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ABSTRACT

Since the first discovery in 1995 of a planet in orbit around a main-sequence star other than our
Sun (i.e., an exoplanet), the study of exoplanets has become one of the most dynamical scientific
fields. Since then, various space- and ground-based missions have been funded specifically to detect
and characterize these exotic worlds, leading to the discovery of more than 5500 of them known to
date. Most of these exoplanets are formally known as "transiting planets’ as they transit periodically
in front of their host stars for observers on Earth. When a planet passes in front of its host star,
it causes a drop, known as a transit, in its brightness as a quantity of the starlight is blocked by
the planetary disc. Photometric monitoring of stars, which aims at measuring the evolution of the
brightness of stars, can detect transit signals, revealing the existence of transiting exoplanets. This
is the principle of the ’transit method’ used in the detection of most of the exoplanets known to date.
The space mission TESS, launched by NASA in 2018, is rapidly increasing the number of transiting
planets with a special focus on exoplanets sized between Earth and Neptune and orbiting nearby
bright stars. This focus on bright nearby stars is motivated by the easier detailed characterization of
the planets’ physical parameters, such as radius and mass, as well as their atmospheres. TESS has
already detected transit-like signals for thousands of exoplanet candidates. However, many of these
transit-like signals are due to other astrophysical phenomena such as eclipsing binaries, blended
eclipsing binaries or to the activity of the stars. Some signals might even be due to instrumental
artifacts of the spacecraft. Thus, these signals still need validation of their planetary nature using

higher photometric precision measurements from ground-based facilities.

During my thesis, I contributed to the photometric follow-up of more than 257 TESS planet
candidates, known as TESS Object of Interest (TOIs), to confirm those that are indeed due to
transiting exoplanets and discard those due to astrophysical or instrumental phenomena. Most
of these TOIs were observed with the TRAPPIST-North telescope. My work contributed to the
validation’ of 9 transiting exoplanets, In this context, the walidation’ of exoplanets is a process to
confirm the planetary nature of the transit signals through multi-color photometric observations of
the transit signal, adaptive optic observation to confirm that the host stars are single, spectroscopic
observations to further characterize the host stars (e.g. spectral type, metallicity), as well as statis-
tical validation checking that the transits present a significantly higher probability to be produced
by transiting planets than by other astrophysical phenomena. In addition to their walidation’, 11
other exoplanets have received radial velocity measurements, where their masses have been found
consistent with planetary companions. These planets are classified as ’confirmed’ planets. Both
walidated’ and ’confirmed’ planets were presented in peer-reviewed publications. 198 TOIs (out

of the 257 TOIs) have been found to present signals consistent with transiting planets using only
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multi-color photometric observations. Such cases are called "verified planet candidates’ (VPC). 1
also participated in the identification of 2 nearby planet candidates (NPC, i.e planets transiting
stars close to the targeted stars), 4 eclipsing binaries (EB/SEB1), 10 nearby eclipsing binaries
(NEB), 9 blended eclipsing binaries (BEB/SEB2) and 4 false alarm (FA) detections. ~ 10 TOIs

remain as planet candidates that need more photometric follow-up observations.

I led the "walidation’ paper for the planet TOI-1680 b. It is a super-Earth planet observed by the
TRAPPIST-North telescope beside many other facilities. It has a radius of 1.460f8:823 Rg and is on
4.8-days orbit around a nearby (37.14 parsecs away) mid-type M dwarf star (TOI-1680, V = 15.87
mag and J = 11.63 mag). Given that all known planets with similar radius are rocky, TOI-1680
b is presumed to be a rocky planet. This supposition will be confirmed with the planetary mass
measurements from radial velocity observations. I also investigated its potential for atmospheric
characterization, where I found it could be a promising candidate for these studies with the JWST.
This conclusion is strengthened by the location of this planet near the continuous viewing zone of
JWST.

I also led the ’walidation’ paper of two other super-Earths: TOI-6002 b and TOI-5713 b. The
first planet, TOI-6002 b, has a radius of 1.65f8:%§ Rg and is on a 10.9 days orbit around a mid-type
M dwarf star (TOI-6002, V = 14.6 mag and J = 11 mag) located at 32.04 pc from the Sun. The
second planet (TOI-5713 b) has a radius of 1.771’8:5’ Rg and is on a 10.44 days orbit around an
active mid-type M dwarf star (TOI-5713, V = 15.35 mag and J = 11.07 mag) 40.95 pc away. Given
their location in the radii distribution corresponding to the density valley, both TOI-6002 b and
TOI-5713 b can be either of rocky or water-rich compositions. As for their location in the radius
valley, it is not clear whether they saved their atmospheres or not. Theses findings classify them as
important targets for determining their masses via radial velocity observations. When it is done,
both planets will be added to the sample of exoplanets on which in-depth statistical inferences
will be conducted to understand how super-Earths and sub-Neptunes form and evolve around M
dwarf stars. Interestingly, both planets are located near the inner edge of the habitable zone of
their host stars, which also make them intriguing targets for future atmospheric studies to expand
our understanding of the potential habitability of M-dwarfs’ planets, and how potentially habitable

planets transition to Venus-like planets as it happened for Venus in our solar system.



RESUME

Depuis la premiere découverte en 1995 d’une planete en orbite autour d’une étoile de la séquence
principale autre que notre Soleil (c’est-a-dire une exoplanete), ’étude des exoplanetes est devenue
I'un des domaines scientifiques les plus dynamiques. Depuis lors, diverses missions spatiales et
terrestres ont été financées spécifiquement pour détecter et caractériser ces mondes exotiques, con-
duisant a la découverte de plus de 5 500 d’entre eux a ce jour. La plupart transitaient leurs étoiles
hotes. Lorsqu’une planéte passe devant son étoile hote, son disque planétaire occulte une partie
du disque de ’étoile hote, ce qui entraine une baisse de sa brillance apparente. Ce phénomene
se nomme “transit”. Le suivi photométrique des étoiles, qui vise a surveiller la luminosité des
étoiles en fonction du temps, peut détecter les signaux de transit, conduisant ainsi a la détection
d’exoplanetes. C’est le principe de la méthode des transits utilisée pour détecter la plupart des
exoplanetes connues a ce jour. La mission spatiale TESS, lancée par la NASA en 2018, augmente
rapidement le nombre de planetes en transit avec un accent particulier sur les exoplanetes de taille
comprise entre la Terre et Neptune et en orbite autour d’étoiles brillantes et proches de notre
systeme solaire. Ce concept rend plus facile la caracterisation détaillées des parametres physiques
des planetes détectees, tels que leurs rayons et masses, ainsi que leurs atmospheres. TESS a déja
détecté des signaux de type transit pour des milliers de candidats exoplanetes. Cependant, des
signaux pourraient étre diis a d’autres phénomenes astrophysiques. tels que les binaires a éclipses,
les binaires a éclipses blindées ou a l'activité des étoiles. Certains signaux pourraient méme étre
dias a des artefacts instrumentaux du satellite. Ainsi, ces signaux doivent encore étre re-observés
pour confirmer leurs origines planétaires, en utilisant des mesures photométriques de plus grande
précision a partir d’installations au sol.

Au cours de ma these, j’ai contribué au suivi photométrique de plus de 257 planetes candi-
dates TESS, connues sous le nom d’objets d’intérét TESS (TOI, TESS Object of Interest), pour
confirmer celles qui sont bien dues a des exoplanetes en transit et écarter celles dues a d’autres
phénomenes astrophysiques ou instrumentaux. La plupart de ces TOIs ont été observés avec le
télescope TRAPPIST-North. Mon travail a contribué a la walidation’ de 9 exoplanetes en tran-
sit. Dans ce contexte, la "validation’ des exoplanetes est un processus visant a confirmer la nature
planétaire des signaux de transit grace a des observations photométriques multi-couleur du signal
de transit, des observations d’optique adaptative pour confirmer que les étoiles hotes sont isolées
et des observations spectroscopiques pour mieux caractériser les étoiles hotes (par exemple, type
spectral, métallicité), ainsi quune validation statistique pour vérifier que les transits présentent une
probabilité significativement plus élevée d’étre produits par des planetes en transit que par d’autres
phénomenes astrophysiques. En plus de leur "walidation’, 11 autres exoplanetes ont été découvertes

avec des masses compatibles avec celles des compagnons planétaires grace a des mesures de vitesse
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radiale. Ces planetes sont classées comme planetes ‘confirmées’. 198 TOI (sur les 257 TOI) se
sont avérés présenter des signaux compatibles avec des planetes en transit en utilisant unique-
ment des observations photométriques multi-couleur. De tels cas sont appelés ’planétes candidates
vérifiées’ (VPC). J’ai également participé a 'identification de 2 planétes candidates proches (NPC,
c’est-a-dire planetes transitant par des étoiles proches des étoiles ciblées), 4 binaires a éclipses
(EB/SEBL1), 10 binaires a éclipses proches (NEB), 9 binaires & éclipses blindées (BEB/SEB2). )
et 4 détections de fausses alarmes (FA). ~10 TOI restent des planetes candidates qui nécessitent
davantage d’observations de suivi photométrique.

Jai dirigé 'article de “walidation’ pour la planete TOI-1680 b. Il s’agit d’une planete de type
super-Terre observée par le télescope TRAPPIST-Nord ainsi que par de nombreux autres instru-
ments. Elle a un rayon de 1.460f8:82§ Rg et se situe sur une orbite de 4.8 jours autour d’une
étoile naine de type M proche (a 37.14 parsecs) (TOI-1680, V = 15.87 mag et J = 11.63 mag).
Etant donné que toutes les planeétes connues ayant un rayon similaire a celui de TOI-1680 b sont
rocheuses, cette planete est censée étre une planete rocheuse. Cette supposition sera confirmée par
les mesures de masse planétaire issues des observations de vitesse radiale. J’ai également évaluer
son potentiel pour la caractérisation atmosphérique, ou j’ai découvert qu’elle pourrait étre une
candidate prometteuse pour ces études avec le JWST, d’autant plus que ce systéeme se trouve a
proximité de la zone d’observation continue de JWST.

Je dirige également l’article de "walidation’ de deux autres super-Terres : TOI-6002 b et TOI-
5713 b. La premiere planete, TOI-6002 b, a un rayon de 1.65:’8% Rg et est sur une orbite de
10.90 jours autour d’une étoile naine de type M moyen (TOI-6002, V = 14.6 mag et J = 11 mag)
située a 32.04 pc du Soleil. La deuxieme planete (TOI-5713 b) a un rayon de 1.77f8:ﬁ’ Rg et est
sur une orbite de 10.44 jours autour d’'une étoile naine active de type M (TOI-5713, V = 15.35
mag et J = 11.07 mag) située a 40.95 pc du Soleil. Compte tenu de leur emplacement dans la
distribution des rayons correspondant a la wallée de densité, TOI-6002 b et TOI-5713 b peuvent
étre soit de compositions rocheuses ou riches en eau. Au vu de leur emplacement dans la vallée
de rayon, il n’est pas clair si elle ont conservé leur atmosphére ou non. Ces résultats les classent
comme des cibles importantes pour déterminer leurs masses via des observations de vitesse radiale.
Lorsque cela sera fait, les deux planetes seront ajoutées a 1’échantillon d’exoplanetes sur lequel des
inférences statistiques approfondies seront menées pour comprendre comment les super-Terres et
les sous-Neptunes se forment et évoluent autour de étoiles naines de type M. Il est intéressant de
noter que les deux planetes sont situées pres du bord intérieur de la zone habitable de leurs étoiles
hotes, ce qui en fait également des cibles intrigantes pour de futures études atmosphériques visant
a élargir notre compréhension de 'habitabilité potentielle autour des étoiles de type M et comment

des planetes potentiellement habitables deviennent des planetes semblables a Vénus.
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of time. The black line is the best fit model. Credit: (Beaulieu et al., 2006) . . . . .
Modeled position of a star on the sky plane. The star is supposed to be at 50 pc, to
have a proper motion of 50 mas.year—!, and to orbited by a planet with = 15 Mj ,
e = 0.2, and a = 0.6 au. The straight dashed line represents the path of the motion
of system’s barycenter as seen from the solar system’ barycenter. The dotted curve
shows the effect of parallax on top of the system’s proper motion. The solid curve
includes the apparent motion of the star due to the gravitational interaction with
the planet. Credit: Figure adapted from Perryman (2000).. . . . . . ... ... ...
Hypothetical source of light moving to the right at a speed of 0.7¢c. The wavelengths
are perceived shorter by the observer in the right and longer by the observer in the left
the left. Credit: https://fr.wikipedia.org/wiki/Effet_Doppler_relativiste#
/media/Fichier:Velocity0_70c.jpg . . . . . . o . o o v i v i i
Left: Imaginary ”star-planet” system in orbit around the common center of gravity
(blue represents the Blueshift, and red represents the Redshift), Credit: ESO . Right:
Spatial orientation of the orbit plane of a star and its movement component on the

line of sight directed towards the observer. Credit: Cambridge (2017). . . .. .. ..

1.10 Radial velocity curve of 51 Pegasi obtained by Mayor & Queloz (1995). . . . . . ..
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Illustration of transit-occultation. The transit corresponds to the crossing of the
planet in front of the star and the occultation corresponds to the crossing of the
planet behind the star. The flux curve represents the combined fluxes of the star
and planet as the planets orbits around the star. This figure is taken from (Winn,
2010). . o 17

Ilustration of orbital parameters for two-bodies system. -z axis is pointing to-
wards the observer. Credit: https://drillaudweb.files.wordpress.com/2014/
01/0rDit . PR . .« .« o o o e e e e 18

Iustration of the geometric condition for a transit to occur for an observer. Credit:
Ghachoui Mourad. . . . . . . . . . . . . . e 19

An optical image of Sun, taken by the SOHO mission, showing the limb-darkening
effect. The center of the solar disk appears clearly brighter than the edge. Credit:
adopted from https://soho.nascom.nasa.gov/gallery/images/mdi20031028.html 21

Transits of HD 209458b observed by the space telescope Hubble at wavelengths
ranging from 0.32 um (upper transit) to 0.97 um (lower transit). The transit depths
of the same planet becomes a little bit deeper towards shorter wavelengths. This

figure is taken from Knutson et al. (2007a). . . . . . . .. .. ... ... 22
Hlustration of a transit with neglected limb-darkening effect (Winn, 2010). . . . . . . 23

Top: In these three cases, the same planet is assumed to transit the same star, pro-
ducing the same transit light curves, but with different projected spin-orbit angles 3.
Bottom: corresponding simulated radial velocity signals. A well-aligned orbit (left)
results in a symmetric “redshift-then-blueshift” signal, a § = 30° (middle) results
in an asymmetric signal, and a 8 = 60° (right) produces a blueshift throughout the
transit. Credit: Gaudi & Winn (2007) . . . . ... ... o o 28

Complete transmission spectrum of WASP-39b (black points) with the best-fit atmo-
spheric model (red). The spectrum incorporating data from HST/STIS and WFC3,
Spitzer /JRAC, and VLT /FORS2 completing the spectrum from 0.3 to 5.0 um. Credit:
Wakeford et al. (2018). . . . . . . . . .. 30

Black body flux of the Sun, some solar system planets and a theoretical hot-Jupiter
supposed at 10 pc. The Sun is modeled as 5750 K black body. The planets have two
peaks in their spectra: one peak in the short-wavelength range due to sunlight scat-
tered by the planet atmosphere and computed using the planet’s geometric albedo,
and 2) one peak in the he long-wavelength range due the thermal emission of the
planet and estimated considering a black body with the same effective temperature
as the planet. The albedo and equilibrium temperature of the hot-Jupiter were sup-
posed to be 0.05 and 1600 K, respectively. Credit: Figure adopted from Seager &
Deming (2010). . . . . . . . 33
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1.20 Top: phase-folded light curve of WASP-19 corrected for stellar variability and long-
term trends, binned in 8 minute intervals (black points), with the best-fit full phase
curve model (red line) overplotted. Middle: same as top light curve but zoomed
in on the vertical axis to detail the phase curve modulation and secondary eclipse.

Bottom: residuals from the best-fit model. Figure adapted from Wong et al. (2020) .

1.21 Cumulative distribution of the number of exoplanets discovered by method and by
year. Most exoplanets have been detected by the transit. Figure taken from NASA
Exoplanet Archive . . . . . . . . . e

1.22 Cumulative distribution of the number of exoplanets discovered by method and by
year. Most exoplanets have been detected by the transit and radial velocity methods.

Figure taken from NASA Exoplanet Archive . . . . . . . . ... ... ... . .....

1.23 TESS spacecraft exposed to media visitors at NASA’s Kennedy Space Center in
Florida. Credit: NASA . . . . . . . . e

1.24 Spectral response function of TESS depicted as black line. It is the multiplication
result of the long-pass filter transmission and the detector quantum efficiency curves.
Johnson—Cousins V , R , and I¢ filter curves and the Sloan Digital Sky Survey
z filter curve are also plotted comparison. The TFESS bandpass is equivalent the
bandpass of the Ro , I , and z bands, each with maximum normalized to unity.

Figure adopted from Ricker et al. (2015). . . . . ... ... ... ...

1.25 (a) The strip of sky size covered by the four TESS cameras. (b) celestial sphere
divided into 26 observation sectors (13 sectors per hemisphere). (c) observation
on the celestial sphere taking into account the overlap between sectors. The dashed
black circle around the ecliptic pole shows the JWST CVZ. Figure taken from Ricker
et al. (2015). . . ..

1.26 Representation of how the 2-minutes postage stamps and 30-minutes FFIs are cre-
ated. Credit: NASA . . . . . . . . e

1.27 Left: TRAPPIST-South telescope at la Silla observatory. Right: TRAPPIST-North
telescope at Oukaimeden observatory. Credits: Jehin et al. (2011) . . . . . . ... ..

1.28 Top: Quantum efficiency of the TRAPPIST-North CCD camera. Bottom: Transmis-
sion curves of TRAPPIST-North’ broad-band filters used for exoplanet photometry.
The two panels were plotted taking the data files from the source code of TRAPPIST-

North exposure time calculator [ETC]. . . . . .. . ... .. ... ...

1.29 OWLQ@QOUKA telescope at Oukaimeden observatory. Credit: Ghachoui Mourad . . .
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1.30 Different false positives that can masquerade as transit-like signals. The upper left
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corner shows transiting planets which is what TESS is searching for.. The upper right
corner shows the very common type of false positive which is a small star, usually a
brown dwarf, transiting a larger stars. The lower left corner depicts another case of
false positive when a background eclipsing binary is blended with the target star. In
both cases, the diluted eclipse of the EB can mimick an exoplanet transit signal. The
lower right corner shows a grazing eclipsing binary. This graphic was created for the
Kepler mission, but it can also applies to the TESS mission as well. Credit: https:
//www.nextbigfuture.com/2016/05/number-of-known-exoplanets-has.html

50

TPF of TOI-6002 (TIC 102734241) in the TESS Sector 54 created with tpfplotter(Aller

et al., 2020). The pixels highlighted in orange represent the SPOC simple aperture
showing clearly Gaia stars within it. The red circles represent the Gaia DR2 sources

with sizes representing Amag with respect to the targets. . . . . .. ... ... ...

Distribution of planet radii and orbital periods for all confirmed small planets, in the
Nasa Exoplanet Archive, hosted by low-mass stars (M, < 0.65Mg). The solid line
represent the empirical locations of the radius valley as given by the gas depleted
formation model (Cloutier & Menou, 2020). The dashed line represent the radius
valley as predicted by the thermally-driven photoevaporation and gas poor formation
model (VanEylen et al., 2018). The right panel shows the 1D distribution of the
planets’ radii. . . . . . . . .. L
Normalised histograms of the small transiting planets around M dwarfs. (A): Distri-
bution of the planets densities divided by an Earth-like model. (B): Distribution of
the planets radii. Solid lines show Gaussian models fitted to the distribution of each
planet type. Credit: Luque & Pallé (2022). . . . .. ... ... . . ...,

TESS Transit Finder output for the planet candidate TOI-6717.01. . . . . . . . . ..

Example of exposure time calculation for the host star TOI-3751 with Jmag=12.0
and spectral type F8. . . . . . ..

When a star has a zenithal distance z, its light crosses the distance Cocsl(()z). Credit:

M. Ghachoul . . . . . . . . e

Left is the Flat, middle is the Bias and right is the Dark: Credit: Images taken by
TRAPPIST-North . . . . . . .
Principle of aperture photometry. the Inner circle represents the target aperture,
and the middle and outer circles represents the annulus used to subtract the sky
background contribution. . . .. ..o oL o
Example of a sequence of images of TOI-5663 displayed by AIJThe target star is
usually labeled as T1 in green. In red are the comparison stars used for differential
aperture photometry. Other stars in green were chosen for comparison but, after-

wards, they were discarded as bad stars. Credit: made by ATJ. . .. ... ... ...

XV


https://www.nextbigfuture.com/2016/05/number-of-known-exoplanets-has.html
https://www.nextbigfuture.com/2016/05/number-of-known-exoplanets-has.html

3.7

3.8

3.9

3.10

3.11

Panel where comparison stars and selected or deselected based on the minimization
of RMS (see right panel of Figure 3.8). Considered comp stars are labeled as Cn in
red while those that are discarded are labeled as T'n in green whith T'1 is the target
star (see also Figure 3.6). Credit: made by AIJ. . . . . . .. ... ... ... .....

Left: Light curve of TOI-5663 obtained and plotted with ATJ. The upper light curve
is the the raw one and the other just bellow is the detrended one with the best
fit model inferred by AIJ. The other six parameters are the systematics plotted for
checking if they have any correlation with the transit light curve. X (FITS)_T1 and
Y (FITS)_T1 are the shifts of the star centroid on the CCD in pixels, Sky/Pizel _T'1
is the mean value of sky background over pixels within the annulus around the target
T_1, Width_T1 is the half width at half maximum of target’s PSF, tot_C_cnts is the
summation of the raw values of pixels within the target’s aperture, and ATRM ASS
as defined by Equation 3.2.3 and Figure 3.3. Right: Fitting panel with User Speci-
fied Parameters sub-panel where the orbital period and the stellar radius are set by
the user, Transit Parameters sub-panel where the best fit parameters plus the pa-
rameters calculated from model are presented, Detrend Parameters sub-panel where
detrending parameters can be set either manually by the user or automatically, Fit
Statistics sub-panel presenting the statistics that quantify the goodness of the model
fitting, and Fit Optimization sub-panel to remove the outliers and automatically op-

timize the comparison stars and the model fitting. Credit: made by ATJ. . . . . . ..

Left: Transit light curve of TOI-5663 b (TIC 198161914.01) observed by TRAPPIST-
North on 15 April, 2023, in [+z filter with an exposure time of 70 seconds. The gray
points show the photometric measurements. The solid blue line is a preliminary
model fit of the transit with AIJ to extract the transit parameters. The transit
was detected on target ~9 min earlier than predicted with the same depth as was
predicted. Right: target and nearby stars within 2.5’ radius area around the target
(T1). The stars are labeled as Tn, with n=1 for the target and from 2 to N for the

N nearby stars. . . . . . . .

Left: The top light curve is for the original target TOI-2680 that was predicted to
have transit depth of 3.7 ppt. The bottom light curve shows a clear deep transit of
the nearby star T2 (TIC 219366907, at 17.44” from T1). Right: The field of view of
the target and its nearby stars within 2.5’ radius area. The data reduction, aperture

photometry and NEB check were performed using ATJ. . . . . . . .. ... ... ...

Light curve of TOI-5681 b observed by TRAPPIST-North on 31 March, 2023, in 2’
with an exposure time of 55 seconds. The blue line represents a preliminary model of
the transit-like signal by ATJ. The transit have been found V-shaped with a depth of
19.1 ppt while it was predicted to be 11.6 ppt. Other observations in different filters
showed very different depths. Giving these findings, this target was retired as BEB.
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5.1

Phase-folded detrended ground-based transit light curves of TOI-2015b. The gray
points show the observed data and the solid-colored lines corresponds to the best-fit
transit models from EXOFASTv2, which gave an orbital period of 3.348894+0.000043
days. The vertical line is just to show the shift of transits with respect to the bottom
transit center, showing clear TTVs. . . . . . . . . . . ... . oo
Transit Timing Variations of TOI-2015 b plotted as function of epoch number. Each
symbol represents a different telescope. . . . . . . . . ... oL
2D sky map with the location of the stars observed by TRAPPIST-North (215 stars
in red dots) from 02 September, 2019 to 28 February, 2024, and with TRAPPIST-
South (42 stars in blue dots). . . . . . . . ...
Percentages of spectral types of stars (left) and radii of the planets (right) monitored
by TRAPPIST-North. . . . . . . . . . . e

Distribution of planet radii and orbital periods for all confirmed small planets hosted
by low-mass stars (M, < 0.65Mg). The solid line represents the predicted location
of the radius valley based on the gas-depleted formation model (Cloutier & Menou,
2020). The dashed line shows the predicted location of the valley for the thermally-
driven photoevaporation and gas-poor formation models (VanEylen et al., 2018).
The red and blue dots represents the planets TOI-6002b and TOI-5713b, respectively.
The 1D radius distribution, with the location of the two planets, is shown on the

right panel. . . . . . . . L
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“There are countless suns and countless earths all rotating around
their suns in exactly the same way as the seven planets of our

system... The countless worlds in the universe are no worse and Chapt er ]_

no less inhabited than our earth”

—Giordano Bruno, 1584 A.D .
Introduction

1.1 Exoplanets: historical context

Are we alone in this Universe? Is Farth the only planet home to life? Or more generally, is there
any form of life elsewhere in the universe? These questions, which have been posed for millennia
by philosophers and thinkers, are currently being asked by everyone. From centuries before our era
to this day, man never stopped contemplating the Universe and being fascinated by its mysteries.
The Universe contains hundreds of billions of Galaxies, each composed of hundreds of billions of
stars bound together by gravitation. The Sun around which the Earth where we live orbits is one

of the stars in our galaxy, the ” Milky Way”.

Throughout history, there was a large debate between contradicting philosophical trends about
the existence of other worlds like ours elsewhere in the universe. In fact, they where divided in two
groups: philosophers believing in the uniqueness of our world and others believing in the plurality
of worlds. For example, four centuries Before Christ (BC), Platon' wrote: ”So that our world would
be similar in unity to the perfect animal, the author did not create two, nor an infinite number;
only this unique sky was born, and no other will be born”. On the other hand, Epicurus® imagined
the plurality of worlds and wrote in his Letter to Herodotus: "It is not only the number of atoms,
it is the number of worlds that is infinite in the universe. There are an infinite number of worlds
similar to ours and an infinite number of different worlds”. Centuries after, the possible existence
of other worlds turned out to be one of the core questions raised by the Copernican revolution.
We cite for instance the Italian philosopher Giordano Bruno® (1548-1600) who said: ”There are
countless Suns and countless Farths all rotating around their suns in exactly the same way as
the seven planets of our system... The countless worlds in the universe are no worse and no less
inhabited than our Earth”. Some years after, Isaac Newton® (1643-1727) supported the idea of
Giordano Bruno and stated that: ”And if the fized stars are the centers of similar systems, they
will all be constructed according to a similar design and subject to the dominion of One.” Since

the mid-last-century, the idea of extraterrestrial life existence became most popular with the era

1428/427-348/347 BC in Athens. He is an ancient Greek philosopher, considered one of the most influential
thinkers in the history of Western philosophy. He was a student of Socrates and the founder of the Academy, the first
institution of higher learning in Europe.

2Epicurus is a Greek philosopher, born at the end of 342 BC. or early 341 BC and died in 270 BC. He is the
founder of Epicureanism, one of the most important philosophical schools of Antiquity

3Giordano Bruno (1548-1600) was an Italian philosopher and cosmologist known for defending a heliocentric,
infinite universe. He was accused of heresy by the Inquisition and burned alive on February 17, 1600 in Rome.

“Isaac Newton (1643-1727) was British philosopher, mathematician, physicist, alchemist, astronomer and theolo-
gian. He is the founder of classical mechanics.



of space exploration and popularization of space science. As an example, let’s cite, Carl Sagan®
(1934-1996) who emphasized and popularized the vastness of the universe and the possibility of life
beyond Earth in his book ”Cosmos”. More recently, Didier Queloz, the co-discoverer of the first
ever exoplanet around a main-sequence star and co-winner of Nobel Prize, stated®: “I can’t believe
we are the only living entity in the whole Universe. There’s just way too many planets, way too
many stars... the chemistry that led to life has to happen elsewhere. So, I am a strong believer that
there must be life elsewhere”.

The oldest exoplanet discovery claim was in 1855 by William Stephen Jacob (1813-1862) (Jacob,
1855) who carried out studies of the star 70 Ophiuchi, a binary star located at 16.6 light years from
the Sun in the Ophiuchus constellation. Jacob (1855) performed measurements on the position of
the star and found some anomalies that he interpreted as positive hints in favor of the existence of a
planetary companion in connection with the system. In 1896, Thomas Jefferson Jackson (Jackson,
1896) emphasized this finding and announced that these anomalies should be caused by a third
object of planetary mass with an orbital period of 36 years around one of the two stars. However,
Moulton (1899) subsequently refuted that discovery by demonstrating that a three-bodies system
in such configuration cannot be stable. That discovery was refuted but it led to strong speculations
on the possibility of the existence and detection of exoplanets

In 1952, Otto Struve (1897-1963) proposed the first ever proposal (Proposal for a project of high-
precision stellar radial velocity work observatory, Struve (1952)) for a project to detect exoplanets in
short orbits using radial velocity and transit methods. In his proposal, Struve had many comments
that seem to be prescient. For example, he stated that "It is not unreasonable that a planet might
exist at a distance of 0.02 au, or about 3,000,000 km. Its period around a star of solar mass would
be then about 1 day”. In 1963 and after extensive observations, the Dutch astronomer Peter van de
Kamp announced the discovery of an exoplanet in orbit around the Barnard’s star after detecting
peculiar anomalies in its proper motion (van de Kamp, 1963). Barnard’s star is an M dwarf and
it is the fourth closer star to our solar system. In 1969, P. van de Kamp declared the finding
of a second companion around the same star (van de Kamp, 1969). These discoveries induced a
large and lengthy controversy within the scientific community (van de Kamp (1982), Gatewood
& Eichhorn (1973), Croswell (1988)). This controversy led to the invalidation of these discoveries
be revealing that they originated from instrumental effects. It was a disappointment not only for
astrophysicists but for all the scientific community, but it triggered strong speculations on the
existence of exo-worlds.

