Figure 6.6). In
the future, more planets in the low mass regime like K2-18 b and LHS-1140 b will
be observed using JWST and Ariel, and the main goal of these observations will be
to reveal their profound nature and the way they form. K2-18 b is a prime example
of this class of planets. This is discussed in the next two sections.
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Figure 6.8: Graphical representation of the spot covering fractions (Rackham et al., 2018)
considered in the work. Figure from Edwards et al. (2020d).
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Figure 6.9: Best fit from various stellar contamination models to the HST data (Edwards
et al., 2020d) and the ground based data Diamond-Lowe et al. (2020) of LHS1140 b. The solid lines show the transit light source effect for maximum spot
filling factor, as defined in Rackham et al. (2018), while the dashed lines represent the mean (see also Figure 6.8). The stellar contamination models best
fitting the HST data do not match the slope of the Magellan data.

6.3. Transitional planets with Ariel and JWST: K2-18 b

6.3
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Transitional planets with Ariel and JWST: K218 b

Figure 6.10: Artist impression of the exoplanet K2-18 b by Lélé.

6.3.1

Context and Methodology

To capture the variety of possible cases which could explain current WFC3 observations of transitional planets, three main scenarios, of very different nature, were
identified in Tsiaras et al. (2019) and investigated in Changeat et al. (2020d). These
scenarios most likely only represent a subset of the possible atmospheric composition for those planets but for simplicity, it is possible to consider these three cases
as broad representation of three planetary classes. These are summarised here:
1. Icy/Water worlds: a secondary atmosphere with a mean molecular weight
explained by water vapour (up to 50%) additionally to H/He.
2. Super-Earths: a secondary atmosphere with traces of water vapour additionally to one or multiple undetectable absorbers (e.g. N2 ) and H/He.
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3. Cloudy sub-Neptunes: a cloudy primary atmosphere composed mainly by
H/He and traces of water vapour.
For these transitional planets, the thickness of the atmosphere cannot be inferred from the HST-WFC3 observations. This information is critical to constrain
the bulk nature of the planets, e.g. whether these are ocean planets with a liquid/icy
surfaces or if there is a thick H/He atmosphere. Simulations by Scheucher et al.
(2020) suggest that K2-18 b has an H2-He atmosphere with limited amounts of
H2 O and CH4 . Their 1D climate disequilibrium-chemistry models do not support
the possibility of K2-18 b having a water reservoir directly exposed to the atmosphere. However, work by Madhusudhan et al. (2020) showed that the constraints
on the interior allow for multiple scenarios between a rocky world with massive
H/He envelope to a water world with thinner envelopes. The true nature of planets in this regime is currently unknown although many models have sought to use
their bulk proprieties to understand them (Seager et al., 2007; Valencia et al., 2010;
Rogers et al., 2011; Valencia et al., 2013; Lopez and Fortney, 2014; Kimura and
Ikoma, 2020).
The performances of Ariel and JWST for the study of small temperate worlds
can be investigated using retrieval techniques on K2-18 b’ simulations, as an example of super-Earth/sub-Neptune atmospheres. Ariel has not been specifically
designed to observe the thick atmosphere of small worlds and this case therefore
reaches the limits of the telescope but JWST is expected to provide very detailed
insight regarding the nature of these planets. Here this study essentially tests the
limits of Ariel and JWST. The approach follows the standard three steps procedure
described in details in 6.1.4. The retrieval simulations are carried for the three solutions in Tsiaras et al. (2019) as the starting point of the forward model simulations.
JWST observations are performed with NIRISS and NIRSpec, therefore the total
number of observations reported here should be interpreted as equally split between
these two instruments. The combination of NIRISS and NIRSpec ensure a wavelength coverage from 0.8µm to 5µm, which best matches the Ariel wavelength
coverage. The instrument chosen setup is summarised in Table 6.3 and 6.4.

6.3. Transitional planets with Ariel and JWST: K2-18 b

265

Parameter
NIRISS
NIRSpec
Filter/Grism
GR700XD ORD1 F290LP-G395m
Spectral Coverage [µm] 0.83 - 2.81
2.87 - 5.27
Number Groups
31
25
Exposure Time [s]
164.7
21.7
Max Saturation Level
78%
78%
In Transit Integrations
58
430
Out Transit Integrations 116
860
Table 6.3: JWST instrument setups used in ExoWebb.

Telescope
JWST
JWST
JWST
Ariel
Ariel
Ariel

Number Transits
2
10
20
10
20
50

Final Resolving Power
30
100
100
10/12/10
10/12/10
10/50/15

Time Required [hrs]
16
80
160
80
160
400

Table 6.4: Simulations of K2-18 b with JWST and Ariel as reported in this paper. The
number of transits considered and the spectral resolutions are indicated.

6.3.2

Main Results

Figure 6.11 illustrates the case where two and ten transits of K2-18 b observed with
JWST NIRISS and NIRSpec are combined. Figure 6.12 shows the simulated spectrum of K2-18 b when fifty transits observed with Ariel are combined.
In Figure 6.13 the posterior distributions of JWST 10 observations with
NIRISS and NIRSpec and Ariel 50 observations are plotted. These clearly demonstrates that JWST and Ariel will be able to distinguish among the three types of
atmospheres and recover the nature of a planet like K2-18 b. This conclusion is also
valid for the other investigated cases (when the observing time is changed) and to
best visualise the impact of varying the number of observations, Figure 6.15 to 6.17
show the obtained posteriors for each individual scenario.
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Figure 6.11: Simulated observed spectra of K2-18b with 1s uncertainties obtained by combining a number of transits recorded with JWST. Top: 2 stacked transits. Bottom: 10 stacked transits. For clarity, observations are displayed only for solution 1.

Figure 6.12: Simulated observed spectra of K2-18b obtained by combining 50 transits
recorded with Ariel. If 20 transits are combined, the three scenarios cannot be
distinguished. For clarity, observations are displayed only for solution 1.
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Figure 6.13: Posteriors related to the three atmospheric scenarios analysed here. Top:
10 combined transits recorded with JWST. Bottom: 50 combined transits
recorded with Ariel. In both cases, the three scenarios can be easily distinguished by inspection of the posterior distributions of the parameters.

K2-18 b is a small and cold planet orbiting a faint star, therefore it is optimal for
JWST sensitivity, but expected to be very challenging for Ariel which is optimised
for warm and hot planets around bright stars (Edwards et al., 2019b). According
to the tested simulations, with 1 combined NIRISS and NIRSpec observation (2
transits required), JWST should be able to inform on the nature of K2-18 b. Ariel
can also reach the same conclusions, but it will require more observations: while 10
combined observations with Ariel start to indicate the atmospheric differences (see
Figure 6.14), it is only after 20 combined observations that the three scenarios can
clearly be distinguished. 50 combined observations would provide a real insight
on the atmospheric composition: this plan would require to observe all transits
available during the nominal and extended Ariel mission lifetime.
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Figure 6.14: Retrieval posteriors for the 3 scenarios in the case of 10 Ariel transits. The
posteriors indicate a departure from a unique solution, however some of the
atmospheric parameters are still correlated.

In all the cases analysed here, the water abundance is always well retrieved
due to the strong molecular features. The retrieved radius is always very well constrained – less than 2 percent in the worst case of Ariel observing 10 combined
transits–. Cloud parameters are also retrieved correctly in all the simulations, with
very small uncertainties. The temperature, however, is accurately constrained only
when more than 5 JWST observations are combined, while all other cases do not
converge to the correct solutions and have large uncertainties in the retrieved temperature.
In the case of a secondary atmosphere with water present only as a trace gas,
the ratio N2 /H2 is retrieved correctly. By contrast, the retrievals provide only an
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Figure 6.15: Retrieval posteriors for the atmospheric scenario 1: secondary atmosphere
composed of H/He and H2 O.

upper limit for the N2 abundance in the 2 other scenarios, i.e. secondary atmosphere
with mainly H2 O and primary cloudy atmosphere.
20 combined JWST observations offer very accurate and precise posterior distributions, allowing for an unambiguous characterisation of the atmospheric main
gases in K2-18 b, the atmospheric temperature and cloud parameters.
Finally, for temperate small rocky planets, atmospheric conditions at the surface are an extremely important factor to determine surface properties and conditions for life. This can be investigated by simulating the cases of an atmosphere
around K2-18 b with different surface pressures (10 bar, 1 bar and 0.7 bar pressures). The corresponding spectra are plotted in Figure 6.18. The recovery of the
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Figure 6.16: Retrieval posteriors for the atmospheric scenario 2: secondary atmosphere
composed of H/He and another undetectable gas, i.e. N2 . Traces of H2 O are
also present.

surface pressure is particularly important to determine the potential existence of a
liquid or a solid surface, and therefore to constrain the nature of the planet. The
retrieval simulations from Tsiaras et al. (2019) did not assume such surface to exist,
so these were run again using different surface pressures. From these retrievals, all
3 surface pressures would still be compatible with the observed WFC3 spectrum ,
which confirm that current observations cannot determine conclusively the nature
of the planet. The same experiment with JWST simulated data is also shown for the
heavy water solution 1 in Figure 6.19.
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Figure 6.17: Retrieval posteriors for the atmospheric scenario 3: primary atmosphere composed of H/He and clouds. Traces of H2 O are also present.

Figure 6.19 shows how for the same planet, the surface pressure influences the
observed spectrum. While the observed spectra are different, the changes appear
across the entire wavelength range, meaning that they should be very similar to
changes in planet radius or cloud pressure. To investigate these degeneracies two
retrievals are performed for the cases with surface pressures of 10 bar and 0.7 bar.
The uniform priors for the retrieved surface pressure are set from 50 bar to 0.001
bar. The posterior distributions of these two retrievals are presented in Figure 6.20.

From the posteriors in Figure 6.20, one can see that the two retrievals provide
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Figure 6.18: Simulated spectra of K2-18 b assuming different surface pressures to interpret
the HST-WFC3 observations as published in Tsiaras et al. (2019). Blue plot:
10 bar; red plot: 1 bar; purple plot: 0.7 bar.

very similar posterior distributions. The surface pressure seems to be difficult to
constrain directly, even for JWST. The case with surface pressure of 10 bars is
unambiguously converging towards a high surface pressure solution, characterised
by an upper limit of around 1bar. The retrieval on the case with surface pressure
of 0.7 bar does not provide a definitive answer as it presents two poorly separated
modes (see posterior distribution). The first mode is a high pressure with clouds
(pressure lower than 1 bar) solution, while the second solution is closer to the true
forward model with low surface pressure (peaking at 0.7 bar) and no clouds. This
suggests that there are still some hints of the lower surface pressure in the simulated
spectrum in the Rayleigh scattering part, the Collision Induced Absorption or in the
cross sections pressure dependence. However, the characterisation of the surface
pressure for cloudy super-Earth planets is likely to be difficult, even in the case of
JWST and Ariel.
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Figure 6.19: Simulated spectra assuming different surface pressures to interpret JWST simulated observations (20 combined transits). Blue plot: 10 bar; Red plot: 1 bar;
Purple plot: 0.7 bar.

6.3.3

Complementary constraints

The results presented here suggest that observations with future space infrared observatories will allow to characterise the nature of transitional planets. While current facilities may be limited to disentangle between the three scenarios identified
in Tsiaras et al. (2019) for K2-18 b, as well as to determine whether the planet has
a liquid/solid surface or not, complementary observations may provide additional
constraints.
• Constraining the Rayleigh/Mie slope:
Additional observations of K2-18b transits in the optical, i.e. 0.3-0.7 µm,
could help to constrain the presence of clouds or hazes in this atmosphere.
In this spectral region, the data may contain a lot of information concerning
the planetary radius and the atmospheric scale height, which could be very
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Figure 6.20: Posteriors for the retrievals attempting to recover the surface pressure. Blue:
the forward model was using a surface pressure of 10 bar; Purple: the forward
model was using a surface pressure of 0.7 bar. The forward models correspond
to the ones in Figure 6.19.

informative.
• Reflected light in eclipse observations or phase-curves:
Eclipse observations in the optical could also help to identify and characterise
clouds.
In general, clouds increase the planet albedo by reflecting visible light. Mansfield et al. (2019) has shown that cloud reflection could be distinguished from surface reflection by an increased albedo in the case of rocky planets. While this could
be an interesting option, they only investigated surfaces for temperatures higher than
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410K. They indeed highlighted the fact that water rich elements (formed at lower
temperatures) could have a high albedo, which complicates the interpretation of the
results. However, the reflected brightness of a primary atmosphere sub-Neptune or
a planet with rocky surface should peak at phase 180 while an ocean world would
have a peak brightness around phase 30 (Zugger et al., 2010), providing a direct
method to separate these different scenarios. Using TauREx in forward mode, the
thermal emission of K2-18 b was investigated, showing that the signal (flux ratio of
the planet over the star: Fp /Fs ) would be lower than 0.01 percent at 50 µm. This
means that the emission spectrum of K2-18 b is not observable with JWST. In the
case of K2-18 b, reflected light also presents huge challenges. Indeed, the Signal
⇣ ⌘2
R
strength for the reflected light case scales as Ag ap , where Ag is the geometric

Albedo and a is the semi-major axis. Since K2-18 b is orbiting far from its host star
(a = 0.14 AU; Cloutier et al. (2017)), the reflected signal is too small to be captured
by current and next generation telescopes.

6.3.4

JWST instrument investigations

Figure 6.22 shows the retrieval results depending on JWST configurations
(NIRISS+ NIRSpec, NIRISS only, NIRSpec only or MIRI only) for the water
scenario. The results indicate that JWST may be able to provide adequate results
using NIRISS. For this particular star and planet, the use of NIRSpec or MIRI only
may not provide the best performances as very few molecular features are covered
and a smaller signal-to-noise ratio is achieved.

6.3.5

Extension to the LHS-1140 system

The M-dwarf LHS 1140 is orbited by two Super-Earths, the temperate, rocky SuperEarth LHS 1140 b and the warm, short-period LHS 1140 c (see Figure 6.23). Recently, a third planet might also have been detected in Lillo-Box et al. (2020).
Using a similar method to what is presented for K2-18 b on the planets LHS-1140 b
and its sister’s planet LHS-1140 c, one can show that JWST will be able to reach
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Figure 6.21: Observed spectra for the atmospheric scenario 1 with the different JWST instruments: NIRISS, NIRSpec and MIRI. The Error bars are displayed for a
single observation with each instrument. The averaged model and 1s error
are indicated by the shaded blue region.

the same objective for other systems. For this example, the atmospheres of the
two planets were simulated in thermochemical equilibrium (Agundez et al., 2014),
varying the metallicity, C/O and N/O ratios. Here, chemical equilibrium is used to
produce more difficult scenarios for the retrieval as comparared with the K2-18 b
simulations, but this assumption cannot be considered as realistic for those planets.
Many processes, seen in solar system terrestrial planets, are expected to break the
equilibrium chemistry assumption:
• There are little constraints on the expected elemental abundances from the forma-

tion of small planets. Depending on the formation and evolution pathways, rocky
planets might have very different input materials.
• In the early ages of a planetary system, a significant amount of additional compounds, such as water, can be brought from comets, asteroids and other bodies.

• Atmospheric escape processes might significantly affect the evolution of an atmosphere around these planets

• Volcanism, plate tectonics, magma oxidation and other interactions with the surface will also significantly change the planet atmosphere.

Assuming equilibrium chemistry, at low metallicities (M=10), the atmospheres
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Figure 6.22: Retrieval posteriors for the atmospheric scenario 1 with different JWST setup.
The NIRISS only scenario seems to provide similar performances than the
NIRISS + NIRSpec case. If only NIRSpec is used, the water-to-hydrogen
ratio is much more difficult to constrain, since only a single broad spectral
modulation is present in NIRSpec wavelength coverage.

