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CHAPTER 1

Theoretical introduction

1.1 Exoplanetology

Since the dawn of Humanity, we have tried to catch the meaning of our role in the Universe.
Most of the ancient cultures used metaphysical models to understand human nature and make
logical sense of the planets, the stars, the Moon, the Sun and their respective motions. The
geocentric model, mainly supported by Aristotle and Ptolemy in Ancient Greece, was the first
in attempting to provide an explanation without relying on supernatural or divine beliefs. In
this model, the Earth and humans are the center of everything, the stars occupy a distant fixed
background, and the planets, the Sun and the Moon are in circular motions around the Earth.
Even though the latter concept had been accepted for more than a thousand years in Europe, it
did not survive the Copernican revolution and was replaced by the heliocentric model, thanks
to the rise of Newtonian mechanics combined with rigorous observations. In consequence, the
Sun was gradually considered as an individual star similar to any visible one when looking up
at the sky. And as a result, the Earth lost its singularity and became one common planet
lost in the many others potentially cohabiting in the Universe. Following this approach, the
evolution of life had no reason to be limited to a single planet and could have emerged in any
other worlds, provided conditions for life development are met.

Exoplanetology is based upon this thought and is dedicated to the search and study of extrasolar
planets. Its most ambitious objective is the detection of traces of life beyond the Solar System.
On top of that, other precious information can be gathered from this field. For example,
the discovery of Jupiter-sized planets orbiting close to their host stars, named hot Jupiters,
enabled scientists to confirm the fundamental process of planetary migration, which is of major
importance in the evolution of planetary systems, Solar System included (see Nice model [1]).

However, the detection of exoplanets remained a daunting task until the end of the last century.
Their luminosity depends on their size, temperature and albedo (i.e. their ability to reflect
the light from their host stars) and even under the best circumstances, it is extremely faint
compared to the brightness of their host stars. Moreover, the size of a planetary system is
small as opposed to the distance between the Earth and this system, resulting in a low angular
separation between an exoplanet and its host (smaller than a second of arc). This makes the
direct observation of exoplanets extremely challenging, which explains why most of the objects
known so far have been discovered through indirect methods.
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It is Otto Struve who paved the way in 1952. In its article ” Proposal for a project of high-
precision stellar radial velocity work” he argued that, provided a significant improvement in
precision, putative short-period giant exoplanets could be detected by radial velocity and eclipse
techniques, used at that time to study eclipsing binaries. Forty-three years later, in 1995, Michel
Mayor and Didier Queloz used the first of these two techniques to announce the first genuine
detection of an exoplanet, the gas giant 51 Pegasi b [2]. For their work, they were awarded the
Nobel Prize in Physics in 2019. In the years that followed, several methods were developed and
even more exoplanets were detected (Fig.1.1). As each method is more practical and efficient for
different populations of exoplanets (e.g. larger sizes and shorter orbital distances for transits, or
larger sizes, orbital distances and temperatures for imaging), the discovery of a wide variety of
objects was made possible (Fig.1.2). Throughout years of technical improvement, instruments
have increased their sensitivity and scientists have been enabled to push the limits of every
method.

Today, 25 years after the first discovery, we can count more than 4000 confirmed exoplanets
with more than a half of them by the method that will be the main focus of this Master thesis
— the transit method.
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Figure 1.1: Cumulative number of exoplanet detections per year for different methods. This plot was
made with data from April 2020. The sharp increase around 2016 is due to the transit survey of the

Kepler Space Telescope. [3]
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Figure 1.2: Approximate masses and orbital distances of known planets and exoplanets obtained from
April 2020 data. We can see how each method works preferably for certain masses and distances. [3]
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1.2 Transit

As outlined at the end of the first section, the transit method has been the most efficient one
so far in the discovery of new extrasolar planets. It consists in photometric measurements of a
star in order to detect a drop in the received flux, which could be associated to the crossing of
its disk by a planet in orbit around it. Over the twentieth century, several discussions about the
detection of exoplanet transits had been initiated [4]. The first actual implementation awaited
1996 and the mission proposal FRESIP (FRequency of Earth-Sized Inner Planets) of William
Borucki et al. [5], which was designed to study the frequency of Earth-sized planets around
Sun-like stars, and which is, in fact, the proposal behind the Kepler mission. The first detection
of an exoplanet using the transit method was in 1999, with the hot Jupiter HD209458b already
known from radial velocity measurements [6]. The first planet discovery due to a photometric
survey came in 2002, with OGLE-TR-56b [7], a hot Jupiter of 1.30Rq_. Since then, nearly 3000
exoplanets have been identified through transit measurements, not only with the help of the
Kepler Space Telescope ([8], [9]) but also of other dedicated surveys like WASP [10].

In this section, I will describe the transit method and how it is used in a context of exoplanet
discovery and characterization.

1.2.1 Method

In the event that we reach a reasonable level of geometric alignment between two objects and
an observer (typically on the Earth), eclipses may appear. During such a phenomenon, one
body passes in front of the other one and partly blocks its light from the observer’s perspective
(e.g. the solar eclipse which occurs when the Moon passes in front of the Sun, as seen from the
Earth).

When the concerned astronomical system is an exoplanet and its host star, there are two types
of eclipses we can see from our position. An exoplanet passing in front of its host star darkens a
part of the stellar disk, resulting in a received flux decrease from the system. This phenomenon
is called primary eclipse, or transit. On the contrary, when the exoplanet moves behind its
host star (half an orbital period later if the orbit is circular), the star blocks the planet, also
resulting in a received flux drop, although different in intensity. This phenomenon is referred
to as secondary eclipse, or occultation. In this work, only the primary eclipse will be examined
as it constitutes the core of the transit method.

Photometric measurements taken in sequence constitute what is called a lightcurve, displaying
the variation of the received flux as a function of time. In the case of a transit event (Fig.1.3),
it is mainly characterized by the following three geometrical equations ([11], [12], [13]).

1. The transit depth AF"

Fno ransit — Fransi R2
AF = —Detransit  ” transit _ P (1.1)

T o2
Fnotransit R*

For a giant planet transiting a solar-sized star, the decrease in amplitude is about 1%
of the total stellar flux. For a smaller terrestrial planet, this value goes down 0.01%.
Therefore, transit surveys require great precisions unless smaller hosts like M dwarfs are
targeted.



4 1. THEORETICAL INTRODUCTION

2. The total transit duration t:

P .
tr = — arcsin
T

1.2
1-cos?i (1.2)

&( [1 + (Rp/R*)]Q - [(a/R*) cos ir )1/2]

3. The transit shape, represented by the ratio between the duration of the full superposition
(flat) part tz and tr:

2

— 2 TP\ 1/27
" | : 1.3
! arcsin — % ( |:1+(RP/R* )I:I_ZC;L(‘:/R*) cos i:r )1/2-

Where:

» R, (resp. R.) is the radius of the exoplanet (resp. host star);

v

P is the orbital period, determined by the time interval between two consecutive transits;

v

a is the orbital semi-major axis;

v

¢ is the inclination of the orbit;

F' is the total received flux from the star.

v

flux bRx=acos i

secondary
eclipse

Figure 1.3: Diagram showing the evolution of the flux of a transiting and occulting system along a
full orbit of the planet. During transit, we observe a first flux drop. Then, the flux received by the
system increases as the planet’s day side comes more and more into view. Afterwards, we see the
second drop corresponding to the occultation, followed by a decrease in received flux as the planet’s

night side comes more into view. [12]
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From these equations can be constructed three dimensionless parameters. The planet-star
radius ratio is, directly from (1.1):

];1: - VAF (1.4)

The impact parameter b which, as seen on Figure 1.3, represents the projected distance between
the exoplanet and star center during mid-transit in unit of R,, is, from (1.3) and (1.4):

- VBF - [suf sl P)fsif e/ D)1+ VEEF )2
1= [ sin?(tpr/P)/sin?(trm/ P)| |
And the ratio a/R, is, from (1.2) and (1.4):
. (1+\/ﬁ)2—bz[1—sin2(tT7r/P)] 172
_ — (1.6)
R, sin”(tpm/P)

In addition, we obtain an expression for the stellar density p, from (1.6) and Kepler’s third law
(assuming M, << M, ):

3
~ M, ~ 472 al 472
P~ “ PG\ R, | ~ PG

3/2

(1+VAF)2 - 1?1 - sin(tr7/P)|
sin?(tym/P)

(1.7)

Therefore, through the lightcurve, we have a knowledge of R, /a and b, hence the orbital incli-
nation of the exoplanet is directly obtained from the definition of the impact parameter:

i = arccos (bR* ) (1.8)

a

The other physical parameters of the system - R,, I?, and a - can also be determined from the
transit parameters, provided some external information about the star. The typical approach
consists in deducing the stellar radius by another means which then leads to a and R, with the
equations (1.4) and (1.6).

For example, this calculation could be executed based on spectroscopic observations of the star.
They provide T¢ss, [Fe/H] and log(g) which allow to derive the mass of the star when associated
with evolution models. With the mass, and the density known via transit measurements (1.7),
the radius of the star is established.

As far as nearby stars are concerned, we could also directly obtain R, from interferometric
observations or thanks to a good knowledge about the luminosity, distance and effective tem-
perature [14].

In some cases, it is also feasible to use a stellar mass empirical law calibrated with a population
of known eclipsing binaries, such as the one presented by G.Torres [15]. Here again, together
with the density taken from transit data, the radius is inferred. However, we note that this
method cannot be applied to very low-mass stars like TRAPPIST-1 due to their poor sampling
in known eclipsing binaries.
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In the context of this discussion on transit lightcurves, it is worth mentioning the effect of
limb darkening that can affect them significantly [11]. When we observe a star, we look into
its atmosphere down to an optical depth 7 ~ 1, as it becomes opaque after this. Owing to
geometric considerations, the penetration of different lines of sight to an optical depth of unity
corresponds to different depths in the stellar photosphere, so as we look towards the limb, we see
higher photospheric layers. However, the temperature varies with the altitude so higher layers
are colder, hence their emissions are less intense. As a consequence, the limb is less bright and
appears darker than the center. We note that this effect decreases with the wavelength. It can
be seen mathematically by considering the stellar intensity to be related to the Planck function
B,. By definition, its variation according to the temperature dB,/dT is inversely proportional
to A%, so at higher wavelengths, the intensity varies less across the stellar disk and the limb
darkening is attenuated.

The consequence on a transit lightcurve concerns its shape. When the planet passes in front of
the bright center, the flux drop is larger than R%/R?2, but when it is near the darker limb, the
drop is smaller. This effect tends to round off the signal (Fig.1.4). When it comes to lightcurve
analysis, it is important to take this effect into account. It is commonly done by describing the
intensity profile on the stellar disk with a quadratic law [16]:
% =1 —ui(1-p) —uz(1l - p)°

Where I(p) is the intensity in the line of sight, I(1) is the intensity at the center, p = cos(7y)
where 7 represents the angle of our line of sight, and u; and us are the quadratic limb darkening
coefficients. We note that it is also possible to use a linear equation, but progress in stellar at-
mosphere modeling showed that it is not the more appropriate. Oppositely, more complex laws
can be used to analyze transit lightcurves of extremely-high precisions, e.g. a four-coefficient
law [17].

Relative Flux

ool vty PNy

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Time From Center of Transit (days)

Figure 1.4: Transit lightcurves of HD 209458b observed at different wavelengths (0.32um to 0.97um).
A vertical offset is added to construct the figure. For shorter wavelengths (bottom) the limb darkening
is more intense and the round-off more visible than at longer ones (top). [18]
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1.2.2 A discovery tool

To discover new transiting exoplanets, photometric blind searches are carried out in order to
detect periodic transit-like signals. Based on geometric considerations, it is possible to compute
the probability piransit (T€sSP. DPocewrr) for an exoplanet to be transiting (resp. occulting). Eclipses
can be seen by any observer located in the shadow cone of the system. Since the exoplanet
orbits its host star, the shadow cone describes a band projected on the celestial sphere (Fig.1.5).
The probability to observe an eclipse is therefore the probability for the observer to be located
inside this band. For the general case of an elliptic orbit, the equations for both primary and
secondary eclipses are written as follows [11]:

R.+R,\[1+esinw
ransit = 1.9

R.+R,\[1-esinw
= 1.1
Poccult ( a )( 1_e2 ) ( O)

» e is the orbital eccentricity;

Where:

» w is the argument of pericenter. For a transit (resp. occultation), we have w + f = +7
(resp. w+ f =-7), where f is the true anomaly.

These equations can be used to calculate the probability for an exoplanet orbit to be favorably
inclined for an eclipse, provided some constraints (or assumptions) on its eccentricity and ar-
gument of pericenter. If we consider grazing eclipses, the + sign is chosen in both equations
(1.9) and (1.10), otherwise, the — sign is chosen. The shadow cone has a larger opening angle
© in the first case, hence probabilities are higher when considering grazing eclipses. These
equations' also indicate that an eclipse occurring at the pericenter of an eccentric orbit is more
likely to be detected. Even though the time passed around it is shorter, the distance from the
star is smaller, resulting in a higher cone-opening angle.

Celestial

Shadow band

Close-up

Figure 1.5: Band swept out by the shadow cone projected on the celestial sphere. The opening angle
© is larger when grazing eclipses are considered. [11]

Lw = +§ for a transit occurring at the pericenter, hence piransit is maximized (1.9). For an occultation at

the pericenter, w = -5 and we also maximize the probability (1.10).
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In the specific case of a circular orbit, with R, << R., the probabilities are [11]:

-1
R* R* a

~ 0. 1.11
- 0005(R®)(1AU) (1.11)

We can see that when looking at circular orbits, transits and occultations come together. But

Ptransit = Poccult =

in the general case of an elliptic orbit, we could be facing a primary eclipse without the sec-
ondary and vice versa. By applying (1.11), we get a probability of 0.005% for an Earth analog
exoplanet, and 0.001% for a Jupiter analog. Given these low probabilities, the use of wide fields
by transit surveys takes on a crucial dimension in order to observe simultaneously many stars
and compensate for the rarity of events. It is worth mentioning that this is a purely geometric
consideration, which does not include the instrument limit. Even though an Earth analog is
five times more likely to be transiting than a Jupiter analog, the associated drop in brightness
is one hundred times smaller (1.1), hence it is more challenging to detect.

When eventually a transit-like signal is observed, it is classified as candidate. In order to
confirm the source as a new exoplanet, other astronomical objects subject to the same variability
need to be discarded to avoid false positives — e.g. a grazing eclipsing binary, an eclipsing
binary in the background, or a brown dwarf transit. To this end, further studies are required,
including Doppler spectroscopy, higher-resolution transit photometry and imaging, and catalogs
of known contaminating sources. As an example, Fressin et al. [19] estimated, based upon
statistical studies, that about 9% of the NASA’s Kepler space telescope candidates should be
false positives.