The first confirmed discovery of an exoplanet was announced in 1992. It was a multiple system of
two planets with masses comparable to that of Earth in orbit around a pulsar” named PSR1257+12
(Wolszcezan, 1992). Regular variations in the period of the pulsar had as only plausible explanation
the existence of two Earth-mass planets orbiting around it. It was the first demonstration that

exoplanets do exist. Yet, instead of exoplanets orbiting main sequence stars as anticipated by the

®Carl Sagan (1934-1996) Is an American astrophysicist and science vulgarization and communication.

Shttps://unescoalfozanprize.org/professor-didier-queloz/

"A pulsar is an extremely dense neutron star, the residue of a massive star supernova, which rotates very quickly
around itself and emits electromagnetic radiation parallel to its magnetic axis.
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scientific community, these planets were space oddities in orbits around stellar corpse.

The first detection of an exoplanet in orbit around a 'normal’ main-sequence star came three
years later, in 1995. Two Swiss astrophysicists Michel Mayor and his then PhD student Didier
Queloz announced the discovery of a planet, named 51 Pegasi b, around a solar-type star 51 Pegasi
(Mayor & Queloz, 1995). 51 Pegasi b is a giant hot-Jupiter planet, analogue to Jupiter in our
solar system, but its orbit is at only 0.05 au from its host star. This discovery marked a pioneering
achievement in the field of astrophysics. It demonstrated that other main sequence stars also possess
planetary systems and proved the detectability of exoplanets. In this context, Michel Mayor and

Didier Queloz were awarded a Nobel Prize in 2019.

Since 1995, the science of exoplanets, exoplanetology, has known a great revolution. That first
discovery has driven significant improvements in the observation instrumentation and the detection
techniques, notably the radial velocity and transit techniques described later in this chapter. To
date, a total of more than 5500 exoplanet have been detected and confirmed according to the NASA
Exoplanet Archive®. Thanks to this large sample and its diversity in terms of planets’ sizes, masses,
and orbits, our understanding of the planetary systems formation and evolution has also significantly
revolutionized. This expanded thematics like exobiology, that was focusing only on planets of the
solar system, with the goal of detecting life signatures (biosignatures) on exoplanets orbiting their
stars within the so called habitable zone, an annular region around the star where temperature can
allow the water to exist in its liquid state. Since then, many ground-based and space missions
have been deployed. We cite for example the space missions Kepler (Borucki et al., 2010) and
the Transiting Exoplanet Survey Satellite (TESS: Ricker et al., 2015) that were responsible for
detecting most of the exoplanets known today, and CHaracterizing ExOPlanet Satellite (CHEOPS:
Isaak, 2015). Kepler was launched in 2009 by NASA and was the most successful exoplanet search
project in terms of sheet number of detections. It observed a fixed field of view in the Cygnus
and Lyra constellations. It monitored over 150,000 stars and detected more than 2778 exoplanets
of different sizes. TESS (described in detail hereafter) is a space mission that was launched in
2018. It is performing an all-sky survey focused on nearby stars. It has detected more than 400
confirmed exoplanets at the time of writing, and thousands of exoplanet candidates. CHEOPS is
a mission of the European Space Agency (ESA), launched in 2019 one year after the TESS launch.
It is the first mission to study already known exoplanets transiting around bright stars. CHEOPS
performs high-precision photometric observations of transiting planets to precisely improve their
parameters. It focuses on small planets with sizes smaller than Neptune, with the goal to investigate

their internal structures and compositions.

The science of exoplanets seems to have a bright future and the ceiling of ambitions is rising. The
James Webb Space Telescope (JWST: Greene et al., 2016), launched in December 2021, is going
to help the scientific community to dive deeper in the atmospheres characterization of exoplanets.

In addition, two other space missions are scheduled for launch in the next few years by ESA,

Shttps://exoplanetarchive.ipac.caltech.edu/
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PLATO? (PLAnetary Transits and Oscillation of stars, (Rauer et al., 2022)) in 2026 and ARIEL
(Atmospheric Remote-sensing Infrared Exoplanet Large-survey, (Haswell, 2021)) in 2029. PLATO
is a space mission that will focus on detecting temperate rocky planets transiting bright Sun-like
stars, and to bring a strong constraint on the frequency of 'Earth-twins’, something that Kepler
failed to achieve. Using asteroseismology, PLATO will also be able to study radii, masses and ages
of the host stars with unprecedented precision and provide precise planet parameters. On its side,
ARIEL will focus on studying the atmospheric properties of a large sample of transiting exoplanets.

It will use both visible and infrared wavelengths to study a sample of ~1000 exoplanets

1.2 Search for extraterrestrial life

One of the most important aims of detecting and characterizing exoplanets is to answer the old-new
questions on extraterrestrial life existence. Scientists have defined the so-called Habitable Zone (HZ:
Kopparapu et al., 2013) as the area around the star in which large amount of water could exist in
liquid form at the surface of a rocky planet, as water is the key chemical element for any form of life
to exist and develop. The location of the HZ is contingent on the size and the luminosity (or mass
as well) of stars. It also depends on the atmospheric composition of the planet (whether it contains
green-house effect gases or not). The fainter the star is, the closer the HZ is (see Figure 1.1).
Our planet Earth, is located at one astronomical unit (au'!) where the equilibrium temperature
is theoretically determined to be 255 K (considerably lower than the freezing point of water at
273.15 K). However, the greenhouse effect elevates it to be approximately 288 K. It is worth noting
planets orbiting in the HZ is a necessary but not sufficient condition for a planet to be habitable.
It of course needs to have water on its surface, but also to have an atmosphere sustaining the right
surface conditions (pressure and temperature) to maintain a part of this water in liquid form. The
HZ is thus nothing more than a simple concept used to identify and prioritize potentially habitable
exoplanets.

As of today, thousands of exoplanets have been confirmed. These planets, displaying a large
diversity, orbit around stars of different spectral types. As our Sun is just a star among billions
of stars in the universe, it is very natural (in my point of view) for extraterrestrial lives to have
evolved on exoplanets that are more or less similar to our Earth, and orbiting stars more or less
similar to our Sun. The first step to search for exoplanet habitability is to consider only rocky
planets orbiting in the HZ of their stars, where they could have liquid water (if any) on their solid
surface. It is also important for the considered planets to have moderate surface gravity (that
depends on the planetary mass and radius) enough to retain their atmospheres (if any) but not as
high as it can make dense atmospheres optically thick to the stellar light (Robinson, 2019). It is
important for parent stars to have a long enough lifetime for life on their hosted planets to develop.
Most of the planets considered today in the search for extraterrestrial life are hosted by M dwarf

stars, whose advantages are explained later in this chapter. From their names, M dwarfs are the
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Figure 1.1: Habitable zone with interior and exterior limits as function of the stellar mass. Credit:
Figure adapted from Kopparapu et al. (2013).

smallest, lightest and coolest stars in the main-sequence. They have radii from 0.1 to 0.6 Ry,
masses from 0.08 to 0.6 Mg, and effective temperatures from 2700 to 3750 K. With these effective
temperatures, are given the spectral type "M”. Some of these planets orbit closely to their stars,
which might make them to be tidally-locked with endless day/night-sides (Mazeh, 2008; Guillot
et al., 1996; Matsumura et al., 2010). Such case may lead to atmospheric collapse as gases would
condense in the dark (cold) hemisphere unless there is an efficient heat redistribution (Joshi et al.,
1997; Williams & Pollard, 2002; Wordsworth, 2015; Tasker et al., 2017). Additionally, M dwarf
stars have been found emitters of high-energetic X-ray and Ultra-Violet (XUV) radiations during
their long pre-main sequence phase (the phase before settling the main-sequence when hydrogen
start fusing in their cores) (see e.g. do Nascimento et al., 2016; Driscoll, 2018; Robinson, 2019). This
could be very challenging for the close orbiting planets, as XUV may trigger atmospheric erosion,
runaway greenhouse effect and hydrodynamic escape, especially for planets without magnetic fields.
This might even make the planets lose oceans of water to space, making them voided from surface
life conditions (see e.g Shields et al. (2016) and references therein).

The major question is how to detect any potential life on exoplanets that are light-years away
from us? As introduced earlier, exobiology has a special focus on this topic. This field of science
consists of detecting biosignatures, which are indirect evidences of the existence of life as known on
Earth. For example, a measured atmospheric composition reflecting a strong chemical disequilib-
rium that could not be explained by any abiotic process. For instance, an atmosphere rich in CO,
and C'Hy (Tasker et al., 2017) would be hard to be explained without biology, as C'Hy has a very
short lifetime in an oxygenic atmosphere and as abiotic sources of C'Hy are rare.

Another trending subject among scientists is about the existence of any intelligence extrater-
restrial civilization elsewhere in the universe. Scientists try to deal with this subject following a

step-by-step scientific approach. It is the approach of Drake (1961) who formulated, in 1961, an



equation (usually known as Drake equation) that estimates the number of technological, and then

communicative, civilizations now existing in the Milky Way galaxy. It is written as follows:

Ncivilizatians = R*fpnefefich (121)

where R, is the rate of stars’ formation in our galaxy, f, is the fraction of those stars hosting
planetary systems, n. is the mean number of planets per star with the potential to support life, f,
is the fraction of suitable planets on which life actually appears, f; is the fraction of life-bearing
planets on which intelligent life emerges, f. is the fraction of civilizations that build technology
emitting detectable signs of their existence into space and L is the duration of time for which such
civilization releases detectable signals into space. There are two approaches to deal with Drake
equation: we either try to directly detect technological civilization, it is the SETI (Search for Extra
Terrestrial Intelligence) approach, or try to determine the different terms of the equation step-by-
step. The SETI project is ”listening to” the universe to detect coherent electromagnetic radiations
that could have been emitted by alien civilizations, assuming generally that these civilizations
have detected our existence and are trying to communicate with us. This is an attractive project
because in case of any positive detection, this will settle the question of the possible existence of
extraterrestrial life, while demonstrating that we are not the most technologically advanced species
in our vast Universe. Given the advance in exoplanets researches since 1995, astrobiologits have
many constraints at their disposal such as how many exoplanets exists and how many of them lie in
the HZ. This pushed Frank & Sullivan (2016) to develop a new form, called ” Archaeological-form”,
of the Drake equation where they eliminate the need for L. This new form defines A as the "number
of technological species that have ever formed over the history of the observable Universe” and it

is written as:

A = [Ny forplfififi] (1.2.2)

where IV, represents the total number of stars, f, the fraction of those stars that hots planets, n, the
mean number of planets within the habitable zone around a star with planets, f; the probability
that a planet within the habitable zone develops life, f; the probability that a planet with life
develops intelligence, and f; the likelihood that a planet with intelligent life advance technology.
Under their selected assumptions, Frank & Sullivan (2016) inferred that we are probably not the

only advanced civilization that has evolved in Universe.

It is important to note that, given the vast distance between stars, any communication with
another civilization could be frustratingly slow and difficult. First, it would require that two species,
having evolved totally independently, find a common set of concepts and methods (i.e. a ’language’
) to exchange information. Secondly, given the vast distance between stars and the finite value of
the speed of light, getting an answer to any message would take at least several decades, if not

centuries or even much more.



1.3 Methods of detection of exoplanets

In this section I will introduce the different techniques used to detect exoplanets. There are two
main families of detection methods of exoplanets: direct and indirect methods. The first family is
founded on the direct imaging of exoplanet systems and the second aims to observing and analyzing
different types of interactions between the star and its hosted planet. In this section I introduce all

these methods and I will insist on the transit method used in this thesis.

1.3.1 Direct methods

Direct methods for exoplanets detection are one of the most significant challenges of modern as-
tronomical instrumentation to date. Generally, the host stars are at least billion times brighter
than the planets orbiting around them. The direct imaging methods must therefore be based on
high-resolution and high-contrast imaging using techniques like e.g. adaptive optics, chronography
and image processing.

Detecting an exoplanet via direct methods requires the improvement of some essential param-
eters, namely the angular resolution. In the sense of the Rayleigh criterion, the angular resolution

limit is obtained by the diffraction limit of the telescopes being used:

A
0 =122 % 2
“D

with A being the observational wavelength and D the aperture diameter of the telescope.
To perform direct imaging of an exoplanetary system, it is first necessary to achieve a good ad-
justment between the angular resolution of the instrument and the spectral domaine of observation.

Let us now see some of the main techniques used for direct detection of exoplanets.
Nulling interferometry

The nulling interferometry method allows the direct detection of exoplanets using at least two
telescopes. It consists of canceling the luminous flux coming from the star and allowing only the
planetary flux to amplify. For simple explanation, let’s consider the case of two telescopes. The
light from a distant star reaches the two telescopes simultaneously. The beam from one telescope
is m phase-shifted with respect to the beam reaching the second telescope. When the two beams
are combined together, they experience a destructive interferometry and so are canceled out. Light
from the planet (generally in IR or mid-IR), around the star, reaches the two telescopes at a certain
angle. This causes a delay in the light reaching the second telescope. Thus, even after the m phase
shift in one of the beams, when the rays (from the planet) are combined, they are amplified and
not destructed. In short, the nulling interferometry technique cancels out the light coming from
the host star and amplifies the light coming from its planet (see e.g. Bracewell, 1978).

An ambitious space mission called Large Interferometer For Exoplanets (LIFE: see e.g. Quanz
et al., 2022) will be based on the nulling interferometry. It is a constellation of five satellites, one
space telescope with four independent mirrors (see Figure 1.2). It is still in its early preparation

stage and it will likely take decades to be built. The main goal of this mission is to detect directly



exoplanets and traces of life (biosignatures) on them.

Figure 1.2: [Illustration of the LIFE mission’s five satellites, connected to form a large
space telescope. Credit: https://ethz.ch/en/news-and-events/eth-news/news/2023/04/
a-key-experiment-for-the-life-space-mission.html.

Coronagraphy

Planets are generally drowned in the starlight due to the tiny angular separation between the two
objects and to the huge star/planet contrast. The coronagraph method is used to block the light
from the star and let only the light from the planet. Such direct imaging observations are generally
performed in the mid-IR where the contrast between the planet and star is minimal, especially
for cold planets like Earth and Jupiter. This method was first invented by Lyot (1932) for solar
observation. Figure 1.3 shows the standard Lyot coronagraph. This technique consists of placing
a mask in the optical system to block the starlight in order to distinguish the planet. However,
the diffraction created by the mask located in the primary focal plane reduces the performance of
the optical system. To solve this problem, Lyot (1932) proposed to re-image the primary image
focal plane and to obscure the edges of the pupil with a diaphragm in order to eliminate as much
as possible the stellar residues. With the coronagraphy, we can therefore reduce the contrast and

increase the chance of distinguishing the companion from its parent star.

This technique can be affected by some spurious fluxes and noises that make the detection of
telluric-type planets difficult. These parasites are of various origins, such as a possible residue of
the stellar flux, thermal emission of the telescope optics and the flux emitted by the zodiacal and/or

exo-zodiacal cloud.

Coronagraph technique has been employed in many projects, in particular in the recent JWST
to directly detect gas giant exoplanet. In their work, Carter et al. (2023) presented the first obser-
vations by such technique on JWST. It was for the super-Jupiter exoplanet HIP 65426, previously
detected by (Chauvin et al., 2017). They used the high-contrast imaging modes of JWST instru-
ments, NIRCam from 2-5 pum and MIRI from 11-16 um.
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Coronagraphic
Aperture Mask Lyot Stop Detector

Figure 1.3: Standard Lyot coronagraph. a: entrance pupil plane, b: coronagraphic plane, ¢: Lyot
stop plane, d: plane of detection (Valle et al., 2019).

Adaptive optic

The major challenge for ground observations of exoplanetary systems is atmospheric turbulence.
The troposphere, which is the closest atmospheric layer to the ground is not homogeneous but it
consists of multiple bubbles of different temperatures and humidity. These bubbles are not static;
they move with the speed of the wind through convection, with the warmer ones rising and the
colder ones sinking. This is what we call atmospheric turbulence. This leads to random variations
of refractive index of these bubbles, causing light rays from a star to undergo different and random
refractions depending on the atmospheric zone they pass through. When we observe a star with
a large-diameter, single-pupil terrestrial telescope, the angular resolution is not solely limited by
the telescope’s diameter (Fusco et al., 2006). The atmospheric turbulence also disturbs the incident
wavefront and degrades the angular resolution of the image, reducing the telescope’s performance
to that of a small telescope with a low diameter (see right panel of Figure 1.5).

The adaptive optics is a technique that allows partial real-time correction of evolving and non-
predictive wavefront deformations using a deformable mirror. As shown in Figure 1.4, the adaptive
optics system consists of three main components that work simultaneously in perfect harmony as

follows:

e The wavefront sensor (WFS): it measures and analyzes the deformations of the incident
wavefront after passing through atmospheric turbulence. The sensor must be robust to noise

and capable of measuring the wavefront’s phase in real-time.

e The deformable mirror: after each analysis of the incident wavefront, the mirror changes its
shape using a system of pistons installed beneath its deformable surface to compensate for
these deformations. This process occurs continuously in real-time. As a result, the mirror
shape is adapted so that the obtained wavefront is more or less identical to the one obtained

above atmospheric turbulence.

e The controller: the controller drives the mirror based on the measurements provided by the



wavefront sensor.
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Figure 1.4: Different components of adaptive optic system. Credit: Observatory of Paris/LESIA.

The adaptive optic technique allows the elimination of atmospheric turbulence to obtain a
resolution close to be limited by diffraction. This technique was first ever successfully used to
discover the planetary mass brown dwarf companion 2M1207b (see left panel of Figure 1.5) in 2004
using the Very Large Telescope (VLT) of the European Southern Observatory (ESO) (Chauvin
et al., 2004).

Advantages of direct imaging

The direct methods have the advantages to detect exoplanets relatively far from their parent
stars, which rend them complementary to the indirect methods (i.e. transit and radial velocity
methods) as we will see later. This may be the only way to detect and study in detail an Earth-like
planet orbiting around a solar-type star, including searching for spectroscopic traces of life from
the planet’s spectrum.

Limits of direct imaging

In addition to the challenge of the high host star/planet contrast, and the atmospheric turbu-
lence, the zodiacal dust (resulting from collisions between asteroids and from evaporation of comets
in the solar system) and ezozodiacal dust(resulting from collisions between planetesimals) can limit
the detection potential of direct imaging, especially for faint, faraway systems. Thus, these methods
are better applied only for stars in the solar neighborhood and do not have direct access to the size
and mass of the detected companions, but these important parameters can still be inferred with

the help of theoretical models complementing the observations.
1.3.2 Indirect methods

Nowadays, more than 5500 planets have been discovered, with the vast majority of them with indi-
rect detection methods. These methods aim to observe and study the various types of perturbations

that a planetary companion exerts on its host star. In this part of chapter, I will discuss the main

10



2MASSWI1207334-393254 + Etoile (Infini)
BL
!

l, l 1 Onde Plane parfaite

1’1

10-15 km PM Couches turbulentes
Zone =
::m.h..u < e -._~ R Onde perturbée

sOL e S —

Entrée du « télescope »

- Plan d ‘observation ou u
PLAN FOCAL

Image avec turbulence

Image sans turbulence

E=

Figure 1.5: Left: Composite image of brown dwarf 2M1207 and its giant planet candidate com-
panion. The companion is easily distinguishable, in term of its color, from the brown dwarf 2M1207
(Chauvin et al., 2004). Right: Effect of atmospheric turbulence on the wave front. Before passing
through the turbulent layer, the wave fronts are flat, but after passing, the wave front is disturbed
which affect the image of the object. Credit: http://physique.unice.fr/sem6/2015-2016/
PagesWeb/PT/Turbulence/introduction.html

indirect detection methods, with a particular focus on the transit method used at the core of this

thesis work.
Gravitational microlensing

This method is based on the principle of gravitational lenses described by Finstein, in 1936, in
his general relativity theory (Einstein, 1936). If a foreground star passes through or approaches
the line of sight of a background star, the gravitational field of the foreground star will act as a
converging lens, bending the light coming from the background star and amplifying it.

If the foreground star harbors an orbiting planet, the planet cause a disturbance in the light
of the single-lens indicating its presence (Mao & Paczynski, 1991; Gould & Loeb, 1992). This
tool is capable of detecting planets with masses ranging from those of giant planets to those of
terrestrial planets. The method of gravitational microlensing is capable of detecting exoplanets
with orbits at any inclination with respect to the observer. However, due to the low probability of
geometric alignment between the observer, the lens, and the source, this method needs simultaneous
observation of a high number of distant stars. Figure 1.6 presents an example of a light curve of a
gravitational microlensing effect observed by Beaulieu et al. (2006) for the exoplanet OGLE-2005-
BLG-390.

Astrometry

This method was first expounded by Gatewood (1987) in 1987. It aims at studying the gravitational
interaction between a star and its hosted planet. It consists of accurately determining the position
of the star in the plane of sky perpendicular to the line of sight. The host star perturbed by its
planet’s gravitational force, will orbit around the barycenter of the system describing an ellipse (in

the sky plane). Such movement is superposed to the proper motion of the star (see Figure 1.7).
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Figure 1.6: Light curve of the microlensing event of OGLE-2005-BLG-390 plotted as a function
of time. The black line is the best fit model. Credit: (Beaulieu et al., 2006)

The angular semi-major axis « of the ellipse is expressed as:

M. a d -1
_ p
o= ( — p) <1 ) <1pc> arcsecond (1.3.1)

with ¢ and d are the semi-major axis of the planetary orbit and the distance from the observed

system, respectively. The significant advantage of this method is that it allows the detection of
planets in wide and low-inclination orbits and can determine precisely the planet’s mass and its
orbital inclination. The first successful use of this tool to detect an exoplanet was in 2010 by
Muterspaugh et al. (2010) to detect the exoplanet HD 176051 b in a double star system, where it
is not yet known around which star the planet orbits. Astrometry requires extremely precise optics
and is especially hard to use it from the Earth’s surface because our atmosphere distorts and bends
light. This limitation does not apply to space-based telescopes, and it is expected that the ESA
Gaia mission (Gaia Collaboration et al., 2016) will eventually detect hundreds of giant planets with

orbital periods of few years (see e.g. Panahi et al., 2022).

Pulsar timing

Pulsars are neutron stars remnant from the death as supernova explosion of massive (M > 8Mg,y,)
stars. They are extremely dense, highly magnetized and rapidly rotating objects. Their rotational
periods range from seconds to milliseconds. They emit intense electromagnetic radiation (radio
waves) in the direction parallel to their magnetic dipole axis which is not perfectly aligned with
their rotational axis. As pulsars spin, regular and precisely timed pulses of their magnetic radiation
can be detected from Earth if it crosses the emission beam. If a pulsar has a planet, it will be

orbiting the center of mass of the system under the planetary gravitational influence. This results
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Figure 1.7: Modeled position of a star on the sky plane. The star is supposed to be at 50 pc, to
have a proper motion of 50 mas.year™!, and to orbited by a planet with = 15 My , e = 0.2, and
a = 0.6 au. The straight dashed line represents the path of the motion of system’s barycenter as
seen from the solar system’ barycenter. The dotted curve shows the effect of parallax on top of
the system’s proper motion. The solid curve includes the apparent motion of the star due to the
gravitational interaction with the planet. Credit: Figure adapted from Perryman (2000).

in a back and forth movement of the pulsar on the observer’s line of sight, which causes slight
regular variations in the frequencies. Thus, this method can constrain precisely the orbit and the

mass of the planetary companion.

The first exoplanetary system discovered using this method was PSR 1257+12 system, for which
three planets with masses comparable to that of Earth (two planets) and the Moon (one planet)
were detected in 1992 by Wolszczan (1992). As of today, seven exoplanets have been detected to
orbit pulsars according to the NASA Exoplanet Archive.

Radial Velocity

The radial velocity is one of the most efficient methods used for the detection and characterization
of exoplanets. It was credited with discovering the first ever exoplanet in orbit around a Sun-like
star by Mayor & Queloz (1995). This technique is based on the famous Doppler effect. When a
light source is moving in a given direction, an observer who sees the source approaching does not
perceive the same wavelength as an observer who sees the same source moving away. When the
light source approaches the observer, the wavelengths will appear shorter, resulting in a ” Blueshift”.
Conversely, when the source moves away, the wavelengths are perceived longer, causing a ” Redshift”

(see Figure 1.8). The wavelength shift is given by the following relativistic formula:
A=) [1 _Y sin(i)] (1.3.2)
c
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With ¢ is the speed of light in vacuum, V; is the magnitude of the velocity vector of the source
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Figure 1.8: Hypothetical source of light moving to the right at a speed of 0.7c. The wave-
lengths are perceived shorter by the observer in the right and longer by the observer in the left the
left. Credit: https://fr.wikipedia.org/wiki/Effet_Doppler_relativiste#/media/Fichier:
Velocity0_70c. jpg

relative in the observer’s referential system, and ¢ is the angle between the line of sight directed
towards the observer and the normal on the speed vector (it is also called the ”orbit inclination”,
see right panel of Figure 1.9). The radial velocity, expressed as V, = Vssin(1), is defined as the
component of the velocity vector of the light source in the radial direction, i.e. along the line
connecting the observer and the source. If V. > 0 the source approaches the observer and if it is

< 0 the source moves away.

Let’s apply this effect on a system of two bodies, a star and a planet (see left panel of Figure
1.9). Because of the gravitational interaction between the two bodies, the star is also in orbit
around the common barycenter of the system. Therefore, there is a back-and-forth motion of the
star along the observer’s line of sight, which results in a ”"Redshift” when the star moves away and
a ”Blueshift” when it approaches (see e.g. Marcy & Butler, 1992).

By measuring the wavelength shift of the source’s spectrum using a spectrograph, one can

determine the radial velocity by applying the following formula:

ANV,
—_— = — 1.3.3
N e (1.3.3)
A is the the shift on the observation wavelength Ag. Likewise, the radial velocity of the star as
being orbited by a planetary companion is expressed as (see e.g. Murray & Correia, 2010a; Wright
& Gaudi, 2013):

Vr = Vo + K [cos(w + V) + e cos(w)] (1.3.4)
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HOST STAR

Figure 1.9: Left: Imaginary ”star-planet” system in orbit around the common center of gravity
(blue represents the Blueshift, and red represents the Redshift), Credit: ESO . Right: Spatial
orientation of the orbit plane of a star and its movement component on the line of sight directed
towards the observer. Credit: Cambridge (2017).

where Vj is the constant systematic velocity of the system’s barycenter, w is the argument of
periastron (the position where the planet is at the closest distance to its host star), e the eccentricity
of the planetary orbit, v is the true anomalie'?>. w and v are shown on Figure 1.12 in the next

section. K is the RV semi-amplitude, expressed as:

B M, sin(7) 2 G 3
h= (M, + M,)3v/1—¢? < P > (1.3.5)

Generally, M, << M,, which lead to constrain the quantity:

Mysin() _ . 7 (25(:) (1.3.6)

M?

If the variation of the radial velocity as function of time is periodic, it indicates the existence of
at least one exoplanet orbiting around the star. A model is then fitted to the RV data to constrain
K, e and P. Thus, the RV provides the minimum planetary mass M, sin(i). It is worthy to note
that the mass of the star M, can be determined from independent analyses. The orbital period
of the planet is the same as that of the radial velocity variation. However, it is crucial to verify
that the star is not a binary star system, and the variation in radial velocity is not caused by its
rotation or magnetic cycle. Figure 1.10 presents an example of a radial velocity curve of the first
exoplanet detected around a Sun-like star in 1995 by Michel Mayor and Didier Queloz from the
Geneva Observatory (Mayor & Queloz, 1995).

RV method is more effective for giant (massive) planets in short and inclined orbits (relative to

the plane of the sky) around low mass stars. This is because low mass stars are more affected by

12The true anomaly is the angle between the periapsis direction and position of the planet along its Keplerian orbit
around its host star
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the gravitational interaction induced by the planet. In summary, the radial velocity method allows

for the determination of the following parameters:

e orbital period (and then semi-major axis)

periastron time

orbital eccentricity
e argument of periastron
e minimum planetary mass

The radial velocity tool is usually used in complementary with transit method. The inclination
i determined by means of transits is used to break the M), sin(i) degeneracy to determine the exact
planetary mass. Importantly, the RV method can determine the eccentricity of the orbit, which

offers valuable insights into the dynamical history of the system.
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Figure 1.10: Radial velocity curve of 51 Pegasi obtained by Mayor & Queloz (1995).

Thanks to technological advances, the RV method has known a significant improvement in the
last two decades. It is now capable of detecting terrestrial planets orbiting M dwarf stars. Current
spectrographs used in radial velocity can detect RV changes less than 1m/s. For instance, the
Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO:
Pepe et al., 2021) at VLT can reach a precision of 10 cm/s. One of the main goals of ESPRESSO
is to search and characterize Earth-size planets orbiting solar-type stars in the HZ. Besides of that,
the MAROON-X'? instrument, operated by the University of Chicago, should be able to detect
Earth-size planets in the habitable zones of mid- to late-M dwarfs (Seifahrt et al., 2020, 2022). It
is a high-resolution (R~:80,000) optical (500-920nm), designed to reach out 1 m/s radial velocity
precision for M dwarfs down to and beyond Vmag = 16. This instrument has already determined
the masses of many small planets planets, such as TOI-561b (Brinkman et al., 2023), TOI-732 b
and ¢ (Bonfanti et al., 2024) and TOI-4481b (Palle et al., 2023).

Bhttps://gemini.edu/instrumentation/maroon-x
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1.4 Transiting exoplanets

In this section I will present the transit method. I will notably detail its theoretical foundations

and its use to study the atmospheres of the transiting exoplanets.
1.4.1 Theoretical foundation

The transit method is a photometric method for exoplanet detection and characterization. Thanks
to its ease of use and the wealth of information it can provide for both planet and its host star, it is
the most widely used method in both ground-based and space facilities to detect and characterize
transiting exoplanets. It is simply based on the astronomic eclipse phenomenon when an observer,
a star and an eclipsing object are aligned. It aims at measuring the light intensity of the targeted
star over time (Figure 1.11). If the star shows a temporary and periodic decrement in its brightness,
this means that an object is obscuring a part of the stellar disk. This signal is called transit. 1
will explain hereafter how this signal is exploited to characterize the planetary system. However, a
periodic decrement is not always due to a planet, but it might originate from other sources like, e.g.
a bound or background eclipsing binary. I will explain these false positives in details in Chapter 2.