Figure 6.23: Schematic of the LHS 1140 system of two Super-Earths and a 4.8 M planet
candidate. Credits Dr. BIlly Edwards.
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Model
M
C/O
H2 rich
10
0.55
H2 O rich 1000 0.01
N2 rich 1000 0.55
C rich
1000
1

N/O
0.13
0.13
1.0
0.13

H2
0.84 / 0.84
4.3 5 / 4.3 8
0.21 / 0.015
0.10 / 3.8 8

H2 O
6.9 3 / 8.4 3
0.79 / 0.79
0.13 / 0.25
4.7.10 4 / 2.2 13

N2
4.5 4 / 2.9 4
0.06 / 0.05
0.26 / 0.29
0.046 / 0.050

CH4
3.6 3 / 4.6 3
8.4 4 / 4.9 12
0.087 / 0.16
0.30 / 0.22

CO
4.6 4 / 3.0 12
1.1 10 / 3.6 12
0.013 / 1.3 7
0.11 / 0.39

CO2
5.0 4 / 2.9 10
8.0 8 / 7.9 4
0.19 / 0.16
0.30 / 0.23

Table 6.5: Input parameters (bold) for different scenarios and the abundances of the main
molecules derived using equilibrium chemistry for LHS 1140 b (left) and c
(right). In the model, the stated abundances are not constant with altitude, so
the values given are the mean. Please note that the additional species computed
by the equilibrium scheme are not reported here.

of LHS1140 b and c are H2 -rich and present large spectral features that would allow
for in-depth characterization. At higher metallicities (m=1000), their atmospheres
becomes secondary and can be dominated by a variety of chemical compounds. For
a low C/O ratio (< 0.1) and a solar N/O ratio (0.13), the atmospheres are ‘H2 Orich’ due to the lack of carbon compounds, which are bound into trace amounts
of CO2 . At a solar C/O ratio (0.55) and high N/O ratio (1.0), the atmospheres are
‘N2 -rich’ with still a significant fraction of CH4 and H2 O (around 20% in total). In
the case of super-solar C/O ratios (> 0.7), the atmospheres are ‘C-rich’, dominated
by C-bearing compounds with CO being the dominant gas. Table 6.5 shows the
input chemical parameters used for the simulation of LHS-1140 b and LHS-1140 c
as well as the averaged abundances of the main species.
Using the same methodology as for K2-18 b, simulated JWST spectra are retrieved. Figure 6.24 shows the results of those retrievals for two transit observations
with NIRISS, binned to a resolution of 50.
As shown in Figure 6.24, JWST would be sensitive enough to constrain a
secondary atmosphere and distinguish between some of the modelled cases. The
hydrogen-rich cases presents large features that are easily distinguishable from the
secondary scenarios, even in the presence of heavy clouds. Note that the ‘H2 -rich’
case includes Mie scattering clouds (Lee et al., 2013), shown by the steep slope
at lower wavelengths. While clouds and fine particle hazes can dominate the blue
half of the NIRISS wavelength ranges, their opacities significantly reduce for the
red-half of the spectrum, revealing the underlying trace-gas signatures of the atmosphere. Such a result is beyond HST WFC3 due to its narrow wavelength coverage and the similarity of features across the spectral band-pass. Considering the
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Figure 6.24: Spectra (left) and posteriors (right) of the LHS 1140 b and LHS 1140 c simulations. The observations for the H2 O-rich case with two NIRISS visits are
shown in blue. These observations allow to distinguish between primary and
secondary atmospheres and are sensitive enough to detect and constrain atmospheres with high mean molecular weights, differentiating between water rich
and other types. The carbon rich case is not shown in the posteriors as it is not
distinguishable from the Nitrogen case.

secondary scenarios, the spectra are much more similar. In fact, the distinction between the water rich case and the nitrogen rich case is recovered by the retrieval
due to the methane and water features having opposed signatures after 1.5µm. The
Carbon-rich case, on the other hand, cannot be distinguished from the N2 -rich case
as the features are very similar across the whole wavelength range. A higher number of transits or complementary observations with another instrument might help
distinguishing those scenarios.
By confirming whether K2-18 b and LHS 1140 b have lost their primordial envelope or possess enriched atmospheres, James Webb will greatly inform formation
and evolution models. The acquired constraints on the atmospheric chemistry can,
in the case of transitional planets, inform about the interior composition of these
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planets, directly breaking the mass-radius degeneracies and/or capturing disequilibrium processes.

6.4

Ions in the thermosphere of small planets

In the thermospheres of exoplanets, chemical reactions are affected by the dissociation and ionization of the main components. The dominant species such as H2 , CO,
N2 or H2 O have ionization and dissociation thresholds (> 10 eV) that can easily
be reached in the upper atmospheres. While those altitudes remain inaccessible by
observations for now, they will be reached by next generation space telescopes. In
parallel, it is well known that the signature of secondary atmospheres is highly degenerated with cloudy primary atmospheres, while the main composition can also
be difficult to interpret (see Sections 6 and 8.2). The study of charged species, which
is dependent on the main gases and thus the intrinsic nature of the planet, might provide additional information to investigate small-size transitional exoplanets in the
Fulton region.

6.4.1 Laboratory experiments
Recent laboratory experiments have highlighted the importance of UV interaction
in the upper atmosphere of exoplanets (Bourgalais et al., 2020). A simplified superEarth and mini-Neptune atmospheres was reproduced in the laboratory using a photochemical reactor (Carrasco et al., 2013; Peng et al., 2014; Bourgalais et al., 2019).
The cell is filled with a gas mixture (H2 , CO, N2 ) representative of the environments to be reproduced (Hydrogen-rich / Hydrogen-poor). The mixing ratio of N2
is kept equal to that of CO, meaning that the mixture is controlled essentially by
the H2 abundance. Finally, water vapor is the major trace species at ppm level in
the reactor coming from residual adsorption on the reactor walls. The species of
the gas mixture are then irradiated by an Extreme Ultraviolet (EUV) photon source
and the chemical species in the reactor probed by a mass spectrometer. In this
work, the reactor is limited in terms of pressure to 0.9 mbar and temperatures to
room temperature (Bourgalais et al., 2020). While these values slightly differ from
the thermosphere of exoplanets (the pressure is around 0.01-0.1 mbar and the tem-
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Figure 6.25: Positive ions measured after irradiation at 73.6 nm of H2/CO/N2 gas mixtures.
H2 mixing ratios was chosen at 1% (orange), 33% (grey) and 96% (blue) at
an overall pressure in the reactor of 0.9 mbar. Twice the standard deviation,
2s , in 10 measurements of each mass is displayed. Figure from Bourgalais
et al. (2020).

perature is between 200K and 1000K) this is expected to be a good proxy of this
environment (Bourgalais et al., 2020).

Figure 6.25 shows in situ non-normalised gas-phase mass spectra of cationic
species in their stationary point in the reactor after 15 min EUV irradiation at an
overall pressure of 0.9 mbar. The species are detected at m/z (mass to charge ratios)
1, 2, 3, 18, 19, 20, 21, 28, 29, 30, 31 and 32 above the limit of the background
+
noise. m/z 1, 2 and 3 are attributed to H+ , H+
2 , and H3 respectively. Due to the

high sensitivity of the mass spectrometer, H2 O+ and its protonated form H3 O+ are
detected at m/z 18, 19, 20 and 21. Finally, m/z 28, 29, 30, 31 and 32 are attributed
+
+
+
to N+
2 , CO , HCO and N2 H . The first notable result is that the most abundant

ions at m/z 19 and m/z 29 remain the same with all gas mixtures. The formation of
+
ions H+ , H+
2 , and H3 ions (named Hx ions) does not follow the same trend as the
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Figure 6.26: Simulated evolution of the mole fractions of the main ionic photo-products
after irradiation at 73.6 nm of H2/CO/N2 gas mixture. Left: H2 mixing ratio
of 96%; Right: H2 mixing ratio of 1% . Figure from Bourgalais et al. (2020).
+
primary ions N+
2 and CO at mass 28 which are formed by the ionization of N2 and

CO. In the case of H2 -rich gas mixtures, Hx ions, and in particular H3 O+ , dominate
+
while the primary ions N+
2 and CO occur in significant amounts in the case of gas

mixtures where H2 is not in majority.
These results are also confirmed (Bourgalais et al., 2020) by photochemical
schemes (see Figure 6.26).

HCO+ and H3 O+ are observed in both H2 -poor and rich environments. One
can expect to observe similar contributions of these ions in the thermosphere of
super-Earths and mini-Neptunes. They are formed through different chemical pathways. In the specific case of environments rich in H2, the triatomic hydrogen ion
H+
3 is one of the most abundant ions and is shown to be very reactive, leading to the
formation of heavier ions (N2 H+ and HCO+ ). The detection of H+
3 in an exoplanet
atmosphere might provide definitive evidence of its primary nature.

6.4.2 Ariel and JWST simulations
The fact that the H+
3 ion is predicted to be abundant and highly reactive leading to
the formation of heavier ions in H2 -rich environments is of great interest in the con-
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text of exoplanetary observations considering the upcoming launches of the Ariel
and JWST telescopes. The abundance and distribution of H+
3 , the stable ionic form
of H2 is essential to understand the chemistry and to get information about the
thermal structure, the dynamic, and the energy balance of exoplanet atmospheres
(Miller et al., 2000). H+
3 has been thoroughly studied in the mid-InfraRed (IR) on
Jupiter (Stallard et al., 2001), Saturn (Geballe et al., 1993) and Uranus (Trafton
et al., 1993) but detection in the thermosphere of hot Jupiter exoplanets, with a predicted mixing ratio ranging from 10

6

up to 10 4 , so far remains elusive (Lenz

et al., 2016; Shkolnik and Barman, 2014). Helling and Rimmer (2019) assume
that the formation pathway of H+
3 through the ionization of H2 , although very efficient, is difficult in hot exoplanet atmospheres due to the thermal decomposition of
H2 which becomes important when temperature reaches 1000 K (Yelle, 2004). Indeed, the very hot thermosphere of these exoplanets (higher than 8000 K) combined
with very intense stellar irradiations promotes the formation of atomic neutral and
+
H+ making the detection of H+
3 difficult (Koskinen et al., 2010). However, H3 is

an efficient coolant up to 10000 K, temperature above which thermal dissociation
becomes significant and this thermostat effect is important in controlling the atmospheric stability of giant exoplanets (Neale et al., 1996; Miller et al., 2010, 2013).
By lowering the temperature of the exosphere and the related pressure, H+
3 helps to
counteract the atmospheric escape of atomic and molecular species. Theory predicts
+
that the cooling potential of H+
3 would allow one to observe H3 in giant exoplanets

inside 0.2 to 1 AU orbits (Yelle, 2004; Miller et al., 2013; Koskinen et al., 2007).
H+
3 is able to offset the increased heating due to EUV radiation which allows to
produce increased ion densities by photoionization. Thus, to get sufficient H+
3 an
atmosphere relatively cold or far-enough from its star to have a low-temperature
thermosphere is needed. The results of the laboratory experiments in Bourgalais
et al. (2020) suggest that colder atmospheres dominated by H2 would be more conducive to H2 stability leading to a higher H+
3 abundance. Warm Neptunes (ca. 400
to 800 K) would therefore potentially be better candidates than hot Jupiters for the
+
detection of H+
3 . Like H3 , long lifetimes associated with certain excited states can
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lead to population trapping and unexpected state distributions in non-thermalized
environments. A recent theoretical study by Melnikov et al. (2016) calculated the
stability of the ro-vibrational states of H3 O+ , the lifetimes of individual states and
the overall cooling rates. H3 O+ is present in abundance in diffuse and dense regions
of the interstellar medium, such as comets and molecular clouds (Goicoechea and
Cernicharo, 2001; Barber et al., 2009). So far, no attempt has been made to observe
H3 O+ in the thermosphere of exoplanets, although it may, like H+
3 , act as a cooling
agent and bring some constraints on the physical parameters of the atmosphere.
In order to evaluate the ability of future telescopes to detect these two ions,
one can simulate a simplified atmosphere for a GJ 1214 b-type warm Neptune-like
planet as observed by JWST and Ariel. The planet was simulated with 2 stacked
+
transits for JWST and 10 for Ariel and chemical profiles for H+
3 and H3 O inspired

by the work of Helling and Rimmer (2019); Additional absorption from H2 O and
CH4 , which are major absorbing species in those types of atmospheres are also
included (Miller-Ricci Kempton et al., 2011; Venot et al., 2014; Hu, 2015; Tinetti
et al., 2018). For this simplified model, the abundances for water vapor and methane
are set to 10 ppm and are constant with altitude. As there are still few models
of exoplanets incorporating reactions with ions, the exact abundances of H+
3 and
H3 O+ that can be expected remain relatively unclear. However, the use of simplified
mixing ratios inspired by the work of Helling and Rimmer (2019) will allow to
investigate if the cations can be detected by next generation telescopes and through
which transitions. The input chemical profiles are described in Figure 6.27.

It should be noted that no object exactly similar to this experimental gas mixtures has yet been identified, but the fact that other species can replace CO/N2
among the secondary species does not change the final result, which is that H3 O+
and H+
3 will be among the major ions formed in a H2 -dominated environment where
there is the presence of oxygen, even if only in trace amounts (Hollenbach et al.,
2012; Beuther et al., 2014; Gerin et al., 2016).
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Figure 6.27: Atmospheric profiles used as input for forward simulations of exoplanet spectrum.

In both Ariel and JWST cases, the retrieval analysis manages to reproduce the
observed spectra (see Figure 6.28). One can see that H3 O+ is detectable by both
instruments (see also posterior distributions Figure 6.30). Indeed, H3 O+ presents
a wide feature around 2.8 µm, which is easily captured. H+
3 , however, exhibits
much weaker features that are largely masked by the clouds. In general, the grey
cloud cover, which represents a pessimistic assumption, introduces a large degeneracy with the planet radius and the retrieved abundances (see Figure 6.30). This,
along with the assumption of constant chemistry in the retrievals, explain the slight
difference from the true and retrieved chemistry for H2 O and CH4 . H+
3 is only successfully detected in the JWST simulated spectrum thanks to the presence of small
features, only seen at high resolution. In the Ariel case, an upper limit of 10

5

on

this abundance can be deduced but the detection remains unclear. In order to detect
this ion with Ariel, higher abundances or a slightly higher number of transits will
be necessary.
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Figure 6.28: Retrieved spectra and volume mixing ratios for our JWST (top) and Ariel (bottom) simulations of a GJ 1214 b-like planet with H3 O+ and H+
3 ions. For the
abundances the solid line is the true value, the dashed line the mean retrieved
value and the shaded area represents the 1s retrieved value.
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Figure 6.29: Contribution of the different absorbers to the transmission spectra of our best
fit retrievals for Ariel (top) and JWST (bottom).
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Figure 6.30: Posterior distributions for Ariel (blue) and JWST (green) retrievals of our GJ
1214 b planet case.

Chapter 7

Atmospheric populations with next
generation telescopes

Contribution to this chapter: “In this chapter, I investigate the challenges and
requirements that are arising from the increased amount of atmospheric data in the
era of Ariel and JWST. I defined the scope of the new tool Alfnoor, which was constructed in collaboration with Dr Ahmed Al-Refaie and Dr. Lorenzo Mugnai. This
sofware is the first of its kind and will allow for automated atmospheric retrieval
studies of large exoplanet populations in the JWST/Ariel era. It was presented in
Changeat et al. (2020a), where I performed Ariel Tier-2 simulations to validate the
mission’s requirements and capabilities (Tinetti et al., 2020) and in another study
focusing on Tier-1 (Mugnai et al., 2020a). As part of the ORBYTS program led
by Dr. Billy Edwards, I also helped scheduling ground based observations with
schoolchildren. These observations were analysed using automated software in Edwards et al. (2020e,b) to refine the ephemerides of exoplanets and demonstrate the
potential of citizen science in supporting scientific missions like Ariel. ”
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This chapter discusses the challenges associated with the revolution in scale

that will arise with the new telescopes: JWST and Ariel. Atmospheric studies of
thousands of targets will require a new approach in our retrieval techniques towards more automated tools. The development of a new framework handling and
automating retrieval analyses on large datasets is described in Section 7.1. In addition, precise knowledge of exoplanet ephemerides is necessary to ensure an efficient
use of the new facilities. With the increase in the number of targets, obtaining and
maintaining this ephemerides will be a real challenge, which is described in Section
7.2.

7.1

Population study of exoplanets with Ariel.