If eventually the transit-like signal is confirmed to be an exoplanet, the lightcurve is used to
derive the first exoplanet parameters as depicted in Subsection 1.2.1.

1.2.3 Further studies

Further studies of a known transiting exoplanet enable scientists to gather precious information
about it and its system. This section will present some of them.

Transit spectroscopy

In the previous section, we assumed that exoplanets have a sharp edge, at R,, whereas in reality
the atmosphere surrounding them makes this edge fuzzy. When a primary eclipse occurs, a
fraction of the stellar light passes through this gas layer. At certain wavelengths, depending
on the atmospheric composition, it is more opaque, resulting in more absorption of stellar flux.

As a consequence, the apparent planet radius increases, by a factor of a few atmospheric scale
heights H, where H is defined by? [12]:

_ kgT
Umg

H (1.12)

2We assume here a well mixed atmosphere, like the homosphere of the Earth. When it is not the case, like
in the heterosphere of the Earth, each atmospheric compound follows its own scale height, and u,, is replaced
by the compound mass.
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With:
» kp=1.3806 x 1023/ K is the Boltzmann constant;
» T is the atmosphere’s temperature;
» [y, is the mean molecular mass;
» ¢ is the planet’s surface gravity.

By definition of the transit depth (1.1), an increase of the radius implies an increase of AF.
Denoted by 0, the transit depth increment follows [12]:

R,H

(1.13)

Where :
» Ny is the number of effective scale heights, typically around 5 [20];
» R, is the host star radius.

The opacity of the atmosphere, thus the transit depth, depends on the wavelength. Therefore,
a spectroscopic time-series observation of a transit gives insight into atmospheric absorption,
from which we infer the main components in the atmosphere. This method is referred to as
transmission spectroscopy.

In accordance with (1.12) and (1.13), the signature appears stronger for high temperature low-
density atmospheres mainly composed of hydrogen, hence hot Jupiters are effective targets
in the scope of such spectroscopic studies. In order of magnitude, an increment 6 ~ 107*
is expected for a typical hot Jupiter® orbiting a solar-sized star. This value drops down to
1076 for an Earth-like planet® — too small to become detectable by any existing or upcoming
instruments. Nevertheless, equation 1.13 shows that the transmission signals scale as the inverse
of the square of the host radius. For a star ten times smaller than the Sun, similar in size to
the smallest M-dwarfs, the atmospheric signals of a terrestrial planet should thus be as large as
those of a hot Jupiter in front of a Sun-like star, and within reach of current technology. For this
reason, the TRAPPIST-1 planets, orbiting a Jupiter-sized M-dwarf, are promising candidates for
atmospheric characterization of Earth-sized objects.

Interesting results came from transit spectroscopy, such as the identification of HoO in the hot
Jupiter wAsp19b [21] and hot Neptune HAT-P-26b [22], or the discovery of escaping atmospheres
(for instance [23]). However, the current instrumental precision limits us to exoplanets with
extended atmospheres such as hot Jupiter and prevents us from acquiring a greater knowledge
of the actual atmospheric composition. Nonetheless, it is a promising method and it is certain
that future instruments such as the James Webb Space Telescope will go deeper in disclosing
the atmospheric properties of these worlds [24].

Rossiter-Mc Laughlin effect

As a star rotates around its rotational axis, one part of the stellar disk is approaching us
while the other is receding, resulting in blueshifted and redshifted lights coming from these

3T = 1300K, g = 25m/s?, Ry ~ Rq_ and p,y, = 2u, by assuming a H dominated atmosphere.
AT =273K, g=10m/s*, R, ~ Rg and fi,, = 28u, by assuming an Earth-like atmospheric composition.
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separate parts. As an exoplanet transits its rotating host star (Fig.1.6), it progressively blocks
slightly more blueshifted or redshifted light, adding up a small spectroscopic signal to the orbital
Doppler shift (Fig.1.7). The maximum amplitude of the signal follows [11]:

2
AViry » (}}?) V1-0*(v,sini,) (1.14)

Where:
» R, (resp. R.) is the radius of the exoplanet (resp. host star);
» b is the impact parameter;
» v, sini, is the component of the stellar equatorial rotation velocity in the plane of the sky.

Besides, the shape of the signal depends on A, the angle between the projections of the stellar
rotation axis and the planet’s orbital axis onto the plane of the sky. The study of this an-
gle teaches us about the dynamical history of the system. For example, planetary formation
simulations favor a formation of hot Jupiters above the snow line followed by an inward mi-
gration, rather than a formation in situ. However, plenty of migration scenarios are possible.
A follow-up of hot Jupiters with the Rossiter-Mc Laughlin effect revealed that a significant
fraction of them have misaligned orbits that are better explained by tidally induced migrations
subsequent to a planet-planet or planet-star scattering event, rather than other processes such
as disk-driven migration [25].

© approaching ® receding

Figure 1.6: An exoplanet transiting its rotating host star. In A, it obscures a more blueshifted part
of the stellar disk, while in C it obscures a more redshifted part. [12]
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Figure 1.7: Phase-folded radial velocities of HD 189733 from spectroscopic measurements. The main
signal is created by the orbital motion of HD 189733b while the smaller central signal is the Rossiter-Mc
Laughlin anomaly. [26]
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In addition to the transmission spectroscopy and the Rossiter-Mc Laughlin, the transit timing
variations method is a precious tool to further characterize an exoplanet and the dynamics of
its system. Since this method is the main subject of this Master thesis, the next section will
be entirely dedicated to it.

1.3 Transit timing variations

In this section, I will detail the transit timing variations method, usually abbreviated TTV.

1.3.1 Method

In a two-body system consisting in a star of mass m, and a planet of mass m,,, the planet follows
an elliptic trajectory with a constant orbital periodicity P in accordance with the Kepler laws
(Keplerian orbit) [27]:

a3

P=2m\| ="
4 G(m. +my)

If we are dealing with a transiting exoplanet, the time interval between two transits, and the
duration of each transit, are constants.

But in a multiplanetary system, we have additional gravitational interactions between planets.
They act like a perturbation and create deviations from the standard Keplerian orbit, especially
in the orbital elements a, e, and w. As a consequence, planets are following non-Keplerian
orbits and, if they are transiting, the timing between two transits (resp. the duration) can
vary. Seeking for these variations in a multiplanetary system constitutes the core of the Transit
Timing Variation = TTV (resp. Transit Duration Variation = TDV) method. In this work,
only the TTV will be considered.

The intensity of the TTV is linked to the system architecture, the largest variations are expected
from planets near orbital resonance [27]. In this configuration, two bodies or more experience
periodic gravitational interactions due to their orbital elements being related by an integer
ratio, which greatly enhances their mutual influences. Systems like Kepler-223 or TRAPPIST-1
made up respectively of four and seven planets in a chain of resonances are therefore perfect
targets for T'TV study.

Usually, TTVs are represented as an Observed-Calculated (O-C) diagram [27]. The observed
times are obtained from data on transit surveys, while the calculated times are based upon a
constant-period model (Keplerian orbit) and found according to the equation:

C=Ty+PxE (1.15)

Where P is the period, E is an integer transit number, called epoch, and Ty is the time of
the transit numbered E = 0. Their subtraction corresponds to the timing deviations from the
Keplerian reference. Refer to Figure 1.8 to see an example of an O-C diagram.

After transit variations are found, the masses and orbits of the planets can be recovered from
numerical integration of an N-body system. This constitutes an inversion problem: instead of
simulating a system with a known dynamical state to fully predict orbital deviations, we do the
opposite by recovering its dynamics from a set of observed time variations. This challenging
task requires an optimized N-body integrator as well as a significant set of transit data [29].
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Figure 1.8: O-C diagram representing the Transit Timing Variations (TTVs) modeled from transits of
WASP-47b [28]. The perturbations are greatly exaggerated. O-C < 0 (resp. > 0) means that the transit
times come earlier (resp. later) than the constant-period model. A sinusoidal function is plotted as a
line for illustrative purpose. [27]

1.3.2 Results

Miralda-Escudé initiated the first discussion on transit timing variations due to planetary in-
teractions in 2002 [30]. Two other papers were successively released in 2005, going into more
detail about the crucial effect of resonances ([31], [32]).

The Kepler telescope achieved the first tangible detection of TTVs. In the system Kepler-9
were detected two Saturn-sized exoplanets, which displayed large variations (Fig.1.9), giving
information on the dynamics of the system. In this respect, Holman et al. [33] attributed these
variations to a near 2:1 orbital resonance between the two objects.

Kepler—9b |  egior e

% 1.000 prs 3 1.000}

- 5 = :
g 099 © 0.995f _
£ 0.990F 2 : ]
gk O (0.990 frwrn 7‘
L ' v i |
0.985 ] : ]
N : © 0.985} ]
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2

Time (days) Time (days)

Figure 1.9: Lightcurves for Kepler-9b and c. The top curves show the displacements in time related
to different transits due to TTVs (points and lines colored by transit epoch). For Kepler-9b (resp. c),
we have variations up to ~ 4min (resp. ~ 39min). The bottom curves (moved downward for clarity)
show the transits shifted to a common center. [33]

Afterwards, many discoveries followed, and nowadays more than 100 extrasolar systems indi-
cate transit variations [27]. Their study using the TTV method offers several opportunities,
depending on the context. On the next page are the most important cases detailed.
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— Candidate confirmation: As mentioned in Subsection 1.2.2, a newly discovered transit-
like signal needs further investigation to corroborate the fact that an exoplanet would have
created such signal. The TTV method provides, under certain circumstances, a way to make
confirmations.

Let’s consider a pair of planets. The conservation of energy implies in many cases that their in-
teraction will lead to an anti-correlated change of their periods: while one planet has a variation
due to the influence of the second, the second simultaneously has a variation with an opposite
sign (and a different amplitude). Therefore, the presence of anti-correlated TTV signals sup-
ports the evidence that the candidates are true planets [27]. This method for confirmation of
exoplanets has been mainly used with Kepler candidates, and there are different techniques to
detect anti-correlation. See for example the article of J.H. Steffen et al. [34] that confirmed
four planetary systems with a Fourier-domain study.

— Exoplanet detection: Some transiting exoplanets display TTVs, but without any known
companion that could explain these variations. This might fairly be due to the presence of an
additional planet in the system, not discovered yet because either it is not transiting or its long
orbital period reduces the likelihood of observation. TTV measurements can then be used to
characterize this object (e.g. possible orbits, mass limit) [12]. We notice that this is the same
approach as the method used to discover Neptune in 1846, with which the orbital deviations of
a known object are studied to infer the presence of another one.

The use of TTV to detect new exoplanets has been performed in a number of cases. A good
example is Kepler-88b which showed transit timing variations with an amplitude of 12 hours.
Nesvorny et al. [35] related these to an additional object, Kepler-88c, which was then confirmed
with the radial velocity method.

— Exoplanet characterization: Known exoplanets in a multiplanetary system can be further
studied with the TTV method to constrain their orbital parameters and masses. The mass is
particularly interesting to obtain. Along with the radius deduced from transit survey, it allows
scientists to calculate the average density, hence giving insight on the internal composition.
Such data are of major importance when studying the habitability, or the formation processes
from the protoplanetary disk.

In general, mass estimates are determined by radial velocity measurements. It must however
be combined with another method (e.g. transit method) to obtain the inclination 4, otherwise,
RV will only provide M,sin(7), the estimated minimal mass of the object [12]. But with the
TTV method, if the multiplanetary system architecture does not keep us from addressing the
inversion problem, we can in fact obtain excellent mass estimates. See for example the article
of S.L.Grimm et al. (2018) [29] that constrained the masses of the TRAPPIST-1 planets, with
precisions ranging from 8% to 17%.

We can also note that TTV can be used to characterize certain populations of exoplanets
impractical for the radial velocity method (e.g. low mass objects) [12].
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1.4 TRAPPIST-1

TRAPPIST-1 is the multiplanetary system we are focusing on in this work. It is composed of
seven Earth-sized planets orbiting an Ultra Cool Dwarf (UCD) star. In this section, we will go
through the discovery and properties of the system, with emphases on its scientific significance.

1.4.1 Discovery

2MASS was an all-sky astronomical survey of celestial sources observed in the near-infrared.
Since Ultra-Cool Dwarfs (i.e. very low-mass stars and brown dwarfs with 7., < 2700K [36])
have a maximum intensity in the infrared, 2MASS was a golden opportunity to detect and
study them. In 2000, this was done through J.E. Gizis et al.’s article [37] which aimed at com-
pleting the nearby stars census. Among the 60 objects studied was 2MASS J23062928-0502285,
classified then as a M7.5° dwarf star.

In 2015, a monitoring of this star with the 60cm TRAPPIST (TRansiting Planets and Planestlsi-
mals Small Telescope) robotic telescope ([39], [40]), then with other telescopes, revealed several
transit-like signals. After discarding non-planetary origin (false positive), Gillon et al. (2016)
[41] attributed them to two Earth-sized exoplanets transiting their host with respective periods
of 1.51 and 2.42 days. The planetary system was named TRAPPIST-1 after the telescope used
at the time of this discovery, and the two planets were called TRAPPIST-1b and TRAPPIST-1c.
Furthermore, two additional transits that they could not relate to b and ¢ were suggested to be
from a third planet, TRAPPIST-1d. However, these two signals were not observed continuously,
hence eleven different periods could be associated with d.

After the article was submitted, further analysis of the second transit attributed to d revealed
it to be caused not by one, but by at least two distinct objects (Fig.1.10). This discovery
led to an intensive follow-up of the star with ground-based instruments and the Spitzer Space
Telescope (20d-long nearly continuous monitoring, see Figure 1.11). As a consequence, Gillon
et al. released a second article in 2017 [42], discarding the eleven potential periods for d,
and proving the two transits were caused by different objects. Moreover, from the collected
data, they identified four additional Earth-sized exoplanets named TRAPPIST-1d, e, f and g
with orbital periods of 4.04, 6.06, 9.21 and 12.35 days respectively. Another planet called
TRAPPIST-1h was announced, but its period could not be constrained as it was associated to a
single transit signal. Its determination awaited R. Luger et al.’s study [43]. According to their
analysis, as the six inner planets’ periods are close to the ratios of small integers, they form
a near-resonant chain. They suggested TRAPPIST-1h could be the seventh link of this chain,
making them theoretically predict six potential periods. K2 mission then indicated that one of
them, 18.77 days, was the correct one.

Within a few years, these three different papers enabled the scientific community to begin the
characterization of this unique system of seven Earth-sized exoplanets orbiting an Ultra-Cool
Dwarf. As TRAPPIST-1 became of major importance for the study of terrestrial exoplanets,
many subsequent scientific studies aimed at constraining, for instance, the mass, the stability,
or the atmospheric composition of the planets.

In the rest of this section, we will extend our current knowledge of the system.