The first successful use of the transit method was the detection in 1999 of the transits of the
giant exoplanet HD209458b, previously detected with the radial velocity method, by Henry et al.
(2000) and Charbonneau et al. (2000). The first exoplanet discovered with the transit technique
was OGLE-TR-56b by Konacki et al. (2003) in 2003. Since then, the transit method started to be
the most widely used technique to detect and characterize exoplanets. Interestingly, many ground-
based projects (e.g. WASP: Pollacco et al., 2006)) and space missions (e.g. Kepler: Borucki et al.,
2010) and TESS (Ricker et al., 2015)) have used this technique to detect thousands of transiting

exoplanets.

star + planet nightside

P transit

star — planet shadow

Figure 1.11: Illustration of transit-occultation. The transit corresponds to the crossing of the
planet in front of the star and the occultation corresponds to the crossing of the planet behind the
star. The flux curve represents the combined fluxes of the star and planet as the planets orbits
around the star. This figure is taken from (Winn, 2010).

Let’s consider a two-bodies system consisting of a planet with radius R, and mass M, orbiting

17



around a star with radius R, and mass M,. To study this system it is convenient to choose a
cartesian coordinate system of center O coincident with the center of the star, with the plane xOy
parallel to the plane of the sky and with the Oz axis pointing towards the observer. The distance
from the center of the star to the center of the planet is given by the equation 20 of Murray &
Correia (2010a):

a(l —e?)
r= -
1+ ecos(v)

where a is the semi-major axis, e is the orbit eccentricity and v'* is the true anomaly. Based on
Figure 1.12, we can easily express x, y and z coordinates as functions of the orbital parameters.

We obtain the following expressions (Murray & Correia, 2010b):

x = r[cos(2) cos(w + v) — sin(Q) sin(w + v) cos(7)] (1.4.1)
y =7 [sin(Q2) cos(w + v) + cos(Q2) sin(w + v) cos(i)] (1.4.2)
z = rsin(w + v) sin(4) (1.4.3)

where  is the longitude of ascending node (the angle from the reference direction axis Ox to

YA

celestial sphere

planet

origin of

. eriastron
longitudes &

planetary
orbit plane

plane of reference

ascending node

Figure 1.12: Illustration of orbital parameters for two-bodies system. +z axis is pointing towards
the observer. Credit: https://drillaudweb.files.wordpress.com/2014/01/orbit.png

the direction of the ascending node -y, which is the point where the orbiting object moves north

through the reference plane), w is the argument of periastron, 7 is the inclination of the orbit plane

14The true anomaly is the angle between the periapsis direction and position of the planet along its Keplerian orbit
around its host star
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with respect to the reference plane (sky plane) and v is the true anomaly. Usually the longitude of
ascending node 2 is unknown (in other word, the orientation of the nodes axis is unknown) neither
from transits nor from RV. Thus, 2 can be set to 180 °, aligning the Ox with nodes axis, with
ascending node placed on —zx. This does not change any other orbital parameter. In this simplified

case we obtain:

x = —r[cos(w + V)] (1.4.4)
y = —r [sin(w + ) cos(i)] (1.4.5)
z = rsin(w + v) sin(7) (1.4.6)

Geometric condition to observe a transit

Observing a transit is not always possible for every planetary system, as an important condition
should be verified: the observer, planet and its host star must be (or nearly) aligned. We can
express this condition mathematically considering the Figure 1.13 below. A planet transit can be
seen only if acos(i) < (R« — Rp). If (R« — R,) < acos(i) < (R« + R,), then we observe a grazing
transit. In the final case where acos(i) > (R« + R),) we observe no transit. It is worth noting that
this condition is built on the simple supposition that the planet’s orbit is circular. Meanwhile, for
planets that have a very elliptical orbit and depending on the system configuration with respect to

the observer, we can observe a transit without occultation.

Normal to the orbital plan

Line of sight
Observer

Figure 1.13: Illustration of the geometric condition for a transit to occur for an observer. Credit:
Ghachoui Mourad.

Impact parameter

Let us note by rg, the projection of the orbital radius r on the sky plan (xOy). Using expression
1.4.4 and 1.4.5 we obtain:

a(l —é?) ) \/1 _ sin?(w + v) sin(4) (1.4.7)

T =
T e cos(v

as we are interested in the transit signal, let’s consider the case where the center of planet is at the

moment of inferior conjunction (planet between the host star and the observer). In this case we
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have z = 0 which gives:

T T
Vira = 5 w Voce = —5 w (1.4.8)

Vtrq 18 the true anomaly for the transit at inferior conjunction and v, is the true anomaly for the
occultation at superior conjunction (host star between the planet and the observer). The impact

parameter is the sky-projected r distance at conjunctions, in units of stellar radius.

a cos(1) 1—e? a cos(7) 1—e?
b ra — . bocc = . 1.4.9
! R, (1 + esm(w)> R, 1 — esin(w) ( )

We can also use the impact parameter to express the geometrical condition to observe the
transit. A transit is observable if byq < 1 — %. Ifr1 - % < bprg < 14 % we observe a grazing

transit. In the final case where by > 1+ %i’ no transit is observable.
Limb-darkening

Real stellar disks are not of uniform brightness. In addition to spots and flares (whose intensity
change from a star to another), stellar discs are brighter at the center and become gradually
dimmer towards the limbs. This phenomenon is known as the limb-darkening effect. To explain
this phenomenon we resort to the radiative transfer in the stellar atmosphere. The light from an
object is mostly emitted by its layers of optical depth 7 & 1. At the center of a stellar disc, where
light travels radially, this optical depth corresponds to deeper and then hotter and brighter layers.
On the contrary, light emerging from the limbs, travels through the stellar atmosphere with an
angle v (see Figure 1.14), which makes 7 ~ 1 corresponds to lower and then colder and dimmer
atmospheric layers. Figure 1.14 shows a real optic image of the Sun where the solar disc appears
brighter at the center and becomes increasingly dimmer and then redder as we approach the edge.
The LD profile of stars depends on their composition and spectral type. It is difficult to observe
the LD profile for other stars than the Sun but we can observe only its effect on the transits.
When a planetary disc transits near the center of the stellar disc, it blocks more light than when
it is near the limbs. Consequently, real transits are not flat-bottomed but U-shaped at the center
and softened in the extremities. They are deeper (shallower) than (%’:)2 at the center (near the
extremities).

Several analytical relationships have been proposed to represent the LD profile of stars. The

first law that was proposed is a linear law that is written as follows:
——~=1—up(l—p) (1.4.10)

Where [ is the intensity of the stellar disk, ug is the linear LD coefficient and p = cos(6), with 6,
being the angle between the observer and the normal vector on the surface of star. p is equal to 1
at the center of the stellar disk and 0 at the limbs, thus /(1) is the intensity at the center stellar

disk. This law can be sufficient for transits observed with limited precision, but light curves from
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Figure 1.14: An optical image of Sun, taken by the SOHO mission, showing the limb-darkening
effect. The center of the solar disk appears clearly brighter than the edge. Credit: adopted from
https://soho.nascom.nasa.gov/gallery/images/mdi20031028.html

the Hubble Space Telescope for HD 209458b have shown that it is insufficient to adequately model
high precision transits (Brown et al., 2001). A more complex analytical formula is thus generally
preferred, such as the quadratic LD law (Mandel & Agol, 2002) that is describe as follows:

—ry = (1= p) = uz(1 = p)? (1.4.11)

where u; and wug are the two quadratic LD coefficients. Theoretical values of u; and us can
be computed either from stellar-atmosphere models or measured from transit high-precision light
curves. For example, Claret & Bloemen (2011) presented tables that can be interpolated based on
Ters, [Fe/H] and log(g) parameters that are determined from independent spectroscopic analyses,
to compute theoretical values of u; and us. This must take into account the filter being used in the
observations due to the dependence of the LD effect to the wavelengths as I will explain hereafter.
The tables of Claret & Bloemen (2011) have been updated to cover TESS bands by Claret (2017).

The LD effect is wavelength-dependent. It tends to be stronger towards shorter wavelengths
(Knutson et al., 2007a). This can mathematically be demonstrated by the temperature derivative

of the function of Planck:
2hc? 1

AP exp(—)\gT) -1

BO\T) =

When using the Rayleigh-Jean approximation (he << AkpT') and deriving with respect to the

temperature, we obtain:
dB(\,T)  2kpc

ar M

This varies as A™*, which means that the LD effect is more intense at shorter wavelengths than

it is at longer wavelengths. This affects directly the transit depth and the planetary radius. It is
therefore important to take it into account in the transit modeling to get the planetary parameters.
Mandel & Agol (2002) presented analytical formulae for modeling transits for stars described by

quadratic or nonlinear LD laws. Figure 1.15 shows the 10 transits observed with Hubble space
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Figure 1.15: Transits of HD 209458b observed by the space telescope Hubble at wavelengths
ranging from 0.32 um (upper transit) to 0.97 um (lower transit). The transit depths of the same
planet becomes a little bit deeper towards shorter wavelengths. This figure is taken from Knutson
et al. (2007a).

telescope for the planet HD 209458b obtained at 10 different pass-band filters. It should also be
noted that the shape of the transit is not affected by only the LD effect but also by stellar spots or

flares that differ from a star to another.

1.4.2 Measurement of the system parameters

I have presented in the first section of this chapter the theoretical foundation of the transit method.
In this section, we will see how it is used to physically characterize the transiting exoplanets. The
parameters we care most about are the planet radius R,,, mass M, and equilibrium temperature 7.
These parameters depend on the stellar parameters, especially the stellar radius R, and effective
temperature T,y ¢. Thus, the stellar characterization is an important step before any transit science.
For example, this can be done by spectroscopic observations, stellar evolution models, empirical

laws calibrated on eclipsing binaries, etc.

Parameters measured from the transit

The transit carries behind its shape a wealth of information on the physical and orbital parameters
of the planet, and also on the host star. Here I describe how a transit signal is exploited to extract
physical information on the system. To simplify the calculations, we will consider a transit light

curve, with neglected LD effect (uniform brightness of the stellar disc), of a planet in circular orbit
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Figure 1.16: Illustration of a transit with neglected limb-darkening effect (Winn, 2010).

(e =0).
Transit depth

The transit depth is the very first parameter one can extract directly from the transit light curve.
It represents the amplitude of the apparent variation of the star brightness during transit relative

to its base value outside transit. This parameter is given as:

Fout - Fint

5 pu—
Fout

(1.4.12)

With F,,;: and Fj,: being the flux of the star out of and during the transit, respectively. Analytically,
the transit depth is the surface of the planetary disc divided by the surface of the stellar disc. Based
on these last simplifications and according to the last equation, we can write (Seager & Mallén-
Ornelas, 2003):

5= (1.4.13)

mR? —w(R2 - R%) (Rp>2

TR2 “\R,

With R, and R, are the radii of the host star and the planet, respectively. It is important to note

that the formula 1.4.13 is just an approximation of the transit depth since it does not take into
account the LD effect. Finally the transit depth allows to determine the ratio g—’;.

The transit depth is proportional to the square of the planet radius and inversely proportional

to the square of the stellar radius. This means that the signal is deeper for giant planets orbiting

small stars.
Transit durations
Other important parameters that can be measured directly from the transit signal are transits

durations. As we can see on Figure 1.16 we can define: the total transit duration Ty, = tyy — tr
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which is the duration between the forth and the first contacts, and the full duration Ty, = trrr—trg
(the entire planetary disc is in front of the stellar disc), the ingress duration 7,y = t;r — t; and
the egress duration 7.4 = try — trr7. Grazing transits have only ¢r and t7y. It is important to
sate that the orbital period of the planet is known either from follow-up (from the observation of
at least two consecutive transits) or from radial velocity observations. Analytically, Tio (T'fui) can

be obtained by combining Equations 14 (15) and 16 of Winn (2010), where we obtain:

V(A +E)? -0 1—e?

tior = — arcsin B VA +.k). b | _V1—c (1.4.14)
s sin(4) 1+ ecos(w)
P " 1 — 2 _ 12 1 —e2

tpu = — arcsin o VI k) bira | _V1-c (1.4.15)
v a sin(7) 1+ ecos(w)

Deduced parameters

In this part we will see how to exploit the parameters deduced from transits to get more information

on the system.

Impact parameter

The two expressions 1.4.14 and 1.4.15 of ;¢ and tp,y are written as functions of the impact
parameter by, and transit depth 6 with the last being directly measured from the transit light

curve. We define the ratio:

o strum
S snCT) 0= VO - by (1.4.16)
Sin<ttoTt7r> (1 + \/5)2 - bz%ra
The expression of the impact parameter is then given as:
1—/6)2 = 72(1+ V5)?
bira = \/( ) T 7_2( ) (1.4.17)

for planets with orbital periods much larger than their transit durations (MTT << 1), while

sin(”TT) ~ %, the expression of by, becomes:

(1= V38)2 = (F)2(1 + V5)?

ttot

1 (M)z

ttot

(1.4.18)

btra =

The scale ratio Ri

In the transit method science, the ratio Ri* is an important parameter. From expressions 1.4.14,

1.4.15, ?? and the expression b.q = R%cos(i) we obtain:

a P 2k ( VI—eé? ) (1419)

R. w 1 + esin(w)

= =
<7 thot—tfcu”
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Likewise, from the expression of b;., we can determine the orbit inclination ¢ as function of the

ratio - as follows:
3

1= arccos(btm&) (1.4.20)
a

Physical parameters of the planet

We have seen that the transit depth § is determined directly from the light curve. It is simply
expressed as planetary to stellar radii ratio square. Knowing the transit depth we can obtain:

R, NG

2P \J5

R.
given that the stellar radius is already known from independent analyses. The planet radius is

determined as:
R, = R.V6

If we have a measured radial velocity semi-amplitude (equation 1.3.5), the orbit inclination from
the transit method can be used to remove the degeneracy from my, sin(é) to pin down the planetary
mass and thus its mean density (pp) (Schmitz, 2019; Harrington, 2011). The latter is a crucial
parameter to obtain a first constraint both the internal composition and structure of planets (Dorn
et al., 2017). It used to distinguish between different types of planets, e.g. a rocky ’super-Earth’
from a puffy 'mini-Neptune’. Additionally, this leads to determine the gravity on the planet’s

2 V1 —e2K,
9=,z
P <%) sin(7)

This is a key parameter for a further atmospheric characterization of the planet, as it is inversely

surface as:

proportional to the atmosphere’s extent: the larger the surface gravity, the more compact the

atmosphere.

One of the most important advantages of the transit technique it that it can characterize not
only the planet but also the host star. Combining the ratio a/R,. and Kepler third law, we can

determine the mean stellar density (Seager & Mallén-Ornelas, 2003):

_3r (a’
P«=ap? \ R,

This quantity is of particular importance. In case of high-precision photometric data and circular
or near circular planetary orbit, this quantity can be combined to the stellar radius to determine
the stellar mass. It can also serve as independent check that the transit signal is potentially due to
a transiting planet if is consistent to its value determined independently (e.g. from stellar evolution

models or empirical relations).

Now that we have the stellar density and the planetary density, we can calculate the Roche

limit, the distance within which a secondary celestial object (planet) will disintegrate under the
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tidal forces of the primary object (star) around which it is orbiting, that is given as follows:

1
304\ 3
droche = < P ) R,
Pp

and also the Hill radius, the minimum distance below which another celestial body of negligible

mass compared to the mass of the planet and the star can remain in orbit around the planet:

1 m 3
Ry = <3]\4+an> a
* P

Transit Timing Variation

The transit of a planet in Keplerian orbit is exactly periodic. However, if another planet exists in
the system, the orbit is no longer Keplerian. This is due to the gravitational interactions between
the planets which causes transit timing variations (T'TV: Agol et al., 2005; Holman et al., 2007).
This means that the transit signals are not exactly periodic and occur either in advance or in delay
to what is predicted. Interestingly, by monitoring transit signals, the detection of TTVs can reveal
the presence of other planets (previously undetected) in the system. The amplitudes of TTVs
depend on the planets’ masses and their orbital configuration around the star (Agol & Fabrycky,
2018). These amplitudes are maximised if the planets are in (or close to) mean-motion resonances
(MMRs). In such a case, the TTV technique can lead to precise measurements of the planets’

masses (e.g. Agol et al. (2021)).

Some words about the host star characterization

Because the parameters we ultimately want to determine (e.g. R, and M,) depend strongly on
the stellar parameters (notably R, and M,), it is crucial to have a good stellar characterization.
Accurate stellar properties lead to accurate planetary properties. Here we present some of the
pathways to characterize host stars. For instance, Mann et al. (2015) presented some polynomial
empirical relations appropriate for M dwarfs to measure their bolometric luminosity, effective tem-
perature, radius and mass. Mann et al. (2019) presents a revised empirical relation between M,,
Mp, (absolute magnitude in the K band) and [Fe/H], spanning an order of magnitude in mass
from 0.075 to 0.70 Mg. An example of use of these empirical relationships is in Ghachoui et al.
(2023) presented in Chapter 4. Out of the range of M dwarfs, Torres et al. (2010) presented em-
pirical laws calibrated on well-characterized eclipsing binaries to determine stellar mass and radius
based on Tesf, [Fe/H] and logg,. In addition, a Spectral Energy Distribution (SED) fit can be
performed on broadband sky photometry from catalogs (eg. APASS, WISE, 2MASS) supplied with
extinction from galactic dust map (Schlafly & Finkbeiner, 2011a) and parallax from Gaia (see e.g.
Gaia Collaboration et al., 2016, 2018), all to get the stellar luminosity and temperature. Then, the
stellar radius can be pin down using the Stefan-Boltzmann law (L = 47TR2O'Télff). Also, one can
use stellar evolution models that takes as inputs the density of the star measured from transit light

curves plus its effective temperature and metallicity determined spectroscopically, to derive stellar
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mass M, and the radius from M, and p, (see e.g. Seager & Mallén-Ornelas, 2003). As explained
previously, when R, and M, are determined, then Rp can be determined from the transit depth,
and the planetary mass via RV semi-amplitude supplied with the orbit’s inclination from transit.
Also, when T¢y; of the host star is determined, one can determined the equilibrium temperature

Teq of the planet with the semi-major axis of the planet’s orbit a determined from orbital period.

1.4.3 Rossiter-McLaughlin effect

As a star rotates, unless its spin axis points towards the observer, half of the visible photosphere
moves toward the observer and the other half recedes. Because of the Doppler effect, the light
emitted by the approaching part is blue-shifted while the light emitted by the receding part is red-
shifted. This produces variations in the line profiles in the stellar spectrum.The blue- and red-shifted
contributions are averaged out when no planet is transiting. When a planet transits, it will hide
successively some parts of the stellar disk that can be blue or red-shifted, which will result in a
modification in the mean spectral shift measured by the observer and then existence of anomalies

on the radial velocity curve. This is called the Rossiter-McLaughlin effect.

To simplify the explication of this effect, let’s suppose a host star with rotational spin axis in the
same direction as its planet’s orbit (prograde orbit). In this case, when a planet transits, it will start
by blocking light from the approaching half which causes a deficit in the blue-shifted light. This is
reflected in the measurement by an average spectral shift to the red and, therefore, by an increase
of the measured radial velocity. When the planet crosses the mid-transit times, it will hide light
emerging from the receding part of the stellar disc which will produces a deficit in the redshifted
light. This is reflected in the measurement by an average spectral shift to the blue. As shown on
Figure 1.17, these anomalies depend on the sky-projected obliquity 5 (i.e. the angle between the
rotation axis of the star and the orbital axis of the planet, as projected onto the sky plane). When
the orbital spin axis of the planet is parallel to the stellar spin axis (8 = 0°), the anomalies on the
RV curve are antisymmetric with respect to the mid-transit time. Contrarily, if the orbital axis of
the planet is strongly misaligned with the stellar spin axis, the planet hides only redshifted light
of the receding part of the stellar disc during transit which results in only one anomaly in the RV
curve (see right panel of Figure 1.17). For 8 = 0° or 8 = 180°, the maximum amplitude of the RV

variation is given as:
Ry o
AV, = JLT%’\/1 — b2V, sin(iy) (1.4.21)

with Vj sin(iy) is the projected rotational velocity (i, is the angle between the spin of the star and
the line of sight). Interestingly, by modeling the RM effect, we can get the sky-projected obliquity
s.

The RM effect was introduced after its first definitive measurement for eclipsing binaries by
Rossiter (1924) and McLaughlin (1924). The first exoplanetary RM effect detection was for the hot
Jupiter HD 209458b by Queloz et al. (2000), who found the orbit to be prograde. Since then, many
RM measurements have been made, revealing a broad distribution of sky-projected obliquities,

from well-aligned to highly misaligned systems (see Albrecht et al., 2022, and references therein).
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Figure 1.17: Top: In these three cases, the same planet is assumed to transit the same star,
producing the same transit light curves, but with different projected spin-orbit angles 8. Bottom:
corresponding simulated radial velocity signals. A well-aligned orbit (left) results in a symmetric
“redshift-then-blueshift” signal, a 5 = 30° (middle) results in an asymmetric signal, and a 8 = 60°
(right) produces a blueshift throughout the transit. Credit: Gaudi & Winn (2007)

The obliquity parameter is of particular interest to shed light on the migrations and dynamical

interactions of exoplanets (Winn & Fabrycky, 2015; Albrecht et al., 2022).

1.4.4 Atmospheric characterization of transiting exoplanets

We have seen previously that the transit method gives access to a treasure of information on the
observed system (planet + star). It can also be used to characterize the atmosphere of the exoplanet
without the need to spatially resolve it from its host star. A deep characterization of the exoplanet’s

atmosphere can be done in three complementary strategies whose basics are explained here after.

Transmission spectroscopy

Previously we have supposed that planets have well-defined surfaces to simplify our calculations
and we have seen that the transit depth is only affected by limb-darkening effect. In fact, gaseous
planets do not have a well shaped surface and even rocky planets with solid surfaces might have
thick atmospheres. Each atom or molecule constituting this atmosphere has unique absorption
lines/bands at specific wavelengths. As the planet transits in front of the star, light from the host
star experiences attenuation through the planet’s atmosphere, in the day-night terminator, due to
the scattering by aerosols and absorption by the constituents of the atmosphere. This atmosphere
is therefore more opaque at the wavelengths characteristic of its chemical species. This causes the
transit depth, and then the effective planet radius, to be wavelength-dependent. The transmission
spectrum is defined by measuring the transit depth (or the apparent planetary radius) as function

of wavelength. An example of transmission spectrum is shown on Figure 1.18 for the hot-Jupiter
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WASP-39b. From the absorption bands signatures printed on the transmission spectrum, we can
then gain knowledge on the constituents of the exoplanet atmosphere. This effect was first predicted
by Seager & Sasselov (2000a) and had been first successfully observed by Charbonneau et al. (2005).
As an order of magnitude, the transit depth changes by Ad due to an increase in the apparent
planetary radius by 1H. It is expressed as:

(R, + H? R} H

~ 25— (1.4.22)

AS = e
R2 R2 R,

where R, and R, are the planetary and stellar radii, respectively. H is the characteristic scale
height of the atmosphere (the altitude over which the atmospheric pressure is decreased by a factor
e). Its expression is:

H = kpT (1.4.23)

Hgp

with kp being the Boltzmann’s constant, T' the equilibrium temperature of the planet, u the mean
molecular mass, and g, the surface gravity. According to the expressions 1.4.22 and 1.4.23, the
signal is easily detectable for giant planets with a deep transit depth, a hot extended atmosphere
and a low-gravity such as hot Jupiter planets. For an Earth-sized planet orbiting a Sun-like star,

Ad could be at most of only few ppm, while it can be of hundreds of ppm for hot-Jupiters .

Many models have been developed to interpret the variations of Iz, \ as function of wavelength
(see e.g. Fortney et al. (2010)). The simpler 1D models assume temperature, pressure profiles and
composition as function of altitude to produce a theoretical spectrum to compare to the observed
spectrum to identify the signatures of various elements and molecules present in the exoplanet’s
atmosphere. More complex 3D General Circulation Models (3D GCMs) are used to simulate the
atmospheric behaviors of tidally locked planets such as hot Jupiters. These models provide insights
into the complex interplay between radiation, chemistry, and circulation patterns in these extreme
environments. Several recent studies have reported the 3D GCMs of irradiated giant planets for
which phase curve data is available to constrain the models (see e.g. Heng et al., 2011; Kataria
et al., 2013). By simulating the specific conditions of planets in a tidal lock, these models reveal
how extreme temperature differences can drive supersonic winds and shape climate zones (see
e.g. Mendonga, 2020; Wolf et al., 2019). This detailed understanding helps in predicting weather
patterns, cloud formations, and the potential for atmospheric escape, contributing to our knowledge

of planetary systems beyond our own (Steinrueck et al., 2023).

In addition to its limit to constrain only the day-night terminator, the transmission spectrum is
affected by many factors that reduce its effectiveness. It is also affected by high-altitude condensates
(clouds and hazes) which scatter light, flattening the transmission spectrum and making it difficult
to identify specific absorption features. Furthermore, as I explained previously, the transmission
spectra is the measure of the transit depth (or planetary radius) as function of wavelengths. These
measurements are affected by the heterogeneity of the stellar photosphere and chromosphere, such
effect is usually referred to as stellar contamination effect. Explicitly, starspots (cool spots), faculae

(hot spots) and flares contaminate the transit depth, and thus the transmission spectra. If a planet,
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Figure 1.18: Complete transmission spectrum of WASP-39b (black points) with the best-fit atmo-
spheric model (red). The spectrum incorporating data from HST/STIS and WFC3, Spitzer /RAC,
and VLT /FORS2 completing the spectrum from 0.3 to 5.0 pm. Credit: Wakeford et al. (2018).

during its transit chord, occults starspots (faculae) this causes momentum small bumps (deeps) in
the transit signal. These bumps and deeps are imprinted onto the transmission spectrum, which
gives false spectral features. Yet, even not occulted starspots, faculae and flares can also affect the
transmission spectra by making a slight difference between the disk-integrated and transit chord-
integrated spectra, such effect is known as the Transit Light Source (TLS: Rackham et al., 2018,
postfix) effect. Detailed information on the stellar contamination, TLS and how to deal with their

effects can be found in e.g. Rackham et al. (2018).

The transit spectroscopy of exoplanets has significantly improved during the last two decades.
The Hubble Space Telescope (HST), has gathered dozens of spectra for exoplanets of different
sizes from hot-Jupiters to Earth-sized planets. Nowadays, JWST is taking the largest steps in
characterizing exoplanets’ atmospheres with its unprecedented precision. It has already revealed
many discoveries. Among others, it has led to the detection of methane (C'H4) and water vapor

evidences (Bell et al., 2023) in the spectra of WASP-80, a gas giant transiting a cool dwarf star.
Occultation spectroscopy

The secondary eclipse (e.g. when the planet goes behind its host star) provides an additional
method, complementing the primary transit, to enhance the characterization of the atmosphere
of transiting exoplanets. During transits, the light we receive is the starlight and the emission of
the night-side of the hosted planet. The latter can generally be neglected in front of the star light
especially at shorter wavelengths. As Figure 1.11 shows, shortly before and after the secondary
eclipse, the light we perceive is the combined light of the star and the illuminated side of the
planet. The contribution of the planet consists of thermal emission and reflected starlight. This
contribution becomes significant and readily detectable for close-orbiting large planets, while the

reflected light contribution is more challenging to be measured and can generally be neglected,
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especially in the infrared. When the planet entirely disappears behind the star, no light is received
from the planet which causes a small dimming in the light curve. Under the assumption that the

planetary and stellar discs have uniform brightness, the occultation depth is expressed as:

Frear—oce — F,
(SOCC — ne; occ occ (1'4.24)
near—occ
2
_ Epsmhy (1.4.25)
F. sTR? 4 F, ;T R2
R2F
~ 2ty 1.4.26

with Fear—oce 18 the flux of the system (star 4+ planet day-side) just before/after the secondary
eclipse and F.. is the flux of the star when the entire planetary disc is behind the stellar disc. The
occultation depth is the transit depth multiplied by the F,/F, (brightness of the day-side of the
planet relative to the brightness of the host star), the latter being the relative contribution of the
planet’s day-side flux to the stellar flux (Charbonneau et al., 2005; Deming et al., 2005) and it is
the first parameter that can be measured through occultation. It should be mentioned that the

last formula considers only thermal emission.

We have seen that the planetary radiation consists of two components: emission and reflection.
Figure 1.19 shows how each of the components dominates as function of wavelength range for some
planets in our solar system and an hypothetical hot-Jupiter at 10 pc. The starlight reflection
component dominates at short wavelengths, but its peak is much smaller than the thermal emission
peak for hot Jupiters, and it has been detected only for a few exoplanets (see e.g. Knutson et al.,
2007b; Sudarsky et al., 2000; Latham et al., 2010). Thus, its peak is at the same wavelength as the
host star. Meanwhile, the thermal emission of the planets prevails at long wavelengths and peaks

correspondingly to their effective temperatures.

To observe the occultation, one must know the range of wavelength observation. Due to the
planet being generally colder than its host star, the contribution of the planet is dominated by
its thermal emission at long wavelengths (i.e. typically from the near- to and mid-infrared) and
it peaks at the wavelength corresponding to the effective temperatures of the planet (see Figure
1.19). In this case, under the assumption that the planet and star are radiating as blackbodies, the

relative planetary flux is expressed as follows (Nikolov et al., 2017):

F, R,\? B(\,T})
= <R> BT (1.4.27)

with A is the wavelength of the observation, B is the blackbody spectral radiance at temperature
T, and T, and T} are the effective temperatures of the planet and the star, respectively. Using the

Rayleigh-Jeans approximation, we obtain:

Fp _ RP 2 Tp
7= <R> T (1.4.28)

31



It is worth to note that the effective temperature of the planet, Tp, is the temperature of a blackbody
that would emit the same amount of its radiation as the planet. Tp can be estimated from its
equilibrium temperature, T¢,, which is a theoretical value determined by equaling the energy (from
its star) absorbed by the planet to the energy that it re-emits back into space. Mathematically, for
a planet with radius R, and orbital semi-major axis a in orbit around a star with radius R, and

effective temperature Tes¢, T is determined as follows (Seager et al., 2005):

47TRzUTeLlff 2 2 4
R* % 1
Teg=Teys 5, [f(1— Ap)]* (1.4.30)

where Ap is the planetary bond albedo' and f is a factor heat transfer efficiency from the day-side
to the night-side of the planet, and it depends on how the atmosphere (if any) is dense and rotation
rate of the planet around itself (Wordsworth, 2015; Kopparapu et al., 2016).