As the next generation of space telescope will come online, the increased quality
and quantity of exoplanet data for atmospheric studies will require a revolution in
data analysis techniques. Currently, the scarcity of atmospheric data has led individual exoplanet studies to flourish. The focus being to successfully recover molecular
signatures in a single, low resolution and low wavelength coverage spectrum, which
already presents huge challenges. When 1000 exoplanet spectra will be available,
the scientific interest will shift to the study of large statistical datasets in order to
understand fundamental questions involving formation histories, statistical trends
and correlation between physical parameters. As of today, there are no tools available to study large populations of exoplanetary atmospheres. To prepare for the
upcoming telescopes and investigate the challenges linked to this larger scale extraction of spectral information, simulations have to be performed and tools have
to be automated. In this context, Alfnoor (Changeat et al., 2020a; Mugnai et al.,
2020a) is the first dedicated tool optimised for retrieval population studies of exoplanet atmospheres. Alfnoor combines the latest version of the retrieval algorithm
TauREx3, with the instrument noise simulator ArielRad (Mugnai et al., 2020c) and
enables the simultaneous retrieval analysis of a large sample of exo-atmospheres.
Current Ariel strategy is to observe planets in accordance to a four tier structure
(see Section 6.1.1), where the aim of the second tier (Tier-2) of observations is to

7.1. Population study of exoplanets with Ariel.
Parameters
radius (RJ )
cloud pressure (bar)
T (K)
H2 O (VMR)
CH4 (VMR)
CO (VMR)
CO2 (VMR)
NH3 (VMR)

Priors
±50%
10 - 10 7
±50%
10 12 - 10
10 12 - 10
10 12 - 10
10 12 - 10
10 12 - 10

1
1
1
1
1

291

Scale
linear
log
linear
log
log
log
log
log

Table 7.1: List of the fit parameters and their priors for the retrievals (Alfnoor-inverse). A
conservative approach is taken and larger bounds than the ones used to randomly
generate the planets in forward mode are chosen. The chemical abundances are
expressed in Vertical Mixing Ratios (VMR).

extract the key atmospheric constituents (Tinetti et al., 2018; Tinetti et al., 2016;
Edwards et al., 2019b). Alfnoor can be used to investigate the performances and the
automated retrieval analyses techniques on simulated Ariel datasets at Tier-2 and
Tier-3.

7.1.1

Approach and initial setups

The Afnoor suite is separated in two functions. The function Alfnoor-forward simulates high-resolution transit spectra with TauREx 3 for a given list of targets, here
the Edwardian sample (Edwards et al., 2019b), and calls ArielRad to calculate the
Ariel error bars, wavelength bins and the number of required observations to reach
Tier-2 performances. The function Alfnoor-inverse takes the simulated observations
generated by Alfnoor-forward or eventually real data in the future, and performs atmospheric retrievals using TauREx 3 in fitting mode and following a pre-defined
prior setup (see Table 7.1). In concert, those two functions automate the strategy
described in Section 6.1.4.
Here, Alfnoor is used to explore two particular aspects of the Ariel mission:
1. the ability of Ariel to detect molecular species and the detection limits for
these molecules in the context of cloudy primary atmospheres observed in
transit. This task can be easily achieved by performing retrievals on a chemically unbiased dataset of planets where the atmospheric composition is randomised and by assessing the cases that have been successfully recovered.
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2. the ability of Ariel to reveal chemical trends in exoplanet populations. To
assess this possibility, a biased sample can be used as input where an artificial
chemical trend is introduced.
The actual implementation of this plan is described below.
1. Unbiased sample. Forward models are built by using the stellar and planetary
basic parameters from Edwards et al. (2019b) for the Ariel Target list. The
chemistry, temperature and cloud parameters are randomised so that a unique
set of these parameters is adopted for each planet of each sample. For the
chemistry, the profiles are considered constant with pressure for the mixing
ratios of H2 O, CH4 , CO, CO2 and NH3 and chosen randomly in logarithmic scale from 10

7

to 10

2

(e.g: Unbiased sample). For the clouds, these

are generated as grey opaque clouds with random top pressures varying in
log-scale from 10 bar (equivalent to no clouds) to 10

3

bar. Finally, the at-

mospheric temperatures were also randomly generated and allowed to assume
values between 0.7 ⇥ Te f f and 1.05 ⇥ Te f f , where Te f f is the effective temperature in the Ariel target list of Edwards et al. (2019b). The temperature was
consciously selected biased towards lower values to account for differences
between effective temperature and the terminator temperature (Caldas et al.,
2019; MacDonald et al., 2020; Skaf et al., 2020).
The generation of this sample of observed spectra is repeated twice to build
‘un-scattered’ and ‘scattered’ datasets (see Section 6.1.4 detailing the reasoning). Here, those two datasets are used to investigate the impact of the
random scatter in simulations of exoplanet spectra and verify the predictions
from Feng et al. (2018). If Ariel spectra contain enough information content redundancy, retrieved mean and uncertainty on each parameter should be
similar between the two samples. While not developed more in this thesis, we
note that such an unbiased dataset is ideal for AI studies (Yip et al., 2020b),
thus providing interesting new applications to the Alfnoor suite.
2. Biased samples. The creation of biased samples is important to investigate
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the ability of Ariel to recover trends. In the first place a linear relationship
was imposed between the logarithmic abundance of water and the temperature. This water-temperature correlation is enacted by requiring a mixing
ratio of 10

4

for an effective temperature of 1000K and 10

3

for an effective

temperature of 2000K.
Then, a more realistic example is tested, where the atmospheres are assumed
to be in chemical equilibrium (Agundez et al., 2014). For the whole sample, the same solar C/O ratio and metallicity are assumed. To recover the
input profiles, both free, constant with altitude chemical profiles and profiles which are forced to follow chemical equilibrium prescriptions are tested.
An additional test with a parametric two-layer chemistry retrieval scheme as
presented in Changeat et al. (2019) is also ran to show the expected improvements of this scheme over the pressure constant chemical profiles (see also
Section 8.1).

7.1.2

Unbiased sample

Figure 7.1 shows both the observed and retrieved spectra for a subset of the simulated Ariel Tier-2 observations, along with the correlation map between water abundance and temperature with their 1s uncertainties. The distance between the true
and the retrieved value is visualised by the colour of the point. The retrieved parameters are represented by the median chemical or temperature profiles weighted by
the contribution function. The contribution function is defined as the wavelengths
averaged variations of the optical depth with pressure. This choice ensures that the
values reported well reflect the conditions in the atmospheric regions probed by observations, when the chemistry/temperature variates with altitude. In order to better
visualise the Ariel detection limits in Tier 2, a complementary plot of the retrieved
abundances versus their true values is also provided for each molecule. The H2 O
map is presented in Figure 7.2.
The water-temperature map in Figure 7.1 clearly shows that the unbiased population is randomly spread in the parameter space, as expected. The retrieved temperature is very precise across the whole parameter space, showcasing the ability

294

Chapter 7. Atmospheric populations with next generation telescopes

Figure 7.1: Unbiased sample. Top: Observations (black) and best fit spectra (blue) for
select planetary atmospheres as observed by Ariel in Tier-2 mode. Bottom:
Correlation map between the temperature and the retrieved abundances of water. The retrieved 1-s error bars on the retrieved parameters is also shown. The
colour-scale represents the distance to the true value (indicated with the black
dots) in units of 1-s .
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Figure 7.2: Map of the H2 O retrieved abundance versus the true value for the unbiased
sample. The colour-scale of the 1-s retrieved error bars represents the distance
to the true value in units of 1-s .

of Ariel Tier-2 to study a wide range of planets. It also illustrates that the retrieved
values are mostly accurate for water abundances higher than 10 6 : with the exception of a few cases, the retrieved values for water and temperature fall well within
the 1s error bars (blue to green in the colour scale). For water, a rapid change in
the posteriors for abundances smaller than 10

5

appear, marked by large error bars

on the left side of the plot. Indeed, when the abundance is too low, the retrievals
are not able to distinguish well the features and provide only upper limits. This is
an expected behaviour and an indication of the Ariel detection limit for this sample

296

Chapter 7. Atmospheric populations with next generation telescopes

of planets. This exercise was repeated for other molecules to assess Ariel ability
to detect different sets of molecules in Tier-2 mode. Other temperature-molecule
maps, as well as the radius-clouds map, are reported in Figures 7.9, 7.10, 7.11, 7.12
and 7.13.
The detection limits are best visualised in the retrieved versus true abundances
(see Figure 7.2). In the same figure, the retrieved uncertainties versus input abundances are also shown as this allows to better distinguish three regimes. The first
regime corresponds to low abundances where molecular detections are not possible: for example, between 10

7

and 10

6

for water no detections seem possible

with Ariel. Other molecules are presented in Figures 7.14: CH4 ; Figure 7.15: CO;
Figure 7.16: CO2 and Figure 7.17: NH3 . It is interesting to note that when the
molecules are not detected, the retrieved errors (s ) are dominated by the size of
the priors and the location of the detection limit: for water no-detection errors are
between 2 and 4 orders of magnitude. The second regime for intermediate abundances displays a mix between successful detections and lack of evidence for the
molecules. This corresponds to the region with large ranges in the retrieved errors
(between 10

6

and 10

5

for water). In general, this variability is due to the other

constituents in the planet that are susceptible to mask the signal of interest (e.g:
clouds, other molecules). Finally, for the highest abundances, the retrieved uncertainties are low (less than 1 order of magnitude in the mixing ratios), which indicate
that these abundances are always retrieved, regardless of the other constituents in
the atmosphere.
Additionally, the map exploring the correlation between planetary radius and
cloud top pressure shows that Ariel can separate well these parameters, most likely
thanks to the FGS optical channels.
The same experiment was repeated with the second run composed of ’scattered’ spectra. Each planet is simulated with a new set of randomised parameters.
As previously stated, the observed values of the transit depth are assumed to follow
a normal distribution (the mean is the simulated transit depth and the standard deviation is the instrumental noise), which better reproduces a real observation. Figure
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Molecule Tier 2
log(H2 O)
6.5
log(CH4 )
7
log(CO)
5.5
log(CO2 )
7
log(NH3 )
6.5

297

Tier 3
< 7
< 7
6
< 7
< 7

Table 7.2: Detection limits for each molecule in Ariel Tier-2 and Tier-3 samples considered
here. The detection limits corresponds to the lowest value for which abundances
were extracted with less than 1 order of magnitude errors. Tier-3 sample includes
only 14 planets.

7.3 shows the water-temperature map. The other chemical parameters are reported
in Appendix (Figures 7.9, 7.10, 7.11, 7.12, 7.13). From the analysis of the scattered
spectra, the scattering of the data points around their true value does not necessary
introduce biases in Ariel Tier-2 retrieval studies. Indeed, this result, which had already been explored in Feng et al. (2018); Changeat et al. (2019), naturally arises
from the redundancy of the information relative to each molecule in the Ariel spectra and the fact that in most cases N repeated observations are needed to obtain
p
Tier-2 requirements, therefore reducing by 1/ N the scattering amplitude around
their true value (see also Section 6.1.4). For retrieval studies, Feng et al. (2018)
highlighted that, to avoid potential biases arising from individual noise instances,
one would essentially have to produce multiple retrievals with different noise instances and average the obtained results. As this was not computationally feasible,
they chose not to scatter the spectra and use the true value as an approximation,
stating that the shape of the posteriors would be accurate but that the position may
be optimistically centred. For Ariel Tier-2 observations, the information content of
the spectra is redundant enough to ensure that the retrieved values are not affected
by this phenomenon and these are mostly centred around the true value in both
scattered and non-scattered scenarios. For all molecules, the correlation maps are
very similar in both cases and the detection limits remain unchanged from the nonscattered runs. For the clouds, however, an overall increase in the distance to the
true value can be noticed (see correlation map in Figure 7.13). In all the simulations
presented here, a fully opaque grey cloud cover was considered, which is essentially
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Figure 7.3: Same as Figure 7.1 but in this new run, the Ariel spectra were scattered around
their true values.

the worst case scenario as no cloud features are detectable below the given pressure
and it is well known to be degenerate with radius (Changeat et al., 2020e).
The approximate detection limits for each molecule considered is summarised
in Table 7.2. These represent the regions where these retrieval analysis have been
able to extract constraints on the given atmospheric constituents. The stated detection limit corresponds to the lowest value that was successfully recovered with less
than 1 order of magnitude uncertainties. This means the stated values do not represent a guaranty of detection, but rather the lowest limit one can hope to detect the
molecule. In addition, the contribution of each molecule is individually plotted in
Figure 7.8 (each spectrum only contains 10

5

of the considered molecule) to show
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Figure 7.4: Results for the retrievals using three different chemical profiles (equilibrium,
constant with altitude and two-layer). The input forward model is taken from
the Alfnoor run with equilibrium chemistry. Left: Simulated observations and
retrieval best fit models; Right: Comparison of the retrieved CH4 profiles. The
contribution function in the atmosphere , corresponding to dT /dP, is also provided. The global log evidence, which qualifies the preference shown by the
data for a given model, is 400 for the equilibrium model , 397.5 for the twolayer retrieval and only 395 for the constant chemistry retrieval. In comparing models, a difference of 2 indicate a strong preference towards the model
of higher value (Kass and Raftery, 1995). The abundances weighted by the
contribution function (log) are: 5.29 for the forward model; 5.27 ± 0.21
for the equilibrium model; 4.64 ± 0.15 for the constant chemistry model;
4.96 ± 0.39 for the two-layer model.

the features span by each molecule in the Ariel wavelength range. In general, Ariel
Tier-2 spectra should enable molecular detections down to mixing ratios of 10 6 .
In these simulations, only CO appears to be difficult to detect at abundances smaller
than 10 4 . CO presents two features that are overlapping with CO2 at 4.5µm and
with CH4 at 2.5µm and are relatively weak. In a real scenario (equilibrium chemistry), one could hope to distinguish CO more easily as the unbiased assumption
systematically underestimates the CO abundance and overestimates the CO2 abundance by design (Agundez et al., 2014; Venot et al., 2012; Venot and Agúndez,
2015). H2 O and CH4 have a large number of anti-correlated features, which might
give rise to more featureless spectra when the two molecules are present. For all parameters, Ariel Tier-2 spectra provide accurate and precise estimates, as most of the
retrieved error bars are less than 1-sigma away from the true value. This statement
applies to both non-scattered and scattered spectra.
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Figure 7.5: Examples of Ariel Tier-3 spectra and fits for benchmark planets. The simulated
observed spectra are scattered around their true value.

For completeness, additional retrievals for 14 benchmark planets are performed
in Tier-3 mode (Edwards et al., 2019b). The benchmark planets achieve a high
signal-to-noise ratio in a very limited number of transits and are re-observed at
different times to allow for temporal and spatial variability studies. In the examples
presented here, five transit observations are combined to reach the required signalto-noise for Tier-3 (Edwards et al., 2019b; Tinetti et al., 2018). The retrievals were
performed on the scattered spectra and are illustrated in Figure 7.5. The retrieval
maps for the 14 Ariel Tier-3 cases are reported in Figures 7.18, 7.19 and 7.20) while
the molecular detection limits are indicated in Table 7.2. The detection limit for
Ariel Tier-3 spectra is very low, typically mixing ratios equal or smaller than 10
can be retrieved. Even CO at mixing ratios of ⇠ 10

6

7

appears to be detectable.

Due to the limited number of studied cases, the Tier-3 detection limits reported here
should be taken with caution.

7.1.3 Biased sample: linear water-temperature trend
When an arbitrary linear trend is imposed between the water abundance and the
effective temperature, the water-temperature map is obtained in Figure 7.6. Here
the imposed trend is easily recovered by this retrieval analysis. Both scattered and
unscattered spectra allow to recover the imposed trend down to water abundances
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⇠ 10 6 . In the scattered example, a few cases have larger departures from the true

value compared to the non-scattered one but this does not affect the conclusions over
the entire population. Additionally, this analysis has been done without retrieval fine
tuning (see Table 7.1).