®Posterior studies converged on a spectral type M8.0 + 0.5, see [38].
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Figure 1.10: Plot of the photometric points with 1-o error bars (black) extracted from VLT /HAWK-I
data. The red line corresponds to the best-fit with a triple transit model. The hypothetical configu-
rations of the different planets in front of the stellar disk are pictured below (c in red, e in yellow, f in

green). [42]
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Figure 1.11: Plot of the photometric points obtained from ground-based observations (grey) and from
the Spitzer’s 20d-long nearly continuous monitoring (black) conducted between 19 Sep and 10 Oct
2016. The dips correspond to transits that can be associated to the different planets by measuring the
transit shapes and their periodicities. [42]
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1.4.2 Host star

As already specified TRAPPIST-1, or 2MASS J23062928-0502285, is an Ultra-Cool Dwarf (UCD)
star with spectral type M8.0 + 0.5 [38]. Being of low temperature (T, ;; = 2547+48), its emission
peaks in the near-infrared. It is at a distance d = 12.14 + 0.12pc from the Solar System [44].
Based upon measurements of its kinematics, photometric variability, and magnetic activity
indicators, the dwarf was estimated to be 7.6 + 2.2Gyr old [45]. The main stellar parameters
of TRAPPIST-1 are indicated in Table 1.1. Those presented have been constrained from transit
observations with Spitzer, combined to stellar evolution models [44].

Table 1.1: Stellar parameters of TRAPPIST-1 (from [46]).

Quantity Value
Luminosity L. (L) 0.000552 + 0.000018
Radius R. (Rg) 0.1234 +0.0033
Mass M, (Mg) 0.0898 + 0.0023
Density p. (po) 47.98 £ 3.90
Effective temperature T¢s; (K) 2520 + 39
Metallicity [Fe/H] (dex) 0.0535 + 0.088

In the context of discovery and characterization of transiting Earth-sized exoplanets, which is
of major importance in our search for a potentially habitable world, Ultra-Cool Dwarfs like
TRAPPIST-1 represent promising targets for a number of reasons.

An Earth-sized exoplanet transiting such a small star has a much deeper transit depth than
Earth-Sun analogs, facilitating its detection even through ground-based observations [47]. More
specifically, a terrestrial planet R, = Rg transiting TRAPPIST-1 would have a depth AF' = 5760
ppm while this value goes down to 84 ppm for the Sun (1.1). Moreover, the magnitude of
terrestrial planets transmission spectra around UCDs can be high enough to assess the corre-
sponding atmospheric composition, since § o< R;? (1.13). This feature is extremely important
since the search for an extrasolar biosphere is passing by atmospheric characterization to de-
tect biosignatures and key elements like HoO, O3 or Oq [12]. It is worth highlighting that the
low temperature of UCDs make their emission significant only in the infrared. Therefore, the
signal to noise ratio at other wavelengths, like in the ultraviolet, is feeble, preventing possible
detection of absorption lines in these domains®. Fortunately, most of the interesting molecular
signatures are present in the IR domain.

Then, owing to their low luminosity, the habitable zone (HZ) is closer. Therefore, planets
located inside the HZ of UCDs orbit closer to their hosts with shorter period orbits (~ days).
As a consequence, their shadow cones are larger and their probabilities of transit are higher
(1.11). As their orbital periods are shorter, a great number of transits may occur in less time
and with shorter duration photometric monitoring [47]. For all the reasons we have just listed,
only ~ 10 years of survey are required by the SPECULOOS project to fully explore the habitable
zone of ~ 1600 targets [19], as we will see in Subsection 3.1.1.

SHere we speak about absorption lines in the atmosphere itself. In the context of an exoplanet with a
potential exosphere of atomic hydrogen, an ultraviolet observation of the Lyman-alpha line is feasible. This has
already been attempted for TRAPPIST-1 by Bourrier et al. [48].
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Furthermore, it appears that low-mass M-dwarfs tend to have more short-period terrestrial
planets than more massive stars [50]. They are also more frequent in the Galaxy than Sun-like
stars. Indeed, UCD stars represent about 15% of the population of astronomical objects close to
the Sun [51]. In total, they should house more terrestrial objects, which are detected and char-
acterized more easily, especially in the habitable zone. It turns them into perfect and numerous
targets for the study of Earth-sized exoplanets, in particular with Spitzer, the near-to-come
JWST or upcoming giant ground-based telescopes like the ELT.

As we just saw, UCDs are promising targets in the study of terrestrial worlds, which is of major
importance in the context of habitability study. However, do planets orbiting Ultra-Cool Dwarfs
have a chance to be habitable ? In fact, M dwarfs are in average much more magnetically active
than solar-type stars, resulting in strong quiescent luminosities in the extreme ultraviolet (EUV)
and X-ray which are even amplified during their frequent flares [52]. Moreover, as planetary
systems around M-dwarfs are compact and close to their hosts, the erosion by stellar wind
is intensified. Regarding the TRAPPIST-1 system, it has been estimated that the stellar wind
pressure experienced on the planets is between 103 and 10° times greater than on Earth [53].
Such an environment can significantly influence the composition and structure of an atmosphere,
causing for instance ionization, atmospheric erosion [54] or desiccation [55]. Considering the
impact on living organisms, opinions differ: some conclude life could survive, while others say
it could make the surface uninhabitable ([56], [57], [58]). Some even argue that to a certain
extent, the flaring activity could be beneficial for life as a minimum ultraviolet flux can allow
the synthesis of ribonucleic acid (RNA) and trigger prebiotic chemistry [59].

As a conclusion, the effects could be diversified. Assessing the precise impact of the high-
energy emissions would require a better understanding of the magnetic activity of M dwarfs
in the present, but also in the past. Empirical observations have, as a matter of fact, shown
that the activity of UCDs decreases with their age [45], hence their past activities could have
impacted the planets significantly. For example, the young M8 type star 2M0837+2050 shows
more frequent flares, three times more energetic in comparison with TRAPPIST-1 [60]. However,
the number of M8 type stars studied so far is limited and it is complex to evaluate the current
and past activities of TRAPPIST-1 and UCDs in general. The impact on the planets also
depends on their intrinsic atmospheric properties and the strength of their potential magnetic
fields, which are both poorly constrained [61]. The next generation of surveys and instruments,
such as the JWST, will for sure shed light on whether or not these worlds could harbour life on
their surface, notably by revealing if some of these planets can manage to keep an atmosphere
despite their large received EUV and charged particles fluxes.

1.4.3 Planets

Since its initial detection in 2015, our knowledge of TRAPPIST-1 has greatly increased and
this multiplanetary system is now one of the best — if not the best — constrained thanks to
consecutive studies using transit, TT'Vs and transmission spectroscopy, among other methods.
As represented on Figure 1.12, we can see that TRAPPIST-1 is very compact, with the seven
planets in close-in orbit with their host. Indeed, they all orbit at semi-major axis a < 0.0619AU
[29], while Mercury, in comparison, orbits the Sun at a = 0.3870AU [62]. But owing to the low
luminosity of the star (Table 1.1), the planets do not receive an excessive amount of stellar
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irradiation. Three of them, TRAPPIST-1e, f and g, are in fact located inside the habitable zone,
hence could harbour stable liquid water on their surface, if we deal with Earth-like atmospheres
[42].
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Figure 1.12: Representation of the TRAPPIST-1 system from above. The grey annulus shows the
habitable zone and the dashed lines the alternative boundaries (conservative or optimistic [63]). [43]

As mentioned earlier, the seven planets form a compact near-resonant chain as their periods
(1.51, 2.42, 4.04, 6.06, 9.21, 12.35 and 18.77 days) are close to the ratios of small integers
([42], [43]). In the same way as the Galilean satellites Io, Europa and Ganymede, each of the
TRAPPIST-1 planets interact mostly with the pair of adjacent ones within a three-body Laplace
resonance, linking every member of the chain [43]. This complex architecture, in addition to
the poverty of material in the inner part of the protoplanetary disk of UCDs, suggest that the
planets did not form in situ, but more likely at larger distance before slowly migrating inward
in concert. As the disk’s inner edge acted as a migration barrier, the planets would have piled
up into the near-resonant chain observed nowadays ([41], [43], [64]).

Furthermore, the near-resonant chain increases the gravitational interactions between the plan-
ets, causing transit timing variations of several minutes [29]. These variations are significant
enough to allow the use of the TTV to constrain the masses of the planets. This is of major
importance since we cannot rely in this case on the radial velocity method, generally used for
masses estimates. In fact, TRAPPIST-1 is too faint in the optical to achieve precise Doppler mea-
surements with spectrographs like HARPS [65] or ESPRESSO [66]. Some new spectrographs
operating in the near-IR should be able soon to reach RV precisions at the 1m/s level for nearby
UCD stars like TRAPPIST-1 (e.g. SPIROU [67] or NIRPS [68]), but these precisions will still be
too low to make possible a thorough characterization of the system dynamics and the planets
masses. Even the mere detection of the seven planets via near-IR Doppler spectroscopy would
require an intense and continuous follow-up from complementary longitude sites on Earth [67].
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As a consequence, the TTV approach is currently the only avenue to precisely measure the
masses of TRAPPIST-1 planets, and it is made possible by the strong interactions resulting of
the resonant chain. The most recent mass estimates published in the literature are those of
S.L. Grimm et al. [29] found in Table 1.2 along with other relevant parameters. This study
significantly improved the precision we had so far concerning the masses of the planets, and
subsequently, their density and internal composition were assessed in a more effective way, as
described in Subsection 1.3.2. The scientists found that TRAPPIST-1c and e likely have rocky
interiors while TRAPPIST-1b, d, f, g and h could bear volatile-rich layers in the form of a thick
atmosphere, ocean, or ice envelope. These results are consistent with the hypothesis described
previously stating the planets most likely formed in the outer part of the protoplanetary disk,
rich in volatile materials, before migrating inward.

This compact architecture makes the planets experience strong tidal forces as well. These inter-
actions should have synchronized their rotation and orbital periods in such a way that one side
of the planet permanently faces the host star (tidal locking) [41]. This could have a dramatic
effect on the habitability if the atmosphere does not redistribute efficiently the heat between
the hot day side and the cold night side [69]. Moreover, tidal forces tend to decrease the orbital
eccentricity (tidal circularisation). During this process, orbital energy is converted into heat
that dissipates in their interiors. The tidal heating decreases as the orbit circularizes, and stops
when e = 0. For a single planet orbiting close to its star the circularisation is fast, whereas in a
multiplanetary system experiencing resonance motions like TRAPPIST-1, the gravitational per-
turbations help maintain non-zero eccentricities, hence the tidal heating ([43], [70]). Similarly,
Jupiter’s moon Io keeps a tidal heat flux at about 2 — 41 /m? [71]. For TRAPPIST-1 planets,
assuming Earth-like tidal dissipation, b may have a flux larger than Io, ¢ to e between values
similar to Earth and Io, and f to h smaller than the Earth [43]. Tidal heating can have a
significant impact on the habitability of a planet: negative if it results in an excessive volcanic
activity like on lo; positive if it increases the outgassing of volatiles from the mantle, offering a
replenishment mechanism that counteracts atmospheric erosion due to the star magnetic activ-
ity [70]. It can also have a positive impact for bodies with a thick layer of ice, as it is potentially
the case for TRAPPIST-1b, d, f, g and h [29]. The tidal heating could be sufficient to have a part
of the ice layer melt and a subsurface water ocean that may house living organisms created [72].

In regard to their atmospheres, the Hubble Space Telescope’s observations ruled out a cloud-free
hydrogen-dominated atmosphere for six of the seven planets. Being a powerful greenhouse gas,
a significant amount of hydrogen in an atmosphere could either have a positive impact on the
habitability of the outer planets, when preventing the atmospheres to freeze, or a negative one
on the inner planets as it is significantly increasing the surface temperature, preventing water
to remain in liquid state. As stable liquid water is a key element in our search for living organ-
isms, the fact that hydrogen-dominated atmosphere has been dismissed for the inner planets
increases their potential habitability ([73], [74], [75]). However, the composition and structure
remain unconstrained as their study is beyond the reach of current instruments. Nevertheless,
preliminary studies demonstrated that the JWST would be perfectly capable of covering more
in depth their atmospheric properties [24]. In the following years, it is therefore expected that
the JWST survey reveals the presence, composition and structure of the atmospheres around
the TRAPPIST-1 planets.
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Additional TTV analysis, like the one Agol et al. [76] are currently preparing, will help con-
strain further their densities and interior compositions, and gain a better insight about their
formation history and tidal dissipation. It will also possibly uncover a new exoplanet in the
system, allowing to explain the orphan transit-like structures found among Spitzer data [46].

Table 1.2: Parameters of the seven planets of TRAPPIST-1.

Planet

From E.Ducrot et al.
(2020) [46]

Period (days)

Mid-transit time Ty -
2,450,000 (BJDrpB)

Transit depth at
3.6um (%)

Impact parameter (R.)

Transit duration (min)

Ry/R« at 3.6um

Inclination (°)

Semi-major axis

(1073 AU)
Scale parameter a/R.
Irradiation (Sg)

Equilibrium
temperature® (K)

1.51088432 2.42179346 4.04978035 6.09956479 9.20659399 12.3535557 18.7672745
+0.00000015  +0.00000023  +0.00000266  +0.00000178  +0.00000212  +0.00000341  +0.00001876

7322.514193  7282.8113871 7670.1463014 7660.3676621 7671.3737299 7665.3628439 7662.5741486
+0.0000030 +0.0000038 +0.0000184 +0.0000143 +0.0000157 +0.0000206 +0.0000913

0.7209 0.721 0.351 0.491 0.655 0.724 0.313
+0.0067 +0.014 +0.016 +0.011 +0.019 +0.024 +0.027

0.25475:310  0.25479.110 023510120 0.20970:085  0.391+0.056 0.430+0.049  0.448 +0.054
36.309+0.093 42.42+0.12 49.37+0.32 56.31£0.25  63.28+0.31  69.10+0.36  76.28 +0.81

0.084903 0.08495 0.0593 00.07009 0.0809 0.0851 0.0559
+0.00040 +0.00086 +0.0013 +0.00075 +0.0013 +0.0014 +0.0025

80.28+0.32  89.47+0.24  89.65+0.15 89.663 +0.092 89.666 + 0.059 89.698 +0.044 89.763 +0.037

11.53413-099  15.79+0-14 22.2670-19 20.2470-25  38.774079:33  46.81528¥020  61.865679-33
20.13+3-3¢ 27.57+0-62 38.8570-88 51.0t1-2 67.171-15 81.71-8 107.972:4
4.15+0.16  2.211+0.085 1.114+0.043 0.645+0.025 0.373+0.014 0.252+0.0097 0.144 +0.0055

397.6 + 3.8 339.7+3.3 286.2 +2.8 249.7+2.4 217.7+2.1 197.3+1.9 171.7+£1.7

From S.L.Grimm et al.