In fact, the planet’s day-side disk may not have a uniform brightness but its temperature may
radially decrease from the center to the limbs, which means that it is composed of an ensemble of
concentric annuli with different temperatures. In this case, it will emit as an ensemble of blackbodies
with different temperatures but the obtained emission may not be a blackbody spectrum (see e.g.
Seager, 2010). Nevertheless, we can still define the brightness temperature Ty, \ of the planet’s
day-side as the temperature of a black body whose flux emitted at a given wavelength X is equal to
planetary flux calculated using the equation 1.4.28 at that wavelength. The emission spectrum of
the planet’s day-side can be obtained by observing occultation at varying wavelength in the near-
and mid-infrared domains. Variations of T3, x with wavelengths can serve constraining the planet’s
day-side atmosphere, particularly its chemical composition and thermal structure. The latter refers
to the variation of the temperature with atmosphere altitude. If the temperature rises with altitude
(i.e thermal inversion) , the bands of the molecules present in this stratosphere (the altitude range of
thermal inversion) will be seen in emission. Otherwise, if the temperature decreases with altitude,
all molecular bands should be seen in absorption.

Conversely, at shorter wavelength, the contribution of the planet day-side is mostly the reflected

starlight. In this case, the occultation depth due to only the reflected starlight is expressed as (see
e.g. Winn, 2010; Kreidberg, 2018):

F Ry\?

Ff: = Ay (CLI’) (1.4.31)

where A, is the geometric albedo, the ratio between the flux reflected by the planet seen at phase
angle a=0'%(i.e., when the planetary disk appears fully illuminated) and the flux reflected by a
Lambertian disk of same angular size, i.e. a fully reflecting surface with an isotropic emission
surface intensity.

Due to the occultation depth being shallower than the transit depth, emission spectroscopy mea-

5The Bond albedo Ap is the fraction of stellar incident energy that is reflected by the planet back into space (0
< Ap <1).
6The angle at the planet subtended by its host star and the observer
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Figure 1.19: Black body flux of the Sun, some solar system planets and a theoretical hot-Jupiter
supposed at 10 pc. The Sun is modeled as 5750 K black body. The planets have two peaks in
their spectra: one peak in the short-wavelength range due to sunlight scattered by the planet
atmosphere and computed using the planet’s geometric albedo, and 2) one peak in the he long-
wavelength range due the thermal emission of the planet and estimated considering a black body
with the same effective temperature as the planet. The albedo and equilibrium temperature of the
hot-Jupiter were supposed to be 0.05 and 1600 K, respectively. Credit: Figure adopted from Seager
& Deming (2010).

surement of an exoplanet is generally harder than measuring its transit transmission spectroscopy.
However, emission spectroscopy has many advantages over transmission spectroscopy. While trans-
mission spectroscopy probes the properties of the atmosphere near the day-night terminator as
explained above, emission spectroscopy offers insight on the global properties of the planet’s day-
side atmosphere. The difference between day-side and terminator compositions (and the night-side
as well) depends on the heat transfer efficiency. If the planet has a perfect heat redistribution,
then the two regions might have the same composition. Unlike transmission spectroscopy, emission
spectroscopy is less sensitive to high-altitude condensates because the whole day-side atmosphere

contributes to the spectrum.

The large number of exoplanets detected by TESS and confirmed or under confirmation by
subsequent observations, led to the need of prioritizing exoplanets candidates most amenable to

atmospheric characterization with JWST. Indeed, Kempton et al. (2018) developed a framework
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Figure 1.20: Top: phase-folded light curve of WASP-19 corrected for stellar variability and long-
term trends, binned in 8 minute intervals (black points), with the best-fit full phase curve model
(red line) overplotted. Middle: same as top light curve but zoomed in on the vertical axis to detail
the phase curve modulation and secondary eclipse. Bottom: residuals from the best-fit model.
Figure adapted from Wong et al. (2020)

for this purpose, based on a transmission spectroscopy metric (TSM) and an emission spectroscopy
metric (ESM). The TSM and ESM metrics quantify the expected S/N in transmission and emission
spectra, respectively, of the JWST telescope, assuming a purely white noise and neglecting practical

issues like instrumental floor noises, stellar contamination effects, etc.

Phase curve

Further atmospheric characterization of exoplanets can be performed through the observation of
their phase curve. The phase curve refers to the variation of the system (planet + host star)
combined flux as function of the phase during a complete orbit. As for the secondary eclipse
observation, the contribution of the planet flux in the phase curve is dominated by thermal emission
over starlight reflection in the near- and mid-infrared and vice-versa in the optical. I will describe
hereafter the fundamentals on how both cases can be utilized to extract information on the planet’s
atmosphere. Unlike secondary eclipse, phase curve can generally only be observed from space since
the typical orbit timescale is generally longer than one night from ground. Figure 1.20 presents an
example of phase curve obtained by TESS mission for the hot Jupiter WASP-19b.

Before detailing the use of phase curve to further characterize exoplanets’ atmosphere, it is
important to note that close-orbiting planets are generally tidally locked (see e.g. Mazeh, 2008;
Guillot et al., 1996; Matsumura et al., 2010; Barnes, 2017) with permanent day-sides and nigh-
sides, which means that their rotational periods are the same as their orbital periods (synchronized
orbit). Observing the phase curve at long wavelength can help making a longitudinal brightness
temperature map (i.e. variation of the brightness temperature as function of longitude) of the

planet. This map provides us with information on the planetary atmospheric dynamics and en-
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ergetics, which shed some light onto the atmospheric conditions throughout the planet’s surface.
The amplitude of the IR phase curve gives the day-night contrast temperature, which can in turn
tell us about the heat transfer efficiency from the day-side to the night-side. Conversely, the am-
plitude of optical phase curve provides us with information about the variation of albedo, and then
variation in the properties of clouds and/or hazes, or surface reflective materials, as function of
longitude. Additionally, the configuration of the phase curves and the phases of their maxima and
minima indicates the locations of the planet’s atmosphere’s hottest and coldest regions relative to
the substellar meridian. If the maximum and the minimum are centered on the occultation and
transit signals, respectively, then the hottest and coldest regions are located at the substellar and
anti-substellar points, respectively. In the other case where the maximum and the minimum are
shifted, then the location of the hottest and coldest regions are shifted correspondingly (Crossfield,
2015). This offers insight into the atmospheric circulation of the planet. More details on the phase

curve are explained in Wong et al. (2020).

1.4.5 State-of-the-art

As of today, spring 2024, more than 5500 have already been confirmed according to the NASA
Exoplanet Archive. This number is ever-increasing with the TESS mission, given that it still has
more than seven thousands exoplanets candidates to be confirmed with subsequent observations. We
have seen that there are many techniques to detect exoplanets. As Figure 1.21 shows, the cumulative
number of exoplanets, detected per year and detection technique since 1995, has exponentially
increased. The most fruitful methods so far has been the transit method and the radial velocity.
70% of the exoplanets are transiting according to the NASA exoplanet Archive.

The large sample of exoplanets known to date displays a great diversity not only in terms of
their radii and masses, but also in terms of their orbits and types of host stars. Its large size
and diversity represent key constraints on the models for the formation and evolution of planetary
systems. Figure 1.22 shows the Period-Mass distribution of exoplanets known today. It labels the
exoplanets detected by each detection technique. This shows clearly what I explained previously:
each detection method is biased to a category of exoplanets. The RV exhibits bias towards massive
planets in short orbits because their signals are readily detectable. The transit method exhibits

bias towards exoplanets in short orbits because their transits occur more frequently.

1.5 TESS mission

In this section I will present the spacecraft TESS, its orbit and instrumentation, the scientific goals
of the mission and its observing strategy.

Before introducing in details the mission TESS, it is important to introduce first the mission
Kepler (Borucki et al., 2010). Kepler was a space mission dedicated to discover exoplanets, with
the primary goal to detect Earth-sized planets transiting main-sequence stars. It was launched on
Mars 7, 2009 and remained operational until October 30, 2018. The prime mission lasted from 2009
to 2013, and the extended (K2) mission from 2014 to 2018. The Kepler telescope had a primary

mirror of 0.98m diameter. In its primary mission, Kepler observed a narrow unchanging field of
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Figure 1.21: Cumulative distribution of the number of exoplanets discovered by method and by
year. Most exoplanets have been detected by the transit. Figure taken from NASA Exoplanet
Archive

view in the Cygnus constellation, a field rich of stars. It discovered 2778 transiting exoplanets by
monitoring more than 150,000 stars. As I explained in the previous section, this mission had a high
impact on our understanding of exoworlds. It revealed that our galaxy is teeming with exoplanets
with different sizes (Borucki et al., 2011), and that terrestrial planets with sizes larger than Earth
and smaller than Neptune are common in close orbits (< 100 days) around other stars (Howard
et al., 2012; Fressin et al., 2013). Importantly, the Kepler survey had a clearly-defined detection
efficiency as function of period and radius, which was important to correct for the detection bias
in the estimate of the occurrence rate of planets. It uncovered the intriguing radius/density valley
(explained in-depth in the next chapter). To reach its goals, Kepler had to observe continuously a
large number of stars. However, Kepler had a disappointing point. Most of planets that have been
discovered transit stars far-away, and thus too faint for detailed follow-up measurements of the
planetary masses and atmospheres. The prime mission of Kepler ended in 2013 because of a failure
in two reaction wheels. It was then followed by the extended mission, K2 (Howell et al., 2014),
where the NASA’s engineer came up with the idea to maintain its pointing using the pressure of
sunlight. During K2, Kepler spacecraft observed different fields along the ecliptic plane. Despite
challenges, K2 provided valuable scientific data and expanded our understanding of the universe
before Kepler’s official retirement in October 2018.

The Transiting Exoplanet Survey Satellite (TESS'”, Ricker et al., 2016) is a NASA’s explorer
class mission led by the Massachusetts Institute of Technology (MIT). It was launched on 18 April,
2018 aboard a SpaceX Falcon 9 rocket. TESS came to take over the next step of the Kepler mission

"https://tess.mit.edu/
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Figure 1.22: Cumulative distribution of the number of exoplanets discovered by method and by
year. Most exoplanets have been detected by the transit and radial velocity methods. Figure taken
from NASA Exoplanet Archive

and to overcome its limits. It was devoted to discover thousands of planets orbiting bright stars in
the solar neighborhood. This strategy aimed to make possible subsequent studies on the planets’
masses and atmospheric compositions with the upcoming space missions, especially with the JWST
through transit and occultation high-precision spectroscopy. While it is important to discover all
kinds of exoplanets, TESS and the scientific community focused on terrestrial planets with sizes
between those of Earth and Neptune, often called ’super-Earths’ and ’mini-Neptunes’. This is
because there is no examples of these planets in our solar system which limits our understanding of
their composition, formation and evolution history. To reach its goals and given that bright stars
are spread all around the sky in the solar neighborhood, TESS was designed to perform a nearly
all-sky survey, unlike its predecessor, Kepler, that had a narrow fixed field of view. Specifically, the

primary scientific objectives of the TESS mission were as follows (Ricker et al., 2015):

1. Observe over 200,000 bright stars in the solar neighborhood to search for planets with periods
and radii lower than 100 days and 4 Rg, respectively.

2. Search for long-period (up to 120 days) transiting planets days among ~10,000 stars in the

regions surrounding the ecliptic poles (TESS continuous viewing zones).

3. Detect at least 50 planets with radii < 4 Rg, whose masses will be easily measurable with

RV follow-up. This is known as TESS Level 1 Science Requirement.

TESS focused on planets orbiting main-sequence dwarf stars with spectral types ranging from
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Figure 1.23: TESS spacecraft exposed to media visitors at NASA’s Kennedy Space Center in
Florida. Credit: NASA

F5 to M5, but with a special focus on M-dwarfs down to the M5-M6 spectral types. These M-dwarfs

are the most favorable targets for the mission TESS because they offer many advantages such as:

1. Although they are the most abundant stars in the solar neighborhood (Henry et al., 2018;
Reylé et al., 2021), they were less explored by the Kepler mission where they constituted only

a small portion of its targets list.

2. Given their small sizes, the transit depth for a given (small) planet is deeper and then easier to
detect than what it would be for larger stars (Winn, 2010). This facilitates their atmospheric
studies with the present (notably with JWST) and near future facilities. Also, because of
their low mass, M dwarfs are more influenced by gravitational interaction by their orbiting
planets. This makes them favored for RV follow-up to measure the masses of the discovered

planets and reach the scientific underlined goals.

3. Given their low luminosities, the habitable zone is located closer to this type of stars than it
is for larger stars. Thus, planets in the habitable zone orbiting dwarf stars will have shorter
orbital periods. This makes easy follow-up of these planets in a relatively short timescale.
These are the most favorable targets for biosignatures detection with current technologies
(Shields et al., 2016).

The discovery of TRAPPIST-1 system (Gillon et al., 2017) indicates that, despite their low mass,
M dwarfs can potentially form compact system of temperate earth-sized planets in the habitable
zone. TRAPPIST-1 is a system of seven Earth-sized planets all in orbit around an a very-low-mass
M-dwarf star ten times smaller than our Sun. Three of these planets (TRAPPIST-1e, f, g) orbit
in the habitable zone of the star. TESS data are also being used in astroseismology, which is
the science to study the oscillations (or starquacks) of stars to probe their internal structure and

properties.
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1.5.1 Orbit

To accomplish its scientific objectives, TESS had to have a carefully selected and designed orbit
for an unobstructed view of the sky. It was thus selected to have a highly elliptical high-Earth
orbit (HEO) with perigee and apogee of 17 Rg and 59 Rg respectively, and a 13.7-day'® period
in 2:1 resonance with the Moon’s orbit which helps stabilize the spacecraft’s orbit over time. It is
inclined by 40° with respect to the Moon’s orbit which permits the spacecraft performed continuous
monitoring by avoiding lengthy eclipses by the Earth and Moon. It also presents a relatively low
radiation and nearly constant thermal environment as it is above the Earth’s radiation belts!?. This
nearly constant thermal environment guarantees the CCDs operation at temperature lower than
-75° C, with temperature variations < 0.1°C h~! for 90% of the orbit. At apogee, observations

are interrupted and the spacecraft rotates to point its antenna towards the Earth to downlink the

accumulated data to the ground.

1.5.2 Cameras

TESS spacecraft is equipped with four 2k x2k Charged-Coupled Device (CCD) cameras each with
a field of view 24 °x 24 °and a pixel scale of 21”7 per pixel. They are aligned such that they cover a
strip of sky, called sector, measuring 24° width and 96° height. The detectors are deeply-depleted,
a technology providing them with a wide bandpass of 400 nm from 600 to 1000 nm. This bandpass

was the most convenient for TESS targets list where most of stars are emitting most of their light

in red domaine. The sensitivity curve is shown in Figure 1.24.
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Figure 1.24: Spectral response function of TESS depicted as black line. It is the multiplica-
tion result of the long-pass filter transmission and the detector quantum efficiency curves. John-
son—Cousins V' , R¢ , and I filter curves and the Sloan Digital Sky Survey z filter curve are also
plotted comparison. The TESS bandpass is equivalent the bandpass of the R¢ , I , and z bands,
each with maximum normalized to unity. Figure adopted from Ricker et al. (2015).

8 This period is known as P/2 orbit. Which refers to the fact that TESS spacecraft completes an orbit in half the

time that takes the moon to complete its orbit.
9Known as Van Allen belts. Two belts surrounding the Earth, held by its magnetic field and composed mainly of

electrons and photons. The highest altitude is about 60000 km above the Earth.
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1.5.3 Observing strategy

In its two-year prime mission, TESS observed the southern ecliptic hemisphere in its first year
and then the northern in its second year. It performed the observation sector by sector. As I
explained previously, each sector is 24° width and 96° height (left Figure 1.25). TESS observing
strategy splits each hemisphere into 13 sectors. In the first year, the instrument boresight pointed
at -54° ecliptic latitude so that the field of view covers the region from an ecliptic latitude -6° to the
ecliptic pole (middle panel of Figure 1.25). In the second year, the instrument boresight pointed
at an ecliptic latitude of +54° for sectors 17-23 and of +85° for sectors 14-16 and 24-26. Each
sector is observed for 27.4 days during two orbits of the spacecraft, so it is sensitive to planets with
orbital periods up to 13.7 days (under the requirement that at least two transits must be observed
to result in a detection). When one sector’s observation is completed, the instrument FOV is shifted
eastward by 27°, with camera 4 being always centered on the ecliptic pole. As a result, there can
be some overlap between sectors depending on the ecliptic latitute. As apparent on Figure 1.25,
regions around the ecliptic poles were observed continuously for about one year. These are known
as the continuous viewing zones (CVZs) (right panel of Figure 1.25) and correspond to the CVZ of
JWST. Targets in the CVZs are highly coveted for for detecting long-period planets and extracting
long-period rotational rates of the host stars. Also, planets discovered in the CVZ have a globally
higher potential for detailed subsequent atmospheric studies with the JWST.

In the extended mission, TESS re-observes the sky in both hemispheres with varying boresight
ecliptic latitude (Wong & Shporer, 2022). The goal of the extended mission was to increase both the
observation baseline and the overall coverage of the sky observed by the satellite. This increased the
number of exoplanets that could be detected by TESS, especially planets with long orbital periods
for which only single or few transits are detected in the primary mission. This also included planets
in orbits in the HZ of their host stars.

During operations, TESS four cameras take continuously images with exposure times of 2-
seconds. These images are then stacked onboard (see Figure 1.26) to produce two main sets of
data products in FITS extension: 1) Target Pixel files (TPFs) with a effective exposure time of 2
minutes. These are times series postage stamps prepared in a grid of 11 x 11 pixels centered on
more than 200,000 preselected star of the targets list. The identification of targets appropriate for
2 minutes cadence relied on the TESS Input Catalog (TIC??: Stassun et al., 2019), that contains

all needed stellar information?!.

Stars observed in more than one sector, have TPF file for each
sector. The 2-minutes cadence was a strong advantage to better resolve transit shapes, especially
those with short-duration; And 2) Full Frame Images (FFI) that packages a time series images
across all pixels of each single CCD in every single sector with an effective exposure time of 30 min
in the prime mission, and 10 min and 200 sec in the extended mission. This was motivated by the
fact that Kepler had granted efficient discoveries of transiting planets with 30 min cadence. FFI

allowed to expand the search for transiting exoplanets to any star in the FOV that is not included in

Onttps://tess.mit.edu/science/tess-input-catalogue/
2IThe latest version being used (TIC-8) is based on GAIA DR2 catalog and integrates various other photometric
catalogs, including 2MASS, UCAC4, APASS, SDSS, WISE, etc.
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the two-minutes-cadences TPFs, especially fainter stars. This allowed to expand the search sample
beyond the bright nearby stars that are the focus of TESS. More detailed information on the TESS

observations can be found on its official home page https://tess.mit.edu/observations/.
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Figure 1.25: (a) The strip of sky size covered by the four TESS cameras. (b) celestial sphere
divided into 26 observation sectors (13 sectors per hemisphere). (c) observation on the celestial
sphere taking into account the overlap between sectors. The dashed black circle around the ecliptic
pole shows the JWST CVZ. Figure taken from Ricker et al. (2015).

1.5.4 TESS data processing and data products

As explained in the previous section, at apogee, TESS spacecraft interrupts observation and rotates
to point its antenna towards the Earth to beam the raw data (TPFs and FFIs) and engineering data
to the ground. These data are then delivered to the TESS Science Processing Operation Center
(SPOC) pipeline at NASA Ames Research Center (Jenkins et al., 2016, 2020) for processing. The
SPOC pipeline is derived from the highly evaluated Kepler Science Operations Center (KSOC)
pipeline. It calibrates the science data in two main steps, first by orbit once data transmission has
been done and then by observing sector (two-orbits).

First, the data are calibrated by the Calibration (CAL) module dedicated for the removal of
instrument effects and other artifacts affecting the data. This includes the correction of bias, dark
current and flat fielding, in addition to pixel-level corrections that mitigates the effect of cosmic
rays. These operations are performed on both 2-min cadence data and FFIs.

Then, the calibrated TPFs are transmitted to the Compute Optimal Apertures (COA) module
to identify the optimum aperture pixels for extracting photometric measurements. After that,
they are passed through the Simple Aperture Photometry (SAP) module to produce time-series
photometry of each target star. This operation includes measurement of the brightness of each
star on each frame, removal of the background flux due to zodiacal flux and the diffuse stellar
background, and identification and removal of the cosmic rays from all target star apertures. It
also includes the measurement of the photocenter (or centroid) of each star on each frame for the
establishment of the pointing and focus of each cameras.

After that the light curves are produced, they are objected to a Presearch Data Conditioning
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(PDC) module. This module carries out important corrections such as, identification and elimina-
tion of instrumental signatures induced by changes in focus and pointing, detection and removal of
isolated outliers, and correction for the dilution of the target flux time series by the flux from other
stars contaminating the the SPOC photometric aperture.

After each sector of data is processed through SAP and PDC, a Transiting Planet Search
(TPS) is run. TPS searches for transit-like signals known as Threshold Crossing Events (TCE) in
the 2-minutes cadence data. Light curves of target stars that are observed in consecutive sectors
are stitched ahead before searching for planets. TCEs are then sent to the TESS Science Office
(TSO) where they are fitted with a limb-darkened transit model and subjected, through a Data
Validation (DV) module, to a suite of diagnostic tests to confirm or refute the planetary origin of
the transit signals. These diagnostics include: odd-even test which compares the transit depths
of the odd-numbered transits to those of the even-numbered transits to rule out the possibility
of EB; a check for correlation between the changes in the photocenter (centroid) of the target
star and the photometric transit signature, which might indicate the presence of a background
eclipsing binary; a statistical bootstrapping test to evaluate the confidence level associated with
the transit detection; a centroiding test to rule out background sources of confusion; and a ghost
diagnostic test to exclude the possibility of optical ghosts of bright eclipsing binaries as the source
of the transit-like signatures. Once a TCE passed successfully all the tests, the TPS is called
again to search additional transiting planets. This process is repeated until TPS fails in identifying
another transit signal. TCEs that passe all the tests are identified as TESS Object of Interest
(TOIs hereafter) which potentially originates from transiting planets and needs confirmation with
ground-based observation. Each TOI is associated to a Data Validation (DV) report that resumes
the results of the diagnostics. More details on the SPOC pipeline and diagnostic tests can be found
in Jenkins et al. (2016, 2020); Twicken et al. (2018).

The final products of SPOC are saved in FITS format and archived to the Mikulski Archive for
Space Telescopes (MAST). These products nominally contains:

1. TPFs containing raw and calibrated pixels, masks of the pixels used for SAP and pixels used

to subtract the background contribution in the SAP.

2. FFIs provided in three types: uncalibrated, calibrated, and uncertainty. The calibrated

images and their uncertainties are provided in separate files.

3. Light Curves (LCs) that contain two extensions of the flux time series data at 2-minutes
cadence for the preselected stars: i) SAP flux which is the flux after summing the calibrated
pixels within the TESS optimal photometric aperture, and ii) Pre-search Data Conditioned
Simple Aperture Photometry (PDCSAP) flux which is the SAP flux corrected for instrumental
variations as I explained above. LCs contain also multiple meta data, notably the masks of
the pixels used in the SAP and for background correction. As for TPFs and FFIs, one LC is
provided for each target star per sector. If a star is observed in many sectors, then one LC is

provided from each sector.
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Figure 1.26: Representation of how the 2-minutes postage stamps and 30-minutes FFIs are
created. Credit: NASA

For FFIs, the light curves extraction and transit search is performed by MIT’s Quick Look
Pipeline (QLP: Huang et al., 2020; Kunimoto et al., 2021). The QLP was developed to rapidly
process TESS FFI data as they reach Earth. It starts by performing some necessary corrections for
instrumental effects, global background subtraction and astrometric solution determination. Then,
the QLP performs multi-aperture photometry to extract lightcurves for all targets captured in the
FFIs with TESS magnitude brighter than T = 13.5 mag. Prior to transiting planets search, it still
performs some prost-processing of the light curves. This consists of the removal of measurements
outliers, stellar variability (detrending) and instrumental effects. Light curves of stars observed in
more than one sectors are combined together to perform multi-sector search for transiting exoplan-
ets. Finally, reports for the most promising candidates are compiled and then delivered to the TSO
for vetting as part of the TOI alert process. More details on the QLP can be found in (Huang
et al., 2020).

TOI release

As above mentioned, TSO prepares a list of TOIs deemed promising for ground-based follow-up
observations by the TESS Follow-up Observing Program (TFOP?2). TOI release is nominally done

every four months and includes all the information needed for the follow-up, notably transit signals

“nttps://tess.mit.edu/followup/

43


https://heasarc.gsfc.nasa.gov/docs/tess/data-access.html
https://tess.mit.edu/followup/

and their ephemerides. Such information are added to the TTF to be used for ground-based

follow-up observations.
1.5.5 TESS Follow-up Observing Program Working Group (TFOP-WG)

For TESS to achieve its scientific objectives, especially the Level 1 Science Requirement of providing
masses for 50 transiting planets with sizes smaller than 4 Rg, a TESS Follow-up Observing Program
Working Group (TFOP-WG) was created. In this latter, a large community of astronomers is
providing a variety of follow-up observations and data analyses to identify with a high confidence
level TOIs that are bona fide transiting planets, and to discard those that are due to false positives.
TFOP-WG promotes communication and coordination between the TESS Science Team and the
follow-up observers to avoid redundant observations and analyses. TFOP-WG is composed of five

main Sub-Groups (SG) working together:

e SG1: This subgroup provides Seeing-limited photometry to confirm that the transit signals
detected in TESS data originate well from the targeted stars and to identify false positives due
to nearby eclipsing binaries (NEBs), blended eclipsing binaries (BEBs) that contaminate the
TESS photometry of a candidate transiting planet, or other false positives. The usual strategy
of this subgroup is to use the TESS Transit Finder (7TTF) to provide better photometric light
curves, ephemerides, and for some cases, precise measurement of the transit timing variations
(TTVs). Updated ephemerides on TTF are used to optimize the scheduling observations.
The TTF tool is an adapted version of the Tapir (primarily developed for Kepler mission.)
software package (Jensen, 2013) for the observability of TOIs.

e SG2: Provides spectroscopy observations to improve the stellar parameters (especially mass
and radius) which lead to the improvement of the mass and radius of the discovered planets.
This SG2 can also help in identifying eclipsing binaries and blended eclipsing binaries that

masquerade as transiting planets by the detection of the composite nature of their spectra.

e SG3: Employs high-resolution imaging with adaptive optics, speckle imaging to detect nearby
objects that remain unresolved in the TESS Input Catalog (TIC) or by seeing-limited pho-
tometry. This play a crucial role for the enhancement of the validation of the planets before
proceeding with precise radial velocity observation for planetary mass determination, or when

the dilution from a close companion affects the planetary radius determination.

e SG4: Specialized in precise radial velocity observations to constrain the orbits and masses
(relative to the host star’s mass) of the discovered planets. Generally these observations are
combined with high-precision photometry to pin down the planetary mass after removing

degeneracy on the orbital inclination ¢ as I explained in Sect 1.4.2.

e SG5: Specialized in space-based photometry with instruments such as HST, Spitzer, MOST,
CHEOPS, and JWST, mainly to verify and refine the ephemerides determined by TFESS. It

is also to improve light curves for transit events or even TTVs in some cases.
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1.6 The photometric follow-up of TESS candidates with the TRAP-
PIST telescopes

As I have explained in previous section, TESS observes the sky and provides us with planets can-
didates named TOIs that need to be confirmed with ground-based observations. This is performed
within TFOP-WG. This working group is made of many ground-based observers from all around
the world to perform photometric time-series observation, RV observations, adaptive optic imag-
ing and spectroscopic observations of the host stars. My thesis is implicated in the photometric
time series observations (transit detection) of the planet candidates using mainly the TRAPPIST

telescopes described below.

1.6.1 TRAPPIST project

TRAPPIST (TR Ansiting Planets and PlanetasImal Small Telescopes) is a project led by the Uni-
versity of Liege, in collaboration with the Geneva Observatory. It has been funded by the Belgian
Fund for Scientific Research (F.R.S.-FNRS) and the Swiss National Science Foundation (SNF).
TRAPPIST is constituted of two twin robotic telescopes, each of 60cm diameter, TRAPPIST-
South that is installed in the southern hemisphere at la Silla observatory (Chile) since 2010 and
TRAPPIST-North that was installed in the northern hemisphere at Oukaimeden observatory (Mo-
rocco) in 2016 in collaboration with the Cadi Ayyad University in Marrakesh. The two telescopes
were installed in the north and south hemispheres to have an access to the whole sky. The two
telescopes, whose instrumentation will be explained in details hereafter, provide high-precision pho-
tometry to reach the scientific goals of the project that are split in two main themes, 1) search and
characterize transiting exoplanets, and 2) study small bodies (e.r comets and asteroids) in our solar
system (Jehin et al., 2011; Gillon et al., 2011).

Thanks to the TRAPPIST-South telescope, with the assistance of NASA’s Spitzer Space Tele-
scope, in 2017, TRAPPIST discovered an extraordinary exoplanetary system. This is the TRAPPIST-
1 system (Gillon et al., 2017) with seven rocky exoplanets similar in size to Earth, all orbiting an
ultra-cool dwarf star ten times smaller (R, = 0.121 £0.003 R¢ and M, = 0.089 £ 0.006 Mg, VanG-
rootel et al. (2018)) than the Sun and located in the solar neighborhood at only 40 light-years. The
star was named TRAPPIST-1, while each planet was named with an additional letter from b to h
in increasing order of the distance between the planet and the star. TRAPPIST-a is a moderately
active star M8.0+0.5 (V=18.80, J=11.35) with effective temperature 2559+50 K. Three planets of
this system (TRAPPIST-e, f and g) orbit in the habitable zone where water might be present in its
liquid sate, which makes it a particularly important system to be studied by JWST. It is a compact
system with the outer-most planet has a semi-major axis of only 0.06 au. Compared to our Solar
system, this system can be placed within the Mercury orbit around the Sun. In terms of planets
formation, this system is particularly important. It indicates that a fraction ultra-cool stars are
potentially surrounded by a compact system of telluric temperate small planets.

It should also be noted that TRAPPIST was the prototype of SPECULOOS (Search for hab-
itable Planets EClipsing ULtra-cOOIl Stars) project (Gillon, 2018; Delrez et al., 2018; Sebastian
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et al., 2020; Burdanov et al., 2018), with the objective of evaluating the capacity of modest-sized
robotic telescopes (up to 1m) to detect the transits of potentially habitable planets orbiting nearby
ultra-cool stars. SPECULOOS aims to detect rocky exoplanets similar in size to Earth and orbiting
in the habitable zone around the closest ultra-cold dwarf stars to our solar system. This project
is motivated by the possibility of studying the atmosphere of these exoplanets in detail with two
telescopes: The Extremely Large Telescope (ELT?3), a terrestrial telescope equipped with a pri-
mary mirror of 39 meters in diameter, under construction by the European Southern Observatory
(ESO) see its first light in 2028 and the JWST (Greene et al., 2016), a space telescope, equipped
with a primary mirror of 6.5 meters in diameter (compared to 2.4 meters for Hubble), developed
by NASA with the assistance of ESA and CSA (the Canadian Space Agency). It was launched in
December 25, 2021 onboard an Ariane 5 rocket from Kourou which put it at the second Lagrange
point L2 of the solar system.