7.1.4

Biased sample: equilibrium chemistry atmospheres

When an equilibrium chemistry model was used for both the forward model and
the retrievals, the trend is very accurately and precisely recovered (see for example the water-temperature map in Figure 7.7). Since the molecular abundances are
varying with altitude, the values stated now correspond to the average weighted by
the atmospheric contribution function (the optical depth variations collapsed over
wavelengths). Since the models generating and retrieving the data are the same,
this is an optimistic result, as one should not expect all atmospheres to satisfy the
equilibrium chemistry assumption.
Also the free, constant with pressure chemistry retrievals (Figure 7.7, bottom)
allow to recover the equilibrium chemistry trend. The retrieved parameters, however, have large distances from the true value, in some cases the offsets are greater
than 2s , meaning that the model confidently recovers a biased value. This behaviour, also present in other chemical species (see Figures 7.21, 7.22, 7.23, 7.24),
is particularly noticeable for temperatures between 600K and 1100K: this region
is known to exhibit large chemical gradients with altitude as the balance in the
CH4 /CO reaction changes. These variations in the chemical profiles cannot be captured by the simplistic constant chemistry retrieval model used here.
It has been shown in Changeat et al. (2019) that Ariel and JWST will be sensitive to chemical vertical gradients (see Section 8.1) and that retrieval techniques
such as the two-layer parametrisation would be essential for the analysis of these
next generation spectra.
Figure (7.4) shows a comparison between the various retrieval techniques: the
two-layer parametrisation (Changeat et al., 2019) well captures the departure of the
methane profile from the constant with altitude case without strong prior assumptions, as opposed to the case of the equilibrium chemistry retrieval.
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Figure 7.6: Biased sample: linear water-temperature trend. Top: retrieved watertemperature map from the non-scattered spectra. Bottom: retrieved watertemperature map from the scattered spectra. The retrieved 1-s error bars on
the retrieved parameters is also shown. The colour-scale represents the distance to the true value in units of 1-s . The dashed grey line indicates the input
trend.
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Figure 7.7: Biased sample: equilibrium chemistry atmospheres. Correlation map of the retrieved abundance of water and the temperature. Results obtained with equilibrium chemistry retrievals (top) and with free, constant with altitude chemistry
retrievals (bottom). The retrieved 1-s error bars on the retrieved parameters is
also shown. The colour-scale represents the distance to the true value in units
of 1-s .
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Figure 7.8: Absorption in Ariel of the molecular species considered in this work. Each
simulation is for a 1 RJ , 1 MJ planet and 1 RS star with 10 5 of the considered
molecule as only absorber. The models are offset for better visibility. The
shaded region is the full resolution contribution, while the solid lines and black
points correspond to Ariel resolutions.
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Discussion

In all simulated cases, retrieval analyses were performed without any fine tuning.
Also the simulations are simplified compared to real atmospheres, which are expected to have disequilibrium effects, 3D effects and other complexities (see Section
2).
Recently, self-consistent methods, such as the equilibrium chemistry retrieval
adopted in a few examples here, have been implemented in retrieval tools. Embedding these chemical schemes in atmospheric retrievals is very tempting as they allow
to describe complex chemistry while maintaining a low dimensionality. However,
one should be careful in using these techniques to interpret unknown atmospheres,
as they do not reflect the information content of the observed spectra (see Sections
4.5 and 8.1). In other terms, if the assumptions made by the retrieval model are not
correct, the results will likely be biased (Miller-Ricci Kempton et al., 2012; Rocchetto et al., 2016; Agundez et al., 2014; Changeat et al., 2019). This issue has
been discussed in the literature and should always be remembered when using such
techniques.
Other approaches which let the chemical species assume arbitrary values, may
allow to discover unexpected trends in the data. However, the model complexity
should be adapted to the data, which is not known a priori. A too simplistic model
will tend to be biased, while a too complex model will tend to overfit. In this paper,
Section 7.1.4 highlighted a case where the free constant with pressure chemistry
retrieval did not adequately describe the input chemical profiles (which were using
equilibrium chemistry), thus biasing our results. A more sophisticated description
of the chemical profiles in retrievals is presented in Changeat et al. (2019).
This point is illustrated by comparing different chemical schemes on an observed spectrum taken from our previously made equilibrium chemistry dataset.
Figure 7.4 demonstrates that all three chemical schemes (equilibrium, constant,
two-layer) are able to match the observed spectrum. The contribution function
(solid blue line on the right figure) shows how the models try to reproduce the input
abundances for CH4 in the region where the contribution function is maximum. The
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equilibrium and two-layer scenarios are better describing the input profiles in general, while the retrieved uncertainties are more representative. The retrieved constant chemical profile with altitude only averages the input CH4 abundance, providing limited details on the atmospheric chemical processes. As expected, one finds
that the input retrieved weighted abundance is best approximated by the equilibrium
model, since this is the same model used to generate the observation (values are
stated in Figure 7.4). The constant with pressure chemistry model is overconfident
and is more than 3s offset to the true value. For the two-layer, the true abundance
is within the error bars of the retrieved value. The behaviour seen in this example
explains the large distances to the true value and the general overconfidence in the
retrieved chemistry of the free constant with altitude scenario in Figure 7.7.

7.1. Population study of exoplanets with Ariel.

307

Figure 7.9: Unbiased sample: correlation map between the temperature and the retrieved
abundances of CH4 , with the 1-s retrieved error bars. The colour-scale represents the distance to the true value in units of 1-s . Top: Non-scattered spectra.
Bottom: Scattered spectra.
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Figure 7.10: Unbiased sample: correlation map between the temperature and the retrieved
abundances of CO, with the 1-s retrieved error bars. The colour-scale represents the distance to the true value in units of 1-s . Top: Non-scattered spectra.
Bottom: Scattered spectra.
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Figure 7.11: Unbiased sample: correlation map between the temperature and the retrieved
abundances of CO2 , with the 1-s retrieved error bars. The colour-scale represents the distance to the true value in units of 1-s . Top: Non-scattered spectra.
Bottom: Scattered spectra.
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Figure 7.12: Unbiased sample: correlation map between the temperature and the retrieved
abundances of NH3 , with the 1-s retrieved error bars. The colour-scale represents the distance to the true value in units of 1-s . Top: Non-scattered spectra.
Bottom: Scattered spectra.
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Figure 7.13: Unbiased sample: correlation map between the clouds and the radius, with the
1-s retrieved error bars. The colour-scale represents the distance to the true
value in units of 1-s . Top: Non-scattered spectra. Bottom: Scattered spectra.
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Figure 7.14: Top: Map of the CH4 retrieved abundances versus their true values for the unbiased sample. Bottom: Error retrieved as a function of the input abundances.
The colour-scale of the 1-s retrieved error bars represents the distance to the
true value in units of 1-s .
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Figure 7.15: Top: Map of the CO retrieved abundances versus their true values for the unbiased sample. Bottom: Error retrieved as a function of the input abundances.
The colour-scale of the 1-s retrieved error bars represents the distance to the
true value in units of 1-s .
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Figure 7.16: Top: Map of the CO2 retrieved abundances versus their true values for the unbiased sample. Bottom: Error retrieved as a function of the input abundances.
The colour-scale of the 1-s retrieved error bars represents the distance to the
true value in units of 1-s .
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Figure 7.17: Top: Map of the NH3 retrieved abundances versus their true values for the unbiased sample. Bottom: Error retrieved as a function of the input abundances.
The colour-scale of the 1-s retrieved error bars represents the distance to the
true value in units of 1-s .
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Figure 7.18: Correlations maps obtained for Ariel Tier-3 scattered spectra: H2 O-T (top)
and CH4 -T (bottom).
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Figure 7.19: Correlations maps obtained for Ariel Tier-3 scattered spectra: CO-T (top) and
CO2 -T (bottom).
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Figure 7.20: Correlations maps obtained for Ariel Tier-3 scattered spectra: NH3 -T .
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Figure 7.21: Biased sample: equilibrium chemistry atmospheres. Correlation map of the
retrieved abundance of CH4 and the temperature, with the 1-s retrieved error
bars. Results obtained with equilibrium chemistry retrievals (top) and with
free, constant chemistry with pressure retrievals (bottom). The colour-scale
represents the distance to the true value in units of 1-s .
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Figure 7.22: Biased sample: equilibrium chemistry atmospheres. Correlation map of the
retrieved abundance of CO and the temperature, with the 1-s retrieved error
bars. Results obtained with equilibrium chemistry retrievals (top) and with
free, constant with pressure chemistry retrievals (bottom). The colour-scale
represents the distance to the true value in units of 1-s .
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Figure 7.23: Biased sample: equilibrium chemistry atmospheres. Correlation map of the
retrieved abundance of CO2 and the temperature, with the 1-s retrieved error
bars. Results obtained with equilibrium chemistry retrievals (top) and with
free, constant with pressure chemistry retrievals (bottom). The colour-scale
represents the distance to the true value in units of 1-s .
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Figure 7.24: Biased sample: equilibrium chemistry atmospheres. Correlation map of the
retrieved abundance of NH3 and the temperature, with the 1-s retrieved error
bars. Results obtained with equilibrium chemistry retrievals (top) and with
free, constant with pressure chemistry retrievals (bottom). The colour-scale
represents the distance to the true value in units of 1-s .

7.2. Importance of ephemeris refinements for next generation

7.2

323

Importance of ephemeris refinements for next
generation

Just after discovery, the time of the next transit for a planet is well known. Unfortunately the accuracy of predicted future transits degrades over time due to the
increased number of epochs since the last observation and the stacking of the period error. In extreme cases this can mean the transit time is practically lost, with
errors of several hours (e.g. Corot-24 b & c, Alonso et al. (2014)). In addition to
this, extrapolating transit times from only a few data points over a limited baseline
can easily introduce bias (e.g. Benneke et al. (2017)). Finally, the transit times can
shift due to dynamical phenomena such as tidal orbital decay, apsidal precession or
from gravitational interactions with other bodies in the system (see e.g. Agol et al.
(2005); Maciejewski et al. (2016); Bouma et al. (2019)). These can only be understood, and mitigated for, by regularly observing targets over a long baseline. In the
era of TESS, which is expected to find several thousand transiting planets (Sullivan et al., 2015; Barclay et al., 2018), this will become increasingly difficult due
to the sheer number of targets and require a coordinated effort by many groups and
telescope networks to prepare for characterisation by the next generation facilities
(JWST, Ariel and Twinkle). This campaign will need data from both ground-based
facilities and space-based telescopes such as TESS, CHEOPS and Twinkle.
Ground-based follow-ups will require not only a large number of telescopes
but many person-hours to plan observations and process the data. As these observations do not require large size telescopes (Wheatley et al., 2018; Kabath et al.,
2019), citizen science and educational outreach offer an excellent opportunity to
support future space missions. In this context, many programs such as ORBYTS,
The Exoplanet Transit Database, ExoWorlds Spies or ExoClock have been developed.
In particular, the Original Research By Young Twinkle Students (ORBYTS)
is an educational programme in which secondary school pupils work on original
research linked to the Twinkle Space Mission under the tuition of PhD students and
other young scientists (McKemmish et al., 2017; Sousa-Silva et al., 2018). The OR-
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BYTS programme has been run since 2012 and is jointly managed by Blue Skies
Space Ltd (BSSL) and UCL. ORBYTS offers school pupils the chance to enrich current understanding of exoplanets by improving the knowledge around the molecules
they’re made of and refining their orbits and their physical properties. This provides
a unique opportunity for pupils to undertake cutting-edge science that has a meaningful impact on a future space mission. Previous projects have included providing
accurate molecular transition frequencies with the ExoMol group (Chubb et al.,
2018a,b; McKemmish et al., 2017; McKemmish et al., 2018; Darby-Lewis et al.,
2019) as these line lists are crucial for atmospheric retrievals.
Between 2018 and 2020, ORBYTS students participated in a project to refine ephemerides of transiting exoplanets. Students selected suitable targets, scheduled observations and analysed the observational data to refine the planet ephemeris
(Edwards et al., 2020e,b). After selecting suitable targets from medium and high
priority targets in the ExoClock website, the students acquired transit observations
from the Telescope Live global network of robotic telescopes1 and the Las Cumbres
Observatory2,3 .
Observations were obtained for CoRoT-6 b (Fridlund et al., 2010), KELT15 b (Rodriguez et al., 2016), KPS-1 b (Burdanov et al., 2018), K2-237 b (Soto
et al., 2018), WASP-45 b (Anderson et al., 2012), WASP-83 b (Hellier et al., 2015),
WASP-119 b (Maxted et al., 2016), WASP-122 b (Turner et al., 2016), TRES-2 b
(O’Donovan et al., 2006), HAT-P-22 b (Bakos et al., 2011), HAT-P-36 b (Bakos
et al., 2012) and XO-2 b (Burke et al., 2007). The students then used the publicly
available tool HOPS4 , which provides a user-friendly interface that automates the
reduction of ground based data. HOPS aligns the frames and normalises the flux
of the target star by using selected comparison stars. When available (see Edwards
et al. (2020e)), additional observations from the TRansiting ExoplanetS and CAndidates (TRESCA) project5 and the TESS Presearch Data Conditioning (PDC) light
1 https://telescope.live
2 LCOGT

Global Sky Partners 2020 project ‘Refining Exoplanet Ephemerides’ (B. Edwards)
Proposal FTPEPO2014A-004 (P. Roche)
4 https://github.com/ExoWorldsSpies/hops/
5 http://var2.astro.cz/EN/tresca
3 Educational
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curves were added to the analysis. For each light curve, a transit fit was performed
with the pylightcurve framework (Tsiaras et al., 2016b). During the fitting, the only
free parameters were the planet-to-star ratio (R p /Rs ), the semi-major axis to star
ratio (a/Rs ), the inclination (i) and the transit mid time (T0 ). The other parameters
were fixed to the literature values. Finally, for each planet, a weighted least square
fit of the mid transit times is performed to obtain a linear period for the data analysed. The new reference transit time, T0 and period P is obtained from the value
which minimised the co-variance between T0 and P. An example of the standard
results obtained using this methodology is presented for WASP-122 b in Figure
7.25.

This experiment highlighted significant drifts in the transit times of all planets studied, with only two planet (KPS-1 b and XO-2 b) having observed transits
within the 1 sigma errors on the expected time (see Edwards et al. (2020e,b) for the
detailed results on each planet). Even in this case, the observed transit was considerably offset from that predicted. Most planets were observed by TESS in the
first years of operation, which demonstrates the great potential the mission has for
refining orbital parameters. The capability of TESS to provide accurate updated
ephemeris for bright, short period planets has previously been shown in Bouma
et al. (2019). Overconfidence in the predicted transit time is a known issue and analyses of measured-to-predicted timing deviations of 21 exoplanets by Mallonn et al.
(2019) indicated a trend of slightly underestimated uncertainties in the ephemerides
while Raetz et al. (2019) made a similar finding for CoRoT planets. The analysis
presented here (Edwards et al., 2020e) refines to sub-second uncertainties the periods of K2-237 b, WASP-45 b, WASP-83 b, WASP-119 b and WASP-122 b, which
should keep the uncertainty on the transit times of these planets to below 15 minutes
until well after the launch of Ariel in 2028 (see Figure Edwards et al. (2020e,b)).
Nevertheless, regular follow-ups of these planets as well as other potential targets
should ensure that accurate ephemeris are conserved and that errors are not underestimated. A cause of these underestimations can be the short baseline over which
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Figure 7.25: Ground (G1 to G3) and TESS (T1 to T13) observations used to refine the
ephemeris of WASP-122 b. Top: Observed light curves and fits. Bottom:
Observed minus calculated mid-transit times.
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the period of the planet is determined when it is first discovered. When extrapolated
over long times periods, even slight inaccuracies in the fitted period can cause significant deviations. Other sources of larger than expected uncertainties can be due
to underestimated systematics in the data, stellar activity, tidal effects or transit timing variations (TTVs) due to other bodies in the system.These effects can only be
mitigated for by regularly observing transits over a long time period and to achieve
this a well-organised ground and space-based campaign is required.

Chapter 8

Degeneracies in retrievals with next
generation data

Contribution to this chapter: “In the context of future observations of exoplanet
atmospheres, I produced simulations for Ariel and JWST and wrote two papers
(Changeat et al., 2019, 2020e) focusing on the information content that can be
extracted from their observed spectra. In the first one, I proved the feasibility to
recover chemical variations with altitude in next generation spectra, thus showing
the importance of developing new free chemical approaches. In the second one, I
studied the impact of planetary mass uncertainties in retrieval studies, which will
help prioritising mass measurements in the context of Ariel. The content of those
papers is described in the two sections of this chapter. ”
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Analyses of exoplanetary spectra are subject to model dependent behaviours

and degeneracies (see Sections 5.2 and 5.5 for example), mainly due to the small
wavelength coverage and low signal to noise of atmospheric signals. To overcome
these issues, simplified assumptions on the retrieval models are required. These assumptions include, but are not limited to, isothermal temperature profiles, constant
with altitude chemical profiles, equilibrium chemistry and fixed planetary masses
(see Section 4.5). While these assumptions might be valid for current datasets, the
higher quality of next generation observations will certainly require a re-evaluation
of the atmospheric models’ complexity. This section investigates two common assumptions that are currently taken in most transit studies and explores the information content of the next generation datasets:
- Currently, in retrieval studies, chemical profiles are assumed either constant
with altitude or in chemical equilibrium. Equilibrium chemistry provides a way to
estimate the composition of an atmospheres using a minimum number of parameters. However, equilibrium chemistry is a strong assumption and, in fact, exoplanet
atmospheres are not expected to be in chemical equilibrium (see Section 2.3). To
infer the information content from exoplanet spectra, free explorations are therefore important. Next generation telescopes might be sensitive to vertical changes
in chemistry, requiring additional degrees of freedom compared with the constant
chemistry assumption. This is explored in Section 8.1 using a simple two-layer
chemistry model.