(2018) [29]

Eccentricity

Argument of periapsis (°)

Radius (Rg)

Mass (Mg)

Density (pg)

0.00622 0.00654 0.00837 0.00510 0.01007 0.00208 0.00567
+0.00304 +0.00188 +0.00093 +0.00058 +0.00068 +0.00058 +0.00121

336.86 £34.24 282.45+17.10 -8.73+6.17 108.37+8.47 368.81+3.11 191.34+13.83 338.92+9.66

0.031 0.030 0.023 0.026 0.029 0.032 0.026
1.121*9:930  1.095*9930  0.784*9.923  0.91070:026  1.046%0:920  1.148%Q932  0.773+J:9%S
0.154 0.142 0.039 0.079 0.080 0.098 0.056
LO17%5 135 115675157 029755035 0.772X5075 09344707 1.148%695 03315049
0.092 0.083 0.067 0.076 0.038 0.034 0.117
0.726%5 991 08835578 061657065  1.024%G757g 08162036 0.759%5 033 0.719%5 102

1 assuming a null Bond albedo.



CHAPTER 2

Goal of this Master thesis

As we have seen throughout Chapter 1, TRAPPIST-1 is an exceptional multiplanetary system
that will be at the center of many studies and probably major breakthroughs in the follow-
ing years. Notably, we saw that its architecture creates important gravitational interactions
between the planets, turning it into a perfect target for the analysis of transit timing varia-
tions. From this analysis, we can learn more about its dynamics and constrain the masses of its
planets. However, retrieving these pieces of information from timing variations is a challenging
N-body inversion problem, and it requires a significant amount of timing data, see for example
S.L.Grimm et al. (2018) [29] who used a set of 284 individual transit timings for their study,
or the upcoming work of Agol et al. (2020) [76] that used 447.

In this context, the goal of this Master thesis is to provide transit timing data of the TRAPPIST-
1 system that will be used to support the next generation of TTV study designed to constrain
even more accurately the mass and density of the seven planets. These data could for instance
be combined with data from the Spitzer Exploration Program Red Worlds, recently analyzed by
E. Ducrot et al. (2020) [46]. They captured 188 transits of TRAPPIST-1 among more than 1000
hours of observation between February 2016 and October 2019. The accurate results gathered
from the future TTV analyses will be a key element to pave the way for subsequent studies
focusing for example on their tidal dissipation, directly dependent on their internal composition,
their habitability, and formation history from the protoplanetary disk.

To provide new transit timings, the TRAPPIST-1 system was observed with the telescope Io
from the SPECULOOS Southern Observatory (SSO) during the year 2019, more precisely
between May and December in accordance with the observability of the target from Chile, where
operate the SSO telescopes. Then, the obtained raw images were calibrated and the stellar
fluxes measured by aperture photometry, using the autonomous pipeline specifically built for
SSO observations. Next, I performed differential photometry with SPECPHOT, a photometric
Python package mainly developed by L. Garcia from the University of Liege. As a result,
accurate lightcurves came out of the observations, which were then subjected to a Markov
Chain Monte Carlo (MCMC) simulation following two approaches: an individual one to gather
the timings, best-fit of the lightcurves, and study transient phenomena such as flares; and a
global one by grouping the lightcurves planet by planet to achieve the best constraints on the
system parameters.

In total, I analyzed and computed the timing data of 47 transits from the TRAPPIST-1 planets.
The different results of this survey will be presented in Chapter 4.
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CHAPTER 3

Data acquisition and analysis

In this chapter will be detailed the acquisition, reduction, and analysis, of the TRAPPIST-1 plan-
ets’ transit lightcurves collected during the observational campaign with SPECULOOS-South
between May and December 2019. Some context will first be provided about the SPECULOOS
Observatories and how they were used for my observations. Then, the reduction of my data
with the SSO pipeline and SPECPHOT will be discussed. I will conclude this chapter with
a description of the lightcurve analysis done with the Markov Chain Monte Carlo (MCMC)
method.

3.1 Observation

3.1.1 SPECULOOS project

As my observations were made using SPECULOOS-South, I will start this section by going
through the SPECULOOS project, its telescopes, and its objectives.

Figure 3.1: The four 1m robotic telescopes of the SPECULOOS Southern Observatory (SSO). From
left to right: Callisto, Ganymede, Europa and lo. [77]
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SPECULOOS, for Search for habitable Planets EClipsing ULtra-cOOl Stars, is a project
that aims at the detection of Earth-sized exoplanets in the habitable zone of nearby Ultra-
Cool Stars (spectral type M7 or latter). Its main objective is to pave the way for further
atmospheric characterization and potential biosignature detection with the future JWST and
Extremely Large Telescope (ELT). It is based on a network of six 1m robotic telescopes: the
four telescopes of the SPECULOOS Southern Observatory (SSO) in Chile, the telescope of
the SPECULOOS Northern Observatory (SNO) in Tenerife, and the SAINT-EX telescope in
Mexico. While not being parts of the SPECULOOS network, the two 60cm robotic telescopes
TRAPPIST devote a fraction of their observational time to the project. In fact, they even
paved its way as they demonstrated with the TRAPPIST-UCDTS prototype survey [47] and
the detection of the TRAPPIST-1 system that the study of nearby UCD stars can be achieved
with a sufficient photometric precision by using small ground-based telescopes [49]. They are
twin robotic telescopes — TRAPPIST-South is installed at the ESO La Silla Observatory in
Chile and TRAPPIST-North operates from the Oukaimeden Observatory in Morocco [77].

The SPECULOOS project is a scientific collaboration between the University of Liege (Bel-
gium), the Massachusetts Institute of Technology (USA), the University of Bern (Switzerland),
the Canary Islands Institute of Astrophysics (Spain), the University of Cambridge and the
University of Birmingham (England). SSO has operated since January 2019 and is composed
of four identical robotic telescopes named after the Galilean moons of Jupiter - Io, Europa,
Ganymede, and Callisto (Fig.3.1). SNO was inaugurated more recently in June 2019 and is
currently based on one telescope, Artémis, which is a SSO’s twin. This is also the case of the
SAINT-EX telescope whose operations at San Pedro Martir Observartory (Mexico) started in
summer 2019. They are Ritchey-Chretien telescopes with a combined focal ratio F/8 for the
system of the 1-m diameter primary and 28-cm diameter secondary mirrors. Each of them
is associated with a robotic equatorial mount and a camera with a 2Kx2K CCD detector of
pixel size 13.5 um and scale 0.35” /pixel leading to a field of view of 12’ x 12’. The camera is
cooled (Peltier effect) to minimize its dark current. The cooling can go down to —100°C but it
generally operates at —60°C to reach a dark current of ~ 0.1e~/s/pixel. The CCD detector has a
good sensitivity from the near-UV (~ 350 nm) to the near-IR (~ 950 nm). However, as SPECU-
LOOS focuses on UCD that peaks in the infrared, there is a CCD window that maximizes the
transmissivity in the IR, while blocking everything below ~ 400 nm. In addition, each camera
comes with a filter wheel so observations with SPECULOOS telescopes can be conducted with
the following set of filters: Sloan -¢’, -r', -i’, -2’, I +z and blue-blocking [49]. Their transmission
curves are shown in Figure 3.2.

The target list of this project consists in 1657 known UCD stars all located within 40pc of
the Solar System. They are divided into three programs [78]. The first contains a census of
targets for which the JWST should be able to perform a thorough atmospheric characterization
of Earth-sized planets. It is made of 365 stars. Program 2 is dedicated to study the overlap
region between the targets observable by SPECULOOS and TESS (Transiting Exoplanet Survey
Satellite). Indeed, TESS is examining brighter stars and its detection potential falls down at
spectral type around M5, which corresponds to the earlier UCDs observable with SPECULOOS.
It includes 171 targets all with spectral types between M5 and M6.5V. The third program is
made of the 1121 targets not covered by the first two programs, its results will help building a
statistical database related to planets around UCDs.

Each target will be observed sufficiently to explore its habitable zone, as it is the goal of the
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survey. The coverage represents 200 hours for the first program and 100 hours for the second
and third. This difference of observation time is explained by the highest scientific importance
of planets potentially found by program 1.

The SPECULOOS survey started in 2017 and has until now (June 2020) observed about 10%
of the targets with more than 50 hours [78]. It is important to note that because they are
spread all over the sky, each target is monitored individually and it requires telescopes settled
in both hemispheres. Moreover, the monitoring has to be done continuously during the night
to not miss any potential transits as their duration is small (~ 15 minutes for a planet with
P < 1d). By taking into account the six telescopes of the SPECULOOS network and potential
lost nights due to bad conditions (e.g. weather), it would require ~ 10 years to complete the
HZ monitoring of the targets [49].
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Figure 3.2: Transmission curves of the broad-band filters available on the robotic telescopes of the
SPECULOOS Observatories. [49]

3.1.2 Data acquisition

Since they were developed to monitor UCDs and their transiting planets, SPECULOOS tele-
scopes are perfectly suitable for a follow-up on the TRAPPIST-1 system. It is what we have done
in 2019 with SSO/Io. The observations extended from May to December because of the ideal
position of the star in the sky during this time interval. Indeed, to be observed properly, the
star needs to be visible at night from the observatory and needs to be at a sufficient altitude in
the sky to decrease the airmass, hence the perturbations and extinction due to the atmosphere.
With a right ascension of 23k 06m 29.2s and a declination of —05° 02" 28.59” ([79], J2000 coor-
dinates), the star satisfied the criteria from SPECULOOS-South between May and December
(Fig.3.3).



3.1. OBSERVATION 25

90°

Figure 3.3: Altitude of TRAPPIST-1 at local midnight throughout the year from the SSO. In May, it
appeared after midnight but went sufficiently high in the sky to be observable. [80]

Each transit event happening between May and December 2019 was predicted with an approx-
imate mid-transit time. It could then be observed by the telescope if the following conditions
were met:

» the event had to occur at night and at high altitude in the sky to decrease atmospheric
perturbations (typically 25° above the horizon);

» the moon should not be too close to the star (distance in the sky > 30°);

» the weather conditions needed to be propitious, i.e. no cloud covers and low humidity to
achieve precise measurements, and a low wind speed to avoid damaging the instruments
(automatic closing when vy;,q > 18m/s).

All the observations were made with the same telescope to prevent a potential offset on the
lightcurves due to intrinsic instrumental disparities. If the conditions were adapted', the ob-
servation extended before and after the predicted event time to, (1) properly distinguish the
eclipse ingress and egress, (2) have enough no-transit time for lightcurve normalization pur-
pose, and (3) not miss the transit in case TTVs had significantly changed the timing. Each
image was taken with an exposure time of 23 seconds as calculated with SSO’s exposure time
calculator. TRAPPIST-1 is, as a matter of fact, a relatively bright UCD star (J-band magnitude
of 11.35 [81]), hence a longer exposure time could quickly saturate the CCD of To. Regarding
the filter, we selected the I + z as it offers a high transmittance (Fig.3.2) in the wavelength
where UCD stars emit the most (i.e between 700nm and 1000nm). The blue-blocking could
also be used but the transmittance increases from 500nm. Since UCDs do not emit significantly
below 700nm, this filter would just intensify the background noise in the data. The Sloan -7’
also has an acceptable transmittance in the near-infrared but we lose some signals since its
transmissivity decreases around 800nm. At the end of the night, all raw images recorded by
Io were automatically uploaded to the online ESO archive and downloaded to a server at the
University of Cambridge (UK).

In total, I observed 47 transits from the TRAPPIST-1 planets spread in 40 observation nights
between May and December 2019. In these transits, 20 are from b, 11 from ¢, 9 from d, 3 from
e, 1 from f and g, and 2 from h. The list of the observation dates with the concerned planet(s)
can be found in Table 3.1.

'For instance, if the transit occurred at the beginning of the night, we could not extend the observation
before because it would be during daytime.
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Table 3.1: Observation dates of TRAPPIST-1 between May and Dec 2019 along with some remarks.

UT date

Planet(s) in the
observation

Remark

2019/05,/21
2019/05,/22
2019/05/23
2019/05,/24
2019/07/04
2019/07/10
2019/07/13
2019/07/16
2019/07/28
2019/07/30
2019/07/31
2019/08/03
2019/08/11
2019/08/28
2019/09/02
2019/09/04
2019/09/10
2019/09/16
2019/09/19
2019/09/25
2019/10,/02
2019/10/06
2019/10/07
2019/10/18
2019/10,/19
2019/10,/20
2019/10/21
2019/10,/23
2019/10/24
2019/10,/26
2019/10/27
2019/10/30
2019/11/01
2019/11/02
2019/11,/04
2019/11/05
2019/11/14
2019/11/21
2019/12,/20
2019/12/27
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X
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X

X
X
blended transits
X
X
bad weather + d and ¢ blended
X
No egress of b - end of the night
blended transits
flare
X
X
X
X
X
X
only egress - beginning of the night
X
bad weather — clouds
X
X
X
no ingress - beginning of the night
X
X
X
X
flare
X
bad weather — high humidity
X
X
X
X
X

only egress - beginning of the night
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3.2 Data processing

The raw data emerging from the observational campaign need to be processed before being
analyzed. This task is divided in two parts: using an autonomous pipeline specifically built
for SSO observations and using a Python package designed to retrieve and analyze photometry
from full frame astronomical images, SPECPHOT.

3.2.1 SSO pipeline

Due to the consequent amount of data gathered by the SSO telescopes and the photometric
challenges specific to this survey, an autonomous pipeline dedicated to SSO images has been
designed (developed at the University of Cambridge). The main steps are [82], (1) image cali-
bration, (2) aperture photometry, (3) differential photometry, and (4) water vapor correction.
To process the data of this Master thesis, I used steps 1 and 2 of the pipeline before doing the
differential photometry with SPECPHOT. These steps will be detailed in this section.

Even with high quality instruments, collected images are affected by various instrumental effects
that should be corrected to obtain accurate photometric measurements. It is done through
image calibration. Every night, we take three types of calibration images called bias, dark and
flat.[82].

— Dark: a CCD detector works with the excitation of bound electrons by photons coming from
observed sources. The problem is that they can also be excited thermally, which creates an
additional signal on the data called dark current. The amplitude of this signal can be greatly
reduced by cooling down the detectors, but it is not completely damped. Therefore, we collect
dark frames which are taken at dawn once the telescope dome is closed, with no light striking
the array, so that most of the measured electrons are those generated by thermal excitation.
As this process is random, several dark images are collected and averaged into a 'master dark’.
Since cosmic rays can still interact with the detector when the dome is closed, we produce the
master dark image with a sigma-clip process that keeps only the values close to the median.
The resulting master dark is then subtracted from all the raw images.