As for TRAPPIST, SPECULOOS is composed of two observatories: 1) Speculoos Southern
Observatory (SSO) of Paranal in the Atacama Desert, which is composed of four robotic telescopes
each of 1m diameter in operation since 2019, and 2) Speculoos Northern Observatry (SNO) located
at Teide Observatory in the island of Tenerife (Canaries), which constitutes of only one telescope
twin of the SSO telescopes named Artemis and will soon be joined with a second telescope named
”Orion”. In 2022, SPECULOOS discovered a new potentially habitable planet around an M6 dwarf
named SPECULOOS-2 (Delrez et al., 2022).

1.6.2 TRAPPIST telescopes

As explained previously, the TRAPPIST project is based on two twin robotic telescopes, TRAPPIST-
North installed at Oukaimeden Observatory (in the northern hemisphere) and TRAPPIST-South
installed at la Silla Observatory (in the southern hemisphere) in Chile. This allows an full access to
the sky. The two telescopes are of type F/8 Ritchey-Chrétien and equipped with a primary mirror
of 60cm. They are equipped with an equatorial mount associated with a direct-drive system that

permits to avoid periodic errors encountered usually in the equatorial mounts of small telescopes.

Figure 1.27: Left: TRAPPIST-South telescope at la Silla observatory. Right: TRAPPIST-North
telescope at Oukaimeden observatory. Credits: Jehin et al. (2011)

TRAPPIST-North is equipped with a thermoelectrically cooled Andor iKon-L. BEX2-DD CCD

nttps://elt.eso.org/science/exoplanets/
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camera with an array of 2K x2K pixels and a pixel scale of 0.6” per pixel, which offer a 20’ x20’
field of view. The detector has an a quantum efficiency reaching 90% between 700 and 800 nm (see
top upper panel of Figure 1.28). The camera operates generally at a temperature around —65°¢ ,
with a mean dark current of 0.15el/pizel/s. The camera has three reading modes. Each has its
own read noise that depends on its speed: a slow mode of IMHz with read noise of 7e/5s, a rapid

mode of 3MHz with read noise of 12e/3s and a very rapid mode of 5MHz with read noise 2e/1.8s.

The CCD camera is equipped with two filters wheel each can accommodates 10 square filters of
50x50 mm with a position without filter (clear filter). One of the wheels contains 9 narrow-band
filters (OH, NH, CN, C3, BC, C2, GC, RC and Ha) designed for comets observation and the second
wheel contains 7 broadband filters (B, V, Re, Ic, zp, I4+z and Exo) designed for transiting exoplanets
observation (see lower panel of Figure 1.28). TRAPPIST-South is equipped with a CCD camera
with about of the same characteristics than TRAPPIST-North camera.

To take into consideration the weather conditions, each of the two telescopes is equipped with a
weather station that records weather data, and with a system that closes the domes automatically

(for the safety of the telescope) when weather conditions are not favorable during observation.
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Figure 1.28: Top: Quantum efficiency of the TRAPPIST-North CCD camera. Bottom: Trans-
mission curves of TRAPPIST-North’ broad-band filters used for exoplanet photometry. The two

panels were plotted taking the data files from the source code of TRAPPIST-North exposure time
calculator [ETC].
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1.6.3 OWL@OUKA telescope

In this thesis, it was also planned to use the OWLQOUKA telescope (see Figure 1.29), installed
at Oukaimeden observatory, to follow-up TESS planet candidates. It is one of the five robotic
telescopes, uniformly spread over the glob (Mongolia, Morocco, Israel, South Korea and USA), of
the South-Korean Optical Wide-field patroL. (OWL-Net, Park et al., 2017; Ghachoui et al., 2020)
project. This project was designed and built by the south-Korean Astronomy and Space Science
Institute (KASI) to follow-up south-Korean Low Earth Orbit (LEO) and Geostationary Earth Orbit

(GEO) satellites to obtain their orbital information and maintain their orbits.

OWLQ@OUKA is equipped with a 0.5-m primary mirror in the Ritchey-Chretien configuration
and a 0.2-m secondary mirror. It was installed in 2015 at Oukaimeden Observatory in collaboration
with Cadi Ayyad University in Marrakesh (Morocco). It has an alt-azimuthal mount with a max-
imum speed of 10 deg/sec and an acceleration of 2 deg/sec. Given its relatively simple structure

and wide field of view, a clamshell-type dome was adopted to the telescope.

OWL@OUKA has a ProLine PL 16803 CCD camera, with 4096x4096 9-um pixels on the CCD
sensor and a pixel scale of 1 arcsecond per pixel, offering a wide field of view of 1.1°x1.1°. The
camera possesses a wheel of four filters (B, V, R and I) and one clear position. The CCD detector
exhibits a quantum efficiency reaching a peak of 60% near 560 nm. It has two available readout
modes including a low-noise mode with 10e at 1 MHz and a fast readout mode with 14e at 8 MHz.
The cooling system operates at 55 degrees Celsius below ambient. Typically, during observations,

the CCD detector temperature is set to -20 degrees Celsius.

While this telescope was dedicated to only track satellites, it was also tested for the follow-up of
TESS candidates. A proceeding was published for this purpose (Ghachoui et al., 2020), reporting
its capability to follow-up of hot Jupiters orbiting bright stars. For M dwarfs, this telescope shows
incapability to detect small transiting planets. Given that most of our targets are of M and K
spectral types, and the huge amount of data collected by both TRAPPIST-North and -South (with
higher precision compared to OWLQOUKA), OWLQOUKA was no longer used in this thesis.
However, four hot-Jupiters have been observed by this telescope: TOI-2146.01, TOI-2311.01, TOI-
2383.01 and TOI-5152.01. The latter (TOI-5152.01) was included in a list of six short-period giant
planets validated by Rodriguez et al. (2023).

1.6.4 Discarding possible false positives using TRAPPIST telescopes

Various false positives (see Figure 1.30) can masquerade as transit-like signals detected by TESS.
Some of them are already recognized by the SPOC pipeline like some (but not all) eclipsing binaries
(see Section 1.5.4) but others can remain unidentified if the signal-to-noise (SNR) and/or cadence
of TESS data is too low, and can end up as TOIs. It is thus important to support TESS detections
with high precision ground-based observations. In this section I will describe these false positives

and how to rule them out:
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Figure 1.29: OWLQOUKA telescope at Oukaimeden observatory. Credit: Ghachoui Mourad

Instrumental artifact:

This is the easiest possible false positive that can be ruled out. This can simply be ruled out by

the detection of the transit signal with high-precision ground-based photometry.
Eclipsing binaries (EB):

It is a two-star system whose components periodically eclipse each other. When the smaller star
crosses in front of the larger star, it produces a significant drop in brightness. Although both stars
are emitting light, the transiting (smaller) star is still blocking light from the transited larger star.
The transit shape of EBs is different from that of transiting planet. The key difference is that
the transit of an EB is typically V-shaped while that of a transiting planet is U-shaped. Another
clue to distinguish EBs from real transit signals is the depth of the secondary eclipse when the
smaller (fainter) star passes behind the larger (brighter) star. The secondary eclipse is generally
shallower than the primary eclipse. Odd-even test which compares the transit depths for odd-
numbered transits to those of even-numbered transits, is a powerful tool to distinguish EB from
planetary transits. In the TESS data, the SPOC performs this test and usually reports the so
called depth-sig metric to quantify the similarity between the two depths from 0 to 100%. This
test is performed for all TOIs before any data release and are reported in the data validation (DV)
reports of TESS available on MAST.

Generally, transits of EB have typical depths of tens of percents which make them easy to be
distinguished from transit depths caused by a planet. However, the extreme case is for grazing EB
(see lower right corner of Figure 1.30) where the transit depths are of few percents and are then
similar to those of transiting planets. These signals might be unrecognized by TFESS, depending
on the SNR and cadence. With high-cadence high-precision photometry it is possible to recognize
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Figure 1.30: Different false positives that can masquerade as transit-like signals. The upper left
corner shows transiting planets which is what TESS is searching for.. The upper right corner shows
the very common type of false positive which is a small star, usually a brown dwarf, transiting a
larger stars. The lower left corner depicts another case of false positive when a background eclipsing
binary is blended with the target star. In both cases, the diluted eclipse of the EB can mimick
an exoplanet transit signal. The lower right corner shows a grazing eclipsing binary. This graphic
was created for the Kepler mission, but it can also applies to the TESS mission as well. Credit:
https://www.nextbigfuture.com/2016/05/number-of-known-exoplanets-has.html

this false positive from a bona fide planetary transit, but with low SNR we have to resort to RV
observations of the primary star. This can help determine or at least define an upper limit on the
mass of the secondary object to know whether it is a planetary-mass or substellar-mass companion
(i.e. a brown dwarf). For secondary companions more massive than a substellar object, the RV
semi-amplitudes are typically tens of kms—! while for a planetary-mass companion these are of only
hundreds of ms™! (Brown & Latham, 2008).

Blended eclipsing binary (BEB):

It is another case when an EB is blended with the target star (see lower left corner of Figure
1.30). This might either be an eclipsing binary in the background blended to the target star in
the aperture photometry or an EB physically associated to the target star forming an hierarchical
eclipsing binary (HEB). This makes distinguishing BEB from transiting planets challenging. This

is a frequent case in the TESS photometry, escpecially because of the low angular resolution of its
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cameras. As explained previously, SPOC examines the correlation between the flux-weighted center
of light (centroid) of the stars and the transit signal time. If the centroid presents some anomalies
at the transit time, this might indicate that the transit signal is due to a BEB. It is worth noting
that transits or eclipses of the target star can still have significant centroid offsets if another bright
star is blended with the target. This diagnostic is performed before data release and reported in the
DV report. Of course not all false positives are ruled out by the SPOC pipeline, but many BEBs
can still persist. With ground-based photometric observation, we perform a chromaticity check
for the transit event by observing the predicted transits of the target star with different filters
(different wavelength ranges). Here, the chromaticity refers to the variation of the transit depths
from a filter color to another. In case of a transiting planet, the transit depths must be consistent
across all the filters, but in case of a BEB, the transit depths will change from a filter to another.
The latter is because the dilution changes from a filter to another. It is also possible to check for
consistency between the stellar density from R, and M, (determined in independent analyses) with
that determined from the transit for high precision photometric data as I explained in Section 1.4.2.
If the density values are in agreement, the transit signal is likely due to a transiting planet, else, it

is due to another astrophysical phenomenon.
Nearby eclipsing binary (NEB):

TESS has a pixel scale of 21”7 per pixel. Many nearby stars can fall within the same photometric
aperture assigned by SPOC for the targeted star (see an example in Figure 1.31). These stars
might be suspected as EB causing the TESS detection. One of the most required ground-based
observation of TESS candidates that the signal is well on the target star and check for NEBs
within 2.5" area around the target star. The AstroImageJ (ALJ: Collins et al., 2017) software offers
a powerful tool to check all the stars within 2.5” for NEBs. These observation are required especially
when a planet candidate is observed for the first time. The TTF presents a AIJ Apertures file
containing the equatorial coordinates (ra, dec) of all the nearby stars that can be the source of the
detection. This file can be read by AIJ to identify all the nearby stars in one run (see Chapter 3).

Note: Other independent techniques can also be used to rule out the possibility of EBs and
BEBs: by checking if the global spectral energy distribution and/or spectra of the target are
consistent with that of a single star; by using high-resolution adaptive optic imaging to check for
the presence of another source in the vicinity of the target; for stars that have high proper motion,
it is also possible to rule out the possibility of BEB by searching in archival images to seek for any

bright stellar object behind the target.

1.6.5 TESS discoveries

As of December 15, 2023, TESS is in the fourth year of its extended mission. A total of 70 sectors
have been observed. It has provided the exoplanets community with 7021 TOIs (see the TOIs
catalog in https://tev.mit.edu/data/), including more than 1386 exoplanets with radii smaller
tha 4 Rg,, which are candidate planets that need validation and confirmation with ground-based

observations. As of today, 410 exoplanets have been validated and more than 1701 false positives
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Figure 1.31: TPF of TOI-6002 (TIC 102734241) in the TESS Sector 54 created with
tpfplotter(Aller et al., 2020). The pixels highlighted in orange represent the SPOC simple aper-
ture showing clearly Gaia stars within it. The red circles represent the Gaia DR2 sources with sizes
representing Amag with respect to the targets.

have been discarded. Statistics on the TESS discoveries are usually reported and updated on the

mission’s website page: https://tess.mit.edu/publications/.
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Chapter 2

Motivations and goals of the thesis

In this chapter, I introduce the intriguing “super-Earths” and "mini-Neptunes”, two types
of planets that are ubiquitous in the galaxy but absent from our solar system. I explain the
uncertainty surrounding their formation and evolution mechanisms, and how my thesis aims

to help constrain these mechanisms and better understand these mysterious planets.

2.1 Radius valley

The Kepler survey showed that our Galaxy is teeming with small exoplanets (Rp < 4
Rg) orbiting close to their host stars (Howard et al., 2012; Fressin et al., 2013). Studies
performed on the California—Kepler Survey exoplanets sample, a portion of transiting planets
found by Kepler and with precise spectroscopic characterization of their host stars (CKS:
Petigura et al., 2017; Johnson et al., 2017), uncovered a dichotomy in the radius distribution
of transiting planets with orbits shorter than 100 days. Specifically, a dearth is observed
between 1.5 and 2 Ry for FGK stars (see e.g. Fulton et al., 2017; Fulton & Petigura, 2018).
The same feature was uncovered between 1.4 to 1.7 Rg for mid-K to mid-M dwarfs stars
(Tepr < 4700K) (see e.g. Cloutier & Menou, 2020) based on planets from Kepler and K2. In
the literature, this is commonly known as radius valley (or ” Fulton gap”). It separates the

so-called ”super-Earths” and ”mini-Neptunes”, described as follows:
Super-Earths:

Planets below the radius valley and larger than Earth are known as super-Earths. These
planets have been found to have bulk densities consistent with Earth (see e.g. Weiss &
Marcy, 2014; Rogers, 2015; Dressing et al., 2015; Dorn et al., 2018; Hadden & Lithwick,
2014), especially those orbiting close to low-mass host stars, where they lose much of their
atmospheres because of the intense extreme ultra-violet radiation during the long pre-main-
sequence phase of their hosts (Stelzer et al., 2013). Generally, super-Earths have radii <
1.6 Rg (Rogers, 2015). This was confirmed later by Luque & Pallé (2022) (see hereafter) who
studied the demographic distribution of a well-characterized sample of exoplanets and found
that planets with radii consistent with those below the radius valley have densities consistent
with rocky composition. Also, all the known super-Earths with mass measurements in the
NASA Exoplanet Archive are found to be rocky. Because of their small sizes and low masses,
detection and characterization of these planets need an enormous amount of observations
with either state-of-the-art ground- and space-based instruments, especially for large stars.

However, these planets attract a great attention because we have no such example in our
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solar system and studying in detail a large sample of these planets will help understanding
their formation and evolution, and deeply constrain their interior compositions. Super-
Earths orbiting their host stars in the habitable zones are the most targeted candidates for

habitability studies by both space- and ground-based observations.
Mini-Neptunes:

Planets beyond the radius valley and smaller than Neptune (i.e. R, S 4Rg) are informally
referred to as sub-Neptunes. Weiss & Marcy (2014) and Rogers (2015) showed that planets
larger than 1.6 Rg have densities lower than Earth and consistent with Neptune-like planets,
which are consistent with the presence of a H/He gaseous envelope on top of a rock or
rock+ice core. Fulton et al. (2017) argued also that these planets do harbor a H/He envelope
representing only a few percents of the planet’s mass but accounting for a few dozens of %
of its large radius, increasing significantly its observed radius as shown by i.e. Lopez & Rice
(2018). Nevertheless, some of these planets could be devoid of H/He envelope, but instead
could have a composition particularly rich in ices, notably in water, like the mini-Neptune
GJ1214b (Charbonneau et al., 2009). Indeed, as I will explain later, Luque & Pallé (2022)
observationally showed that planets with radii larger than super-Earths might be water-rich
worlds (p = 0.474£0.05p4 and R, = 1.97+0.28 Rg) or puffy sub-Neptunes (p = 0.24£0.04pq
and R, = 2.85 £ 0.63Rg). Compared to super-Earths, sub-Neptunes are considered good
targets for atmospheric studies via transmission spectroscopy thanks to their deeper transit
depths and their possible extended atmospheres (high scale height H) (Brown et al., 2001;

Seager & Sasselov, 2000b), especially when transiting small stars.
2.1.1 Origin of the radius valley and planets formation:

The radius valley is of central interest in the current studies to understand the formation
and the evolution of small planets. In this context many high-debated theories have been
proposed to understand its origin:

1) Thermally-driven mass-loss theory: under which it is proposed that some sub-
Neptune planets, after gas accretion, may lose their atmosphere through thermally-driven
mass-loss and become super-Earths. Two scenarios are acting in this theory. The first is
photoevaporation triggered by energetic Extreme Ultra-Violet (EUV) and X-ray radiations
emanating from the host stars (see e.g. Lopez & Fortney, 2013; Chen & Rogers, 2016). These
radiations heat the upper atmosphere layers and cause an outflow of matter. This scenario
takes place during the first ~100 Myrs of the star’s life where it is chromospherically active
(Owen & Wu, 2013). The second is core-powered mass-loss, which is similar to the first
scenario in its principle but the heating energy is remanent from the formation phase of
the planet’s core. This energy is transferred through the atmosphere, heating the upper
layers and causing an outflow (see e.g. Ginzburg et al., 2016; Gupta & Schlichting, 2020).
This happens on a timescale of Gyrs (Ginzburg et al., 2018). In regard to this theory, it
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is implicitly suggested that the two planetary populations (super-Earths and sub-Neptunes)
should have the same rocky core composition and that the difference in their radii is due to
whether they retained their primordial atmospheres or not. Also, it should be found that
sub-Neptunes hosts are globally younger than super-Earths hosts.

2) Gas-poor formation theory: where the formation of rocky planets is delayed in a
gas-poor (but not depleted, following the terminology of Cherubim et al. (2023)) environment
after dissipation of most of gas in the proto-planetary disk (Lee & Connors, 2021; Lee et al.,
2022). This leads to the formation of rocky planets with small gaseous envelopes. It is worth
noting that planets formed in gas-poor environment might still experience thermally-driven

atmospheric escape too.

3) Gas-depleted formation theory: which proposes the formation of two populations
in two distinct timescales. A population of rocky planets with small gaseous envelopes
accreted during the first Myrs of the system, and a population of purely rocky planets
formed later in a gas depleted environment (Lopez & Rice, 2018; Cloutier & Menou, 2020;
Cherubim et al., 2023).

4) Impact erosion: where it is proposed that giant impacts of planetesimals (kilometers-
sized celestial bodies formed from the dust and gas present in the proto-planetary disk around
young stars) onto terrestrial planets release energy that may make them lose their primordial
gaseous envelopes (see e.g Liu et al., 2015; Schlichting et al., 2015; Kegerreis et al., 2020;
Wyatt et al., 2020). This mechanism is highly stochastic, thus it is doubtful that it can be
alone responsible for the emergence of the radius valley. Still, the energy released by the

impact can swells the gaseous envelope, which promotes thermally-driven photoevaporation
(Fulton et al., 2017).

The location of the radius valley has been found to be dependent on the period of the
planets and is formulated as R, ey < P* with o varying from one study to the other (see
Figure 2.1). Planet occurrence rate studies (see e.g. Fulton et al., 2017; VanEylen et al., 2018;
Martinez et al., 2019; Affolter et al., 2023) for FGK stars found a negative slope of the radius
valley where —0.11 < o < —0.09, in alignment with the slope predicted by thermally-driven
mass-loss and gas poor formation models where —0.15 < o < 0.08 (see e.g. Lopez & Rice,
2018; Gupta & Schlichting, 2020; Lee & Connors, 2021; Rogers et al., 2021). The upper
limit of the rocky planets radii decreases with the orbital period. This can be explained
with the fact that thermally-driven mass-loss is more efficient at short distance from the star
even for massive planets (higher surface gravity). Away from the star, only small planets
are supposed to lose the gaseous envelopes because of their low surface gravities. For late-K
to mid-M dwarf stars, an observational study by Cloutier & Menou (2020) found a positive
slope of the radius valley where a@ = 0.11, which aligns with predictions of the gas depleted
model (Lopez & Rice, 2018). The upper limit of the purely rocky planets radii slightly

increases towards longer periods. This can be explained with the fact that planets in long
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orbits have more material to accrete along their paths, increasing their sizes.

Differences in slopes of the radius valley led to a region of opposing predictions between
the different models (see Figure 2.1). Planets inside this region are expected to be purely
rocky under the thermally-driven mass-loss and gas-poor formation mechanisms, and rocky
with likely small gaseous envelopes under the gas depleted formation theory. These planets
are considered as " keystone objects” and determining their densities is greatly coveted to
observationally disentangle which phenomenon is more likely responsible for their formation
and evolution (Cloutier & Menou, 2020; Cherubim et al., 2023). Until this day, only seven
well-characterized keystone planets have been found around M dwarfs: TOI-1235 b (Cloutier
et al., 2020), TOI-776 b (Luque et al., 2021), TOI-1634 b (Cloutier et al., 2021; Hirano et al.,
2021), TOI-1685 b (Bluhm et al., 2021), G 9-40 b (Luque et al., 2022), TOI-1452 b (Cadieux
et al., 2022) and TOI-1695 b (Cherubim et al., 2023). These planets have been found to
possess different bulk compositions making it challenging to have firm conclusions. Thus it
is important to enlarge this sample of keystone planets with precise density determination

to put tighter constraints on the formation and evolution mechanisms.

4.0 5

—— Gas depleted formation

__._ Thermally driven mass-loss >
3 5 7 or gas poor formation

100 10! 102 0 50
P, (days) Radius
frequency

Figure 2.1: Distribution of planet radii and orbital periods for all confirmed small planets, in the
Nasa Exoplanet Archive, hosted by low-mass stars (M, < 0.65Mg). The solid line represent the
empirical locations of the radius valley as given by the gas depleted formation model (Cloutier &
Menou, 2020). The dashed line represent the radius valley as predicted by the thermally-driven
photoevaporation and gas poor formation model (VanEylen et al., 2018). The right panel shows
the 1D distribution of the planets’ radii.
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2.2 Density valley
The study of Luque & Pallé (2022) led to different findings and conclusions than previous sta-

tistical studies of the so-called radius valley. On the basis of a sample of 34 well-characterized
(precisions on mass and radius better 25% and 8%, respectively) planets transiting M dwarf
stars, they identified three populations of exoplanets based on their densities (see left panel
of Figure 2.2): rocky planets (p = 0.94 4+ 0.13 pg ), water-rich planets (p = 0.47 £ 0.05 pg),
and puffy sub-Neptunes (p = 0.24 £ 0.04 pg). A density valley is observed between rocky
and water-rich planets with no intermediate composition. This favored the pebble accre-
tion model as the main mechanism responsible for forming small planets around M dwarfs
(Venturini et al., 2020; Briigger et al., 2020), where planets are formed through gradual
coagulation of small solid particles known as "pebbles”, sized from centimeters to meters.
Luque & Pallé (2022) suggested that rocky planets are formed within the ice line (defined
as the limit around the young star beyond which the temperature is low enough for water
to exist in its solid state) and the water-rich worlds are formed beyond it and then migrate
toward the star. In terms of their radii distribution, the study of Luque & Pallé (2022) is
consistent with the radius valley of Fulton et al. (2017), with high dispersion in the radius
distribution of puffy sub-Neptunes (see right panel of Figure 2.2). This indicates, according
to the authors, that each of these planets could have its individual H/He accretion history.

It is worth noting that studies that were performed on both radius and density gaps
considered small samples of exoplanets. This precludes any strong conclusions on their for-
mation and evolution pathways. A larger sample of super-Earths and sub-Neptunes with
precise radii and masses is highly needed to reach firmer statistical inferences on the ra-
dius/density gap, and to eventually reveal which mechanisms lie behind their formation and

evolution.

2.3 Goals of the thesis

As T explained in Section 1.5, TESS is well on its way to discover a great number of planets
of all sizes around stars of different spectral types. It has shown to be especially efficient to
detect small planets around nearby early to mid-type M-dwarfs (down to spectral type M6).
Many of these planets will be promising for precise density determination and detailed atmo-
spheric characterization (especially with JWST'). This will enlarge the sample of precisely
characterized planets, making possible stronger inferences to be drawn on the mechanism(s)
at the origin of the radius and density valleys (see previous section). Such studies will bring
key insights on their formation and evolution history and on their interior compositions. The
goal of this thesis is to bring a significant contribution to this global endeavor by participating
in the photometric confirmation of a well-selected sample of sub-Neptune and super-Earths
TESS candidates, mostly with TRAPPIST-north robotic telescope. This includes:

e Selection of interesting targets (TOls) for validation from the TESS Transit Finder
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Figure 2.2: Normalised histograms of the small transiting planets around M dwarfs. (A): Dis-
tribution of the planets densities divided by an Earth-like model. (B): Distribution of the planets
radii. Solid lines show Gaussian models fitted to the distribution of each planet type. Credit:
Luque & Pallé (2022).

(TTF?, Jensen, 2013).

e High-precision seeing-limited time-series photometric observations of potential transits
of the selected TESS candidates, to confirm that the eclipse exists, originates well from
the TESS target, and has the properties of an exoplanet transit signal (achromaticity,
shape, depth).

e Data reduction and analyses, all in coordination with TESS Science Team and TFOP-

WG observing members.

e Publication of the interesting results and scientific inferences in the theoretical context

described above.

1ht:tps ://astro.swarthmore.edu/telescope/tess-secure/find_tess_transits.cgi
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Chapter 3

Methodology

3.1 Observation

3.1.1 Target selection

As detailed in Chapter 1, all TESS candidates need to be validated and confirmed using
ground-based follow-up observations. The TESS Follow-up Observing Program Working
Group (TFOP-WG) was established by TESS for this purpose (see Section 1.5.5). I con-
tributed to this program, within Sub-Group 1 (SG1) with photometric time-series follow-up
observations using the TRAPPIST telescopes.

For the selection of TESS planet candidates, I have been using the TESS Transit Finder
(TTF*') which extracts TOIs from ExoFOP-TESS and filters them to provide a list of observ-
able transit events for a given geographic location and for any night. All TESS candidates
are classified on a priority scale from 1 to 5. In my thesis, I was only interested in planet
candidates with priority from 1 to 3 which can be filtered by the TTF. When no candidates
of priority 1 or 2 were available, those with priority 3 were selected. This task was performed
every Monday and covered all the nights of the week, until Sunday.

For every planet candidate, TTF provides all the information needed for observations
such as the equatorial coordinates, start/mid/end time of the predicted transit event, depth
of the transit event, visibility profile curve of the host star, a link to database listing the
main properties of the host star, and resuming all the previous observations (if any) and the
need and goal of further observations. Below in Figure 3.1 is a screen shot from the TTF

output for the planet candidate TOI-6717 b, as example.

Search: | ] Show if visible transit % + baseline % > 0 @ Vimax:[ %] Overlap (min):[f_%] TRAPPISTNorth (0.6-m)
Elev. % of Az HA
at transit at at
Local Start— BJDrps | start, | (baseline) | start, | start, .
evening Name v T Mid Duration start- mid, observable, mid, mid, RA&Dec | Depth | by Rplanet | Period Comments and
date mag | mag | _phg mid-end end Suggested end end (2000) (pp1) (Rg) (days) followup status
+15 | obs.start, | L5 | =15
hrs end hrs hrs
Wed. 2024-01-03: Nautical twilight 2024-01-03 19:37 — 2024-01-04 07:33 local time / 2024-01-03 18:37 — 2024-01-04 06:33 UTC
CPC VPC? spoc-s01-s65-b02 Sectors:(36, 45, 62]:
[P=0.4707476] low SNR; V-shaped; centroids centered
near between target and TIC 902821804; Rick
Schwarz/ LCO-CTIO-1m0 analyzed a full on 20231122
) TIC 34986604.01 (TOI R inip and maybe detected an ~on-time 3.1 ppt (0.6x
2024-01-03 | 6717.01) saawroc 16.56 1 ] 3 SPOC) event using an uncontaminated 5.5" target
(localdate) | Finding charts: Annotated, 03:27— e . aperture and cleared 23/23 neighbors to 2.5'. An
Aladin 03:42 o030 | 103136468 ) 50% 12 | 120 0571817 alternate analysis using detrending, different cony
Nautical 13.91 10313.6572 | 52° 157° -0.9, 5.1 2 19 0.47 4 o e P
twilight | nfo: EX0FOR, Simbad, Gaia, | Moon —03:57 =009 | 1035 eore | oa Tost %y | -ot02481 stars and locking o/R* and b from the SPOC s01-565
18:37 - TIC, VSX, All apertures, 49% 06 100% (100%) ~ o detects a, V-shaped, ~14 min early 3.9 ppt event.
06:33 | Vizier phot.; Airmass, ACP @28 ~0:0 1 01:17—06:06 | 215 +15 [P=0.4707429]. The next observation should be a high
wrey | Pan = preeision (<1.0 ppt/10 min) full transit in a red (', R, 1,
12, Y) filter to attempt a firm detection of the event on’
target. Multi-band or blue (U, ', B, ') filter
observations even better for a simultaneous
chromaticity check.

Figure 3.1: TESS Transit Finder output for the planet candidate TOI-6717.01.

The selection of TESS candidates has to respect several criteria for useful and conclusive

"https://astro.swarthmore.edu/telescope/tess-secure/find_tess_transits.cgi
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observations:

1. the target star should not have an elevation from local horizon lower than 20° during
observation to avoid the impact of high AIRMASS (see Figure 3.3) that decreases the

SNR and the topography of mountains surrounding the observatory.

2. the transit depth should not be shallower than 2.5 parts per thousand (ppt) which has
been found the detection limit of the TRAPPIST telescopes.

3. target star must be bright enough, and thus the SNR high enough, to make the ob-
servations useful. Still, it cannot be too bright, to avoid saturating the detector, even
with the shortest allowed exposure time (10 seconds). Furthermore, very bright stars
pose a problem of lack of comparison stars in the ’small’ field of view of TRAPPIST

telescopes.