- In current studies, prior knowledge is assumed for the stars (radius, temperature, activity) and the planetary masses. The planetary mass, in particular, will be
a challenging quantity to measure for large samples of planets. The refinement of
ephemerides requires significant telescope involvement. Investigations about the
impact of this quantity on atmospheric studies are therefore required to organise the
community efforts. This is discussed in Section 8.2.

8.1. Chemical degeneracies

8.1
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8.1.1

Context

Most current spectral retrieval models assume constant or simplified atmospheric
thermal profiles. Additionally, chemical profiles which are constant with altitude
are assumed (e.g. MacDonald and Madhusudhan, 2017; Tsiaras et al., 2018; Pinhas
et al., 2019). In these models, the mixing ratio of each individual molecule is fully
determined by a single free parameter. So far, this approach has been successful due
to the relatively poor quality of the input data from space and ground-based instruments. Given the low signal to noise, spectral resolution and the narrow wavelength
coverage, current data cannot be used to constrain more complex models. However,
the next generation of telescopes coming online in the next decade, will demand
more complex retrievals to extract all the information content embedded in the data.
In the context of NASA-JWST (Bean et al., 2018), ESA-Ariel (Tinetti et al., 2018)
and other facilities from ground and space (e.g. E-ELT (Brandl et al., 2018), Twinkle (Edwards et al., 2018)), the higher resolution, signal-to-noise ratio (SNR) and
broader wavelength range will allow for less abundant trace gases and refined thermal profiles to be captured. For instance, Rocchetto et al. (2016) has demonstrated
that the assumption of constant atmospheric thermal profiles will be inadequate to
interpret correctly future better-quality transit spectra recorded from space. Additionally these new instruments may be sensitive enough to constrain non-constant
chemical profiles.
Here, the approach taken to investigate the chemical variations with altitude, is
to increase the number of free variables for each molecular species by considering a
‘two-layer’ chemical parametrisation (see Section 4.5.3.2). Applying this approach
to available data is not justified as it would simply increase the degeneracy of the
retrieved solutions. By contrast, attempts to use models of inadequate complexity to analyse spectra observed by next generation facilities are likely to provide
incomplete pictures and misleading results. To investigate chemical degeneracies,
the standard 3-step methodology (see Section 6.1.4), where an Ariel spectrum is
simulated and then retrieved is applied.

332

Chapter 8. Degeneracies in retrievals with next generation data

8.1.2 Comparison between the one-layer and two-layer retrievals.
Comparing the results obtained with the one-layer and two-layer retrievals illustrates the issues that may occur when performing a retrieval with a model of inappropriate complexity. Starting from a planetary atmosphere simulated with ad-hoc
two-layer chemical profiles, one can investigate the results obtained when the retrieval is performed with a one-layer chemical approach. In particular, two main
issues could occur and need to be tested:
1. The observed spectrum cannot be explained using the one-layer retrieval, as
the best solution retrieved does not fit the data.
2. The 1-layer retrieval manages to achieve a “good” fit but the retrieved parameters are wrong compared to the ground-truth. This issue is more subtle as
there is little evidence and no direct way to spot the error.
These two points can be tested by considering the following examples. For the
former, an atmosphere with a single CH4 profile is assumed with a surface layer of
XS (CH4 ) = 10

5

up to PI (CH4 ) = 10

2

bar and XT (CH4 ) = 10

10

above that pres-

sure, corresponding to a depleted layer. For the latter, the atmosphere is simulated
with a single H2 O profile where the planet contains XS (H2 O) = 10
bar and the mixing ratio is XT (H2 O) = 10

3

10

up to 10

2

for lower pressures.

For the first run, it is important to note that a mixing ratio of XT (CH4 ) = 10

10

does not produce any observable feature, so for this layer it is expected that only an
upper limit can be retrieved. In this example, the one-layer retrieval has difficulties
in fitting the observed spectrum, as shown in Figure 8.1. In this case, the one-layer
retrieval lacks flexibility, which leads to a poor fit of the spectrum. This poor fit
is also backed up by the lower Nested Sampling Global Evidence for the one-layer
scenario: 737 for the two-layer and 885 for the two-layer (Dlog(E) = 148), strongly
favouring the two-layer retrieval. This example illustrates the capabilities of Ariel
to capture chemical variations with altitude.
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Figure 8.1: Observed input spectrum obtained with a two-layer CH4 profile and retrieved
spectrum obtained with a 1-layer retrieval. This example showcases that the
one-layer retrieval is inadequate to interpret the data. The correct two-layer
retrieval is also shown. The Nested Sampling Global Evidence is log(E) = 737
for the 1-layer and log(E) = 885 for the two-layer retrieval.

Concerning the second test, where the input spectrum was generated with H2 O
only, both the one-layer and two-layer retrievals converged to a solution and gave
a satisfactory fits of the input spectrum (See Figure 8.2). Unsurprisingly, the twolayer retrieval managed to recover the correct input parameters. However, while fitting well the spectrum, significant differences appear for the one-layer model in the
retrieved parameters that are now far from the true values. The one-layer retrieval
tries to compensate the lack of flexibility in the chemical profile by increasing the
temperature to 2100K instead of the 1500K ground truth temperature. The input
chemical and thermal profiles for both retrievals are shown in Figure 8.3.

The retrieved temperature by the one-layer retrieval is significantly off compared to the input, while the retrieved H2 O mixing ratio approximates the atmo-
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Figure 8.2: Observed spectrum generated with a 2-layer H2 O profile as input and best retrieved solutions obtained with a 1-layer and 2-layer retrievals. While the 2layer retrieval captures better the observations, the differences with the 1-layer
fit are relatively small. The Nested Sampling Global Evidence is log(E) = 733
for the 1-layer and log(E) = 883 for the 2-layer retrieval.

Figure 8.3: Chemical (top) and temperature (bottom) profiles for the input atmospheric
model, the 2-layer and 1-layer retrievals. For the temperature, the 1-layer model
is strongly biased. The input model temperature is not clearly visible as it
overlaps with the retrieved value of the 2-layer retrieval at 1500K.

spheric average. This example illustrates well the importance of exploring and understanding more complex chemical models in retrievals. Here the retrieved spectrum using the one-layer approximation (Figure 8.2) gives an acceptable fit while
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leading to a wrong solution, which is a serious issue. Differences compared to the
observations are noticeable which, in this case, would still permit the selection of
the two-layer solution, provided that both retrievals are performed. More importantly, the correct solution can be determined by comparing the Nested Sampling
Global Log-Evidence of the retrieval. The two-layer retrieval obtained a value of
log(E) = 883 while the one-layer only had log(E) = 733, indicating a clear preference for the two-layer scenario (difference of Dlog(E) = 150).

8.1.3

An ultra Hot-Jupiter inspired by WASP-33 b

Figure 8.4: Artist impression of the exoplanet WASP-33 b by Lélé.

A two-layer parametric approach for free chemistry can be used in more realistic
scenarios, where, for example the temperature structure and chemistry are more
complex. On top of being a necessity with next generation instruments, this approach could give access to more subtle and complex physical processes. Current
analyses of ground and space-based observations of WASP-33 b (Figure 8.4) suggest extreme temperatures reaching 3800 K and a possible thermal inversion in the
atmosphere (Haynes et al., 2015; Nugroho et al., 2017). TiO or VO, which are
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strong absorbers at short wavelengths, could very efficiently capture high-energy
stellar photons at the top of the atmosphere and cause the inversion (Fortney et al.,
2008; Spiegel et al., 2009). In parallel, other observations have suggested the presence of TiO in Wasp-121 b (Evans et al., 2017) and Wasp-76 b (Tsiaras et al., 2018;
Edwards et al., 2020c).
Here this process is investigated by attempting to detect a TiO layer in the upper
atmosphere of a simulated planet resembling WASP-33 b. The input model includes
only two molecules: H2 O and TiO. The simulation consists of a constant mixing ratio of 10

4

for H2 O and an inverted temperature-pressure profile from 2800K to

3700K, which is inspired by Haynes et al. (2015). For the temperature-pressure
profile a 3-point model is used. These temperature variations allow to explore the
possibility of retrieving both thermal and chemical parametric profiles at the same
time, which would consist in a strong indication in favour of the above theory. Rocchetto et al. (2016) have shown that non-isothermal profiles could introduce a bias
in JWST observations. This is also expected to be true for Ariel and it is a side result
of this test. For the retrievals, the parameter space is explored with large uniform
priors. The temperature bounds are the same for all three retrieved points and cover
the a range 30 percent lower/higher than the input min/max temperatures (1960K 4690K). For a real observation, these priors would be informed by the knowledge
of the equilibrium temperature and the physics of the atmosphere. To simulate a
stratospheric TiO layer, the assumed abundances are XT (TiO) = 10
layer (down to PI = 10

4

bar) and XS (TiO) = 10

7

4

for the top

at the surface. The spectrum, as

well as the temperature and chemical profiles, are presented in Figure 8.5 while the
full posterior distribution is available in Figure 8.6.

These results demonstrate the possibility of accurately retrieving the vertical
distribution of the TiO layer. In particular, the TiO profile is well constrained between 10

6

bar and 10

3

bar as a result of the strong features between 0.4 µm and

1 µm. The shape of the thermal profile is also correctly retrieved, although with a
larger uncertainty at higher pressures as shown by the posterior distribution. The
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Figure 8.5: Outcome of the WASP-33 b retrieval simulations. Top: fitted spectrum; Middle:
retrieved temperature profile; Bottom: retrieved chemical profiles of H2 O and
TiO. The dashed lines correspond to the input values assumed in the forward
model while the solid lines indicate the retrieved profiles. For this run log(E) =
880.

retrievability of the thermal and chemical profiles at the same time indicates that
retrievals of future transit spectra should take these two effects into account. The
flexibility of the two-layer approach allows for the confirmation (or rejection) of
potential correlations between molecules/condensates and thermal inversions. This
is an important application of the two-layer approach.
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Figure 8.6: Posteriors distribution for the retrieval of WASP-33 b. The planet presents constant H2 O abundance and a TiO two-layer profile with a large abundance in the
upper atmosphere.
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A warm sub-Neptune inspired by GJ 1214 b

Figure 8.7: Artist impression of the exoplanet GJ-1214 b by Lélé.

Free parametrised chemistries could also be used for sub-Neptune planets and help
characterising the composition of hazes/clouds. GJ 1214 b (Figure 8.7) is a subNeptune with a relatively flat spectrum in the visible and near-infrared. Multiple
explanations for the lack of features have been proposed (Miller-Ricci Kempton
et al., 2012; Morley et al., 2013; Kreidberg et al., 2014):
• The planet could have an atmosphere heavier than hydrogen, such as a water
dominated atmosphere.
• The atmosphere could be hydrogen dominated with opaque, high altitude
clouds (e.g. KCl or ZnS).
• The planet could have hydrocarbon hazes in the upper atmosphere.
Here the third scenario is used as an example of physical processes that can
be probed using the two-layer chemistry. In this case, the photo-chemical hazes
could be similar to those found in the atmosphere of Saturn’s moon Titan. CH4 in
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the upper atmosphere is photolysed by radiation, creating hydrocarbon hazes that
are opaque in the near infrared. This scenario implies a significant CH4 abundance
at the surface of the atmosphere and a sharp decline in the upper atmosphere. For
the input forward model, a simplified chemistry could involve the four molecules:
H2 O, CH4 , CO2 and CO. Their abundances are inspired from the published models
by Miller-Ricci Kempton et al. (2012) in the case of solar abundance and Kzz = 106
cm2 s 1 . The profiles are then retrieved using two scenarios: A hybrid one with
two-layer chemistry for H2 O and CH4 and the one-layer for CO2 and CO; and a
fully one-layer chemistry with all 4 molecules retrieved using constant profiles. For
the hybrid case, the abundances of CO2 and CO are in fact too low to be retrieved
with a two-layer profile due to their lack of signals in the Ariel spectrum.
In the forward model, opacity from Mie scattering clouds is added using the
model from Lee et al. (2013), see also Section 4.1.3). The particle size Rclouds was
assumed to be 0.01 microns while cclouds was set to 10 6 . For this example, the
problem is simplified by assuming the hazes cover the entire atmospheric pressure
range. The parameter Q0 describes the type of clouds and is, in this example, fixed
to the value of 80 as it can be informed from theoretical models. The bounds of the
cloud parameters in the retrieval are chosen to cover a wide range of possibilities:
Rclouds varies between 0.003 - 1 µm and cclouds varies between 10

15

- 10 3 . As

with WASP-33 b, the temperature is informed using a 3-point thermal profile and
large temperature bounds for the retrieval (490K - 1690K). For these two cases, the
full posteriors are presented in Figure 8.9 and Figure 8.10. The fitted spectrum, the
chemical profiles and the temperature profile are presented in Figure 8.8.
From those runs, one finds that in the two-layer hybrid scenario, all input chemical parameters except the abundance of CO can be recovered. Due to the high
opacity, only weak constraints on the temperature parameters can be recovered at
high pressure (see large posteriors for Tsur f , T1 and the associated pressures). The
cloud parameters are retrieved within the expected values, while an expected strong
correlation between the clouds particle size and their abundances can be seen.
In the full one-layer scenario, the solution provides a surprisingly good fit to
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Figure 8.8: Results of the retrieval for a planet like GJ 1214 b. Left: 2-layer profile for
H2 O and CH4 , while CO2 and CO use constant profiles. Right: all molecules
are retrieved with constant (1-layer profile) chemistry. Top rows: fitted spectra,
middle rows: temperature profiles and bottom rows: chemical profiles of H2 O,
CH4 and CO2 and CO. For the temperature and the chemical profiles, the dotted
lines correspond to the input values. 2-layer run: log(E) = 736; 1-layer run:
log(E) = 691.
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the observation, while the retrieved abundances for H2 O and CH4 seem to average
the real profiles. However, it appears that the temperature profile exhibits large
variations, especially for pressures lower than 10

2

bar, where the true temperature

profile is outside the retrieved one-sigma temperature. The difficulty encountered by
the one-layer scenario in explaining the spectrum is also confirmed by the retrieved
posteriors in Figure 8.10 where, in particular, the temperature and pressure of point
2 are offset from the true values and are degenerate with the other parameters. The
radius is not as well retrieved as in the two-layer hybrid case. In practice, the onelayer solution would be unlikely to be accepted as a valid solution since the retrieved
temperature points tend to push towards values outside reasonable priors.
This result confirms that the isothermal assumption could lead to biases in
retrievals of JWST and Ariel (Rocchetto et al., 2016). Additionally, the mixing
ratio of around 10

10

of H2 O in the upper atmosphere is too low to be captured by

observations given the large haze opacity assumed. For this planet, the detection
limit of H2 O at this altitude is around 10 5 , correctly interpreted by the large error
bars. Also for this example, by using a 2-layer retrieval, correlations in the chemical
profiles and detection of cloud layers in transit spectra could inform us about the
nature of hazes and clouds.

8.1.5 Discussion
8.1.5.1 A physically motivated reason to consider non-constant vertical chemical profiles
The previous sections show that simulated atmospheres presenting variations of
chemical abundances with altitude would induce spectral features that need to be
properly accounted for in retrievals to avoid incorrect conclusions. However, regarding the two-layer parametrisation, one could ask whether such a family of
chemical profiles can be found in exoplanetary atmospheres. Through the examples of WASP-33 b and GJ 1214 b, it was already highlighted that chemical profiles with vertical discontinuities could be important in irradiated atmosphere and if
clouds/hazes are present in the atmosphere.
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Figure 8.9: Posteriors distribution for the retrieval of GJ 1214 b with hydrocarbon hazes.
The planet is retrieved using 2-layer for H2 O and CH4 . Hydrocarbon hazes are
added in the atmosphere to simulate the irradiation of CH4 .