— Flat: The pixels composing a CCD slightly differ from each other in their sensitivity due
to inherent manufacturing disparities or the presence of dusts on the camera and filters which
shade the pixels behind. To get accurate photometric measurements, it is necessary to correct
this effect with flat-field frames captured under the uniform twilight sky at both dusk and dawn
with the filter used during the observation since flat-fields are filter-dependent. The response of
the CCD detector to this uniform light source will be non uniform due to the pixel sensitivity
variation. The flat-fields are averaged to create a master flat-field frame using sigma clipping.
Each raw image is then divided by it to reduce the sensitivity variations.

— Bias: When the camera is read and the electron signal turned into digital units, a pixel-
dependent offset is added to the measured counts. In order to rectify this effect, bias frames are
gathered with a zero second exposure time at dawn once the telescope dome is closed. Here,
again, several frames are taken and averaged using sigma clipping. The master bias is then
subtracted from the raw images.

Once the science images have been calibrated with dark and bias subtraction and flat-field
division, they are ready for photometric measurements done through aperture photometry.
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Aperture photometry is a way to retrieve the total flux of the sources detected in an image
by defining a two-dimensional area centered on each object, called measuring aperture. Its
shape is usually a circle, particularly when we consider stars in an image like it is the case here.
However, in case of extended structures like galaxies and nebulae, the shape can be different,
e.g. an ellipse. After the aperture is defined, we calculate the source flux by summing the counts
on the pixels located within the area and by subtracting the sky background contribution [83].
The challenge with this technique comes from the selection of an aperture size. If it is too
small, we lose some source signal and the signal to noise ratio (S/N) decreases. But if it is too
extended, the S/N also decreases because the noise encompassed in the aperture increases [34].
It is therefore required to consciously choose the aperture size. In my case, the SSO pipeline
detects every source and measures the fluxes in every science image with 13 different aperture
sizes [82].

3.2.2 SPECPHOT

SPECPHOT is a Python package designed to perform stellar photometry on a set of observations,
mainly based on an Astropy package called photutils [85] and currently under development at
the University of Liege by the PhD student L. Garcia. It can accomplish various tasks including
image calibration, aperture and differential photometry, lightcurve visualization and detrending.
As opposed to the automatic SSO pipeline which is handling a great amount of images without
any human intervention, SPECPHOT gives a manual control on the data processing, allowing
the user to perform finely tuned analysis for a specific set of observations. It is motivated by
this reason that I pursued the processing of the data with this tool”.

As SPECPHOT was first designed for the SPECULOOS survey, it offers an automatic way to
download all the data from their storage, on the server of the University of Cambridge. This
is done with a function that takes in argument the different characteristics of the considered
set of observations. In my case, specifying the target and the year is sufficient to gather the
data of all the transits of TRAPPIST-1 observed between May and December 2019. After the
download is complete, SPECPHOT stores the information on the workstation in two files per
observation. The first one simply consists in a stack image (Fig.3.4) while the other contains
all the observation data such as the photometry for all stars in every image at the 13 apertures
and the value of the different systematics. As they are now available on the user computer,
they can be opened, modified and visualized easily.

Afterwards, we have to apply differential photometry to the data by selecting in the image
one or several other stars, called comparison stars, and representing the signal of the target as
the difference between its magnitude and the comparison star’s one, or a combination if there
are several. By doing so, most of the flux variations not intrinsic to the target are removed,
including those due to atmospheric turbulence and clouds passing in the line of sight. It is
particularly convenient when it comes to measure small stellar flux variations from ground-
based observations, like it is the case for the SPECULOOS transit survey. The comparison
stars need to be close to the target to ensure that they are affected by the same atmospheric
perturbations. Moreover, they should not be variable stars themselves [83]. With SPECPHOT,
a specialized function selects the optimal comparison stars, applies the differential photometry
on the target’s lightcurve with the 13 apertures and normalizes it so that the mean flux outside

2I could also have used SPECPHOT from the beginning with the image calibration.
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of the transit signal equals to one. The optimal comparison stars are selected following notably
the algorithm detailed in Broeg et al. (2005) [86].

The final aperture of a given observation is then chosen by keeping the one that minimizes the
average spread of the lightcurve, defined as the average out-of-transit standard deviation in
five-minute bins [82].

This method resulted in 40 differential lightcurves of TRAPPIST-1, each corresponding to a
given observation night (Table 3.1).

Figure 3.4: Stack image of the observation of a transit of TRAPPIST-1b on 15 Jul 2019.
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Figure 3.5: Final differential lightcurve of TRAPPIST-1 for the observation on 15 Jul 2019.
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3.3 Data analysis

Once the data processed, I subjected them to a Markov Chain Monte Carlo analysis using a
code written by M. Gillon [87]. With my lightcurves as input, this code enabled me to derive
the parameters of the planets and their host star, along with their corresponding errors. In this
section, I give a brief introduction to the MCMC analysis as a complete description would be
beyond the scope of this work. I then describe more specifically how I used it with the dataset
presented in this Master thesis. The results of this analysis are given in Chapter 4.

3.3.1 The Markov Chain Monte Carlo method

The Markov Chain Monte Carlo method is a stochastic simulations algorithm based on Bayesian
statistics whose goal is to derive the posterior probability distribution functions of a set of pa-
rameters of interest given an assumed model and some input data. It is well suited for exoplanet
data analysis where we deal with extensive parameter spaces, particularly with multiplanetary
systems like TRAPPIST-1. The algorithm is conditioned by, (1) a dataset represented in my
case by the photometric points of the lightcurves, and (2) a model, here the eclipse model of
Mandel & Agol (2002) [88] multiplied by a baseline model that aims to represent the effect of
other astrophysical and instrumental mechanisms able to produce photometric variations, such
as airmass variation during an observation [87]. The MCMC links two concepts: the Monte
Carlo and the Markov Chain. The Monte Carlo describes the process of sampling a distribu-
tion only by drawing random samples from it, generally because it is too complex for a purely
analytical representation. As an example, under this approach one would find the mean of a
given distribution by taking the mean of a number of random samples taken from it rather than
from an analytical equation. The Markov chain part of the MCMC implies that the random
samples are generated through a sequential process where each sample is used to generate the
next one. Therefore, a new sample is only linked to the one preceding it and the algorithm
keeps no memory of all the past samples. This memoryless property in a random process is
referred to as Markov property, hence the name given to the chain. By combining these two
concepts we obtain the Markov Chain Monte Carlo method which can be tuned to converge to
the posterior probability distribution functions of a model’s parameters [89].

In practice, during the MCMC simulation some parameters that we call jump parameters are
randomly perturbed. This perturbation changes their value, making their parameter space
exploration possible. Generally the jump parameters are the following [87]:

» the stellar mass M,;

» the stellar radius R,;

» The stellar effective temperature 7T, ;
» The metallicity [Fe/H];

» the combinations ¢; = 2 x u; + Uy and ¢y = vy — 2 x uy where u; = 0.8846 + 0.14 and
ugy = 0.05 £ 0.14 are the quadratic limb darkening coefficients for TRAPPIST-1 with the
I + z filter interpolated from Claret et al. (2012) [90];

» the transit depth dF;

» the impact parameter b;
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» the orbital period P;
» the transit duration W;

» the time of inferior conjunction Tj, i.e. when the distance on the plane of the sky between
the center of the star’s disk and the center of the planet’s disk is minimal (with the planet
closer to the Earth than the star). It corresponds to the mid-transit time for a circular
orbit [11].

The jump parameters dF', W, b, P and Tj are taken for each planet appearing in the lightcurve.
From the new drawn values, we derive a model and the other physical parameters of the system
(e.g. planetary radius) according to our baseline and the eclipse model [88]. Afterwards, the
goal is to quantify the relative probability of the step.

In Bayesian statistics, the probability of an event is interpreted as a degree of belief, which
depends on our opinion on its value prior to the analysis, but also on newly observed data.
Formally, this approach uses the new perceived data D about a set of parameters to update
the prior beliefs I to posterior beliefs. We express it mathematically with the Bayes’ theorem
[91]:

p(M|I)p(D|M, I)

PATIE1) == o)

(3.1)

Where p(M|D, I) is the posterior probability that the model M is true, considering the data
D and the prior state of beliefs I, p(M|I) is the prior probability, p(D|M,I) is the likelihood
that quantifies the agreement between the model and the data, and p(DI|I) is a normalization
factor. The prior beliefs on a parameter are given to the MCMC as a probability distribution
function. In the code used for this work, it is possible to fix either a uniform or a normal
prior. In the first case, no value is more probable than another one and the exploration of the
parameter space is free. Whereas in the second case, the given normal distribution A (u,0?)
defines a high probability region around p, whose size is related to the standard deviation
o. As a consequence, when the MCMC draws a value of the parameter in this region, the
prior probability is higher, and the same applies for the posterior probability (see the Bayes’
theorem). As we will see after, this forces the algorithm to spend more time in this region, which
constrains the exploration of the parameter space®. For instance, I assumed in my analyses a
prior 0.0898 + 0.0023M@ on the stellar mass, well constrained by E. Ducrot et al. (2020) [46],
which the algorithm interprets as a normal distribution N (0.0898,0.0023%) Mg.

It is worth mentioning that with these distributions can be associated physical limits, for
example negative values are not allowed for dF', W, b, P, and Ty, and b should be inferior to

a/R,. (1.8).

At each new step i, the posterior probability P; is computed from the prior probability and
the likelihood function. We then compare it to the posterior probability P, ; acquired at the
previous step” using the Metropolis-Hastings algorithm [92]. Tt works as follows:

» if P,> P;_q, step i is better and accepted, the chain continues from there;

3The exploration constraint is even more important as the given ¢ is small, since it defines the size of the
high probability region of the Gaussian.
4Only the previous step is considered, in agreement with the Markov property of the chain.
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» if P, < P;_q1, the MCMC draws a random number u between 0 and 1. If P;/P;_y > u, step i
is accepted, but if P;/P,_; < u, then step i is rejected and the chain goes back to the step
7 — 1 to continue the chain.

Having such a rule, the simulation ends up converging in high posterior probability region while
still having a sufficient flexibility to explore the parameter space without getting stuck in local
maxima. The MCMC keeps exploring step by step following this process. Each time a certain
value of a parameter is drawn, it increases the statistical weight of this value which will be
used at the end of the chain to build the posterior probability distribution function (PDF) of
each parameter. Since the Metropolis-Hastings algorithm makes the MCMC converge in high
probability region, the more likely values are kept more than the others hence their statistical
weight increases. When it reaches the number of steps limited by the user, the MCMC stops
and discards the first unstable steps of the chain that did not already converge, so that they
do not affect the posterior PDFs. We call this removed fraction the burn-in phase, and it
represents 20% of the chain size in my case. The algorithm then outputs several information,
especially the median and 1-o deviation of the parameters’ PDF. The best-fit of the lightcurve
is obtained as a by-product from the model that got the highest posterior probability during
the chain.

3.3.2 Analysis of the dataset

Before analyzing my 40 lightcurves, I converted the time unit. SPECPHOT works indeed in julian
date with the coordinated universal time standard (UTC), denoted JDyr¢, not convenient when
dealing with astronomical events [93]. For instance, due to the finite speed of light, an event
coming from a specific source can be detected at different times depending on the position
of the Earth on its orbit. Since the semi-major axis of our planet is 1AU, an event can be
early or delayed up to 1AU/c (~ 8.3 minutes). Also, due to relativistic effects, time passes
differently on moving objects. To correct these, we must convert the time in BJDrpg. In BJD
(barycentric julian date) the reference frame is not the Earth but the Solar System’s center
of mass. TDB stands for barycentric dynamical time and is a time standard which takes into
account notably the relativistic effects and also the drift introduced by leap seconds. An online
applet developed by J. Eastman allows this conversion [94]. After the time converted, I built
the specific input file needed for the MCMC code with the help of SPECPHOT. It consists in
a text file for each lightcurve that contains the following information for every photometric
point: the time in BJDrpp, the flux and its error from the target’s differential lightcurve, the
exposure time of the image, and the systematics. The systematics (or ’external’ parameters)
represent astrophysical and instrumental phenomena that can create photometric variations on
the lightcurves, their values across an observation are necessary to build the baseline model as
we will see after. The considered systematics are the following:

» the full width at half maximum (fwhm) of the PSF® that represents its size on the ar-
ray. The MCMC code also requires the values of fwhm, and fwhm,, useful if the PSF is
asymmetric, but in this case it is not necessary since SPECULOOS telescopes assume a
symmetric PSF.

®The point spread function (PSF) describes the response of an optical system (here the telescope) to a point
source (here stars).
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» dx and dy, the position of the PSF on the pixels. Depending on how it is centered,
variations can appear due to inter-pixel and intra-pixel inhomogeneity. The former is still
present despite the flat-field division because it only corrects partially this effect. The
latter has an impact mostly if the PSF is undersampled and only covers a few pixels. This
is the case for instance with the IRAC detector of Spitzer that has a PSF typically with
a fwhm ~ 1.5 pixel [95].

» the airmass which quantifies the layers of atmosphere the light from a source has to go
through. It equals 1 for an object at the zenith and increases with decreasing altitude.
As stars move in the sky during a night, owing to the Earth’s rotation, the airmass varies
and can cause flux variations on a lightcurve.

» the sky, representing the flux variation in the sky background, originating from dif-
fused/scattered photons from the Moon and/or the Sun, airglow, and so on.

At that stage, the MCMC analysis was ready. It was divided in two parts. Firstly, I performed
individual analyses on the 40 lightcurves listed in Table 3.1 aimed at determining independently
the physical parameters with a clear focus on their mid-transit time 7} in the context of this
work. Individual analyses also enabled me to select the best baseline model to apply on each
lightcurve and study transient phenomenon such as the flare of the 28 Aug 2019. Secondly, I
conducted global analyses by grouping all the transits obtained for one specific planet at a time.
Subsequently, I increased the number of photometric points given to the MCMC to get the best
constraints on the system parameters. It is particularly important for the transit ingress and
egress that generally lack measurements due to their short time duration.

Individual analysis

I initiated this part by assuming some prior PDFs for the different parameters that are used
for all the individual analyses. A summarize can be found on Table 3.2. Concerning the stellar
parameters of TRAPPIST-1, I set normal prior distributions on the mass, effective temperature
and metallicity based on the results of E. Ducrot et al. (2020) [46] presented in Table 1.1. Then
for each planet I assumed a uniform prior on the transit duration and normal priors on the
transit depth® and impact parameter also based on the results of E. Ducrot et al. depicted in
Table 1.2. In addition, the planets are assumed to be in circular orbit” (e = 0) and I considered
a normal prior on the mid-transit time 7 which needs to be adapted for each lightcurve since
it is changing. I found its approximate value by visualizing the lightcurve with SPECPHOT and
thus capturing the position of the transit drop (Fig.3.5). I imposed a relatively high deviation
on the prior PDF of Tj (depending on the lightcurve ~ 5 to 15 minutes) since the assumed mean
value was based on visual thought. It should be noted that in the context of individual analyses,
the orbital period is not considered as a jump parameter because it cannot be determined from
a single transit. I therefore fixed its value for each planet [46].