3.1.2 Scheduling observations

Generally, I searched for one or two TOI per night, depending on their priorities and on
the constraints of the comets program. Once a set of TOIs was selected, I put them on the
TRAPPIST-North schedule. An example of schedule is presented below for TOI-3751 b,

which was observed on 28 December 2023:

Night starting on 28 Dec 2023

From 19h10 to 00h40: TOI-3751.01

Start: 20:05 Mid: 21:50 End: 23:30

Jmag= 12.0, SpT= F7

RA = 04:34:30.97, DEC = +32:28:35.98, filter=I+z, texp=20

Generally, the observation started at least 30 minutes before the predicted start time of
the transit and ended at least 30 minutes after the predicted end of the transit (depending on
the uncertainty on the ephemerids in the TTF). The Jmag is taken from ExoFOP database
and the spectral type of the target is estimated from its effective temperature (also taken from
ExoFOP) and an online table? of spectral types and their corresponding temperatures. These
two parameters are necessary to determine the appropriate exposure time (see hereafter).
The ra and dec coordinates are taken from TTF and the exposure time (texp) is calculated
from the online Exposure Time Calculator (ETC?). ETC takes as inputs the Jmag, spectral
type and airmass of the target star, the moon phase* and the filter being used, and provides

the predicted target peak. Generally the best exposure time is that corresponding to a

Zhttps://sites.uni.edu/morgans/astro/course/Notes/section2/spectraltemps.html

3http://www2.orca.ulg.ac.be/TRAPPIST/PageInterne/Prog/mourad/ProgValeur.html

4The moon phase takes values from 0 to 1 and it estimates the illumination of the moon. 0 means there is no
moon while 1 means a full moon.

60


https://sites.uni.edu/morgans/astro/course/Notes/section2/spectraltemps.html
http://www2.orca.ulg.ac.be/TRAPPIST/PageInterne/Prog/mourad/ProgValeur.html

target peak from 30,000 to 40,000 ADUs®, given that the CCD camera detectors of both
TRAPPIST telescopes saturate at 64,000 ADUs (electronic saturation). An example of
exposure time calculation is shown in Figure 3.2. Of course, the exposure time depends on
many other parameters (like the mirror size of the telescope, the quantum efficiency of the
CCCD camera, the focal ratio, etc), but they are hard-coded in the TRAPPIST ETC. The
filter used for every star depends mainly on the objective of the observation as I will describe

in the subsequent sections.

FACULTE DES SCIENCES z
o )
TRAPPIST Université uﬂ
TRansiting Planets and Planetesimals Small Telescopes de Liege =
Telescope = T™N
Home NESIEE Flats TS  Flats TN Effective telescope surface = 0.25 m2
Effective telescope aperture = 0.56 m
Trappist Nord v | Telescope ;z‘:';"c\i&;&: g‘fg a@f’“
600 - M1 free aperture [mm] = ey
= k Aperture = 5.17 pixels
210 | M2 mech_amcal aperture [mm] Ficld of view = 9B vt
8 = Focal ratio CCD size = 27.65 mm
2350 = | Altitude [m] Duty cycle = 80 %
-36 = CCD temperature [°C] Nexp per bin = 17.3
1 v | Binning Npixels in aperture = 84
- . Dark t= 60.794 el/pixel,
20 . Exposure time [s]| p P S
52 Read-out + overheard time [s] Background = 305.42 el/pixel
7.2 2 | Time bin for SNR [min] Dark = 1215.88 el/pixel
1.5 ¢ | Effective seeing [arcsec] Read-out = 100 el/pixel
1.1~ | Airmass Background counts = 25660.24 el
-~ oo - Dark counts = 102151.69 el
0.5~  Moon phase (0.=new moon to 1.=full moon)
~ Magnitude [J < Tlor V RON counts = 8401.49 el
A_g—l Scintillation = 109956.77 el
f8_pickles.dat v gpectra] type target Target counts = 388092.35 el
500.0 - Red noise [ppm] Target peak = 38311.81 el
0.0 - Mirrors R loss [%] | Target peak = 30406.2 ADU
1.0 & | IRTF/UCS flux correction Error (exp) = 2052 ppmn
i+z.dat v | Filter Error (bin) = 703 ppm
- Earth transit = 0.006 %
- Planet sensitivity =  7.768 Rearth
Valider Effective wavelength = 852.13 nm

Figure 3.2: Example of exposure time calculation for the host star TOI-3751 with Jmag=12.0
and spectral type F8.

3.2 The different noises in the light curves

Several types of noise of statistical, astrophysical, atmospheric and instrumental origins can
affect the accuracy of the light curves. It is important to reduce or smooth the noise as much
as possible in order to accurately characterize the discovered planet. The aim of this section

is to present these noises, as well as how to reduce them.
3.2.1 Photon noise

The photon noise is a statistical noise directly related to the corpuscular nature of the

starlight. Even if the source of light is stable, the numbers of photons measured during equal

®ADU means Analogic Digital Unit, a unit to measure stars’ flux.
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exposure times are not equal, because photons are emitted randomly over time. The number
of photons received by the CCD detector will therefore follow the Poisson’s law, with the
standard deviation associated with this number being \/N_ph . This noise presents a physical
limit to the measurements of a light signal. It also represents the initial signal-to-noise ratio

(SNR) (see e.g. Howell, 2006):
S

N(ph) =N, ph

On the CCD detectors and by photoelectric effect, the absorption of some photons that have
sufficient energies permits the release of an electron, with an efficiency « called quantum
efficiency. For a number of electrons N, the number of generated electrons is N, = alNp,
with a being lower than 1. The uncertainty of this measurement is also determined by

Poisson law. 5 S
N(e) = /N, = /aNy, = \/aﬁ(ph)

since o < 1, then,
S S
— —(ph

This means that the SNR decreases when converting from photons to electrons.

3.2.2 Astrophysical noise

The astrophysical noise is due to the intrinsic properties of stars. The magnetic activity of
a star induces changes in its photosphere®. These photosphere changes result in variations
of the stellar flux over time. In addition, stars potentially exhibit dark spots and flares.
Stars have angular momentum, and the rotation of these structures translates into periodic

photometric modulations in the light curves.
3.2.3 Atmospheric noise

Seeing variation

The seeing is a physical parameter used to quantify the optical quality of the sky. It measures
the atmospheric turbulence. It is defined as the full width at half maximum (FWHM) of
the point spread function (PSF) (which is the response of an optical imaging system to a
point source) and typically measured in arcseconds. Small seeing value indicates minimal
turbulence and then the sky quality is good for observation. Adaptive optic techniques
present a way of mitigating the effect of atmospheric turbulence as I explained in Section
1.3.1. Space telescopes, which operate above the Earth’s atmosphere, do not experience this
effect.

With a telescope of finite diameter, the image of a point source at the focus of a telescope

is not a point, but an Airy spot. The angular radius of the Airy spot is given by the

5The photosphere is the upper gaz layer that form the visible surface of the star where the light comes from.
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diffraction law:

0= 1.22(”)% (3.2.1)

where X is the wavelength and D is the telescope diameter. 6 therefore presents a physical
limit of the PSF if it is subjected only to instrumental diffraction.

Atmospheric turbulence causes fluctuations in the diffraction index. These fluctuations
will twist the incident wave front. Each turbulent cell will then create its own Airy spot
(named speckles) at the focus of the telescope. These speckles are visible for images taken
with exposure less than the coherence time”. For exposure times longer than the coherence
time, the speckles blend to form a PSF wider than the limit of instrumental diffraction. The

radius of the resulted PSF is given by replacing D (in equation 3.2.1) by ro (Fried, 1966):

A
0=122— (3.2.2)

To
with ry is named the Fried parameter. It represents the diameter that would be needed
for a space-based telescope to have the same resolution than the considered ground-based
telescope of diameter D of a ground-based telescope with diameter D. Variations in seeing

often create red noise® in light curves.
Sky background

When observing a star, we receive not only the starlight but also contributions from the
telescope and the sky through their own thermal emission/diffusion (moonlight, lamps near
the observatory, etc...). Telescope’s emission is more significant in the infrared, but generally
remains negligible compared to the starlight. However, during the full-moon phase, the sky
background could become problematic, particularly for faint target stars. In the visible,
the sky background is dominated by sunlight reflected/diffused and from various artificial
sources (lamps for example).

The mean signal of the sky background contribution can be corrected. Specifically, the
algorithms used to extract the light curves draw a ring around the target star. The average
over all pixels in the ring is subtracted from every single pixel within the circular aperture

around the target star. I explained this in Section 3.3.
Atmospheric extinction

Atmospheric extinction represents the phenomenon of absorption and diffusion of the photons
coming from the star by the atoms and molecules present in the Earth’s atmosphere. This
effect reduces the signal received from the star. Due to the diurnal movement of stars,

the amount of atmosphere crossed by the light from the stars varies during observation,

"The coherence time characterizes the evolution time of the wavefront deformation. It depends mainly on the win
speed.

8Red noise is the noise dominated by low-frequencies that are translated into structures in the light curves, unlike
the white noise that has a flat power spectrum.
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depending mainly upon the position of the stars in the sky. This amount is minimal when the
star crosses the local meridian of the observing site. In astronomy, we often use a parameter
quantifying the length of atmosphere crossed, called airmass. Assuming a plane-parallel

atmosphere (see Figure 3.3), we can express the Airmass as:

7= S (3.2.3)

with z is the zenithal distance.

When the target star passes through the local meridian, the Airmass is equal to 1,
minimum value. During the observation, variations in the airmass modify the flux measured
for the target and for all the stars in the field of view, causing a curvature of the light curve.
Much of this effect is corrected in differential photometry by dividing the flux of the target
star by the one of an ensemble of comparison stars. This correction is not total, because the
atmospheric extinction in a given wavelength range varies depending on the spectral type
of the target. It is thus desirable to select comparison stars with similar spectral types to
the target. It is also better to pick comparison stars as close as possible to the target, to

minimize the extinction effects caused by the inhomogeneity of the atmosphere.

Scintillation

Atmospheric turbulence is accompanied by pressure and temperature fluctuations, along
with rapid variations in the refractive index. These variations deflect the light rays coming
from the target star in random directions (Gilliland et al., 1993). This phenomenon is known
as scintillation. Differential photometry allows us to correct for scintillation noise when it
affects both the target and comparison stars similarly. This is typically the case for telescopes
with narrow field of view like TRAPPIST-North , where the comparison stars are relatively
close to the target.
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3.2.4 Instrumental noise
Noise due to the telescope

The material of the telescope contribute to the noise by its thermal emission, but this emis-
sion remains insignificant. Additionally, the telescope is subjected to mechanic vibrations
widening the PSF, therefore creating a noise. Stray light scattered by the telescope also

increases the background noise.
CCD camera noise

The imperfections of the CCD camera detector also introduce noise that affects the precision
of flux measurements. In this part of the section, I discuss these types of noises and their
corresponding calibration images to correct their average signals. In the next section, I
explain the algorithm for these corrections. There are three main sources of noise associated
with the CCD camera (see e.g. Howell, 2006):

Dark current: this noise arises from the electrons randomly generated due to the thermal
vibrations (phonons) of the atoms that make up the CCD detector of the camera. This noise
is as important as the temperature of the detector is high. This is why the CCD cameras are
equipped with cooling systems to reduce the temperature of the detectors and then reduce
their dark current. However, the mean signal (but not the random signal) of this noise can
still be corrected through calibration images, called Dark (see right image of Figure 3.4),
gathered while keeping the shutter of the camera closed, with the same exposure time as the
science images.

Non-uniformity of pixels: pixels of the CCD detector do not have exactly the same
quantum efficiency because of fabrication imperfections and dust on them. Because of that,
if the CCD is uniformly illuminated, the responses of the pixels are not uniform. Dust
typically appears as small circles on the images as shown in the left image of Figure 3.4.
Practically, this noise can be corrected through calibration images, called Flat, gathered at
Dusk (or Dawn) and with the same filter as the science images. It is crucial to periodically
clean the camera to mitigate the effects of dust.

Read noise: it represents the noise due to the electronic of the system when reading and
saving the images after every exposure. This noise depends mainly on the reading mode as [
explained in Section 1.6.2. The mean signal of this noise (but not the random signal) can be
corrected through calibration images, called Bias images (middle image of Figure 3.4), taken
while keeping the shutter of the camera closed with an exposure time as short as possible

(~0 second).

3.3 Data processing and high-precision differential photometry

Having presented the different sources of noise that can affect the data, this section will detail

the algorithm for data pretreatment and aperture differential photometry (see e.g. Howell,
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Figure 3.4: Left is the Flat, middle is the Bias and right is the Dark: Credit: Images taken by
TRAPPIST-North

2006).
3.3.1 Data reduction

The pretreatment aim to remove/mitigate all correctable noises, thus preparing the data
ripe for aperture differential photometry. Theoretically, every algorithm must perform the

following steps:
e creation of the MasterBias, which is the median or the mean over all the Bias images:

Bias;
N

N
Master Bias = Z
i=1

this equation is applied on all pixels over N Bias images.
e MasterBias subtraction from all Dark images and creation of MasterDark.

o MasterBias and MasterDark subtraction from all Flat images and creation of Master-
Flat normalized. Normalization is performed by dividing the MasterFlat matrix by the

mean value of all its pixels.

e pretreatment of raw scientific images using the equation below:

Image,q., — Master Bias — Master Dark

(3.3.1)

Imagepretreated =
Master Flat normatized

3.3.2 Differential aperture photometry

The principle of differential aperture photometry consists of measuring the flux in a circular
aperture around a source of light. This flux is the sum over all the pixels within the circular
aperture and also includes the contribution of the sky background. The latter can be removed
by subtracting, from every pixel within the main aperture, a mean value over the pixels

within a circular annulus placed around the main aperture (see Figure 3.5). This operation
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is performed for the target star and many reference stars, usually called comparison stars.
The flux of the target star is then divided by the sum of the fluxes from all the comparison
stars to produce a relative flux, which is the essence of the differential aperture photometry
(see e.g. Howell, 2006; Broeg et al., 2005).

The use of comparison stars is of particular importance in the search for transit events.
They help to attenuate the effect of atmospheric extinction and scintillation as I explained
in Section 3.2.3. The choice of comparison stars must respect several criteria: First, they
should be of the same visual magnitude and spectral type as the target star, so they will
experience the same atmospheric extinction. However, practically it is difficult to find stars
of the same magnitudes and spectral types as the target in the field. A practical strategy
is to use stars with peaks (i.e. the highest pixel value within the aperture, in ADU unit)
similar to that of the target star. Second, it is crucial to choose as many stars as possible to
minimize the photon noise, and only stars whose light curves are flat (not very active stars)

and with less scatter.

: Annulus

" Targed aperture

Figure 3.5: Principle of aperture photometry. the Inner circle represents the target aperture,
and the middle and outer circles represents the annulus used to subtract the sky background
contribution.

During my thesis, I used two softwares for the reduction and analysis of data gathered
by the TRAPPIST telescopes:

Use of AstroImagelJ

AstroImageJ (AIJ: Collins et al., 2017) is a powerful and versatile graphical user interface
(GUI) based on Java and dedicated to image processing and light curves extraction in as-

tronomy. It offers many features that made it the most used software in this work and by
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most of the TFOP-SG1 members. The most important of these features include:

e read and write FITS images with standard headers. An example of a sequence of images

read and displayed by AIJ is shown in Figure 3.6.

pipelineout (V) (36.1%) N & &

File  Preferences  Contrast View  Annotate Measure Edit  Process Color  Analyze  WCS

[ =e=s o

Image] X: -221.8167 Image]Y:  1.475.1873 Value NaN
RA 16:17:19.802 DEC: | +64:39:57.46 Peak: 0.0000

FITS X: -221.3167 FITS ¥: 613.3127 It Cnts -1.10125E-11
ﬁﬁ@@z%s@gt%% B®©ﬁ nl 1 y|SY ,’\z-f '
4.36"

3
2567 25 97105 137585 18282.7 228069 27569.3 323316 368558 416182 46142.4 508666 55190.8 59715.1 63525

[.567.0000 J:min 2,781.5861black mean: 3,226.5396 white: 6,254.7072 max 63,525.0000]

Figure 3.6: Example of a sequence of images of TOI-5663 displayed by AIJThe target star is
usually labeled as T1 in green. In red are the comparison stars used for differential aperture
photometry. Other stars in green were chosen for comparison but, afterwards, they were discarded
as bad stars. Credit: made by AIJ.

e plate solving (i.e. determination of the right ascension and declination coordinates of
all the pixels of the FITS image) FITS images on the basis of the Astrometry.net’
web interface. This is important when the plate-solving does not work properly during

observation.

e standard pretreatment of a sequence of images by Bias and Dark subtraction, and
flat-fielding.

e graphical user interface to perform time-series differential multi-aperture photometry.

It allows for easy setting of the aperture and annulus radii. The newer versions of AIJ

‘http://astrometry.net/
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(from v5.0 onwards) allows for the automated setting of aperture and annulus radii

based on the radial profile of the target.

e user-friendly choice of comparison stars, for differential multi-aperture photometry,
by simple clicks on the desired stars on the first image of the sequence displayed on
the GUI. It then facilitates the selection of the optimal ensemble of comparison stars
through to a box where stars can be selected (good stars) or deselected (bad stars)
for comparison (see Figure 3.7). This allows for discarding bad comparison stars, that
show either high variability or maximize the RMS of the target’s differential light curve,
without re-running photometry. The latest versions of AIJ allow for automated choice
of comparison stars (along with the best apertures explained previously). Once the
photometry is complete, it performs automated optimization by iterating over all the
comparison stars to return the best sample based on the minimization of the target’s

light curve RMS using only the out-of-transit data to prevent erasing the transit signal.

Multi-plot Reference Star Settings - o x
Select reference stars to include in tot_C_crts and rel_flux calculations
| Show Magnitudes | Hide Magnitudes
Reference Star Selection
| Mone | All || Save | Recall || Cyele Enabled Stars Less One || Cyele Individual Stars
TL c2 T3 ca C3 T6 c7 T8 T9 T10
O O O RN = |

Green checkbox border - aperture peak count under linearity limit
ellow checkbox border - aperture peak count: over linearity limit

Red chackbox border - aperture peak count over saturation limit

Sawe/Show Current Configuration

| Save Table

| Send to Multi-aperture | | Show Apertures

| Save Apertures

Figure 3.7: Panel where comparison stars and selected or deselected based on the minimization
of RMS (see right panel of Figure 3.8). Considered comp stars are labeled as C'n in red while those
that are discarded are labeled as Tn in green whith 7’1 is the target star (see also Figure 3.6).
Credit: made by AIJ.

e provides tools for light curve fitting with simultaneous detrending. It implements the
transit model of Mandel & Agol (2002) for an opaque spherical planet transiting a
spherical star. The model is defined with six physical parameters (plus a baseline flux
level, Fy): planetary radius in unit of stellar radius R,/R., the semi-major axis of
the planet in unit of stellar radius a/R, (see Equation 1.4.19), the time of inferior
conjunction T¢, the impact parameter b (see Equation 1.4.18) and the quadratic LD
parameters u; and uy. Transit modeling is conducted to compare with the parameters
obtained by other TFOP-SG1 members or by the SPOC, though it does not account for

uncertainties on the obtained fitted parameters. The best model is determined based
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on the minimization of x? statistic (see Equation 3.4.2). This modeling is performed

for only one transit light curve, so the orbital period, along with the stellar radius,
are set by the user from ExoFOP (obtained by SPOC). The latest versions of AIJ also

perform automated optimization of the modeling by detrending the light curves by

iterating over various detrending parameters and return the best sample based on the

minimization of the BIC (Bayesian Information Criterion) (see details in Collins et al.,
2017), a criterion that quantifies the goodness of the model fit to the detrended data.

An example of the fitting panel and the obtained transit light curves are presented in

Figure 3.8
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Figure 3.8: Left: Light curve of TOI-5663 obtained and plotted with AIJ. The upper light curve is
the the raw one and the other just bellow is the detrended one with the best fit model inferred by AIJ.
The other six parameters are the systematics plotted for checking if they have any correlation with
the transit light curve. X (FITS)_T1 and Y (FITS)_T1 are the shifts of the star centroid on the
CCD in pixels, Sky/Pixel _T1 is the mean value of sky background over pixels within the annulus
around the target T_1, Width_T1 is the half width at half maximum of target’s PSF, tot_C_cnts
is the summation of the raw values of pixels within the target’s aperture, and AIRM ASS as
defined by Equation 3.2.3 and Figure 3.3. Right: Fitting panel with User Specified Parameters
sub-panel where the orbital period and the stellar radius are set by the user, Transit Parameters
sub-panel where the best fit parameters plus the parameters calculated from model are presented,
Detrend Parameters sub-panel where detrending parameters can be set either manually by the user
or automatically, Fit Statistics sub-panel presenting the statistics that quantify the goodness of the
model fitting, and Fit Optimization sub-panel to remove the outliers and automatically optimize
the comparison stars and the model fitting. Credit: made by AIJ.

e examines the stars near the target to search for eclipsing binaries that can be at the
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origin of the TESS detection, and saves a summarizing report in single run. This
feature is very useful for the NEB check for TESS candidates. An example of NEB
check —for TOI-5663 b— is presented in Section 3.5.1 and further completed in Appendix
A.

e saves figures and files that can be sent with the observation report to TFOP-SGI.
These figures and files can also be read and replotted by AIJ with no need to re-
run photometry. This feature is highly useful for TESS Science Team and TFOP
observers, enabling them to check reports and access photometric data for analysis and

publication.

Use of prose

prose!? (Garcia et al., 2022) is a Python package designed to build modular image processing
pipelines. It includes a default photometric reduction pipeline, which I used for reducing and
analyzing the photometric data. It performs aperture photometry by applying a centroiding
algorithm to accurately position apertures and annuli on the centroids of detected stars
within the field. This process is repeated across a list of apertures to generate an array of
light curves for all detected stars. To select suitable stars for differential photometry, prose
includes a filtering option to retain only those stars whose median peaks are below 35K
ADUs and more than three times the median background level. To perform the differential
photometry in a fully automated manner for a specified target, prose features an option
to use the Broeg et al. (2005) algorithm which selects the best comparison stars among the
chosen ones. It also chooses the best aperture on the basis of minimizing the white noise of
the target’s light curve, estimated with the median standard deviation of data points within
5 minutes bins. The produced lightcurve can subsequently be detrended using a dedicated
method that finds automatically the best detrending parameters and their polynomial orders.
This detrended transit data can then be modeled using Exoplanet!! (Foreman-Mackey et al.,
2021). Finally, a report summarizing the observation and the obtained results can easily be
created with a few simple commands. More information on this pipeline can be found in
Garcia et al. (2022) and in the dedicated tutorial in https://prose.readthedocs.io/en/
latest/ipynb/casestudies/transit.html.

3.4 Bayesian analysis

In this thesis, my analysis was limited to photometric data, specifically transits without
RV data. For most of TOIs observed by TRAPPIST telescopes, I used only AIJ software
to perform a preliminary transit fit to constrain the parameters of the planetary systems.
However, it is sometimes necessary to perform tighter constraints of these parameters with
their uncertainties. The Markov Chain Monte Carlo (MCMC') technique is the most widely

Ohttps://github.com/lgrcia/prose
"https://docs.exoplanet.codes/en/stable/
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used tool in exoplanets science for this purpose. MCMC technique is a Bayesian inference
method, based on stochastic simulations, to get the posterior probability distribution func-
tions (PDFs) of the parameters assuming a given model that is fitted to the data (here I am
generally explaining the MCMC technique to properly fit any model to a given data set).
It is then based on the Bayes’s theorem (Bayes & Price, 1763) defined as follows (Gregory,

2005):
P(D|M)P(M)

P(M|D) = —=5

(3.4.1)

with P(M|D) is the probability that the set of model parameters’ values M is correct,
given the data D, P(D|M) is the probability for the set of model parameters’ values M to
produce the data D, what is called the likelihood, P(D) is the integration of the P(D|M)
over all values of the model parameters, what is called the marginal likelihood of the model.
This is the metric used to compare the posterior probability of different models, and P(M)
encodes any previous beliefs about the model parameters i.e. the probability of the model.
The MCMC technique is a powerful method for evaluating the posterior PDF's of all model
parameters, allowing the determination of median values, uncertainties, and covariances of
these parameters and any derived physical parameters.

The Markov chain is a sequence of states where a given state depends only on the state
which is directly preceding it and nothing else, and the term Monte Carlo means that the
transition from one state to another is a random process. I explain the basic of this algorithm

in the following section.
3.4.1 Use of EXOFASTv2

Practically, in my thesis, I used the EXOFASTv2 fitting software package (Eastman et al.,
2013, 2019), which implements the MCMC' technique for modeling exoplanetary systems
(transits, eclipses, RV, SED in addition to stellar evolution models). EXOFASTv2 is built on
the IDL astronomy library (Landsman, 1993). It adopts the Metropolis-Hastings algorithm
(Metropolis et al., 1953; Hastings, 1970) to sample P(M|D). The code starts with a set of
trial parameters (i.e. starting values) defining the model and evaluates the 'merit function’

(noted here as x%,) for this trial set as follows:

X?ot _ z": (MZ _QDZ')Q + i”: (PJ - H]')2 (342)

2
o; o
i=1 i j=1 Hj

with the first factor of the right term is the chi-square, where D; is the data point i with
an associated uncertainty o;, and M; is the model on the point i. The second factor is the
contribution of the parameters defining the model, on which Gaussian priors are applied
where P; is the parameter j from the model M, p; is the mean value of the prior and o, its
associated standard deviation. The smaller x?,, the larger the posterior probability. After

that, the code randomly steps to another set of parameters, and recalculates the x?, for this
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new set of parameters. Then, it defines the posterior probability ratio as (see demonstration

in Eastman et al., 2013):

= — = e[Xgot(Ml)_Xfot(M2)}/2 (343)
Ly

T

It should be noted that P(D|M) is the likelihood L, it is thus proportional to e(Xiot/2)
and the parameters randomly perturbed at each step of the MCMC are called the 'jump
parameters’. The acceptance or rejection of a new step is based on the likelihood ratio, T.
A random number uniformly distributed between 0 and 1 is drawn. If this number is larger
than 7, the new step is rejected and the current set of parameters is a duplication of the
previous set. In the other case, when the number is lower than 7, the new step is accepted.
If 7 is greater than 1, the new step is always accepted. This process is iteratively repeated
until a smooth distribution of each parameter is obtained, i.e. until the chains converge to a
stationary target distribution from which fitted system parameters can be inferred.

Regardless of the step size and its direction, the chains of the fitting algorithm will
always converge to the target posterior probability distribution. However, the speed of
convergence presents a general challenge in MCMC analyses. If the steps are too small, they
are mostly accepted but this is time consuming because large number of steps are required
(i.e slow convergence). This also means that many adjacent steps are accepted, leading
to highly correlated chains (not well-mixed chains), inefficiently exploring the parameter
space. Conversely, if the steps are too large, they are mostly rejected and lots of models are
wastefully computed, which also slows down the convergence. EXOFASTv2 comes with the
Differential Evolution Markov Chain (DE-MC, see e.g. Ter Braak, 2006; Johnson et al., 2011)
technique to choose the optimize step sizes and speed up the convergence. DE-MC generally
runs a number of chains equal to twice the number of free parameters, i.e. parameters that
are not fixed or constrained by a prior information (in the Bayes’s theorem this is represented
by P(M)), and uses the differences between parameter values of two randomly selected chains
to determine the next step and direction. More details on this method can be found in Ter
Braak (2006) and Eastman et al. (2013).

To ensure the convergence of the algorithm, i.e. that the chains have explored the param-
eter space sufficiently and are providing a representative sample from the posterior PDF's,
EXOFASTv2 uses two diagnostic parameters: the first is 7T),, which is the number of indepen-
dent draws (i.e uncorrelated samples) in the MCMC analyses. By default, T, is set to a
minimum value of 1000, meaning that each model parameter must have a minimum number
of independent draws greater than 1000; the second diagnostic parameter is the Gelman Ru-
bin statistic (R,, Gelman & Rubin, 1992) used to check if the chains have converged to the
same target posterior distribution. R, compares the variance within each chain (within-chain
variance) to the variance between all chains (between-chains variance). By default, R, is set
to a maximum value of 1.01. Once this condition is applied (i.e.f%,, < 1.01), this indicates

that the chains have converged to a stable posterior distributions. Once the two conditions
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are verified (7, > 1000 and R, < 1.01), EXOFASTv2 stops simulations to statistically infer
the fitted, and their derived, parameters of the system. Of course, the statistical inference is
done after discarding the early samples (usually referred to as the "burn-in” phase) during
which the code is still affected by the input values of the model’s parameters and try to

stabilize and adjust the structure of the parameters space.
Fitting transits

As previously noted, this thesis solely utilized photometric transit data. EXOFASTv2 generates
transit models from Mandel & Agol (2002); Agol et al. (2020) with priors on quadratic limb
darkening parameters (see Section 1.4.11) by interpolating the limb darkening models of
Claret & Bloemen (2011) and Claret (2017) at each step in the logyo of the stellar surface
gravity (logg.), the stellar effective temperature (7,sy), and metallicity of the star ([Fe/H]).
EXOFASTv2 fits for the transit time 7, planet to host star radii R,/R., cosine of the orbital
inclination cos(i), logl0 of the orbital period P, limb-darkening coefficients (u,us) and the

baseline flux Fy.
Priors

In the simplest case, when fitting transits observed in different filters, priors must be applied

correctly on at least the following parameters:

e upper and lower limits on the orbital period P and the transit time 7, generally taken
from ExoFOP.

e Gaussian priors on the stellar radius R,, mass M, and effective temperature 7. ;¢ from

independent analyses (e.g. SED fitting, see hereafter).

e Gaussian priors on the quadratic limb-darkening parameters (uq, uz) for each bandpass
filter.

e optional starting value on R,/R,.

Stellar parameters

As discussed in Section 1.4, accurate characterization of the host star is essential for precise
determination of the planetary parameters. The stellar parameters most cared about are at
least M., R, and T,¢s. If these parameters are unavailable or unreliable, various techniques
are available for their determination. As I focused on small stars (M dwarfs), I used em-
pirical relationships appropriate for these stars, meanly Mann et al. (2015) and Mann et al.
(2019) relations to determine the stellar radius and mass, respectively, from the absolute
magnitude'? in the 2MASS K band (i.e. M) of the host star. Additionally, the effective
temperature Tz of the star can be determined from the color indexes V-J and J-H using

Mann et al. (2015) relations.