Additionally, chemical simulations by Venot et al. (2012) suggest at least two
typical behaviours for chemical profiles in exoplanetary atmospheres similar to
HD 209458b. Some molecules of interest, such as H2 O, are predicted to have a constant mixing ratios as a function of pressure. Others, like NH3 or CH4 , are expected
to vary with pressure. In the deep atmosphere (generally pressures higher than 1
bar / 105 Pa) chemical reactions are close to their thermochemical equilibrium values. In the higher part of the atmosphere (⇠ 10

4

bar / 10 Pa) photo-chemistry and

disequilibrium processes may modify the overall mix by dissociation and creation
of atomic species and new molecules. Moses et al. (2013) investigated the com-
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Figure 8.10: Posteriors distribution for the retrieval of GJ 1214 b with hydrocarbon hazes.
The planet is retrieved using constant chemistry for all molecules.

position of Hot Neptunes like GJ 436 b with a wide range of metallicities and the
resulting chemical profiles demonstrated complex behaviours. This highlights the
need for adapted retrieval techniques. These disequilibrium processes are expected
to be more prominent and important in colder atmospheres (Tinetti et al., 2018).
Future space instruments should be able to probe roughly between 1 bar and
10

5

bar, depending on the composition and temperature of the atmosphere, allow-

ing to constrain chemical models with direct observations. This particular point is
showcased in Figure 8.11, where the plots illustrate the contribution functions and
their wavelength dependencies for planets similar to HD 209458 b, WASP-33 b and
GJ 1214 b.
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Figure 8.11: Opacity contribution functions for: Top: a Hot-Jupiter (e.g. HD 209458 b);
Middle: an Ultra Hot-Jupiter (e.g. WASP-33 b); Bottom: a Sub-Neptune (e.g.
GJ 1214 b). In each plot, the left panel shows the contribution function as
function of wavelength (horizontal axis) and the pressure (vertical axis). The
right panel is the same function averaged over all wavelengths. For a Hot
Jupiter like HD 209458 b, the pressures probed range from 1 bar to 10 4 bar.
For an Ultra-Hot Jupiter of the type WASP-33 b, the contribution ranges from
10 1 bar to 10 7 bar. For a Mini-Neptune planet like GJ 1214 b, the contribution function spans the pressures from 10 1 bar to 10 6 bar.

8.1.5.2

Should the 2-layer model be always used?

The increase in complexity in retrievals must be done with care. In some cases,
the introduction of additional degrees of freedom comes at the expense of model
convergence, i.e: the flexibility of the retrieval should depend on the quality of the
input data. These issues open up the question of model selection. Indeed, should
one prefer models with increased flexibility at the risk of increasing model degeneracies and over-fitting, or should simpler models returning only “acceptable” fits
be preferred?

346

Chapter 8. Degeneracies in retrievals with next generation data
In the two-layer case, this issue can be illustrated by the retrieval of a con-

stant input. In Figure 8.12 a constant chemical profile at 10

5

is used as input and

retrieved using the two-layer method. The retrieval of the pressure point, here, introduces a complete degeneracy since this point is non-existent in a constant profile.
The point is therefore not well constrained and the retrieved abundances become
more difficult to interpret. The posteriors are compatible with a bi-modal solution
peaked at pressures where observations are no longer sensitive.
This example highlights the circumstances under which the model used in the
retrieval is too complex. The issue can simply be solved by fixing the Retrieved
Pressure to an arbitrary value (reduction of the model complexity), illustrating that
if/when the 2-layer model is too complex for the data, one needs to decrease the
number of free parameters and revert back to a simpler chemical parameterisation.
This can clearly be seen from the posterior distribution (namely the pressure point
divergence).

8.2

The impact of mass uncertainties

To prepare for next generation missions (Ariel and JWST), significant resources
will be allocated to acquire/refine basic planetary, orbital and stellar parameters (see
Section 7.2). To maximise the efficiency of this community effort, it is important to
prioritise follow-up activities where these are particularly needed. While for most
planets considered for transit spectroscopy, the mass is already constrained from
radial velocity observations, it is important to evaluate whether these measurements
are precise enough for atmospheric characterisation. In the case of low gravity
exoplanets, current masses may have large uncertainties and it is therefore foreseen
that refinements from radial velocity (López-Morales et al., 2016) or Transit Timing
Variation techniques (Borsato et al., 2019) will have to be made in preparation for
JWST and Ariel.
Current transit spectroscopic data do not have sufficient wavelength coverage
and/or signal to noise to infer the planetary mass (Line et al., 2012), therefore spec-
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Figure 8.12: Posterior distribution for the retrieval of a constant H2 O input profile using the
2-layer model with the Retrieved Pressure Point activated. The model cannot
converge as multiple solutions for this point exist. This solution indicates that
the number of free parameters is too high and one needs to revert to a simpler
retrieval.

tral retrieval models include this key parameter as a prior estimated through external
methods, such as radial velocity or Transit Timing Variation techniques. This limitation will no longer apply to future space missions and observatories (JWST, Ariel,
Twinkle) designed to provide spectroscopic observations over a broader wavelength
range, higher spectral resolution and signal to noise. de Wit and Seager (2013)
showed that for atmospheres dominated by a single species, the mass could be retrieved from transit spectra only. de Wit and Seager (2013) also stressed the importance of Rayleigh scattering and collision induced absorption, which are particularly valuable to constrain masses from retrievals. However, in their examples, they
only considered atmospheres dominated by a single species. Batalha et al. (2017)
highlighted the degeneracy between mean molecular weight and main atmospheric
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components for planets with a secondary atmosphere – i.e. an atmosphere that has
evolved from a pure H/He composition. However, they restricted their analysis to
the comparison of forward models for the specific case of a H2 /H2 O atmosphere.
As this topic remains poorly studied in the literature, a more comprehensive
investigation is required to determine whether the planetary mass can be directly
retrieved from transit spectra and, more generally, a quantification of the impact of
mass uncertainties on spectral retrieval analyses is of great importance for future
missions (Changeat et al., 2020e). In the first place, the problem can be approached
by analytical methods, allowing to understand and predict the degeneracies. Then a
large range of atmospheric scenarios are explored using a fully Bayesian retrieval.
This allows to better quantify the propagation of the mass uncertainty onto other
atmospheric parameters.

8.2.1 Analytical derivation and interpretation
This section investigates analytically the impact of the planetary mass to the wavelength dependent transit depth, Catm . Here, the goal is to use simple approximations to extract the influence of each atmospheric/planetary parameter to the transit
depth. The taken approach follows the principles developed in Brown (2001); Fortney (2005); Tinetti et al. (2007a); de Wit and Seager (2013); Heng et al. (2015).
As described in Figure 8.13, the wavelength-dependent contribution of the atmosphere Catm starts at R0 , which gives:
Catm (l ) = 2p

Z •
R0

r(1

e

t(r,l )

)dr,

(8.1)

where t(r, l ) is the optical depth.
The optical depth represents the atmospheric absorption at a given altitude integrated along the line of sight and noting ri the number density of the ith species:
t(r, l ) = 2

Z xf
0

Â ri(r0)si(r0, l )dx,

(8.2)

i

where as previously defined, si is the cross section of the ith species. x f is the
maximum distance in the atmospheric layer along the line of sight.
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Figure 8.13: Illustration of the transmission of the stellar radiation through an exoplanet
atmosphere during a transit event. R0 is the radius at which when the planet
becomes fully opaque in absence of clouds. For a given point in the atmosphere, z is the altitude normal to the sun-observer connecting line and x is the
projected distance from that normal to the point. r0 is the distance from the
point to the planetary centre. In addition, r and z0 are defined as r = R0 + z
and z0 = r0 r.

Assuming the atmosphere is isothermal and in hydrostatic equilibrium, one can
write the the number density as:
ri (r0 ) = ri (R0 )e

r 0 R0
H

= ri (R0 )e

z+z0
H

,

(8.3)

with the scale height H defined as:
H=

kb T (R0 + z)2
.
µM p G

(8.4)

Remember that, kb is the Boltzmann constant, T the temperature, µ the mean molecular weight and G the gravitational constant.
Reproducing the derivation in Section 3.2.1 using Pythagoras’ theorem and
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neglecting second order terms of z0 :
(R0 + z)2 + x2 = (R0 + z + z0 )2 ,
z0 =

(8.5)

x2
,
2(R0 + z)

(8.6)

t can be re-written as:
t(z, l ) = 2

Z xf
0

z
H

Â ri(R0)e

x2
2(R0 +z)H

e

i

si (P, T, l )dx.

(8.7)

and finally, the contribution of the entire atmosphere can be estimated as:
Catm (l ) = 2p

Z •
R0

(R0 +z) 1

exp

"

2

Z xf
0

Â ri(R0)e
i

z
H

e

x2
2(R0 +z)H

si (P, T, l )dx

#!

(8.8)

The planetary mass appears only in the exponent, influencing solely the optical
depth t. Here, the cross sections si are following the same assumptions made
in the retrieval analysis (Waldmann et al., 2015b,a; Irwin et al., 2008; Line et al.,
2013; Ormel and Min, 2019; Harrington, 2016; Mollière et al., 2019; Kitzmann
et al., 2019; Lavie et al., 2017; MacDonald and Madhusudhan, 2017; Madhusudhan
and Seager, 2009; Gandhi and Madhusudhan, 2018; Benneke, 2015; Zhang et al.,
2019; Cubillos, 2018; Al-Refaie et al., 2020b). The variable si depends only on
temperature and pressure: si (r0 , l ) = si (P(r0 ), T (r0 ), l ). Considering si (P, T, l ),
their values are approximated by using a linear interpolation with respect to P and T .
The temperature of the planet is taken to be isothermal and is not expected to change
dramatically with variation of the mass. Therefore, the atmospheric temperature can
be interpolated between two known values from cross-section tables (for example:
ExoMol, ExoTransmit Kempton et al. (2017), HITEMP or HITRAN). The pressure,
however, needs to be integrated along the line of sight and is therefore expected to
span a large range: one can then use a list of values labeled p j and interpolate si

dz.
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between two of these values. For si :
si (T ) = si (T1 ) +

si (P) = si (Pj ) +

si (T2 )
T2

si (Pj+1 )
Pj+1

si (T1 )
(T
T1

T1 ),

si (Pj )
(P
Pj

(8.9)

Pj ),

(8.10)

where T1 , T2 , Pj and Pj+1 are fixed temperatures and pressures. Since the pressure
differences across the x axis are large –larger than the interpolation intervals–, it is
a sum over intervals (x j , x j+1 ) of known pressures (Pj , Pj+1 ). One can define:
Ki j (T ) =

si (Pj+1 , T, l )
Pj+1

si (Pj , T, l )
,
Pj

(8.11)

x

and estimate s |x j+1
in the interval (x j , x j+1 ):
j
x

si (P, T, l )|x j+1
= si (Pj , l ) + Ki j (T, l )(P
j

Pj )

(8.12)

Including Equation 8.12 in the expression of t, one gets:
t(z, l ) = Â
j

Z x j+1
xj

z
H

Â ri(R0)e

e

x2
2(R0 +z)H

i

(si (p j , T, l ) Ki j (T, l )Pj +Ki j (T, l )P)dx.
(8.13)

Knowing that the atmospheric pressure as a function of x, z is P = P0 e

z
H

e

x2
2(R0 +z)H

,

it is now possible calculate the integral:
Z x j+1
xj

e

x2
L


1p
x
=
pL erf( p )
2
L

x j+1

,

(8.14)

xj

where L is a normalization constant. Concerning the integration boundaries, one
note that x j = x(p j ), which translates into:
xj =

s

 ✓ ◆
Pj
z
2(R0 + z)H ln
+
P0
H

(8.15)
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Then, defining for convenience:
I j (z) = erf

s

!
✓
◆
Pj+1
z
(ln
+ )
P0
H

erf

✓r

◆
Pj
z
(ln( ) + ) ,
P0
H

(8.16)

!
✓ ◆
Pj
z
2(ln
+ ) ,
P0
H

(8.17)

and:
I 0j (z) = erf

✓r

◆
Pj+1
z
2(ln(
)+ )
P0
H

erf

s

the integrals are:
Z x j+1
xj

and:

e

Z x j+1
xj

e

x2
2(R0 +z)H

=

1p
2p(R0 + z)HI j (z),
2

x2
(R0 +z)H

=

1p
p(R0 + z)HI 0j (z),
2

This result leads to:
t(z, l ) = Â Â ri (R0 )e
j

z
H

i

⇣
p
p(R0 + z)H (si (Pj , T )

(8.18)

(8.19)

p
Ki j Pj ) 2I j + Ki j e

z
H

P0 I 0j

⌘

(8.20)

Now the temperature dependence of s can be added in the same way. Here the atmosphere is assumed isothermal, the temperature is constrained inside the reference
s (T2 ) and s (T1 ). This leads to:
t(z, l ) = Â Â ri (R0 )e
⇥

⇣p

j

i

z
H

p
p(R0 + z)H

p
2I j si (Pj , T1 ) + KiTj 2I j (T

T1 ) + (Kipj + KiXj (T

T1 ))(P0 I 0j e

z
H

p

⌘
2I j Pj ) ,
(8.21)

where the coefficients Kipj , KiTj and KiXj are only wavelength dependent and can be
calculated from tables:
Kipj =

si (Pj+1 , T1 )
Pj+1

si (Pj , T1 )
,
Pj

(8.22)
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1

1

Pj+1

Pj T2

si (Pj , T2 )
T2

si (Pj+1 , T2 )

T1
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si (Pj , T1 )
,
T1

si (Pj+1 , T1 )

(8.23)
si (Pj , T2 ) + si (Pj , T1 ) ,
(8.24)

Replacing:
H=

kb T (R0 + z)2
,
µM p G

(8.25)

By considering the cross sections constant with pressure and temperature, Pj+1 = 0
and Pj = P0 e

z
H

the equations for I j = 1 and t are simplified, finally leading to:
t = Â n0i si (p0 , T0 )e

z
H

i

p
2p(R0 + z)H.

(8.26)

The contribution of grey clouds can be investigated by separating the atmospheric terms below and above clouds in equation 8.1. This gives:

pR p (l )2 = Csur f +Cclouds +Catm (l )
= 2p

Z R0
0

rdr + 2p

Z zc
0

(R0 + z)dz + 2p

Z •
zc

(R0 + z)(1

e

t(z,l )

)dz,
(8.27)

where t(z, l ) is given in equation 8.21 and:
zc = H ln(

Pc
),
Ps

(8.28)

Pc is the cloud top pressure and Ps the pressure at the reference radius R0 (10 bar in
this paper).
The derived equations can be used to predict the degeneracies expected in retrieval simulations. Similar equations and degeneracies have been studied in previous works (Brown, 2001; de Wit and Seager, 2013; Griffith, 2014; Fortney, 2005;
Rocchetto et al., 2016; Line and Parmentier, 2016; Batalha et al., 2017; Heng and
Kitzmann, 2017; Fisher and Heng, 2018; Welbanks and Madhusudhan, 2019). In
general, the mass is expected to be well retrieved as its contribution to the tran-
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sit depth calculation is uniquely constrained by the atmospheric scale height. The
mass appears only in the scale height definition, while the other parameters are
constrained from other individual contributions to the opacity.
• R0 is the radius at which a clear-sky atmosphere becomes opaque at all wavelengths. In the case of a cloudy atmosphere (Grey clouds), degeneracies may
exist as R0 cannot be detected accurately below the cloud deck.
• For gaseous planets, µ is usually equal to roughly ⇠ 2.3, defined by the ratio
H2 /He only. In secondary atmospheres, a wider range of main atmospheric
components may exist and therefore µ is degenerate with M p in Equation
8.27.
• The temperature has a similar role to the mass in the definition of the scale
height (i.e: when an increase of the mass translates into a contraction of the
atmosphere, a decrease of the temperature essentially plays the same role).
However, the temperature is expected to change with altitude. Also, the temperature dependence of the cross sections could allow the temperature contribution to be distinguishable from the mass contribution if the observations are
good enough and depending on the considered species and the atmospheric
conditions.
• The trace gases’ number densities, n0i may change with altitude but otherwise
are independent from the other parameters, including the mass.