Those priors on the stellar and planet parameters aimed at isolating the signal of the transits
from the noise. It is particularly important in the presented dataset since despite the good-
quality data processing, SPECPHOT does not have a functionality to reduce the water vapor
perturbations that can be significant.

SThe transit depths are given at 3.6um, but I still used these values as priors since dF does not vary
significantly with the wavelength (see Subsection 1.2.3).
7As seen on Table 1.2, their eccentricity is small so this assumption is acceptable.
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As a next step, I started the individual analysis which is divided in three stages for each of the
40 lightcurves.

The goal of the first stage is to obtain the detrended lightcurve by compensating the potential
photometric variations created by systematic effects that have not been removed previously. The
approach of the MCMUC is to find the optimal baseline function, that consists in a polynomial
combination of the different systematics to which is associated a model order to assess their
effects on the lightcurve. The parameters considered by the code are the systematics listed
previously (fwhm, dx-dy, airmass, sky) plus the time, to take into account potential time
dependent trends. In order to find the optimal baseline function, I made a succession of small
MCMC run of 5,000 steps to observe the effects of the parameters on the lightcurve and on
the Bayesian Information Criterion, abbreviated BIC [96]. The BIC is a proxy of a model’s
‘evidence’, i.e. a parameter enabling to quantify the relative probability of several models. It
is defined by [87]:

BIC =x?+klog(N) (3.2)

Where x? is the smallest chi-square found during the chain, & is the number of free parameters
of the model, and N is the number of photometric points relative to the lightcurve (Appendix

A).

At the end, the goal is to select the baseline model that results in the smallest BIC, i.e. the model
that adjusts the best the data (small x?) while having the least parameters possible (small k).
This approach can be related to the principle of the Occam’s Razor: we must seek for simplicity
in the baseline as a too complex one will only have a negative impact (over-detrending). The
selected baseline functions are shown in Appendix A. We note that SPECPHOT has a function
to visualize the systematics, I used it to have a first overview of which baseline function could
be suitable for each lightcurve.

Once I was satisfied with the selected baseline function, I moved on to the second stage of the
analysis whose goal is to evaluate how the data are still affected by noise, to estimate the need
to rescale the photometric errors of the lightcurve. It is quantified with two scaling factors,
Bw and (.. [, is the white (uncorrelated) noise linked to measurement errors, as opposed to
B, which corresponds to the red (correlated) noise and describes the inability of the model to
represent perfectly the data. A scaling factor inferior (resp. superior) to 1.00 means that the
corresponding noise is overestimated (resp. under-estimated). By multiplying them, we get
the correction factor C'F' that quantifies the need to rescale the photometric errors. To obtain
these factors, I run a chain of 50,000 steps assuming the baseline function selected at the first
stage. The correction factors found are written in the Appendix A for the 40 lightcurves.

Finally, I performed for each lightcurve a MCMC analysis composed of two chains of 75,000
steps with the optimal baseline function and the C'F' derived as described above. A good
convergence of both chains is ensured by using the Gelman-Rubin test, which assesses the ratio
of the between-chains and within-chain variances for each model parameter. On the one hand,
if it is large, this means the two chains did not converge properly and this should be improved
for example with the use of longer chains. On the other hand, if it is close to 1, the convergence
is good. Typically, we are satisfied with a ratio < 1.1 for each model parameter, which was
the case for every individual analysis performed. After the last stage, I deduced the jump and
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derived parameters from the median and 1 - ¢ deviation of their corresponding posterior PDFs
along with the best-fit of the lightcurve.

To summarize:
» I made a succession of 5,000 steps chains to find the optimal baseline function;
» [ estimated the correction factor with a 50,000 steps chain;

» [ deduced my results with 2 chains of 75,000 steps.

Table 3.2: Assumed prior PDFs on the stellar and planets parameters during the individual analyses.

Parameter Prior Value
Star

Mass M, normal Table 1.1

Effective temperature T¢y normal Table 1.1

Metallicity [Fe/H] normal Table 1.1

Planets

Transit depth dF normal Table 1.2

Impact parameter b normal Table 1.2
Mid-transit time Ty normal Depends on the lightcurve

Transit duration W uniform Table 1.2

Global analysis

The global planet by planet analyses aimed to maximize the constraints on the system param-
eters from my dataset. I started by grouping together the lightcurves relative to each planet.
If several transits were visible in a single observation, I cut it to attribute each transit signal to
each planet. This separation could not be done for blended transits, hence I did not consider
them during this part (see Table 3.1). I discarded also the two incomplete transits of d as I
had a low number of observations for this object, so incomplete transits could have affected
the accuracy of the results (bad convergence). On the contrary, I estimated that I had plenty
enough lightcurves for b to keep its incomplete transits. Furthermore, I cut the two flare signals
on the lightcurves of the 28 Aug and 30 Oct 2019, as they were already characterized during
the individual analyses.

In total, I considered in this part 19 transits of b, 8 of ¢, 5 of d, 3 of e, and 2 of h. The planet
f and g were not considered for the global analysis as I had only one transit for each.

I then assumed some prior PDFs (summarize in Table 3.3). I decided to assume less constrain-
ing priors than in the individual analysis to let the algorithm explore more freely the parameter
space while benefiting from stronger constraints from the data than for individual analyses.
In other words, I did not want too important priors to govern the obtained system parame-
ters. For the stellar parameters, I kept normal prior distributions, here on the mass, radius,
effective temperature and metallicity, again from Table 1.1. Next, to give more freedom in the
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exploration of the parameter spaces by the MCMC, for each planet, I chose less constraining
uniform priors on the transit depth, impact parameter and transit duration, based on Table
1.2. T also kept the assumption of a circular orbit (e = 0). Moreover, I considered in the global
analyses the transit timing variation of each transit as jump parameter. The values input to
the algorithm were found by following the approach described in Section 1.3, i.e. by subtracting
the timings C, calculated with the equation (1.15), from the observed timings O, derived during
the individual analyses. The ephemeris Ty and P are found by performing a linear regression
on the set of observed timings, as described in Chapter 4.

After the lightcurves are grouped, the priors assumed, and the TTVs calculated, I began the
global analysis of each planet. It was done in the same way as the individual one, except that
I kept the optimal baseline models determined previously for each observation. I started by
running a 50,000 steps chain to estimate the correction factors C'F' of each lightcurve, and
then I performed two chains of 75,000 steps using the Gelman-Rubin test to ensure a good
convergence. Indeed, I got a coefficient < 1.1 for every jump parameter of each planet, attesting
the correct convergence of the performed global analyses. Consequently , I obtained the best
constrained jump and derived parameters along with the best-fit of each lightcurve. I also got a
global best-fit lightcurve by shifting all the transits to a common center, as we saw in Figure 1.9.

Table 3.3: Assumed prior PDF's on the stellar and planets parameters during the global analyses.

Parameter Prior Value
Star

Mass M, normal Table 1.1
Radius R, normal Table 1.1
Effective temperature T¢ normal Table 1.1
Metallicity [Fe/H] normal Table 1.1

Planets
Transit depth dF uniform Table 1.2
Impact parameter b uniform Table 1.2
Transit duration W uniform Table 1.2




CHAPTER 4

Results

This chapter will go through the results of this Master thesis as derived from the individual and
global analyses of the lightcurves detailed in Subsection 3.3.2. The consistency of my results
will be checked by comparing with the scientific literature. In this context, I will notably focus
on the paper of E. Ducrot et al. (2020) [46] and L. Delrez et al. (2018) [97] that performed
a very precise analysis on the TRAPPIST-1 planets from Spitzer observations. For the TTV, I
will focus on the two papers frequently cited through this document, S.L.. Grimm et al. (2018)
[29] and Agol et al. (2020) [76].

The output files of the MCMC are designed to be autonomously plotted with SuperMongo, but
for more flexibility and clarity, I processed those files with Python and made the figures with
the package MATPLOTLIB [98].

4.1 Individual analysis

Several inferences could be drawn from the individual analyses. As the goal of this work is
to support the next generation of TTV studies, the obtained transit timings will be presented
along with their variations. I will then briefly interpret and discuss the scientific significance of
the observed flares and blended transits. The interested reader will find the best-fit model of
every lightcurve in Appendix B.

4.1.1 Transit timings and variations

In Table 4.1 are shown the median and deviation of the posterior PDF for the 47 mid-transit
timings I observed. The time reference is the BJDrpp as it is the most appropriate one for
the census of astronomical events [93]. This time is a continuous count of day since a reference
epoch thousands of years ago and its current value is around 2,458,000. For the seek of visual
clarity, I remove 2,450,000 from this count of day as it is commonly done in the literature.
Along with that are written the transit timings predicted by Agol et al. (2020) [76], I will
detail it later.

It can seen that the errors are typically around ~ 5 x 10™* day, which represents less than a
minute. In comparison, it is the same order of magnitude as what can be found in the literature
when the measurements are made from ground-based observations, see for instance the timing

data obtained by S.L. Grimm et al. (2018) [29] with TRAPPIST and SPECULOOS. With a
state-of-the-art space telescope like Spitzer, the errors are lower, commonly about a dozen of
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seconds ([46], [97]). We note that greater errors in the table are associated to bad weather
conditions on the observation night, or an incomplete/blended transit for which the timing is
generally less properly constrained. For instance, the transit of TRAPPIST-1d on 8759 days has
an important error ~ 10 minutes, but the Figure B.32 in Appendix B shows that it is incomplete.

Table 4.1: Observed and predicted ([76]) mid-transit timings along with the 1 — o errors.

Observed time Predicted time

-0 [d +0 [d Opost [d
BJDrpp - 2,450,000 [days] [day] [day] BJDrpp - 2,450,000 [days] post [day]

TRAPPIST-1b

8624.89660 0.00047 0.00045 8624.897058 0.000071
8627.92046 0.00058 0.00091 8627.919382 0.000075
8668.71040 0.00054 0.00050 8668.712760 0.000080
8674.75706 0.00041 0.00041 8674.756757 0.000079
8677.77834 0.00081 0.00074 8677.778275 0.000080
8680.79947 0.00033 0.0003 8680.799792 0.000081
8692.88623 0.00031 0.00031 8692.886822 0.000082
8695.90866 0.00025 0.00026 8695.908853 0.000079
8698.9320 0.0016 0.0020 8698.930827 0.000081
8730.65880 0.00034 0.00032 8730.659359 0.000085
8736.70189 0.00051 0.00046 8736.702778 0.000085
8742.74703 0.00031 0.00033 8742.746433 0.000085
8751.81040 0.00066 0.00067 8751.811219 0.000087
8777.4972 0.0036 0.0022 8777.496147 0.000088
8780.51886 0.00055 0.00051 8780.518472 0.000087
8783.54020 0.00037 0.00034 8783.539932 0.000087
8786.56203 0.00055 0.00093 8786.561775 0.000091
8789.58466 0.00086 0.0011 8789.583209 0.000089
8792.60562 0.00028 0.00026 8792.605540 0.000089
8801.67128 0.00056 0.0005 8801.670277 0.000090

TRAPPIST-1c

8626.90564 0.00063 0.00058 8626.905460 0.000105
8677.76343 0.00098 0.00091 8677.763907 0.000106
8694.71562 0.00063 0.00059 8694.716477 0.000099
8706.82518 0.00058 0.0006 8706.825474 0.000099
8723.77770 0.00055 0.00058 8723.777878 0.000101
8728.62225 0.00045 0.00045 8728.622363 0.000102
8745.57412 0.00033 0.00032 8745.574317 0.000101
8762.52730 0.00069 0.00064 8762.527513 0.000106
8774.63661 0.00047 0.00049 8774.636574 0.000108
8791.58923 0.00064 0.00059 8791.588685 0.000110
8808.54105 0.00052 0.00053 8808.541828 0.000118

Second part on the next page.
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Observed time Predicted time

—0 |d +0 |d o d
BJDrpp - 2,450,000 [days] L] [T 5D - 2,450,000 [days] ~ Po%t [da]

TRAPPIST-1d

8625.84748 0.00097  0.0010 8625.849060 0.000836
8694.6847 0.0016 0.0017 8694.685220 0.000861
8698.7356 0.0018 0.0017 8698.734924 0.000861
8706.8325 0.0015 0.0014 8706.833050 0.000862
8759.4761 0.0076 0.0071 8759.475206 0.000868
8763.5283 0.0015 0.0016 8763.524963 0.000876
8775.6745 0.0015 0.0013 8775.672985 0.000879
8779.7227 0.0012 0.0013 8779.722169 0.000871
8844.5137 0.0035 0.0057 8844.511679 0.000919

TRAPPIST-1e

8776.57585 0.00057  0.00059 8776.576115 0.000360
8782.67521 0.00098 0.0011 8782.674774 0.000370
8837.55895 0.00063  0.00070 8837.558790 0.000465

TRAPPIST-1f
8674.89789 0.00074  0.00068 8674.897346 0.000463

TRAPPIST-1g
8789.5303 0.0013 0.0011 8789.529882 0.000316

TRAPPIST-1h
8694.7771 0.0018 0.0021 8694.767888 0.000965
8788.6092 0.0012 0.0012 8788.606513 0.001240

As we have seen in Section 1.3 and Section 1.4, the architecture of the TRAPPIST-1 system
creates strong gravitational interactions between the planets, which causes orbital deviations
and transit timing variations from a Keplerian reference where P is constant. As a result, if we
compare the observed timings, denoted O, to what would be measured with a constant period
orbit, denoted C, we would be able to visualize the TTV (O-C) from that reference. Here, the
observed timings are those written on Table 4.1 and the calculated timings are computed with
the equation (1.15). The epoch corresponds to the transit number from the reference at F = 0,
and are written for each observed event in Appendix A. I then only need to compute the value
of the ephemeris P and Tj for each planet to apply the equation and obtain the TTV with
respect to this ephemeris.

I will start by representing the transit timing variations of my dataset alone, and then I will
compare them to the results and predictions of the upcoming article of Agol et al. (2020) [76].

The gravitational interactions make the orbital periods of the seven planets vary with time, and
their values can quickly drift. As a consequence, the main issue when plotting the TTV signal
of a given dataset is to find the average periods during the time interval of the survey, to use as
references. To do so, I refined the ephemeris of each planet with a Python function that does
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a linear regression on the set of observed timings to calculate P, Tj, and their corresponding
errors, by using the ordinary least squares (OLS) statistic method. We note that this function
only considers a symmetric error, therefore, I took the highest one of each transit timing on
Table 4.1. To centralize the planets parameters to a same table, the computed ephemerides
are written in Table 4.3. After that, I plotted on Figure 4.1 the transit timing variations of
the planets with respect to their respective mean ephemeris, excluded f and g since it is not
possible to perform a linear regression with a single transit time.