12The absolute magnitude of a star is its visual magnitude when supposed at 10 parsecs.
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Within EXOFASTv2, it is possible to fit for the Spectral Energy Distribution (SED) of the
star separately or jointly with transits fitting. The SED is a measure of the star’s bolometric
flux. EXOFASTv2 uses the NextGen stellar atmosphere models (Allard et al., 2012) to fit for
SED. For this, different broad band photometric measurement of the host star are taken from
many catalogs, such as the JH K¢ magnitudes from 2MASS, the W1-W4 magnitudes from
WISE (Cutri et al., 2013), the GgpGrp magnitudes from Gaia DR3 (Gaia Collaboration,
2020), and the ugrizy magnitudes from Pan-STARRS (Chambers et al., 2016). The SED
provides strong constraints on 7,;s, V-band extinction Ay and (R./d)?, with d being the
distance to the star. R, is determined if a prior on the parallax (i.e. from Gaia DR3 (Gaia
Collaboration, 2020)) is supplied. When fitting for SED, priors must be applied on some

parameters as follows:

e starting values on Ty and R,, generally taken from the TIC catalog (Stassun et al.,
2018).

e upper limit on the V-band extinction Ay, generally from the galactic dust map (Schlafly
& Finkbeiner, 2011b).

e Gaussian priors on the metallicity [Fe/H], determined from spectroscopic observation,
and on the parallax of the star from i.e. Gaia DR3 (Gaia Collaboration, 2020).

As for the mass of the host star, it is also possible to determine this parameter within
EXOFASTv2 simultaneously with the SED and the transits fitting. EXOFASTv2 uses the MESA
Isochrones and Stellar Tracks (MIST) (see Paxton et al., 2011, 2013, 2015; Dotter, 2016) for
this purpose. This parameter can even be improved if the density of the star is strongly

constrained from the transits.

3.5 Observation goals

For each TOI, the observations goals are detailed in the TTF comment (see Figure 3.1),
which summarizes all the previous observations (if any) and specifies what is needed next
for every single planet candidate. In this section I will discuss the main observation cases

and their goals as encountered during my thesis.
3.5.1 Confirming the on-target origin of the signal

Confirming the transit event on target and/or checking for NEBs is one of the most required
observations in the TTF comments. This consists of confirming whether the transit event
occurs on the original target star or it is coming from nearby stars (nearby eclipsing binaries)
contaminating the TESS aperture. This is required for TOIs that are just released and have
never been observed before from ground. When it is the case, I used the filter that offers the
highest SNR without saturating the CCD detector. This filter depend on the spectral type
of the target. As most of the targets observed by TRAPPIST telescopes are M dwarfs, the

most used filter during my thesis was [+z.
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How NEBs check is performed?

First, it must be known that if a transit occurs on a nearby star, its depth must be different
from the predicted target depth in the T'TF. This is when the magnitude of the nearby star
is different from that of the target. The dimmer (higher TESS mag) the nearby star is, the
deeper its needed transit depth in order to produce the target depth measured by TESS,
and vice versa. The predicted nearby star depth is calculated as follows (see the TFOP SG1
Observation Guidelines: https://astrodennis.com/TFOP_SG1_Guidelines_Latest.pdf):

Depthtarget

_ Amag
2.5

DepthNEB = (351)
with Amag is the magnitude of the nearby star minus that of target in the TESS band. It
should also be known that the fainter a nearby star is, the higher the scatter (i.e RMS) in its
light curve. Whether a nearby star is cleared or not, depends on the ratio Depthygp/RMS

(both in ppt). In this regard, many cases are considered and as explained bellow:

Cleared : if Depthypp/RMS > 5
Likely cleared : if 3 < Depthngp/RMS < 5
Cleared-too faint . if Depthypp/RMS > 1000. This means that the nearby star is too fair

to cause the TESS event detection.
Not cleared-flux too low : if there is not enough flux in the aperture.

Not cleared . if none of the previous conditions is valid.

This operation is performed using the AIJ software on the basis of a ” AIJ apertures” file
(see column "name” in Figure 3.1). For each TOI, the TTF presents this file that contains
the equatorial coordinates (ra,dec) of stars that are close and bright enough to cause the
TESS detection. It also contains the TESS magnitudes of all these stars. AIJ gets the
(ra,dec) coordinates (to place the apertures) of the nearby stars and performs simultaneous
multi-aperture differential photometry for all of them. Once the photometry is complete, a

NEB check can be performed by simple commands and a summary report can be saved.
Example 1: Transit event confirmed on target (TOI-5663 b)

This example considers the case where the transit event is detected on target and all the
nearby stars are cleared as not being the source of the TESS detection. It is the TFESS
candidate TOI-5663 b (TIC 198161914.01) that was predicted to show a transit signal with
a depth of 8.1 ppt and orbital period of 45.08 days. This target was observed by TRAPPIST-
North in I+z filter on 15 April, 2023. Uncontaminated differential aperture photometry with
ATJ shows an ~9 min earlier 8 ppt U-shaped transit on target (see left panel of Figure 3.9).
The right panel of Figure 3.9 shows the field of view of the target (labeled at the center as
T1) with all the nearby stars within 2.5’ radius from the target. NEBs check of this target

76


https://astrodennis.com/TFOP_SG1_Guidelines_Latest.pdf

shows no obvious NEB as shown in Appendix A. However, it should be noted that as of this
writing, this transit signal still requires confirmation of its achromatic nature to confirm its

planetary origin.
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Figure 3.9: Left: Transit light curve of TOI-5663 b (TIC 198161914.01) observed by TRAPPIST-
North on 15 April, 2023, in [+z filter with an exposure time of 70 seconds. The gray points show
the photometric measurements. The solid blue line is a preliminary model fit of the transit with
ATIJ to extract the transit parameters. The transit was detected on target ~9 min earlier than
predicted with the same depth as was predicted. Right: target and nearby stars within 2.5’ radius
area around the target (T1). The stars are labeled as Tn, with n=1 for the target and from 2 to N
for the N nearby stars.

Example 2: Identification of a NEB

Here I present an example of a NEB identification. It is for TOI-2680 b (TIC 219366908.01)
that was observed by TRAPPIST-South on 23 October, 2021, in [+ filter. In the TTF, TOI-
2680 was predicted to show a transit depth of 3.7 ppt, but TRAPPIST-South observation
showed no transit event on the target. Instead, a clear V-shaped 25 ppt deep transit was
detected at the predicted time on the nearby star T2 (TIC 219366907, at 17.44” from T1,
see Figure 3.10). This TOI was then retired a NEB in the TTF.

3.5.2 Checking the achromatic nature of the signal

As T explained in Section 1.6.4, transits due to blended eclipsing binaries (BEB) are expected
to have chromatic depths. This means that the transit depth changes from a filter color to
another (see Section 1.6.4). This observation is usually required when a transit event has
already been confirmed to occur on target with a determined period. The filter color to be

used in this case must be different from the filters used in the previous observations.
Example: TOI-5681 b discarded as BEB
Here, I present TOI-5681 b (TIC 207439380.01), which was discarded as BEB. According

to the TTF, this star was predicted to show a transit depth of 11.6 ppt. It was observed
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Figure 3.10: Left: The top light curve is for the original target TOI-2680 that was predicted to
have transit depth of 3.7 ppt. The bottom light curve shows a clear deep transit of the nearby star
T2 (TIC 219366907, at 17.44” from T1). Right: The field of view of the target and its nearby stars
within 2.5’ radius area. The data reduction, aperture photometry and NEB check were performed
using AIJ.

by TRAPPIST-North in 2’ filter on 31 March, 2023. A timly V-shaped transit (see Figure
3.11) was detected with a depth of 19.1 ppt. As shown in Table 3.1, other observations
show a strong chromaticity in different filters, especially in gp filter where no transit were
detected. These findings serve as good hints that the transit event detected by TESS on the
star TOI-5681 is due to BEB or HEB.

3.5.3 Searching for transit timing variations

Transit timing variations (TTVs) indicate the existence of additional planets in the system.
Observations to check for TTVs are generally requested when a transit signal does not
appear exactly at the predicted time. These variations are due to the fact that orbits of the
planets are not exactly periodic (Section 1.4.2) because of gravitational interaction between
at least two planets around the same host star. This is a powerful technique to discover
additional, even not transiting, planets in the system. A best example of this case is the
TOI-2015 b, which has been detected by TESS with a transit depth and orbital period of
~7.2 ppt and ~3.3491 days, respectively. Its transit signal has been confirmed by ground-
based observations to occur on target but with large TTVs. This TOI has been classified as
high priority target to observe as many as possible. It was observed in more than 32 nights
by TFOP-WG members, including with TRAPPIST-North and 4 nights with TRAPPIST-

South, respectively. In some observations, no transit of TOI-2015 b (with out-of-transit
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Figure 3.11: Light curve of TOI-5681 b observed by TRAPPIST-North on 31 March, 2023, in 2’
with an exposure time of 55 seconds. The blue line represents a preliminary model of the transit-like
signal by AIJ. The transit have been found V-shaped with a depth of 19.1 ppt while it was predicted
to be 11.6 ppt. Other observations in different filters showed very different depths. Giving these
findings, this target was retired as BEB.

less than one hour) has been detected. In other observations, the transit was detected with
variations in the transit timing between what was predicted and observed. However, intensive
follow-up observations have been performed to detect the transit of the second planet, but
no transit has been detected. This indicates that the second planet in the system is not
transiting (low transit inclination). A discovery paper of this system is being prepared by
K.Barkaoui et al. Figure 3.12 shows the light curves gathered by TRAPPIST telescopes
along with other transits taken from ExoFOP, where I considered only some cases where the

transit signals were detected. The corresponding T'T'Vs are shown in Figure 3.13.

3.6 Observation statistics

3.6.1 On-sky positions

From September 20, 2019, to February 28, 2024, over than 300 TOIs have been observed
(some TOIs observed on more than one night) by the TRAPPIST-North telescope. 260
reports of conclusive data were submitted to ExoFOP for 215 TOIs. The reduction and
analyses of the data is a collaborative work of the TRAPPIST team members and I reduced
more than 100 datasets from the TRAPPIST-North telescope, and over 43 datasets for 42
TOIs from TRAPPIST-South telescope. The list of these TOIs and their current status are
presented in Appendix D.

Figure 3.14 displays a sky map showing the locations of the host stars observed by both
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Date (UT) Filter Instrument Transit depth (in ppt)

2022-07-21 i’  LCO-McD (0.4 m) 5
2022-07-21 r CDK700 (0.7 m) 3
2022-07-22 R GVO-Ted14 (0.36 m) 3
2022-07-29  Ic¢  OAAlbanya (0.4 m) 12
2022-08-13 gp  LCO-HAL (0.4 m) 00
2022-08-08 zs LCO-TEID (0.4 m) 15-18
2022-07-22  ip  LCO-McD (0.4m) 15

Table 3.1: Table summarizing ground-based time-series photometric observations of TOI-5681 b.
The transit depth shows a very strong chromaticity, meaning that the transit event is due to a
BEB or hierarchical EB. The uncertainties on the values of the transit depths are not provided
because the data analyses are performed using AIJ which does not present them. Credit: These
observations were taken from ExoFOP.

TRAPPIST-North and TRAPPIST-South. Stars observed by TRAPPIST-North are uni-
formly spread over the northern hemisphere. Table 3.2 presents the dispositions of these
TOIs observed by both telescopes. Below is the meaning of the key words of the dispositions
presented in Table 3.2:

o VP: "Vulidated” Planets without mass measurement from RV observations. The val-
idation consists of discarding all possible false positives using multi-color photometric
observations to show that the transit depths are achromatic, adaptive optic observa-
tions to confirm that the host star is single, and spectroscopic observation to further
characterize the host star and also confirm that there is no secondary spectrum in its
spectra. This might also include statistical validation, checking that the transit signals

show a higher probability of being due to a transiting planet rather than false positives.

e P: "Confirmed” Planets that have been "wvalidated” and subsequently received mass
measurements from RV observations. This is the case where the mass was consistent

with a planetary-mass companion but not stellar- or substellar-mass companion.

e PC: Planet Candidates that still require follow-up, as previous observations have been

inconclusive.

e VPC+: verified planet candidates, that have been found achromatic (i.e.transit signals

have been confirmed on targets with no depth chromaticity).
e VPC-: Verified Planet Candidates whose photometry is contaminated by nearby stars.

e APC: Ambiguous Planet Candidate, where initial ground-based photometry gives some
evidence that the TESS detection might be a false positive but there is no firm conclu-

sion.
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e PPC: Promising Planet Candidates, where all nearby stars have not been rigorously
ruled out as being the potential cause of the TESS detection, but that follow-up ob-

servations have found no NEBs in obvious nearby sources.

e CPC: Cleared Planet Candidate, where the transit depth detected by TESS is too
shallow for ground-based photometry to detect, yet follow-up observations have ruled

out all nearby stars as potential sources of the TESS detection.

e NPC: Nearby Planet Candidates, where transit signals are detected on a nearby star

to the target, and show depths consistent with those of a transiting planet.

e EB/SEB1: for the TOIs that have been identified as Eclipsing Binaries. SEBI is
for TOIs that have subsequently been found as Spectroscopic Binaries single-lined
by SG2 (see Section 1.5.5) whose radial velocity is too large and then not consistent

with planetary companion.

e NEB: for Nearby Eclipsing Binaries that have been identified as the source of TESS

detection.

e BEB/SEB2: for Blended Eclipsing Binaries, where transit depths have been found
chromatic. SEB2 is for TOIs that have subsequently been found as 'Spectroscopic
Binaries multi-lined’ by SG2.

e FA: means that the TESS detection was a False Alarm detection and with ground-

based follow-up revealing no transit.

Telescope P VP PC VPC+ VPC- APC PPC NPC EB/SEB1 NEB BEB/SEB2 FA
TRAPPIST-N 11 8 6 155 13 1 1 1 4 ) 7 3
TRAPPIST-S 0 1 2 27 3 0 0 1 0 5 2 1
Total 11 9 8 182 16 1 1 2 4 10 9 4

Table 3.2: Status of all the TOIs observed by TRAPPIST-North and the TOIs I reduced from
TRAPPIST-South. The lists of these TOIs are presented in Appendix D.

3.6.2 Stellar and planetary properties

As explained in previous chapters, TESS focuses on detecting small planets (R, < 4Rg)
orbiting M type stars. The small size of these stars facilitates the detection and characteriza-
tion of small transiting planets around them. When preparing the observation schedule, high
priority is given to these types of stars especially if their planet candidate(s) are potentially
rocky.

Figure 3.15 shows the distribution of the planets radii and the spectral types of their
host stars observed by TRAPPIST-North. Out of 215 exoplanets whose observations were
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conclusive, 32.7% of them (69 planets) transit stars of spectral type M, and 26.1% (55
planets) of them transit stars of spectral types K. As for the sizes of the planets, 16.7% of
the planets (36 planets) have sizes smaller than 4 Rg,.
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Figure 3.14: 2D sky map with the location of the stars observed by TRAPPIST-North (215 stars
in red dots) from 02 September, 2019 to 28 February, 2024, and with TRAPPIST-South (42 stars
in blue dots).
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Chapter 4

Results

4.1 TOI-1680 system

TOI-1680 b is a super-Earth planet orbiting a mid-type M-dwarf star located 37.14 pc away,
in the northern continuous viewing zone of TESS. It was fist detected by TESS and validated
by ground-based follow-up photometry from various facilities including TRAPPIST-North
telescope, and high resolution imaging. Our analyses showed that the host star, TOI-1680,
has a radius of 0.2100 £ 0.0064 R, a mass of mass of 0.1800 + 0.0044 M), and an effective
temperature of 32114+100 K.

Joint analyses of the TESS and ground-based photometric data, using EXOFASTv2, showed
that the planet TOI-1680 b has a radius of 1.4667) 3% Ry, an orbital period of 4.8026345") 5000050
days, and an equilibrium temperature of 404 + 14K, assuming no albedo and perfect heat
redistribution. The mass of the planet is not determined yet because there are no RV obser-
vations. According to its location in the radius and density valleys, TOI-1680 b is assumed
to have a rocky composition. Still, using the relation of Chen & Kipping (2017), its mass
is estimated to be 3.18%( 4, Rg. This mass would result in a reflex motion of the host
star with a semi-amplitude of 3.78 (g, ms™'.
the MAROON-X instrument installed on the 8.1-m Gemini North telescope (Seifahrt et al.,

2020), which will determine the mass of the planet and then confirm its bulk composition.

Such reflex motion could be detected with

This planet has a transmission spectroscopy metric (TSM) of 7.82; with 10 being the thresh-
old for this size range of this planets. Thus, TOI-1680 b, could be a promising candidate for
atmospheric characterization with the James Webb Space Telescope (JWST), especially as
the system is located near the JWST CVZ.
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ABSTRACT

We report the discovery by the TESS mission of a super-Earth on a 4.8-days orbit around an inactive M4.5 dwarf (TOI-1680), validated
by ground-based facilities. The host star is located 37.14 pc away, with a radius of 0.2100 + 0.0064 R, mass of 0.1800 +0.0044 M, and
an effective temperature of 3211+100 K. We validated and characterized the planet using TESS data, ground-based multi-wavelength
photometry from TRAPPIST, SPECULOOS, and LCO, as well as high-resolution AO observations from Keck/NIRC2 and Shane.

+0.063

Our analyses have determined the following parameters for the planet: a radius of 1.4667 5 Re and an equilibrium temperature of
404 + 14K, assuming no albedo and perfect heat redistribution. Assuming a mass based on mass-radius relations, this planet is a
promising target for atmospheric characterization with the James Webb Space Telescope (JWST).

Key words. techniques: photometric — planets and satellites: detection

1. Introduction

The science of exoplanets has dramatically flourished in the last
decade, especially thanks to dedicated space missions. Following
the completion of NASA’s Kepler mission survey, where it was
revealed that small transiting planets with sizes between those of
Earth and Neptune (i.e., 1 < R, < 4 Rg) are common in close-
in orbits around other stars (Howard et al. 2012; Fressin et al.
2013), the Transiting Exoplanet Survey Satellite (TESS: Ricker
et al. 2015) mission took over to search for such planets orbit-
ing bright and nearby stars (Jenkins et al. 2019). This mission
concept was chosen for easy subsequent spectroscopic inves-
tigation of the planets’ masses and atmospheres, notably with
the James Webb Space Telescope (JWST; Deming & Sheppard
2017). TESS observed 85% of the sky in its nominal mission
and is now in its extended mission (Wong & Shporer 2022). Up
to now, TESS has detected more than 6000 planet candidates
(TESS Objects of Interest, TOIs), including more than 1300 that
could be smaller than 4 Rg,.

The exploration of planets larger than Earth and smaller than
Neptune is an area of great interest. Since such planets are not
present in our Solar System, our understanding of their origins
and formation mechanisms is limited. Interestingly, demographic
studies performed by Fulton et al. (2017) on the basis of Califor-
nia — Kepler Survey exoplanets sample — a subset of transiting
planets from Kepler with high-resolution spectroscopic follow-
up of their host stars (CKS: Petigura et al. 2017; Johnson et al.

* 51 Pegasi b Fellow.
** Paris Region Fellow, Marie Sklodowska-Curie Action.

2017) — uncovered a gap, usually known as the “radius valley,” in
the radius distribution of small planets in close orbits (<100 days)
around FGK stars. This radius valley separates super-Earths
and sub-Neptunes. This finding presents a key phenomenon for
understanding planet formation mechanisms.

Two main theories have been proposed to explain the radius
valley: thermally driven mass-loss (Lopez & Fortney 2013;
Owen & Wu 2013; Jin et al. 2014; Chen & Rogers 2016) and
gas-poor formation (Luque et al. 2021; Lee et al. 2014; Lee &
Chiang 2016; Lee & Connors 2021). Each of the two predict
different origins for the radius valley. Moreover, a recent study
conducted by Luque & Pallé (2022) on a sample of 34 well-
characterized exoplanets around M dwarfs has instead indicated
the presence of a density gap separating rocky and water-rich
exoplanets. However, the small size of exoplanet samples used
in these studies precludes definitive constraints. Thus, having
a significantly large sample of exoplanets with accurate density
estimates is strongly needed.

In this paper, we present the discovery and characteriza-
tion of a super-Earth planet (1.466f8'823 Rg) which was first
discovered by TESS to orbit an M-dwarf star located near
the continuous viewing zone (CVZ) of JWST. We validate
its planetary nature using ground-based observations, includ-
ing time-series photometry, high-angular-resolution imaging and
spectroscopy. Although we do not present a mass measurement
in this paper, this could be done with high-precision radial
velocity observation, as discussed in Sect. 4. This measure-
ment would allow for detailed studies on planet formation in
the future.
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Table 1. Ground-based time-series photometric observations of TOI-1680, and the detrending parameters that maximize the log-likelihood of each

light curve.

Date (UT) Filter Facility Exp. time (s) Notes Detrending parameters
13 Jun. 2020 Ic LCO-McD-1m 150 full Airmass
22 Jun. 2021 4 TRAPPIST-N-0.6m 80 egress Airmass
07 Jul. 2020 i’ LCO-McD-1m 150 full Airmass
16 Jul. 2021 7 TRAPPIST-N-0.6m 80 full Airmass + Background
09 Aug. 2021 r Artemis-1m 100 full Airmass
02 Sep. 2021 I+z Artemis-1m 20 full Airmass + Background
21 Sep. 2021 I+z SAINT-EX-1m 19 full Airmass + Background
08 Nov. 2021 r SAINT-EX-1m 105 No post-egress Airmass
21 Apr. 2022 ¢',r,i’,zs  LCO-Hal-M3-2m 200, 116, 58, 56 full Airmass
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Fig. 1. Target pixel files (TPFs) of TOI-1680 in TESS Sector 14 and 15, created with tpfplotter (Aller et al. 2020). The orange shaded region
represents the aperture used to extract the SPOC photometry. The red circles are the Gaia DR2 sources. Sizes represent magnitude contrasts with

respect to TOI-1680. Figure continued in Appendix A.

The paper is structured as follows. Section 2 presents the data
from TESS and all ground-based observations. Stellar character-
ization, validation of the transit signals, and transit analyses are
presented in Sect. 3. We discuss our findings in Sect. 4 and give
our conclusions in Sect. 5.

2. Observations

In this section, we present all the observations of TOI-1680
obtained with TESS and ground-based facilities. Table 1 summa-
rizes all the ground-based, time-series photometric observations.

2.1. TESS photometry

Over its two-year primary mission, TESS (Ricker et al. 2015)
performed an all-sky survey in a series of contiguous overlap-
ping 96 x 24 deg sectors, each observed for 27 days. Depending
on the ecliptic latitude, the overlapping regions of the sectors
were observed for up to ~351 days. Given its high ecliptic lati-
tude (8 = +81.05 deg), TOI-1680 (TIC 259168516) is well placed
in the TESS CVZ. It was then observed by TESS in all the
northern sectors (from 14 to 26) in the second year of TESS
primary mission, from 18 July 2019 to 4 July 2020. It was also
observed in the TESS extended mission in sectors 40—41 from 25
June to 20 August 2021. Most recently, it was observed in sec-
tors 47-59 from 31 December 2021 to 23 December 2022. The
target pixel files (TPFs) and simple aperture photometry (SAP)
apertures used in each sector are shown in Fig. 1, along with
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the superplotted locations of nearby Gaia DR2 (Gaia Collabora-
tion 2018) sources. The astrometric and photometric properties
of TOI-1680 from the literature are reported in Table 2. The
time series observations were processed in the TESS Science
Processing Operations Center (SPOC) pipeline, originally devel-
oped for the Kepler mission at NASA Ames Research Center
(Jenkins et al. 2016, 2020). The SPOC pipeline conducted a tran-
sit search of the combined light curve from sectors 14-16 on
26 October 2019 with an adaptive, noise-compensating matched
filter (Jenkins 2002; Jenkins et al. 2010, 2020), producing a
threshold crossing event (TCE) with 4.8-day period for which
an initial limb-darkened transit model was fitted (Li et al. 2019)
and a suite of diagnostic tests were conducted to help make or
break the planetary nature of the signal (Twicken et al. 2018).
The 5.1 ppt transit signature passed all diagnostic tests presented
in the SPOC data validation reports, and the source of the tran-
sit signal was localized within 4.03 + 4.58”. The TESS Science
Office (TSO) reviewed the vetting information and issued an
alert for TOI-1680b on 30 January 2020 (Guerrero et al. 2021).

For subsequent analysis, we retrieved the 2-min presearch
data conditioning light curves (PDC-SAP, Stumpe et al. 2012,
2014; Smith et al. 2012) from the Mikulski Archive for Space
Telescopes (MAST). We were limited to sectors 13-26 of the
primary mission and sectors 47-50 of the extended mission.
We removed all the bad data points flagged as “bad quality.”
We then detrended the light curves to remove stellar variabil-
ity using a biweight time-windowed slider via wotan (Hippke
et al. 2019). We excluded the transit signal by applying a filter
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Table 2. TOI-1680 stellar astrometric and photometric properties.

Parameter Value Source
Target designations
TIC 259168516 1
2MASS J19291521+6558279 2
UCAC 4 780-032486 3
Gaia EDR3 2242756094328104576 4
Photometry
TESS 11.040 + 0.007 1
BP 16.27 + 0.02 4
Gaia 14.61 = 0.002 4
RP 13.38 + 0.02 4
J 11.637 = 0.020 2
H 11.137 + 0.023 2
K 10.821 + 0.020 2
WISE 3.4 um 0.627 + 0.023 5
WISE 4.6 um 10.449 + 0.021 5
WISE 12 um 10.275 + 0.047 5
WISE 22 um 8.23 + 0.446 5
Astrometry
RA (J2000) 1929 15.21 4
Dec (J2000) +65 58 27.72 4
RA PM (mas yr~') 56.490 + 0.022 4
Dec PM (mas yr‘l) —-131.659 + 0.020 4
Parallax (mas) 26.8860 + 0.0158 4

References. 1. Stassun et al. (2018), 2. Cutri et al. (2003), 3. Zacharias
et al. (2012), 4. Gaia Collaboration (2020), 5. Cutri et al. (2013).

window that is three times longer than the transit duration of

0993 .
71.150% 03¢ min.

2.2. Ground-based photometry

The pixel scale of TESS spacecraft is 21” per pixel (Ricker
et al. 2015). A targeted star might not be alone in a single pixel.
Other stars in the same pixel might be suspected to be the source
of the TESS detection. Even if the transit signal is on target,
the depth might appear shallower because of the contaminating
nearby stars. To confirm the signal on target and validate its plan-
etary nature, a series of precise ground-based observations were
collected using five observatories as part of the TESS Follow-
up Observing Program (TFOP'). We made use of TESS Transit
Finder (TTF) tool, which is a customized version of the Tapir
software package (Jensen 2013), to schedule our observations
described hereafter.

2.21. LCOGT 1m

The first two full transits of TOI-1680b were observed from
Las Cumbres Observatory Global Telescope (LCOGT; Brown
et al. 2013) 1.0-m network node at McDonald Observatory. The
1-meter telescopes are equipped with 4096x4096 pixels SIN-
ISTRO cameras having a pixel scale of 0.389” per pixel, offering
a field of view of 26'x26’. The first transit was observed on
13 June 2020 in the Ic band for 210 min, over which we gath-
ered 64 images with an exposure time of 150 seconds. The
second transit was observed on 07 July 2020 in Sloan i’ band
during an observational window of 198 min, where we col-
lected 63 images with an exposure time of 150 s. The data

I https://tess.mit.edu/followup

reduction and photometric data extraction were performed using
the AstroImage] (AlJ: Collins et al. 2017) software package
with an uncontaminated aperture of 8.0 pixels (3.11"") for both
observations.

2.2.2. TRAPPIST-North photometry

We observed a partial and a full transit of TOI-1680b with
the 0.6-m TRAPPIST-North telescope located at Oukaimeden
Observatory in Morocco (Jehin et al. 2011; Gillon et al. 2013;
Barkaoui et al. 2019) on 22 June and 16 July 2021, respectively.
TRAPPIST-North is equipped with a thermoelectrically cooled
2Kx2K Andor iKon-L. BEX2-DD CCD camera with a pixel
scale of 0.6” per pixel, offering a field of view of 20’x20’. Both
observations were performed in Sloan z’ band with an exposure
time of 80 s. The first observation consisted of 113 images for 182
min and the second consisted of 99 images for 166 min duration.
For both datasets, we performed the data reduction and differ-
ential aperture photometry using prose” (Garcia et al. 2022),
which selected the optimum apertures for the photometric data
extraction to be 6.94 pixels (4.16") for the first observation and
8.32 pixels (5”) for the second.

2.2.3. SPECULOQOS-North Artemis photometry

Two full transits of TOI-1680b were observed by the telescope
Artemis of the SPECULOOS Northern Observatory (SNO,
Burdanov et al. 2022), located at the Teide Observatory (Canary
Islands, Spain). Artemis is operated in a fully automated man-
ner and equipped with Andor iKon-L camera with a 2Kx2K
deep-depletion CCD, which has a pixel scale of 0.35” per pixel.
The first transit was observed on 09 August 2021 in the Sloan
¢’ filter with an exposure time of 100s. We gathered 156 images
over 319 min. The second transit was observed on 02 September
2021 in an I + z filter (Johnson/Cousins I + Sloan z’) with an
exposure time of 20 s. We gathered 641 images during an obser-
vational window of 325 min. Both datasets were calibrated, and
the differential aperture photometry were performed using the
PRINCE pipeline (Demory et al. 2020). The aperture radii used
were 5.0 pixels (1.75”) for the first observation and 8.5 pixels
(2.97") for the second.

2.2.4. SAINT-EX photometry

More ground-based photometric time-series observations of
TOI-1680b were obtained from the SAINT-EX observa-
tory (Search And characterlsatioN of Transiting EXoplanets).
SAINT-EX is a 1-m telescope in the F/8 Ritchey—Chrétien con-
figuration and operated in fully robotic manner. It is equipped
with an 2kx2k deep-depletion CCD camera with a pixel scale
of 0.34” per pixel offering a field of view of 12'x12’. The
telescope is allied to an ASTELCO equatorial NTM-1000 Ger-
man mount associated with direct-drive motors that permits
observation without a meridian flip. It is in fact a twin of the
SPECULOOS-South and SPECULOOS-North telescopes, and it
operates as part of the SPECULOOS survey (Delrez et al. 2018;
Sebastian et al. 2021).

Two full transits were observed by SAINT-EX. The first on
21 September 2021 in an [ + z filter for 314 min, in which we
gathered 520 raw images with an exposure time of 19s. And the
second on 08 November 2021 in Sloan #’ filter for 206 min, with
an exposure time of 105 seconds where we gathered 104 images.