8.2.2 Complementary retrievals of gaseous planets
In order to provide more quantitative results, the analytical findings are complemented with a number of relevant examples from retrieval simulations. The same
investigation technique, described in Section 6.1.4, is used: TauREx generates a
high-resolution spectrum that is convolved with the Ariel noise simulator ArielRad.
Then the simulated observation is taken as input for the retrieval analysis. For each
case considered two retrievals are performed: in the first case, the planetary mass
is assumed to be known; in the second, it is retrieved as a free parameter. The
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latter allows to investigate whether the mass can be reliably estimated from transit
spectra and assess the impact of mass uncertainties onto the retrieval of other atmospheric properties, such as the concentration of the trace gases, the temperature
and cloud pressure. Except when investigating the mass issue with respect to the
signal-to-noise ratio, observations are simulated at Tier-2 quality.
The first set of retrievals focus on primary atmospheres, i.e. composed mainly
of H2 , He. The simulated hot-Jupiter is based on HD 209458 b and its parent star:
the stellar and planetary parameters have been taken from (Stassun et al., 2017).
For trace gases, H2 O, CH4 and CO are included, with mixing ratios 10 5 , 5 ⇥ 10
and 10

4

6

respectively (e.g. Tsiaras et al. (2018)). The first case simulates a clear

atmosphere. Then, clouds are added to investigate the behaviour of the retrievals
when clouds are present by varying the pressure of the cloud deck.
Clear atmosphere: the fitted spectra and posteriors for both retrievals (‘mass
known’ and ‘mass retrieved’) in the case of a clear atmosphere are shown in Figure
8.14. Here the predictions of the analytic derivation hold: molecular abundances
and other parameters exhibit the same posterior distributions, showing that in this
case the knowledge of the mass does not impact the results. The 1-sigma mass
uncertainty corresponds to about 7% of its value. This uncertainty is propagated
to the temperature posteriors, which are slightly larger when the mass is retrieved.
However, the temperature is still very well constrained.
Overcast atmosphere: clouds are modelled by including a completely opaque
cloud deck, where the cloud is optically thick below the cloud-top pressure. This
choice represents the worst case scenario due to the maximum degeneracy with R0 ,
as seen in Equation 8.27. In addition to this issue, it is important to remind that
the observing time is fixed (Tier-2 level for the considered planet) and optimised
for the clear sky case, for the high altitude clouds the signal to noise ratio decrease
noticeably. Five cases are considered in this analysis:
1. Clear sky case, see Figure 8.14.
2. Opaque cloud case at 10

1

bar
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Figure 8.14: Spectra (left) and posteriors distribution (right) for a hot-Jupiter with a clearsky atmosphere. Orange plots: the mass is known. Green plots: the mass is
retrieved. The blue crosses indicate either the simulated Ariel observations
(left plot) or the ground truth values (right plot).

3. Opaque cloud case at 10

2

bar

4. Opaque cloud case at 5 ⇥ 10
5. Opaque cloud case at 10

3

2

bar

bar

In Figure 8.15 the comparison between the known/retrieved mass cases is shown
as a function of cloud pressure. Some discrepancies appear only in the retrieval
of the radius when the cloud pressure gets closer to 10

3

bar. For all the other

atmospheric parameters, the knowledge of the mass does not impact the retrieved
values nor the uncertainties. While the uncertainty of the retrieved values increases
when the cloud pressure decreases, as expected, one does not observe a difference
between the known and retrieved mass cases. The retrieved trace-gas abundances
and temperature are within 1-sigma of the true value.
Focusing on the retrieval of the mass, the results of the normalised retrieved
mass for each of the five cases are shown in Figure 8.16. The mass is well retrieved
for all cases with clouds at low altitudes, while the retrieved mass becomes less
accurate when the cloud pressure is lower than 10

2

bar. At the same time, the

1-sigma spread around the retrieved value also increases with the cloud altitude.
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Figure 8.15: Comparison between the known/retrieved mass cases as a function of cloud
pressure. The clear-sky case is rendered by placing the cloud deck at 10 bar.

Figure 8.16: Normalised retrieved mass in the case of a gaseous planet as a function of
cloud pressure. The green curve is the retrieved mass with its 1-sigma uncertainty. The blue line is the real value. The clear case is represented by
a cloud deck at 10 bar. The retrieved mass is not affected by low altitude
clouds (Pclouds ⇡ 0.1 bar), while for high altitude completely opaque clouds,
the retrieved mass starts to diverge from its true value (60 % for Pclouds = 10 3
bar).

The inaccuracy of the retrieved mass for high altitude, opaque clouds appears to be
correlated with the inaccuracy of the retrieved radius, as shown in Figure 8.15. To
investigate further this important point, a specific example of gas-giant planet with
high altitude, opaque clouds is discussed in more details.
Figure 8.17 illustrates an example where the cloud deck is located at 10

3

bar:

the ‘known’ and ‘retrieved’ mass scenarios are compared. As expected from Figure
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Figure 8.17: Spectra (left) and posteriors distribution (right) for a hot-Jupiter with a cloudy
atmosphere (opaque cloud deck at 10 3 bar). Orange plots: the mass is
known. Green plots: the mass is retrieved. The blue crosses indicate either the
simulated Ariel observations (left plot) or the ground truth values (right plot).

8.15, in this example the retrieved radius R0 is no longer accurate and the mass is
no longer centred around its true value and has large uncertainties. More specifically, the retrieval shows a bias in selecting a larger radius R0 to fit the spectrum. To
compensate this bias, the mass retrieved is centred around a larger value, i.e. 1.14
MJ , compared to the true value, which is 0.88 MJ . The retrieval degeneracy between planetary mass, planetary radius and cloud top pressure is illustrated further
by showing forward models for different cases in Figure 8.18. Note that only small
variations in the radius –less than 3% – are necessary to compensate for large mass
offsets of ⇠ 60%. To mitigate this issue, the target could be observed for longer
time to increase the signal to noise ratio, therefore reducing the level of degenera-

cies among these three parameters. Again as expected from Figure 8.15, there are
no significant differences in the other retrieved atmospheric parameters when the
mass is known/unknown, which is reassuring for a mission or observing campaign
dedicated to probe the atmospheric composition/thermal structure.

8.2.3 Retrieval on secondary atmosphere planets
In this section, a secondary atmospheres consisting of elements heavier than H/He
is considered. The super-Earth simulated here is taken from the Ariel Target list
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Figure 8.18: Comparison of different forward models based on the cloudy case with cloud
top pressure at 10 3 bar. Black: True model. Purple: True model where only
the mass is changed to Mp = 0.9MJ . Green: True model where the mass is
changed to the retrieved mean value. Orange: True model where the mass
and the radius are changed to the retrieved value. Red: True model where the
mass, the radius and the cloud pressure are changed to the retrieved value

Parameters Hot Jupiter Super Earth
Rs (Rsun )
1.19
0.3
Ts (K)
6091
3671
Ms (Msun )
1.23
0.4
Distance(pc)
48
2.6
R p (RJ )
1.39
0.2
M p (MJ )
0.73
0.01
Tp (K)
1450
450
Table 8.1: Parameters used for the simulated hot-Jupiter and super-Earth planets.

(Edwards et al., 2019b). The parameters used in this model are reported in Table
8.1. The inactive gas N2 is commonly used to increase the mean molecular weight µ
of the atmosphere by unknown compounds, simulating a host of heavy atmospheres
around a rocky planet. In this example, the atmosphere contains H2 O and CH4 as
trace gases: their absolute abundances are fixed at respectively 10

4

and 6 ⇥ 10 4 .

The rest of the atmosphere is filled with a combination of H2 , He and N2 . Varying
the N2 /He ratio essentially allows to control the value of the mean molecular weight.
The main gases H2 , He and N2 are deliberately selected , so that the retrievals
will not be guided by any spectral features of these molecules. This choice repre-
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sents the worst case scenario to assess the degeneracy between the mass and the
mean molecular weight. Atmospheres dominated by species such as H2 O/CO2 /etc,
would have traceable molecular features and would therefore represent a more
favourable scenario for the inverse models. In this section, the four following cases
are considered:
• µ = 2.3 (N2 /He = 0)
• µ = 5.2 (N2 /He = 1)
• µ = 7.6 (N2 /He = 2)
• µ = 11.1 (N2 /He = 4)
Figure 8.19 shows the normalised mass retrieved as a function of the mean
molecular weight µ.

Figure 8.19: Normalised retrieved mass (Mretrieved in green) for planets with a secondary
atmosphere as a function of the mean molecular weight. The blue line represents the real value.

At small µ, the atmosphere is dominated by a single gas species: H2 . This case
has already been considered in the previous section. The degeneracy mass/mean
molecular weight becomes more important for increasing µ (see Figure 8.19). For
µ

9, the mass is not correctly retrieved due to the degeneracy predicted in the

analytical section. The case µ = 11.1, i.e. N2 /He = 4, is detailed in Figure 8.20,
which clearly illustrates the discrepancy between the ground-truth and the retrieved
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Figure 8.20: Ariel simulated spectra (left) and posteriors distribution (right) for a cloudfree atmosphere with µ = 11.1 (i.e. N2 /He = 4). Orange plots: the mass is
known. Green plots: the mass is retrieved. Blue crosses: simulated Ariel
observations obtained in one transit (left plot) and true values in the posterior
distributions (right plots).

µ and planetary mass. It is important to note that the space of possible solutions for
the retrieved mass in the case of secondary atmospheres is not centred around the
true value. These results match the conclusions reached by Batalha et al. (2017):
by analysing different cases of heavy atmospheres, they found they could reproduce
the same spectra with different sets of parameters. On top of this, the simulations
presented here also show that the trace gases, the temperature and the planetary
radius are accurately retrieved with the same posteriors for both the known and
retrieved mass cases.
Figure 8.21 highlights a comparison of the retrieved parameters as a function of
the mean molecular weight. This shows that the temperature, the trace gases and the
radius have similar uncertainties when the mass is known and retrieved for different
values of µ. The retrieved µ is degenerate with the mass and tends to be larger
than the true value, hence the complementary smaller retrieved mass in Figure 8.19:
the mean molecular weight and the mass are inversely correlated in these retrievals.
Additionally, for all cases, the retrieved µ presents larger uncertainties when the
mass is retrieved at the same time.
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Figure 8.21: Impact of the mass on the retrieval of the radius, temperature, mean molecular
weight and trace-gas abundances for different scenarios of heavy atmospheres
represented by increasing values of µ. The simulated Ariel observations are
obtained in one transit

8.2.4 Importance of the signal to noise and wavelength coverage
of the transit spectrum to retrieve the mass
The larger µ is, the smaller is the spectral signal, and therefore it is important to
guarantee an adequate S/N when heavy atmospheres are observed. The same is also
true for the case of high altitude clouds, where the atmospheric signal is reduced.
Figure 8.22 shows an example of secondary atmosphere with large amount of N2
(µ = 27.8): the normalised retrieved mass error is plotted as function of the S/N,
showing the decrease of mass uncertainties with higher S/N.
An adequate wavelength coverage is also very important to retrieve reliably
the mass. To illustrate this point, the extreme case of real Hubble observations can
be investigated: The spectrum from HD 209458 b (Tsiaras et al. (2018)) is retrieved
when the mass is assumed from the literature and retrieved with uniform priors.
The best fitted spectra and posterior distributions for both cases are presented in
Figure 8.23.
Similarly to the high-altitude cloud case presented before, the retrieved trace
gas abundances and temperature, while not being very precise, are not affected by
the mass uncertainties. The main differences appear in the retrieved radius and
cloud top pressure. The retrieved mass is not accurate: 1.98 MJ instead of 0.73
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Figure 8.22: Normalised retrieved mass (Mretrieved in Green) for a N2 -rich heavy atmosphere case (µ = 27.8) as a function of S/N. Blue line: real value.

Figure 8.23: Hubble transit spectra (left) and posteriors distribution (right) for
HD 209458 b (Tsiaras et al. (2018)). Orange plots: the mass is known. Green
plots: the mass is retrieved. Blue crosses: Hubble observations.
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MJ in the literature. The difference is significant (170%) and demonstrates that a
broad wavelength coverage and an adequate S/N is necessary to estimate correctly
the mass through transit spectroscopy. However, even in the case of current data,
mass uncertainties does not seem to affect trace gases and temperature.

8.2.5 Cloudy secondary atmospheres
Finally, a more complicated case of cloudy secondary atmospheres is investigated.
In this case, the mass is expected to be degenerate with both the mean molecular
weight (see Figure 8.20) and the cloud top pressure (see Figure 8.17 and 8.18). In
Figure 8.24, the simulated spectra and posteriors for two different mean molecular
weights are shown: µ = 11.1 and µ = 7.6 (corresponding N2 /He ratios of 4 and 2);
opaque clouds are added at 10

2

bar.

In the case µ = 7.6, the atmosphere is lighter and presents a better signal.
Here prior knowledge of the mass allows to break the degeneracy and retrieve the
appropriate N2 /He, as well as the cloud pressure. Without prior information about
the mass, the model retrieves the trace gas abundances and the temperature with
equal accuracy/precision but it is not able to constrain the mean molecular weight.
In the case of µ = 11.1, the retrieval does not properly constrain the N2 /He ratio
and provides a wrong lower limit on its value, leading to a biased estimate of the
mean molecular weight µ. Here, additional observations are needed to increase the
S/N and to constrain the mean molecular weight.
From these examples, one deduces that the degeneracy with the mean molecular weight is more serious than the degeneracy with clouds, especially as the grey
cloud assumption adopted here is pessimistic. Other more realistic cloud models
(Lee et al. (2013) or Madhusudhan and Seager (2009)) would be more transparent
at least in some spectral windows, so that information from the deeper atmosphere
could be captured.
In the context of large scale surveys (Ariel) and dedicated studies (JWST)
of exoplanetary atmospheres, these results indicate that constraining the planetary
mass for secondary atmospheres is important to ensure that the information content of the spectra is fully exploited. Current mass estimates found in exoplanet
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Figure 8.24: Ariel simulated spectra (left) and posteriors distribution (right) for a planet
with a cloudy secondary atmosphere. The top cloud pressure is 10 2 bar. Top:
µ = 11.1, bottom: µ = 7.6. Orange plots: the mass is known. Green plots:
the mass is retrieved. Blue crosses: simulated Ariel observations obtained in
one transit (left) and ground truth values (right).
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databases, which are mainly coming from radial velocity follow-up confirmations,
have typical error bars of the order of 10%. Such small uncertainties guarantee an
excellent prior knowledge for the mass in retrieval simulations, even for overcast
planets. Planets smaller than Neptune have larger mass errors, often larger than
50%. This uncertainty may contribute to the degeneracy in retrieving the mean
molecular weight of the atmosphere, especially when clouds are present. Radial velocity campaigns should therefore prioritise the mass characterisation of low-gravity
planets as in the other cases, transit spectroscopy retrievals appear to be sufficiently
robust to mass uncertainties.

Chapter 9

General Conclusions
The study of exoplanets is at a turning point. In the next decade, the field will
entirely shift from discovery to characterisation, with the launch of dedicated atmospheric missions such as Ariel and specialised telescopes such as JWST and Twinkle. This transition will not be easy as current techniques to analyse atmospheric
data, mainly developed in the era of HST and Spitzer, will have to be adapted and
improved to cope with the increased density of information content and the more
complex phenomena the observations will capture.
Presented in this thesis are modern techniques to analyse exoplanetary atmospheres. These were integrated into the new Bayesian retrieval framework TauREx 3, which provides retrieval capabilities for transit, eclipse and phase-curve observations. In particular, the semi-analytical phase-curve model presented in this
thesis enables the first unified analyses of these more complex datasets, proving
their undeniable potential in completing our picture of the physical, chemical and
dynamical processes in exoplanetary atmospheres. TauREx 3 being extremely flexible in its structure, complementary observing strategies will be added to analyse
data from direct imaging, phase-curves of non-transiting exoplanets, high dispersion spectroscopy and even solar system applications.
Here, the framework was used to extract the information content from current exoplanet atmospheric observations, taken mainly with the HST and Spitzer.
These analyses highlighted the limitations of current datasets in answering the primary questions in the field and provided practical examples of retrieval studies com-
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mon issues. For example, the analysis of KELT-11 b and WASP-43 b demonstrated
model dependent behaviour, where multiple models equally fit the same dataset but
provide very different physical interpretations. The transit and eclipse of WASP76 b were used to illustrate the importance of understanding the planet’s stellar
environment. In this case, previous retrieval studies of the planet were biased by
an unresolved stellar companion, which was corrected in this work. Additionally,
the exoplanets KELT-7 b and WASP-96 b were used to investigate the impact of
combining observations taken by different instruments and during different epochs,
showing that systematic biases are to be expected. WASP-43 b phase-curve data
was also used to show that current observations are already sensitive to the 3D nature of exoplanets, such as hot-spot offsets or terminator day/night and East/West
inhomogeneities.
While those challenges are explored in this thesis, the field of exoplanet atmospheric data analysis is only just beginning. Many new challenges and opportunities
will arise with the next generation of space telescopes coming online. In the first
place, the revolution in data quality - increased wavelength coverage, resolution
and signal-to-noise - will allow for the observation of atmospheres from much more
challenging targets such as transitional exoplanets and allow for the recovery of
finer physical and chemical processes. Current atmospheric models and retrieval
techniques must evolve to meet these new requirements, which will for example
motivate the development of more detailed phase-curve models. Interesting new
findings, highlighted in this thesis, are the importance of precise mass estimates for
small size planets and the danger associated with simplified assumptions on chemical profiles when analysing next-generation exoplanet data. Other degeneracies
are expected. For example, the 3D effects studied in this thesis are currently not
accounted for in transit and eclipse spectroscopy studies. These effects cannot be
easily disentangled in today’s observations but are thought to lead to large biases
in the retrieved atmospheric properties. Quantification of the impact of these biases
and elaboration of new methods to take them into account will be crucial to increase
our understanding of these worlds, especially in the context of JWST and Ariel.
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In addition to the data quality, the increase in data quantity, brought by the
dedicated Ariel telescope, will move the field from the study of individual targets
to the study of samples of atmospheres. In this context, Alfnoor is a new tool to
study atmospheric populations of exoplanets. While the consistent analysis of such
datasets presents challenges, this will truly open a golden era and connect atmospheric chemistry with planetary interiors, planetary formation and evolution, and
even the stellar and galactic environment. Establishing these links is of paramount
importance in finally building a coherent understanding of our solar system’s history and the demographics of exoplanets. In the years before Ariel, a particular
attention must be paid to simulating various exoplanet populations, with Alfnoor
for example, in order to obtain the optimal selection of targets that will yield the
best scientific outcomes.
By meeting all those challenges and scaling up atmospheric analyses to entire
exoplanet populations, some of the most fundamental questions such as “what are
exoplanets made of?”, “what is the nature of transitional worlds” or “what are the
dominant planetary formation processes” will finally have answers.