Visually, we see that selecting the mean ephemerides makes the TTV signal quite flat, well
distributed around the grey vertical line drawn for illustrative purpose at TTV = 0. A data
point above (resp. below) that line means that the transit happened a few minutes after (resp.
before) what would be expected with the Keplerian reference. Even though I gathered a non
negligible number of transits (47), it is difficult to notice any tendencies in the signal of the
different planets. As already mentioned, greater errors are associated to poor weather conditions
during the observation, or an incomplete/blended transit.

It is interesting to note again the importance to be in the time reference BJDrpg. In JD, one
would observe timing variations over the months that are related notably to the position of the
Earth on its orbit rather than to real orbital deviations of the TRAPPIST-1 planets.
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Fi%ure 4.1: Transit timing variations of the observed events of b, ¢, d, e, and h, with respect to their
ephemerides derived from the linear regressions. The errors represented are those of the observed

timings (Table 4.1). A vertical line (grey) is plotted for illustrative purpose.
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Now, we can analyze my timings and their variations with the results of Agol et al. (2020) [76].
I chose this article because, based on a thorough TTV modeling, it predicts the transit timings
of the TRAPPIST-1 planets up to the end of 2019. As a consequence, we are able to compare
what I obtained with respect to their predictions, which enables us to assess the accuracy of
my measurements but also the accuracy of the TTV model. As mentioned, I included their
predictions in the Table 4.1, which consists in the mean ?,,; and standard deviation o,
obtained from the posterior sample of their analysis with a N-body integrator. In the context
of this Master thesis, I will not detail how their predictions were computed, but only compare
their values with my timing data. The interested reader will find a complete discussion in the
concerned article, once it is published.

For a visual approach, I also built figures (Fig.4.2) displaying for each planet: (1) the best-fit
transit-time model they computed (blue), (2) the transit timing variation measurements (+
errors) they used (black), based on Spitzer, K2, and ground-based observations, and (3) the
measurements obtained from my work (+ errors), keeping the same color code as the Figure
4.1 for the planets. We note that the TTV are now calculated with the ephemerides used by
Agol et al., in order for the variations to be based on the same reference.

From a quantitative approach with the exact values in Table 4.1, or a qualitative one with the
figures, we notice an excellent agreement between the predictions and my measurements. The
difference is typically around a minute, which is similar to the order of magnitude of the errors
in my measurements. However, we still identify some noticeable outliers. For TRAPPIST-1b,
the transit around 8668 days has a difference of more than 3 minutes. It cannot be explained
by bad weather conditions since they were appropriate, and there is nothing unusual about
its lightcurve (Fig.B.3). Such unexplained variations have also been found by Agol et al., they
estimated that about 10% of their transits were affected at different levels. It could be due to an
unknown systematic effect, stellar variability, or even a flare. However, to impact the computed
timing, a flare should occur during the transit ingress or egress, which is unlikely due to their
short timescale. For TRAPPIST-1d, we have one outlier at 8763 days that is certainly due to bad
weather conditions. It can be seen on Figure B.33 that shows a poor quality lightcurve. We
note that no data points were collected in 2019 by Agol et al. for this planet, my measurements
are therefore interesting as they allow to confirm the sharp decrease seen on the corresponding
figure. For TRAPPIST-1h, we notice that the two data points do not fit the predictions, with
a difference respectively of 13.2 and 3.85 minutes. The weather conditions can provide an
explanation as they were not optimal for both observations, in particular for the first transit.
Indeed, we can see on Figure B.22 significant variations in the photometric points, even when
corrected with an important baseline function. The difference with the predictions could also
be explained by a less accurate TTV modeling for this planet. As it is the most distant one of
the system, its relatively long period makes its observation less frequent, which decreases the
amount of timing data, hence the accuracy of the predictions.

We notice with the figures that the TTV signals of the TRAPPIST-1 planets are varying over
several years, so my measurements obtained over a few months are clearly not sufficient to
result in a meaningful TTV modeling. It is also interesting to note that, in some cases, we can
visually understand how the planets are interacting. For instance, b and ¢ display T'TV signals
closely anti-correlated, which shows that they interact preferably with each other.
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TRAPPIST-1b
—— TTV model (Agol et al.) ® Measurements (Agol et al.) ® Measurements (this thesis)
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TRAPPIST-1f
—— TTV model (Agol et al.) ® Measurements (Agol et al.) ® Measurements (this thesis)
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TRAPPIST-1h
—— TTV model (Agol et al.) ® Measurements (Agol et al.) ® Measurements (this thesis)
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Figure 4.2: Transit timing variations of the TRAPPIST-1 planets. The measurements of Agol et al.
(2020) with K2, Spitzer, or ground-based telescopes are in black, their best-fit transit-time models
in blue, and my measurements are in the color corresponding to the planet. A vertical line (grey) is
plotted for illustrative purpose.

4.1.2 Flares

As we mentioned, Ultra-Cool Dwarf stars can have an important magnetic activity, resulting
in flares which are associated with the release of energy during magnetic reconnections [12].
They create emissions across the spectrum, and can therefore be seen in the observations in
the infrared. On the lightcurves, they correspond to a peak of the flux received from the star,
followed by an exponential decay. They are characterized by three parameters: (1) the peak
timing tp, (2) the flux amplitude A, and (3) the timescale 7. They are represented in the
MCMC code with the equation [46]:

F(t):Axexp[—(t—to)/T] (4.1)

where F'(t) represents the flux changing across the time.

Depending the cases, it can be challenging to recognize if a flux peak in the lightcurve is
linked to a flare, or to potential external perturbations. Indeed, despite the image calibration,
differential photometry, and detrending, some variations not intrinsic to the TRAPPIST-1 system
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still remain. To investigate, I first looked at the number of photometric points in the flux peak.
Typically, a single point is not sufficient to prove we have a flare. Then, I tried several baseline
functions to see if it was possible to compensate the variation. If it was the case, it meant that
the flux peak was probably not due to the star but to other variations (e.g. sky background
variation). And finally, I looked at the water vapor variation the night of the observation. Since
my lightcurves are not corrected for it, it was indeed an important thing to check. For instance,
a sharp change of the water vapor in the atmosphere at the same time as the flux peak could
discard a potential flare.

In total, I could identify two clear flare signals. One after the transit of TRAPPIST-1c on 28
Aug 2019, and one before the transit of TRAPPIST-1b on 30 Oct 2019. They are displayed on
Figure 4.3. The values of the three parameters computed by the MCMC individual analyses
are shown in Table 4.2 for both flares.

In a scientific context, the observation and characterization of flares from UCD stars is impor-
tant. Indeed, we have seen in Section 1.4 that the flaring activity can have a significant impact
on the planets and their habitability. But to assess accurately their impact, it is necessary to
well constrain their frequency and energy, which requires to lead a study on a large sample of
flare data. However, flares have a short time duration and are not predictable, hence the prob-
ability to observe them is low. As a consequence, every observed flare matters, and the data
of the two additional flares reported in this Master thesis will certainly be useful to support
future work about the impact of TRAPPIST-1 flares on its planets. A first step would be to
determine the energy of the two flares, for instance following the approach of T. Shibayama
et al. (2013) [99], to see if it follows the flare energy power law computed by E. Ducrot et al.
(2020) for TRAPPIST-1. Depending on the flare distribution, some planets of the system could
be positively impacted as the flares could trigger prebiotic chemistry [59].

Table 4.2: Parameters of the two flares observed during the survey, as computed with the individual
MCMC analyses.

Timin
UT date 8 Amplitude [%] Timescale [day]
BJDrpp - 2,450,000 [days]

2019/08/28 8723.79946+:00014 3.23+083 0.00097+0-00030

2019/10/30 8786.53957 050038 0.817542 0.0117+:939,
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Figure 4.3: Transit lightcurves of TRAPPIST-1 on 28 Aug (top) and 30 Oct 2019 (bottom). The
photometric points corrected with the baseline model are in grey and binned per 10 minutes in black
(with the error bars). In red is superimposed the best-fit lightcurve computed with the MCMC.
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4.1.3 Blended transits

When we deal with transiting multiplanetary system, it is probable that two planets or more
transit their host at the same time, resulting in blended transits on the lightcurve. In such
a case, the shape of the signal can be complex, and is only dependent on the system config-
uration at this time. For instance, we could be in a caught-up configuration where an outer
slower planet starts its transit, and an inner one with a superior orbital velocity catches up
the other one. Another example was shown on Figure 1.10, where we can see a triple transit
signal created by TRAPPIST-1c, e and f. Most of the time, blended transits create an impressive
signal, but that does not bring any additional information about the system. But there is one
specific case that can allow interesting constraints on the system parameters. If we deal with
a co-planar multiplanetary system with a nearly edge-on orientation, like TRAPPIST-1, it is
possible to observe a planet-planet transit, also called mutual transit [100]. During such an
event, the disks of the two planets in transit overlap, resulting in a decrease of the eclipsed
fraction of the stellar disk, and thus to a minor flux increase in the lightcurve. With the shape
and time of the bump, one can constrain the mutual inclination between the concerned planets
and investigate their prograde or retrograde motions. For example, it had been observed by
Hirano et al. (2012) [101] during a photometric survey of Kepler-89' (Fig 4.4). We note that
such a brightening can also be linked to one planet obscuring a starspot, but it is unlikely to
confuse them because the amplitude and duration of the bump is different [100].
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Figure 4.4: Left: blended transit lightcurve of Kepler-89d and e. The brightening in the center is due
to the partial occultation of the inner planet d by the outer e. Right: Schematic (not to scale) showing
the configuration and mutual inclination creating the observed bump. [101]

From the analyzed dataset, I report the observation of three blended transits, but none of them
present a planet-planet transit. The associated lightcurves are shown on Figure 4.5 with an
illustration of the system configuration at different times of the events. To build this repre-
sentation, I fixed on the plot the radius of the star and I calculated those of the planets using
the parameter R,/R. obtained from the MCMC analyses (Table 4.3), by doing so, I ensured

n the article, the system is referred to as KOI-94 (Kepler Object of Interest) since its exoplanets were not
officially confirmed.
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that the star and the planets are in scale. I then drew a vertical line at a distance b of the
star center representing the motion of the planets, where b is the impact parameter (Table
4.3). After that, I computed the position of the planets by using the transit duration (Table
4.3) and by assuming that they have a circular orbit (e = 0) so the orbital velocity is constant.
As they orbit at different distances from their host, they have different velocities, hence the
relative distance between them on sky vary. For instance, on the first figure, we can see that b
is getting closer to ¢ with time. It is worth mentioning that, by convention, we represent them
transiting the northern part of the stellar disk, but in fact we cannot determine if it is this one
or the southern one.

The first figure (13 Jul 2019) is a blend of ¢ and b. We can see a first drop in the received
flux due to c, after its ingress it is joined by b, that creates an additional drop. Then the flux
increases from the egress of ¢, and then b. Then, on the second figure (30 Jul 2019) is a blend
of ¢ and d, but partial as only the egress of d/ingress of ¢ are concerned. We note the poor
quality of this lightcurve due to bad weather conditions that night, and the transit of h after c
and d. Finally, the third one (11 Aug 2019) is also a blend of ¢ and d. We can see that d starts
its ingress right after the one of ¢, which creates a nearly continuous ingress.
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Figure 4.5: Transit lightcurves of TRAPPIST-1 on 13 Jul (top), 30 Jul (middle) and 11 Aug 2019
(bottom). Here also, the corrected photometric points are in grey and the binned in black (with the
error bars), and in red is the best-fit lightcurve computed with the MCMC. On the bottom part of
each figure is the illustration of the system configuration at different times.



4.2. GLOBAL ANALYSIS 51

4.2 Global analysis

In this section are shown the results of the global planet-per-planet analysis of TRAPPIST-1b,
¢, d, e, and h, for which I considered respectively 19, 8, 5, 3 and 2 transits. The computed
system parameters (median and 1-o errors of the posterior PDFs) are written in Table 4.3. To
centralize all the information to a same table, I added the parameters of f and g obtained from
a second individual analysis, in which I took the same priors as the global analysis. By doing
so, I ensured that all the parameters are computed in the same conditions. I also included the
period and Ty found earlier from the linear regressions on the observed timings, except for f
and g since it is not feasible from a single transit.

The stellar parameters are obtained from the analysis of each planet. We can see that their
values are similar but not exactly equal, for example for the density p.. The difference be-
tween them could be explained by the unequal distribution of data between each planet, so an
object for which I observed less transits is more subjected to perturbations and its analysis is
less accurate. Following this approach, with 19 transits, the global analysis of b would be the
most precise one. But it could also be due to the computation of the stellar parameters being
biased by intrinsic properties of the planet used for the analysis. Regarding the stellar density,
it is calculated in the MCMC code using the transit shapes and Kepler third’s law. But as
there are seven planets in the system, it makes seven possible paths to p,. In this context, one
could naturally expect the choice of the planet in the analysis to influence the computed stellar
parameters. As a consequence, to constrain them properly from the dataset, it is preferable
to perform a global analysis with all the planets together, to reduce the potential bias. This
brief discussion shows one of the advantage of having several planets in a system, as it is not
possible to compensate such a bias in a system with a single known exoplanet. Even though it
could have been interesting to do so, I did not perform such a complete global analysis as the
computation of accurate stellar parameters is not the goal of this work.

Nevertheless, I plotted the deduced stellar density as a function of the period of the planet
used for the analysis, to look for a potential bias like observed by E. Ducrot et al. (2020) [46],
but I did not find anything noticeable. However, this result does not discard the finding of the
mentioned article, as my dataset is less extended and the deduced stellar density certainly less
accurate than with Spitzer?.

Concerning the planets parameters, we can see that my results are in good agreement with the
literature, see for instance those of E. Ducrot et al. (2020) [46] written in Table 1.2. The major
difference comes from the order of magnitude of the errors, higher in my case. Again, it can
be explained by the fact that my results are obtained from ground-based observations, while
those presented in the literature ([42], [46], [97]) are generally achieved using the state-of-the-
art Spitzer telescope. Moreover, regarding the number of transits, I have less data than those
studies. As a consequence, in my case, the analyses, hence the deduced parameters, are more
likely to be affected by external perturbations.