Note: The exoplanet artist impressions used in this thesis were made by Léa
Changeat for the illustration book ‘Aspects of exoplanets’.
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Schlieder, J. E., Sasselov, D., Roy, A., Robertson, P., Rice, K., Poretti, E., Piotto, G., Phillips, D., Pepper, J., Pepe, F., Molinari, E., Mocnik, T., Micela, G.,
Mayor, M., Matson, R. A., Fiorenzano, A. F. M., Mallia, F., Lubin, J., Lovis,
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Smalley, B., Smith, A. M. S., Southworth, J., Triaud, A. H. M. J., Udry, S., and
West, R. G. (2014). Transiting hot Jupiters from WASP-South, Euler and TRAPPIST: WASP-95b to WASP-101b. Monthly Notices of the Royal Astronomical
Society, 440(3):1982–1992.
Hellier, C., Anderson, D. R., Collier Cameron, A., Delrez, L., Gillon, M., Jehin, E.,
Lendl, M., Maxted, P. F. L., Pepe, F., Pollacco, D., Queloz, D., Ségransan, D.,
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Lee, J. W., and Lee, C. U. (2016). Departure from the constant-period ephemeris
for the transiting exoplanet WASP-12. Astronomy and Astrophysics, 588:L6.
Macintosh, B., Graham, J. R., Barman, T., De Rosa, R. J., Konopacky, Q., Marley,
M. S., Marois, C., Nielsen, E. L., Pueyo, L., Rajan, A., and et al. (2015). Discovery and spectroscopy of the young jovian planet 51 eri b with the gemini planet
imager. Science, 350(6256):64–67.
Madhusudhan, N. (2019). Exoplanetary atmospheres: Key insights, challenges, and
prospects. Annual Review of Astronomy and Astrophysics, 57(1):617–663.

414

BIBLIOGRAPHY

Madhusudhan, N., Agúndez, M., Moses, J. I., and Hu, Y. (2016). Exoplanetary
atmospheres—chemistry, formation conditions, and habitability. Space Science
Reviews, 205(1-4):285–348.
Madhusudhan, N., Bitsch, B., Johansen, A., and Eriksson, L. (2017). Atmospheric
signatures of giant exoplanet formation by pebble accretion. Monthly Notices of
the Royal Astronomical Society, 469(4):4102–4115.
Madhusudhan, N., Harrington, J., Stevenson, K. B., Nymeyer, S., Campo, C. J.,
Wheatley, P. J., Deming, D., Blecic, J., Hardy, R. A., Lust, N. B., and et al. (2010).
A high c/o ratio and weak thermal inversion in the atmosphere of exoplanet wasp12b. Nature, 469(7328):64–67.
Madhusudhan, N., Knutson, H., Fortney, J. J., and Barman, T. (2014). Exoplanetary
atmospheres. Protostars and Planets VI.
Madhusudhan, N., Nixon, M. C., Welbanks, L., Piette, A. A. A., and Booth, R. A.
(2020). The Interior and Atmosphere of the Habitable-zone Exoplanet K2-18b.
The Astrophysical Journal Letters, 891(1):L7.
Madhusudhan, N. and Seager, S. (2009). A Temperature and Abundance Retrieval
Method for Exoplanet Atmospheres. The Astrophysical Journal, 707:24–39.
Madhusudhan, N. and Seager, S. (2010). On the Inference of Thermal Inversions in
Hot Jupiter Atmospheres. The Astrophysical Journal, 725(1):261–274.
Malik, M., Grosheintz, L., Mendonca, J. M., Grimm, S. L., Lavie, B., Kitzmann, D.,
Tsai, S.-M., Burrows, A., Kreidberg, L., Bedell, M., Bean, J. L., Stevenson, K. B.,
and Heng, K. (2017). HELIOS: An Open-source, GPU-accelerated Radiative
Transfer Code for Self-consistent Exoplanetary Atmospheres. The Astronomical
Journal, 153:56.
Mallonn, M., von Essen, C., Herrero, E., Alexoudi, X., Granzer, T., Sosa, M.,
Strassmeier, K. G., Bakos, G., Bayliss, D., Brahm, R., Bretton, M., Campos,
F., Carone, L., Colón, K. D., Dale, H. A., Dragomir, D., Espinoza, N., Evans, P.,

BIBLIOGRAPHY

415

Garcia, F., Gu, S. H., Guerra, P., Jongen, Y., Jordán, A., Kang, W., Keles, E., Kim,
T., Lendl, M., Molina, D., Salisbury, M., Scaggiante, F., Shporer, A., Siverd, R.,
Sokov, E., Sokova, I., and Wünsche, A. (2019). Ephemeris refinement of 21 hot
Jupiter exoplanets with high timing uncertainties. Astronomy and Astrophysics,
622:A81.
Mancini, L., Ciceri, S., Chen, G., Tregloan-Reed, J., Fortney, J. J., Southworth, J.,
Tan, T. G., Burgdorf, M., Calchi Novati, S., Dominik, M., Fang, X. S., Finet, F.,
Gerner, T., Hardis, S., Hinse, T. C., Jorgensen, U. G., Liebig, C., Nikolov, N.,
Ricci, D., Schafer, S., Schonebeck, F., Skottfelt, J., Wertz, O., Alsubai, K. A.,
Bozza, V., Browne, P., Dodds, P., Gu, S. H., Harpsoe, K., Henning, T., Hundertmark, M., Jessen-Hansen, J., Kains, N., Kerins, E., Kjeldsen, H., Lund, M. N.,
Lundkvist, M., Madhusudhan, N., Mathiasen, M., Penny, M. T., Prof, S., Rahvar,
S., Sahu, K., Scarpetta, G., Snodgrass, C., and Surdej, J. (2013). Physical properties, transmission and emission spectra of the WASP-19 planetary system from
multi-colour photometry. Monthly Notices of the Royal Astronomical Society,
436(1):2–18.
Mansfield, M., Bean, J. L., Line, M. R., Parmentier, V., Kreidberg, L., Désert, J.M., Fortney, J. J., Stevenson, K. B., Arcangeli, J., and Dragomir, D. (2018).
An HST/WFC3 Thermal Emission Spectrum of the Hot Jupiter HAT-P-7b. The
Astronomical Journal, 156(1):10.
Mansfield, M., Kite, E. S., Hu, R., Koll, D. D. B., Malik, M., Bean, J. L., and Kempton, E. M. R. (2019). Identifying Atmospheres on Rocky Exoplanets Through
Inferred High Albedo. arXiv e-prints, page arXiv:1907.13150.
Mant, B. P., Yachmenev, A., Tennyson, J., and Yurchenko, S. N. (2018). Exomol
molecular line lists - xxvii. spectra of c2h4. Monthly Notices of the Royal Astronomical Society, 478(3):3220–3232.
Marois, C., Lafreniere, D., Doyon, R., Macintosh, B., and Nadeau, D. (2006). An-

416

BIBLIOGRAPHY

gular differential imaging: A powerful high-contrast imaging technique. The
Astrophysical Journal, 641(1):556–564.
Marois, C., Zuckerman, B., Konopacky, Q. M., Macintosh, B., and Barman, T.
(2010). Images of a fourth planet orbiting hr 8799. Nature, 468(7327):1080–
1083.
Martioli, E., Colon, K. D., Angerhausen, D., Stassun, K. G., Rodriguez, J. E., Zhou,
G., Gaudi, B. S., Pepper, J., Beatty, T. G., Tata, R., James, D. J., Eastman, J. D.,
Wilson, P. A., Bayliss, D., and Stevens, D. J. (2018). A survey of eight hot
Jupiters in secondary eclipse using WIRCam at CFHT. Monthly Notices of the
Royal Astronomical Society, 474(3):4264–4277.
Maxted, P. F. L., Anderson, D. R., Collier Cameron, A., Delrez, L., Gillon, M.,
Hellier, C., Jehin, E., Lendl, M., Neveu-VanMalle, M., Pepe, F., Pollacco, D.,
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Smalley, B., Smith, A. M. S., Southworth, J., Triaud, A. H. M. J., and Udry, S.
(2016). Three irradiated and bloated hot Jupiters:. WASP-76b, WASP-82b, and
WASP-90b. Astronomy and Astrophysics, 585:A126.
Wheatley, P. J., West, R. G., Goad, M. R., Jenkins, J. S., Pollacco, D. L., Queloz,
D., Rauer, H., Udry, S., Watson, C. A., and Chazelas, B. (2018). The Next
Generation Transit Survey (NGTS). Monthly Notices of the Royal Astronomical
Society, 475(4):4476–4493.
Whiteford, N., Glasse, A., Chubb, K., Kitzmann, D., Ray, S., Phillips, M., Biller, B.,
Palmer, P., Rice, K., Waldmann, I., Changeat, Q., Skaf, N., Wang, J., Edwards,
B., and Al-Refaie, A. (2020). Retrieval study of cool, directly imaged exoplanet
51 eridani b: Bayesian evidence for ammonia in a cloud free atmosphere. The
Astronomical Journal (Submitted).
Wilkins, A. N., Deming, D., Madhusudhan, N., Burrows, A., Knutson, H., McCullough, P., and Ranjan, S. (2014). The Emergent 1.1-1.7 µm Spectrum of
the Exoplanet CoRoT-2b as Measured Using the Hubble Space Telescope. The
Astrophysical Journal, 783(2):113.
Wilson, J., Gibson, N. P., Nikolov, N., Constantinou, S., Madhusudhan, N., Goyal,
J., Barstow, J. K., Carter, A. L., de Mooij, E. J. W., Drummond, B., Mikal-Evans,
T., Helling, C., Mayne, N. J., and Sing, D. K. (2020). Ground-Based Transmission Spectroscopy with FORS2: A featureless optical transmission spectrum
and detection of H2 O for the ultra-hot Jupiter WASP-103b. arXiv e-prints, page
arXiv:2007.13510.
Wilzewski, J. S., Gordon, I. E., Kochanov, R. V., Hill, C., and Rothman, L. S.
(2016).

H2, he, and co2 line-broadening coefficients, pressure shifts and

temperature-dependence exponents for the hitran database. part 1: So2, nh3, hf,

BIBLIOGRAPHY

441

hcl, ocs and c2h2. Journal of Quantitative Spectroscopy and Radiative Transfer,
168:193 – 206.
Woitke, P., Helling, C., Hunter, G. H., Millard, J. D., Turner, G. E., Worters, M.,
Blecic, J., and Stock, J. W. (2018). Equilibrium chemistry down to 100 k. Astronomy & Astrophysics, 614:A1.
Wöllert, M. and Brandner, W. (2015). A Lucky Imaging search for stellar sources
near 74 transit hosts. Astronomy and Astrophysics, 579:A129.
Wolszczan, A. and Frail, D. A. (1992). A planetary system around the millisecond
pulsar PSR1257 + 12. Nature, 355(6356):145–147.
Wright, J. T. (2018). Planet-planet tides in the trappist-1 system. Research Notes of
the AAS, 2(3):175.
Yan, F., Espinoza, N., Molaverdikhani, K., Henning, T., Mancini, L., Mallonn, M.,
Rackham, B. V., Apai, D., Jordán, A., Mollière, P., Chen, G., Carone, L., and
Reiners, A. (2020). LBT transmission spectroscopy of HAT-P-12b: confirmation
of a cloudy atmosphere with no significant alkali features. arXiv e-prints, page
arXiv:2007.15485.
Yang, J., Ji, W., and Zeng, Y. (2019). Transition from eyeball to snowball driven by
sea-ice drift on tidally locked terrestrial planets.
Yelle, R. (2004). Aeronomy of extra-solar giant planets at small orbital distances.
Icarus, 170(1):167–179.
Yip, K. H., Changeat, Q., Edwards, B., Morvan, M., L., C. K., Tsiaras, A., Waldmann, I. P., and Tinetti, G. (2020a). On The Compatibility of Ground-based and
Space-based Data: WASP-96 b, An Example. The Astrophysical Journal, 161:4.
Yip, K. H., Changeat, Q., Nikolaou, N., Morvan, M., Edwards, B., Waldmann,
I. P., and Tinetti, G. (2020b). Peeking inside the black box: Interpreting deep
learning models for exoplanet atmospheric retrievals. The Astrophysical Journal
(Submitted).

442

BIBLIOGRAPHY

Yip, K. H., Nikolaou, N., Coronica, P., Tsiaras, A., Edwards, B., Changeat, Q.,
Morvan, M., Biller, B., Hinkley, S., Salmond, J., and et al. (2020c). Pushing
the limits of exoplanet discovery via direct imaging with deep learning. Lecture
Notes in Computer Science, pages 322–338.
Yip, K. H., Waldmann, I. P., Tsiaras, A., and Tinetti, G. (2020d). Integrating lightcurve and atmospheric modelling of transiting exoplanets. The Astrophysical
Journal, page arXiv:1811.04686.
Yurchenko, S. N., Barber, R. J., and Tennyson, J. (2011). A variationally computed line list for hot nh3. Monthly Notices of the Royal Astronomical Society,
413(3):1828–1834.
Yurchenko, S. N., Mellor, T. M., Freedman, R. S., and Tennyson, J. (2020). Exomol
line lists – xxxix. ro-vibrational molecular line list for co2. Monthly Notices of
the Royal Astronomical Society, 496(4):5282–5291.
Yurchenko, S. N. and Tennyson, J. (2014). ExoMol line lists - IV. The rotationvibration spectrum of methane up to 1500 K. Monthly Notices of the Royal Astronomical Society, 440(2):1649–1661.
Zellem, R. T., Lewis, N. K., Knutson, H. A., Griffith, C. A., Showman, A. P., Fortney, J. J., Cowan, N. B., Agol, E., Burrows, A., Charbonneau, D., and et al.
(2014). The 4.5 µm full-orbit phase curve of the hot jupiter hd 209458b. The
Astrophysical Journal, 790(1):53.
Zeng, L., Jacobsen, S. B., Sasselov, D. D., Vand erburg, A. M., Lopez-Morales,
M., Perez-Mercader, J., Petaev, M. I., Mattsson, T. R., Li, G., and Matthew, H.
(2018). Growth Model Interpretation of Planet Size Distribution. In AGU Fall
Meeting Abstracts, volume 2018, pages P53C–2985.
Zhang, M., Chachan, Y., Kempton, E. M. R., and Knutson, H. A. (2019). Forward
Modeling and Retrievals with PLATON, a Fast Open-source Tool. The Publications of the Astronomical Society of the Pacific, 131(997):034501.

BIBLIOGRAPHY

443

Zhang, M., Knutson, H. A., Kataria, T., Schwartz, J. C., Cowan, N. B., Showman,
A. P., Burrows, A., Fortney, J. J., Todorov, K., Desert, J.-M., and et al. (2018).
Phase curves of wasp-33b and hd 149026b and a new correlation between phase
curve offset and irradiation temperature. The Astronomical Journal, 155(2):83.
Zugger, M. E., Kasting, J. F., Williams, D. M., Kane, T. J., and Philbrick, C. R.
(2010). Light Scattering from Exoplanet Oceans and Atmospheres. The Astrophysical Journal, 723(2):1168–1179.
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