2As mentioned, the transit shape is used to compute this parameter. Since I did ground-based observa-
tions without a correction on the water vapor, it is certain that the shape, hence the stellar density, is better
constrained in the article of E. Ducrot et al. (2020) since it is based on precise Spitzer measurements.
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The transits analyzed to compute the parameters of the star and the planets are shown on
Figure 4.6 in a so-called period-folded plot®. It is built by grouping the photometric points
of the considered transits, centered to a common center by taking into account the TTVs
(jump parameters in the global analyses). They are separated vertically planet by planet with
a constant offset of 0.02 between each. The photometric points are corrected following the
baseline model of their corresponding observation, they are represented in a different color
depending on the planet. In white are displayed the photometric measurements binned per
10 minutes for visual clarity, along with the error bars. The best-fit transit models are shown
as dark lines and they are computed from the global analyses for b, ¢, d, e, and h, and from
individual analyses for f and g. We can clearly see the difference of data between the planets,
for instance b (red) has the highest density of points thanks to the 19 transits considered. We
also observe the variation of the transit duration depending on the planets, being longer for
outer planets as their orbital velocity is smaller. Moreover, as a result of the combination of
the lightcurves, the number of photometric points in the bin is increased so the error bars are
nearly not visible (see discussion in Appendix B). If we compare with the articles already cited
previously, all showing a period-folded plot of TRAPPIST-1 transits from Spitzer observations,
we can see that my lightcurves look deeper and more rounded. This is only a visual effect due
to the limb darkening, more significant in my observations with SSO telescopes in the near-IR
than in the IR with Spitzer (3.6 pwm and 4.5 um). This effect can also be seen in the lightcurves
of the individual analyses shown in Appendix B.

3As a reminder, I used 19 transits of b, 8 of ¢, 5 of d, 3 of e, 1 from f and g, and 2 of h.
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Table 4.3: Parameters of the TRAPPIST-1 planets constrained from my observations. They were all
deduced from global (or individual for f and g) MCMC analyses, except P and Ty that were obtained
through a linear regression on the transit timings.

Planet b c d e f g h
Transit depth (%) 0.761+3-933 0.709+3-041 0.349+3-927 0.466+3-932 0.630+3-978 0.727+3-024 0.398+0-544
Impact parameter (R.)  0.269%):1, 0.231+012 0.189+:1% 0.24275-13 0.274+0-14 0.481*9-965 0.327%9-3°

Transit duration (min) 35.92875-39%  42.37470-778  49.828+1-397  56.68671:926  65.20572:9L6  66.6271-872  80.10173-158
Ry /R 0.0872:3898°  0.0842°3003¢ 00591768832 0.0682:5:8983  0.0794730%4S  0.0852:9.0814  0.0631°G:0984
Inclination (°) 89.24+0-45 89.52+0-3¢ 89.72+0-19 89.73+0-17 89.77+3-14 89.67+0-9¢ 89.8310-1g

Semi-major axis

(103 AU) 1153620005 15.80%01% 22.2470-19 29.25%8:22 38.4870-53 46.87*9-40 61.8975-23
Scale parameter a/R.  20.2679-39 27.66+9-5% 38.53+0-9¢ 51.0713 67.271-7 82.6725 108.2+3-3
Equilibri
tem;llllr;u?;m(l() 395.9+8:1 338.9+6-9 287.0+5-9 249.7+3-0 217.4+4:4 196.0+4-2 1714733
Irradiation (Sg) 4.08%0-34 2.19+0-18 1.127+3-095 0.64579:9%3 0.37175-551 0.245%0-922 0.14379-512
Radius (Re) 1.16279-:032 1.12679:952 0.799+3-935 0.916+3-525 1.06679-973 1.133%9:936 0.846+0-983
. 1.51089317 2.42181510 4.04938344 6.09829108 18.76642191
Period (days) / /
+0.00000299  +0.00000882  +0.00003382  +0.00008896 +0.00048373
Mid-transit time Tp -  7322.5066268  7282.7980359  7670.1923078  7660.5888024 / / 7662.6238595
2,450,000 (BJDrpp)  +0.0000911 +0.0002162 +0.0005428 +0.0012156 +0.0037084

Mass My (Mg)  0.0898+0.0022 0.0899 +0.0023 0.0896 = 0.0023 0.0899 +0.0024 0.0898 +0.0023 0.0901 +0.0023 0.0899 + 0.0023
Radius R. (Rg) 0.122570-0952  0.1229+3-0931  0.1241%3-093,  0.123270-9931  0.123175:5932  0.122075:9933  0.1231+9:9532
Density ps (o) 48.9%%7 184733 46,873 48,073 4817 49,645 182741

Luminosity L« (L) 0.000543%3-0959935 0.00054719-59554% 0.00055879:509945 0.00055275-099995 0.000549+3-09954, 0.00053819-595547 0.00054877: 559045

Effective temperature

2520 + 39 2520 + 39 2520 + 39 2522 + 40 2520 + 39 2520 + 39 2520 + 39
Tery (K)

Metallicity [Fe/H]

(dex) 0.0515%5-951  0.05073-987  0.0512+0-589  0.052879:39,  0.0563'3-057  0.0533%5-982  0.052873-92,

1 assuming a null Bond albedo.
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Figure 4.6: Period-folded plot showing the corrected photometric points, unbinned and binned per
10 minutes (4 errors), along with the best-fit transit models from the global (or individual for f and
g) analyses. From top to bottom: b, c, d, e, f, g, h. To obtain these combined lightcurves (except
for f and g), the individual transits were corrected from their best-fit TTV before proceeding to the
period-folding.



CHAPTER 5

Conclusions and future prospects

The Io telescope of the SPECULOOS Southern Observatory observed 47 transits of the TRAPPIST-
1 planets spread on 40 nights between May and December 2019. Based on the raw data reduced
with the autonomous SSO pipeline, I performed differential photometry with the Python pack-
age SPECPHOT to obtain accurate lightcurves of the target for each observation. I then subjected
these lightcurves to a MCMC algorithm following an individual approach, and a global planet-
per-planet one excepted some discarded transits (blended or incomplete). At the end, and in
accordance with the goal of this Master thesis, I measured the timings of every observed event
with a precision comparable to what is usually achieved in the literature from ground-based
observations. As by-products of this transit monitoring, I also identified two flares of the host
star and three blended transits, which unfortunately do not show any hint of a planet-planet
transit configuration. In addition, I deduced the parameters of the star and the seven planets,
as constrained by my dataset. Even though it was not the goal of this work, the fact that
I obtained results consistent with the literature attests of the correct photometric reduction
and analysis of the lightcurves. It also shows the great ability of the SPECULOOS network to
constrain the parameters of an extrasolar system even from ground-based observations. By the
diversity of these results, it can be clearly noticed how powerful the transit method is. Even
though my work was focused on transit timings, the observations are so rich in information
that they also constrained the flaring activity of the star, the main parameters of the system,
and the frequency and topology of their multiple transits. And these only represent what could
be done according to this dataset alone, as the transiting configuration makes possible many
other detailed studies of a planetary system, for instance to constrain the heterogeneity of the
stellar photosphere, to measure the atmospheric composition and the orbital obliquity of the
planets, or even to look for potential additional objects [11].

Even though this Master thesis reports an important number of timings, it is not sufficient
to result in a meaningful TTV study of the complex TRAPPIST-1 system. Indeed, the article
of S.L. Grimm et al. (2018) [29] that offered a first thorough application of this method on
TRAPPIST-1 estimated the masses of the seven planets with a precision ranging from 8 to 17%
, by using in total 284 transit timings. More recently, with 447 timings Agol et al. (2020)
[76] significantly increased our knowledge of the masses of the planets, by reaching a precision
ranging from 3 to 5%. As a comparison, such precisions are equivalent to performing radial
velocity measurements with an accuracy of 2.5¢m/sec, which is far beyond the current and
upcoming spectroscopic instruments. While extensive, the timing dataset presented here does
not compete with those used by these two TTV studies.

95
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Nevertheless, one should also notice the precision improvements between both studies, which
is mostly due to the fact that more timings were considered. And these additional data, they
are gathered thanks to independent transit surveys led over the years, like the one presented
in this work or the Red Worlds program of the Spitzer telescope. This illustrates well that
keeping measuring timing data through transit surveys is of major importance to allow future
TTV studies to reach even greater accuracies and precisions..

In the future years, it is certain that more surveys of TRAPPIST-1 will be led. As now the main
provider of transit data for this system, the Spitzer telescope, stopped its scientific mission, we
can expect the SPECULOOS network and other ground-based observatories designed to study
Ultra-Cool Dwarf stars to be the center of these observations. With the years, more informa-
tion on timings will accumulate making possible to study even more in depth the dynamics of
TRAPPIST-1 with the TTV method. The planetary masses and densities being fundamental
parameters, an increase on their precisions will help improve a wide diversity of other stud-
ies. For instance, in the modeling of atmospheric structures, tidal heating dissipation, interior
composition, and formation history.

As a final word, we have seen through this Master thesis that TRAPPIST-1 is, nowadays, already
considered as a unique and fascinating system. But it is only a beginning and it is certain
that the next years will bring, through TTV or other studies, a whole new set of interesting
information from those seven worlds.



APPENDIX A

Baseline functions and correction factors

The following tables give for my 40 lightcurves the optimal baseline functions, the error cor-

rection factors, the number of photometric points, and the transit epochs. We abbreviate the

time, airmass and sky respectively as t, a and s for visual clarity. / means that the baseline

function is a simple normalization scalar.

UT date | Planet(s) Epoch Nuprﬂ?riz of Baseline CF
2019/05/21 b 862 283 p(a') 1.41
2019/05/22 d 236 305 p(fwhmt) 1.03
2019/05/23 c 555 192 / 1.74
2019/05/24 b 864 180 / 1.10
2019/07/04 b 891 182 p(at) + p(fwhm?') + p(s?) 1.40
2019/07/10 b;f 895 ; 109 613 p(tY) + p(a?) + p(fwhm?) + p(s?) | 1.44
2019/07/13 c;b 576 ; 897 311 p(fwhm?) 2.32
2019/07/16 b 899 275 p(fwhm?) 0.955
2019/07/28 b 907 276 p(a?) +p(sth) 1.17
2019/07/30 d;c:h 253 : 583 : 55 451 p(fwhm?) + p(s?) 1.79
2019/07/31 b 909 210 p(at) +p(sh) 1.01
2019/08/03 d;b 254 ; 911 642 p(tY) + p(a?) + p(fwhm?) +p(s') | 2.02
2019/08/11 c;d 588 ; 256 348 p(fwhm?) + p(s?) 1.75
2019/08/28 c 595 270 p(tY) + p(at) + p(fwhm!) 1.60
2019/09/02 c 597 243 p(t?) + p(a?) + p(fwhm?!) 1.54
2019/09/04 b 932 276 p(a?) + p(fwhm!) 1.03

Second part on the next page.
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UT date | Planet(s) | Epoch Nu;g?rig of Baseline CF
2019/09/10 b 936 279 p(tt) + p(al) + p(fwhm') 1.52
2019/09/16 b 940 276 p(a?) + p(fwhm?) 1.17
2019/09/19 c 604 188 / 1.07
2019/09/25 b 946 192 p(at) + p(fwhm?) + p(st) 1.60
2019/10/02 d 269 213 p(fwhmt) 1.39
2019/10/06 c 611 278 p(fwhm?) 1.43
2019/10/07 d 270 336 p(t?) + p(st) 1.79
2019/10/18 c 616 283 p(fwhm!) 141
2019/10/19 d 273 219 p(fwhm?) 1.36
2019/10/20 e 183 284 p(tY) + p(at) + p(fwhm?) 1.12
2019/10/21 b 963 97 p(a') + p(fwhm?) 0.991
2019/10/23 d 274 244 p(fwhm?) 1.19
2019/10/24 b 965 210 p(fwhmt) + p(sh) 1.19
2019/10/26 e 184 367 p(a') + p(fwhm!) + p(s?) 1.30
2019/10/27 b 967 263 p(a?) + p(fwhm?) 1.17
2019/10/30 b 969 276 p(al) + p(fwhm?) + p(s?) + p(ay') 1.47
2019/11/01 h 60 365 p(fwhmt) + p(sh) 1.17
2019/11/02 g:b 91 ; 971 367 p(tY) + p(a?) + p(fwhm') + p(s®) 2.18
2019/11/04 c 623 266 p(al) 1.55
2019/11/05 b 973 278 p(tt) + p(al) + p(fwhm?) + p(s?) 1.06
2019/11/14 b 979 209 p(a') + p(fwhm!) + p(s?) 1.34
2019/11/21 c 630 260 p(tY) + p(at) + p(fwhm') 1.40
2019/12/20 e 193 190 p(a') 0.96
2019/12/27 d 290 136 p(at) + p(fwhmt) 1.26
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APPENDIX B

Individual analysis - Lightcurves

In this appendix are represented the transit lightcurves of the 40 observations of TRAPPIST-1
listed in Table 3.1, after their independent analyzes with the MCMC as detailed in Subsection
3.3.2 . On each figure is displayed:

» the corrected photometric points (grey), i.e. taking into account the detrending with their
optimal baseline function (Appendix A.);

» the corrected photometric points binned per 10 minutes (black) along with the error bars;
» the best-fit model lightcurve (red).

We note that, statistically, the error of a binned photometric point decreases with n, the
population size in the bin. If I had selected a binning of 5 minutes instead of 10, the error bars
would have been visually more important in the figures of this Master thesis as less data are
grouped in the bin. For instance, in the case where the error of each photometric point is equal
to o, then the error of the binned point is o/\/n.

Each figure has been built using the Python package MATPLOTLIB [98].
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Figure B.1: Observation of 21 May 2019. Figure B.2: Observation of 24 May 2019.
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Figure B.5: Observation of 13 Jul 2019 (c ; b). Figure B.6: Observation of 16 Jul 2019.
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Figure B.7: Observation of 28 Jul 2019. Figure B.8: Observation of 31 Jul 2019.
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Figure B.9: Observation of 03 Aug 2019 (d ; b).
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Figure B.11: Observation of 10 Sep 2019.
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Figure B.13: Observation of 25 Sep 2019.
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Figure B.10: Observation of 04 Sep 2019.
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Figure B.12: Observation of 16 Sep 2019.
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Figure B.14: Observation of 21 Oct 2019.
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Figure B.19: Observation of 05 Nov 2019.
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Figure B.20: Observation of 14 Nov 2019.
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Figure B.21: Observation of 23 May 2019.
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Figure B.23: Observation of 11 Aug 2019 (c ; d).
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Figure B.25: Observation of 02 Sep 2019.
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Figure B.22: Observation of 30 Jul 2019 (d ; ¢ ; h).
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Figure B.26: Observation of 19 Sep 2019.
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Figure B.27: Observation of 06 Oct 2019.
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Figure B.29: Observation of 04 Nov 2019.
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Figure B.31: Observation of 22 May 2019.
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Figure B.30: Observation of 21 Nov 2019.
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Figure B.32: Observation of 02 Oct 2019.
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Figure B.36: Observation of 27 Dec 2019.
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Figure B.37: Observation of 20 Oct 2019.
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Figure B.38: Observation of 26 Oct 2019.
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