2 https://github.com/lgrcia/prose
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The data reduction and differential aperture photometry were
performed automatically using the PRINCE pipeline. For more
information on the SAINT-EX telescope and PRINCE pipeline,
we refer to Demory et al. (2020). The aperture radii used were
6.5 pixels (2.28") for the first observation and 11.0 pixels (3.85")
for the second.

2.2.5. LCOGT MUSCAT3 photometry

A full transit of TOI-1680b was observed simultaneously in
Sloan-¢’, r’, i’, and Pan-STARRS z-short bands on UTC April
21, 2022 using the LCOGT 2m Faulkes Telescope North at
Haleakala Observatory on Maui, Hawaii. The telescope is
equipped with the MuSCAT3 multi-band imager (Narita et al.
2020). The raw images were calibrated using the standard
LCOGT BANZAT pipeline (McCully et al. 2018), and photometric
measurements were extracted using AstroImage] (Collins et al.
2017). The light curve in the Sloan-¢’ filter was not selected to be
included in the analyses because of the low signal-to noise ratio
(S/N) that is due to the faintness of the star in this band.

2.3. Spectroscopic observations

With the aim of better constraining the stellar properties, we
also performed spectroscopic observation detailed hereafter. The
analyses are presented in Sect. 3.1.1.

2.3.1. IRTF/SpeX

We gathered a near-infrared spectrum of TOI-1680 with the
SpeX spectrograph (Rayner et al. 2003) on the 3.2-m NASA
Infrared Telescope Facility (IRTF) on 19 Oct 2021 (UT). The
conditions were clear with a seeing of 1”0-172. We followed the
same observational design as other recent IRTF/SpeX observa-
tions of M-dwarf TOIs (Wells et al. 2021; Delrez et al. 2022). We
used the short-wavelength cross-dispersed (SXD) mode with the
0.3” x 15" slit aligned to the parallactic angle, which gives a
set of spectra covering 0.75-2.42 um with a resolving power of
R~2000. Nodding in an ABBA pattern, we collected 18 expo-
sures of 64.9s each, totaling 19.5 min on source. We collected
a set of standard SXD flat-field and arc-lamp exposures imme-
diately after the science frames, followed by a set of six, 2.8-s
exposures of the AQ V star HD 172728 (V =5.7). We reduced the
data using Spextool v4.1 (Cushing et al. 2004), following the
instructions for standard usage in the Spextool User’s Manual.
The final spectrum has a median S/N per pixel of 68 with peaks
in the J, H, and K bands of 98, 101, and 91, respectively, along
with an average of 2.5 pixels per resolution element.

2.3.2. Shane/Kast

We obtained a low-resolution optical spectrum of TOI-1680 on
27 Nov 2021 (UT) using the Kast double spectrograph (Miller
& Stone 1994) on the 3-m Shane Telescope at Lick Observatory.
Conditions were partly cloudy with a seeing of 1”. We obtained
two sequential exposures of 1200 s (40 min total) through the red
channel of Kast using the 600/7500 grism and 2”-wide slit, pro-
viding spectra covering 5900-9200 A at an average resolving
power of R ~ 1900. We observed the spectrophotometric cal-
ibrator Feige 110 (Hamuy et al. 1992, 1994) earlier that night
for flux calibration, and the G2 V star HD 205113 (V = 6.87)

3 Available at
observer/

http://irtfweb.ifa.hawaii.edu/~spex/

A3l, page 4 of 14

immediately after TOI-1680 for telluric absorption calibration.
Flat-field and arc line lamps were obtained at the start of the
night for flux and wavelength calibration. Data were reduced
and analyzed using the kastredux package*, with standard set-
tings for image reduction and calibration, boxcar extraction of
the spectrum, wavelength calibration, flux calibration, and tel-
luric absorption calibration. The final spectrum has a S /N = 150
at 7500 A and wavelength accuracy of 0.51 A (22kms™).

2.4. High-resolution imaging

As part of our standard process for validating transiting exoplan-
ets to assess the possible contamination of bound or unbound
companions on the derived planetary radii (Ciardi et al. 2015),
we observed the TOI-1680 with near-infrared adaptive optics
(AO) imaging at Keck and Shane Observatories. Gaia DR3 is
also used to provide additional constraints on the presence of
undetected stellar companions as well as wide companions.

2.4.1. Keck-II near-infrared adaptive optics imaging

The Keck Observatory observations were made with the NIRC2
instrument on Keck-II behind the natural guide star AO system
(Wizinowich et al. 2000) on 28 Aug 2021 UT in the standard
three-point dither pattern that is used with NIRC2 to avoid the
left lower quadrant of the detector, which is typically noisier than
the other three quadrants. The dither pattern step size was 3" and
was repeated twice, with each dither offset from the previous
dither by 0.5”. NIRC2 was used in the narrow-angle mode with
a full field of view of ~10” and a pixel scale of approximately
0.0099442" per pixel. The Keck observations were made in the
K filter (1, = 2.196; A4 = 0.336 um) with an integration time of
1 second for a total of 9 s on target.

The AO data were processed and analyzed with a custom
set of IDL tools. The science frames were flat-fielded and sky-
subtracted. The flat fields were generated from a median average
of dark-subtracted flats taken on-sky. The flats were normalized
such that the median value of the flats is unity. The sky frames
were generated from the median average of the dithered science
frames; each science image was then sky-subtracted and flat-
fielded. The reduced science frames were combined into a single
combined image using an intra-pixel interpolation that conserves
flux, shifts the individual dithered frames by the appropriate
fractional pixels, and median-coadds the frames. The final res-
olutions of the combined dithers were determined from the
full-width half-maximum of the point spread functions (0.056”
for the Keck observations).

The sensitivities of the final combined AO image were deter-
mined by injecting simulated sources azimuthally around the
primary target every 20° at separations of integer multiples of the
central source’s FWHM (Furlan et al. 2017). The brightness of
each injected source was scaled until standard aperture photom-
etry detected it with 5o significance. The resulting brightness of
the injected sources relative to TOI-1680 set the contrast limits
at that injection location. The final 50 limit at each separation
was determined from the average of all of the determined lim-
its at that separation and the uncertainty on the limit was set
by the rms dispersion of the azimuthal slices at a given radial
distance. The Keck data have a sensitivity close-in of dmag =
2.9 mag at 0.06”, and deeper sensitivity at wider separations
(6mag = 6.5 mag at 20.4”). The final sensitivity curve for the
Keck is shown in Fig. 2. No close-in (<1”) stellar companions
were detected by Keck.

4 https://github.com/aburgasser/kastredux
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Fig. 2. Keck NIR AO imaging and sensitivity curve for TOI-1680 taken
in the K filter. The image reaches a contrast of ~7 magnitudes fainter
than the host star beyond 0.”5. Inset: image of the central portion of
the data.

2.4.2. Shane near-infrared adaptive optics imaging

We observed TIC 259168516 on UT 2021 June 2 using the
ShARCS camera on the Shane 3-meter telescope at Lick Obser-
vatory (Kupke et al. 2012; Gavel et al. 2014; McGurk et al.
2014). The observation was taken with the Shane adaptive optics
system in natural guide star mode. The final images were con-
structed using sequences of images taken in a four-point dither
pattern with a separation of 4” between each dither position.
Two image sequences were taken of this star: one with a K fil-
ter (1p = 2.150 um, A2 = 0.320 um) and one with a J filter
(Ao = 1.238 um, A2 = 0.271 um). A more detailed description
of the observing strategy and reduction procedure can be found
in Savel et al. (2020). The contrast curves extracted from these
observations are shown in Fig 3. With the K filter, we achieve
contrasts of 2.5 at 1”” and 4.4 at 2. With the J filter, we achieve
contrasts of 2.8 at 1” and 4.0 at 2”. We detect one companion
about 5”8 west of TIC 259168516 that is 5.0 magnitudes fainter
in Ks and 5.7 magnitudes fainter in J. Based on this, the star is
likely the known neighbor TIC 1884271108. Gaia EDR3 parallax
and proper motion indicate that it is another line-of-sight star.

2.5. Gaia assessment

In addition to the high resolution imaging, we have used Gaia to
identify any wide stellar companions that may be bound mem-
bers of the system. Typically, these stars are already in the TESS
Input Catalog and their flux dilution to the transit has already
been accounted for in the transit fits and associated derived
parameters from the TESS PDC-SAP photometry. There are no
additional widely separated companions identified by Gaia that
have the same distance and proper motion as TOI-1680 (see also
Mugrauer & Michel 2020, 2021).

Additionally, the Gaia DR3 astrometry provides additional
information on the possibility of inner companions that may have
gone undetected by either Gaia or the high resolution imaging.
The Gaia renormalised unit weight Error (RUWE) is a metric,
similar to a reduced chi-square, where values that are <1.4 indi-
cate that the Gaia astrometric solution is consistent with the
star being single whereas RUWE values >1.4 may indicate an
astrometric excess noise, possibly caused by the presence of an
unseen massive (stellar) companion (e.g., Ziegler et al. 2020).

TOI-1680 has a Gaia DR3 RUWE value of 1.05 indicating that
the astrometric fits are consistent with the single star model.

3. Analyses
3.1. Stellar characterization
3.1.1. Spectroscopic analysis

The Shane/Kast optical and IRTF/SpeX near-infrared spectra
allow us to assess TOI-1680’s fundamental stellar properties.
Using tools in the kastredux package, we compared the opti-
cal spectrum to the SDSS M dwarf templates of Bochanski
et al. (2007), and found a best overall match to the M5 template
(Fig. 4). Spectral indices from Reid et al. (1995), Martin et al.
(1999), Lépine et al. (2003), and Riddick et al. (2007) are more
consistent with an M4 classification, suggesting an intermedi-
ate type of M4.5 +0.5. The ¢ metallicity index of Lépine et al.
(2007); Mann et al. (2013), based on relative strengths of TiO
and CaH features, is measured to be 1.025 +0.002, consistent
with a metallicity of [Fe/H] = +0.04 + 0.20 based on the calibra-
tion of Mann et al. (2013). We see no evidence of Ha emission
in the Balmer line at 6563 A (equivalent width limit of <0.3 A),
suggesting an age >4—7 Gyr (West et al. 2008).

The SpeX SXD spectrum of TOI-1680 is shown in Fig. 4.
We used the SpeX Prism Library Analysis Toolkit (SPLAT,
Burgasser & Splat Development Team 2017) to compare the
spectrum to that of single-star spectral standards in the IRTF
Spectral Library (Cushing et al. 2005; Rayner et al. 2009), find-
ing the best single match to the M3.5 standard GI273. We
note that the shape of the spectrum of TOI-1680 suggests it is
cooler than the M3.5 standard, though the M4.0 standards in
the library give poorer fits. We adopt an infrared spectral type
of M3.5 = 0.5, earlier but consistent with the optical classifica-
tion. After adjusting for a barycentric velocity of —1.64kms™!,
we cross-correlated the SpeX spectrum of TOI-1680 with the
rest-frame velocity of the M3.5 standard to determine the radial
velocity. Determining the uncertainty of the cross-correlation
with a Monte Carlo approach, we estimate a radial velocity of
—-34.3 + 3.3kms~!. After applying a radial-velocity correction,
we confirmed that the best-fit spectral standard did not change.

The SpeX spectrum also provides an estimate of stellar
metallicity. Using SPLAT, we measured the equivalent widths
of the K-band Nal and Cal doublets and the H20-K2 index
(Rojas-Ayala et al. 2012). We then used the Mann et al. (2013)
relation between these observables and [Fe/H] to estimate the
stellar metallicity, propagating uncertainties using a Monte Carlo
approach (see Delrez et al. 2022). We determined a metallicity
of [Fe/H] = —0.32 + 0.13, which is lower than but formally con-
sistent with the optical measurement and more in line with the
apparent old magnetic activity age of the star.

3.1.2. Empirical relations

We used available empirical relationships appropriate for
M dwarfs to determine the stellar parameters of TOI-1680.
We first used Gaia EDR3 parallax and 2MASS mg visual
magnitude to calculate the Mg absolute magnitude and found
Mg = 7.9720 + 0.0203. We then used the empirical relation-
ship between the mass and Mg absolute magnitude of Mann
et al. (2019) to estimate the mass of TOI-1680, which we
found to be M, = 0.1800 + 0.0043 M,,. This is in good agree-
ment with the mass value of M, = 0.1765 + 0.02 M, esti-
mated using the mass—luminosity relation in the K-band from
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Fig. 3. High-resolution imaging and contrast curves of TOI-1680 obtained with the ShARCS camera on the Shane 3-m telescope, with the J (left)

and K filter (right). No secondary sources were detected.

Benedict et al. (2016), where the uncertainty is dominated by the
scatter in the mass-Ks relation.

Using the empirical polynomial relation between the stellar
radius R, and My derived by Mann et al. (2015), we estimated
R, to be 0.2130 % 0.0064 R, with a typical uncertainty of 3%
as reported in Table 1 of Mann et al. (2015). As an independent
check, we used the mass—radius relationship of Boyajian et al.
(2012) to determine the radius from the masses we previously
estimated. We found R, = 0.2075 + 0.0039 R, which is consis-
tent with the aforementioned radius determination. This leads to
a stellar density of 27.4 + 2.6 gcm™.

As for the effective temperature determination, we first esti-
mated the bolometric correction in the K-band to be BCgx =
2.7414 + 0.0822 mag, by making use of the empirical polyno-
mial relation between BCg and V — J of Mann et al. (2015).
Then, we determined a bolometric magnitude of Myy = 10.72 +
0.085 mag, which gives a bolometric luminosity of L. =
0.004353 £0.000340 L. The Stefan-Boltzmann Law, along with
the aforementioned stellar radius and bolometric luminosity,
gives an effective temperature 7.z = 3210 + 62 K. Indepen-
dently, we also determined the effective temperature based on the
empirical relation of Mann et al. (2015) using the color indexes
V —Jand J — H, and found T.g = 3224 + 100 K. The two values
are consistent within 1o

3.1.3. SED fitting

As an independent check, we used the EXOFASTv?2 analyses pack-
age (Eastman et al. 2019) to perform an analysis of the broadband
spectral energy distribution (SED) of TOI-1680 using MIST stel-
lar models (Dotter 2016; Choi et al. 2016) to determine the stellar
parameters. We pulled the JHK; magnitudes from the 2MASS
catalog (Cutri et al. 2003), WISE1-WISE4 magnitudes from the
AUIIWISE catalog (Cutri et al. 2003) and the GGgpGrp mag-
nitudes from Gaia EDR3 (see Table 2). We performed the fit
shown in Fig. 5 with T, R, and M., as free parameters with a
Gaussian prior on the Gaia EDR3 parallax which we corrected
for systematics by subtracting -0.041867248 mas from the nomi-
nal value according to the Lindegren (2020) prescription. We set
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an upper limit on the extinction of Ay = 0.29233 from the dust
maps of Schlafly & Finkbeiner (2011) and a Gaussian prior on
the stellar metallicity from IRTF/SpeX (see Table 3). The SED
fit results, reported in Table 3, are in excellent agreement with
our previous determinations.

3.2. Statistical validation

To statistically validate TOI-1680b, we used TRICERATOPS?
(Giacalone et al. 2021), which validates planets by simulating
astrophysical false positives arising from gravitationally bound
stellar companions, chance-aligned foreground or background
stars, and known nearby stars that are blended with the target
in the TESS data. It uses a Bayesian tool that incorporates prior
knowledge of the target star, planet occurrence rates, and stel-
lar multiplicity to calculate the false positive probability (FPP)
and nearby false positive probability (NFPP). The FPP quan-
tity represents the probability that the observed transit is due
to something other than a transiting planet around the target
star and the NFPP quantity represents the probability that the
observed transit originates from a resolved nearby star rather
than the target star. Giacalone et al. (2021) state that for a
planet to be statistically validated it must have FPP < 0.015 and
NFPP < 0.001.

We first applied TRICERATOPS to the TESS 2-min-cadence
light curve supplied with the contrast curve obtained by the
NIRC2 speckle imaging in Sect. 2.4.1. The resulting FPP and
NFPP values are 0.0018 + 0.0001 and 0.0017 + 0.0001 respec-
tively. The FPP is good enough but NFPP is above the threshold
to classify a validated planet (Giacalone et al. 2021). Only three
nearby stars were bright enough and close enough to the tar-
get star to cause nearby false positives: TIC 1884271108 (AT =
6.4, sep = 6”), TIC 259168518 (AT = 1.3, sep = 30”), and
TIC 259168513 (AT = 2.6, sep = 37"). However, because the
event observed by TESS was confirmed to be on-target by our
ground-based observations, we were able to rule out these stars

5 https://github.com/stevengiacalone/triceratops
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Fig. 5. Spectral energy distribution (SED) of TOI-1680. The red crosses
show the broadband observations and the error bars show the width of
the filters. The blue circles represent the model fluxes.

Table 3. Stellar parameters.

Parameter Value Source
Sp. type M4.5+0.5 Shane/Kast @
M3.5+0.5 IRTF/SpeX »
Ter/K 3191*88 SED
3224 + 100 Mann et al. (2015)
3210+ 100 Stefan—Boltzmann
[Fe/H] +0.04 £ 0.20 Shane/Kast©
-0.32+0.13 IRTF/SpeX @
M, | Mg 0.1800 = 0.0044 Mann et al. (2019)
0.208 +0.010 Mann et al. (2015)
0.1801 £ 0.021 SED
R,/ Ry 0.2130 + 0.0064 Mann et al. (2015)
0.209 +0.011 SED
L,.107%/ L 4.07*93 SED
4.353 £ 0.340 BCk (Mann et al. 2015)
log g4 /dex 5.063”:8:83; SED
s/ gem™ 2740 +2.82 M, R,
28.4%‘;% SED
27.3'5% Global fit

Notes. Parameters in bold are the adopted stellar values in the anal-
yses. @Classification based on spectral templates from Bochanski
et al. (2007) and spectral type/index relations from Reid et al. (1995),
Martin et al. (1999), Lépine et al. (2003) and Riddick et al. (2007).
®)Classification based on comparison to spectral standards (Cushing
et al. 2005; Rayner et al. 2009) and spectral type/index relations from
Kirkpatrick et al. (2010). ©“Metallicity based on measurement of the £
index Lépine et al. (2007); Mann et al. (2013) and calibrations from
Mann et al. (2013). ®Metallicity based on measurement of K-band Na 1
and Cal doublets and the H20-K2 index (Rojas-Ayala et al. 2012), and
the calibrations of Mann et al. (2014).

as sources of false positives and set NFPP = 0 from the out-
set. The FPP is then reduced to 0.0001 + 0.0001, which is low
enough for validating the planet. Independently, we also used
the light curves obtained by the Artemis 1-m and LCO-Hal 2-
m telescopes as they present tighter photometric constraints than
the TESS data. This was supplied with the same contrast curve
mentioned above and without removing any nearby star. This
yields FPP and NFPP values generally lower than 0.01 and 0.001
respectively. Therefore, we consider this TESS candidate to be a
validated planet.

3.3. Stellar activity

With an ecliptic latitude of 8 = +81.05 deg, TOI-1680 is located
near the northern ecliptic pole in the TESS CVZ. Targets in
the CVZ are highly valuable for extracting long-period rota-
tion rates. We first visually inspected the TESS PDC-SAP
light curves and found no hints of rotational modulation nor
evidence of flares. We then used the Systematics-Insensitive
Periodogram (TESS-SIP®) to build a periodogram for photomet-
ric data from all the 19 sectors. This tool creates a Lomb—Scargle
periodogram, while simultaneously detrending TESS systemat-
ics using a similar method to that described in Angus et al. (2016)
for detrending systematics in the NASA Kepler/K2 dataset.

¢ https://github.com/christinahedges/TESS-SIP

A3l, page 7 of 14



A&A 677, A3l (2023)

0.4 — Target
9]
2
502
00 1 T T T T T T T T
0 50 100 150 200 250 300 350
6] — BKe
$ 47
[
o
2 -
O 1 T T T T T T T
0 50 100 150 200 250 300 350
)
[}
310
o
o
&
D05
[}
o
©
F o041, . . i i i . i
0 50 100 150 200 250 300 350

Period [d]

Fig. 6. Systematics-insensitive periodogram (SIP) for TOI-1680b. The
periodogram is calculated for both the corrected light curve (black line
in the top panel) and the background (BKG) pixels (blue line in the
middle panel). The star and the BKG show the same powers. The bottom
panel shows the target to the BKG ratio. We do not see any clear peak
for the target.

Since the rotational period of the star might be removed by the
PDC pipeline, TESS-SIP uses the TESS target pixel file (TPF)
data, and apertures assigned by the TESS Pipeline to repro-
duce a simple aperture photometry (SAP) light curves of the
target. We applied this operation on all the 19 observing sec-
tors. Searching for periods between 10 and 365 days, we applied
TESS-SIP on the target and on all the background pixels outside
of the TESS pipeline aperture in the TESS TPFs for TOI-1680.
The SIP powers, presented in Fig. 6, show a marked similarity
between the periodograms of the target and of the background.
For comparison, the lower panel shows the ratio of the target
to the background powers. We do not see any significant peaks
where the target would display power that would be substantially
greater than that of the background.

We also used TESS-SIP on each sector alone. We did not find
any clear stellar rotation signal nor consistency between the peri-
odograms of any sectors. In short, there is no hint of rotational
variability detected for TOI-1680 in the TESS dataset, which is
consistent with the lack of detectable He emission in its optical
spectrum.

Although the TESS CVZ light curves would encompass typ-
ical rotation periods for mid-M-dwarfs (0.1 to 140 days; e.g.,
Newton et al. 2016), we searched for completeness other ground-
based photometric archives. Our target TOI-1680 is not part of
the MEarth sample (Berta et al. 2012). We analyzed the ASAS-
SN light curves (Shappee et al. 2014; Kochanek et al. 2017) for
our object that had observations in V and g, spanning from June
2012 to June 2023. We do not find rotational modulation. We
note that given the faintness of our target in bluer bands (e.g.,
Gaiagp = 16.27 mag), only ~65% of the ASAS-SN observations
were above the observational limit of each individual observa-
tion (with a median limiting magnitude of 16.832 mag in the full
light curve). Furthermore, flares cannot be robustly detected in
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Table 4. Quadratic limb-darkening coefficients used in the photometric
joint analysis for each passband.

Filter U U

TESS 0.2759 £ 0.0300 0.3347 +0.0500
4 0.2367 +£0.0277  0.3540 + 0.0529
v 0.5211 £0.0533  0.3247 +£0.0790
g 0.5262 +£0.0457 0.3611 + 0.0646
Ic 0.2940 + 0.0280 0.3729 +£0.0516
i 0.3121 £ 0.0301  0.3743 +0.0550

the ASAS-SN data because of its cadence (about two to three
days; Jayasinghe et al. 2018).

3.4. Transit modeling

We jointly analyzed the light curves from TESS and ground-
based instrumentation described in Sect. 2 using the EXOFASTv2
(Eastman et al. 2019) software package. We included the TESS
photometric data described in Sect. 2.1 from sectors 14 to 50.
We detrended the ground-based light curves for the airmass,
as well as for either the background or the half width at half
maximum (HWHM) of the PSF. The choice of these param-
eters was based on the likelihood maximization. Some light
curves were detrended only for airmass, especially the partial
ones. Table 1 shows the detrending parameters of each light
curve. The detrending was done simultaneously with the tran-
sit fitting to ensure a good propagation of the uncertainties on
the derived parameters. We fixed the eccentricity to zero assum-
ing the orbit to be circular (see justification below). We set the
NOMIST flag to disable the MIST stellar track that constrains the
star and, instead, we imposed Gaussian priors on the stellar mass
(0.1800 + 0.0044 M,,), radius (0.2100 = 0.0064 R) and tempera-
ture (3224 + 100K) from our determinations reported in Table 3
as well as uniform priors on the period (P = 4.8026 +0.1P d) and
transit epoch (7, + P/3) from the values reported in ExoFOP.
We set the NOCLARET flag to disable the Claret tables (Claret
2017; Claret & Bloemen 2011) that are used to fit the quadratic
limb-darkening parameters u; and u, and we applied our own
gaussian priors computed using the PyLDTk code (Parviainen
& Aigrain 2015) for each passband (see Table 4). TESS light
curves are corrected for contamination, but we still fit for dilu-
tion of the transit signal in the TESS band due to the neighboring
stars using 0+10% of the contamination ratio reported in the
TIC 259168516 on ExoFOP as Gaussian prior as recommended
by Eastman et al. (2019) to account for any uncertainty in the
correction. We ran the EXOFASTv2 analysis until convergence
when the Gelman—Rubin statistic (GR) and the number of inde-
pendent chain draws (Tz) were less than 1.01 and greater than
1000, respectively.

To test the impact of the detrending on our derived
parameters, we performed independent analyses of the light
curves with another code. We used the PyTransit package
(Parviainen 2015) and linear models of detrending vectors
(FWHM, airmass and background), as done in Wells et al. (2021)
and Schanche et al. (2022). We found good agreement between
the fits and therefore continued with EXOFASTv2 for the full anal-
ysis. The detrended and modeled light curves are presented in
Fig. 7 and the TESS phase-folded light curve is presented in
Fig. 8. The results are reported in Table 5. We also fitted for
an eccentric orbit to assess the evidence for orbital eccentricity
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The residuals are plotted in the bottom panel.

using photometric-only data. A comparision of the loglikelihood
of the two fits appears to favor a circular orbit.

We were concerned that the background level was overesti-
mated and overcorrected in the SPOC pipeline in the northern
year 2 sectors (14-26). Fitting only data from sectors 14 to 50

would lead to an overestimation of the planet radius by roughly
2%. However, this bias is comparable to the error bars on the
planet radius and, the inclusion of the dilution term and addi-
tional ground-based data significantly mitigates the problem.

4. Discussion
4.1. TOI-1680 b and the radius valley

Studies performed by Fulton et al. (2017) on the Kepler small
exoplanets have identified a radius valley roughly from 1.5 to
2 Rg, separating rocky super-Earths and gaseous sub-Neptunes
around Sun-like stars. A low-radius peak at 1.3 Rg corresponds
to high-density super-Earths and a high-radius peak at 2.4 Rg
corresponds to low-density sub-Neptunes with significant pri-
mordial H/He atmospheres. This gap is considered as possi-
ble transition region between rocky and icy “super-Earth” and
“mini-Neptunes.” Cloutier & Menou (2020) showed that the
radius valley persists for low-mass stars (i.e., M < 0.65 Ry).
Two contrasting theories have been presented to explain
the radius valley. The first is gas-poor formation model which
proposes that the radius valley is a feature intrinsic to the exo-
planet population from formation onward (Luque et al. 2021; Lee
et al. 2014; Lee & Chiang 2016; Lee & Connors 2021). Specifi-
cally, some planets are formed with extended H/He envelopes,
whereas the population of rocky planets is formed later in
a gas-poor environment after the gas is dissipated from the
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Table 5. Median values and 68% confidence intervals for the parameters of TOI-1680b obtained using EXOFASTv2.
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Parameter  Description Best-fit value
Stellar parameters
M. Mass (M) 0.1798 + 0.0044
R. Radius (Ry) 0.21 061’8:882;
L. Luminosity ( Lg) 0.00434f8:888§§
D Density (cgs) 27.229
: . 0.027
logg Surface gravity (cgs) 5.046% 051
Ter Effective temperature (K) 32257%,
Planetary parameters
P Orbital period (days) 4.8026345*0-0000099
Rp Planet radius (Rg) 1.466’:8823
Tc Transit time (BJDtpg) 245901 3.84254’:8:888%3
s : 0.00025
a Semi-major axis (AU) 0.03144* 5 005e
i Inclination (degrees) 89.58%028
Teq Equilibrium temperature® (K) 404 + 14
Rp/R, Planet-to-star radius ratio 0.0638 = 0.0015
a/R, Semi-major axis in stellar radii 32.047074
s (Rp/R.)? 0.00407+0-0001°
o1 Transit depth in I (fraction) 0.00472 + 0.00020
Oy Transit depth in i’ (fraction) 0.0066f8:88%§
O Transit depth in * (fraction) 0.0066f8:88%2
: - . 0.00098
[ Transit depth in 7’ (fraction) 0.()0503J_r0'00065
OTESS Transit depth in TESS (fraction) 0.00507’:8:38&30
; : 0.00026
T Ingress/egress transit duration (days) 0.003127 %016
T4 Total transit duration (days) 0.04941 fg:ggggg
Trwam FWHM transit duration (days) 0.04625+0.90072
b Transit impact parameter 0.237011
. 9 “1 -2 0.00084
(F) Incident flux (10° ergs™ cm™) 0.00600% 30075
d/R. Separation at mid-transit 32,0407
Predicted parameters
Mp Planet mass® ( Mg) 3.18f('):(1)9
K RV semi-amplitude (ms~!) 3.78:'('):32
TSM Transmission spectroscopy metric 7.82
Mp /M, Planet-to-star mass ratio 0.000053*:00001
oP Planet mean density (cgs) S,Sf{:g

Notes. @The equilibrium temperature corresponds to a case with null albedo and an 100% efficient heat recirculation. ®’The planetary mass is
estimated from the planetary radius from transit using the Chen & Kipping (2017) mass—radius relation. The radial velocity semi-amplitude (K) is

predicted using the estimated mass.

protoplanetary disk. The second is thermally driven atmospheric
mass loss (Lopez & Fortney 2013; Owen & Wu 2013; Jin et al.
2014; Chen & Rogers 2016), which proposes that the radius gap
is formed through evolution after the gas accretion phase. That
is, planets are formed with gaseous envelopes and some of them
experience atmospheric escape through two scenarios: 1) photo-
evaporation (Lopez & Fortney 2013; Owen & Wu 2013; Jin et al.
2014; Chen & Rogers 2016) triggered by energetic EUV and X-
ray flux from the host star in the first ~100 Myrs (Owen & Wu
2013) of the system and 2) core-powered mass-loss (Ginzburg
et al. 2016) triggered by the energy emergent from the cooling
planetary core in a Gyr timescale (Ginzburg et al. 2018).

On the contrary, a recent study performed by Luque &
Pallé (2022) further suggests that there is a density gap,
but not a radius gap, separating rocky planets and water-rich
worlds with no planets with intermediate composition. Using a
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sample of 34 exoplanets with well-characterized densities around
M-dwarf stars, they identified three populations: rocky planets
(p = 0.94+£0.13 pg), water-rich planets (o = 0.47 +0.05 pg), and
gas-rich planets (o = 0.24 + 0.04 pg). These study findings favor
the pebble accretion model (Venturini et al. 2020; Briigger et al.
2020) as the main mechanism for forming small planets around
M dwarfs, where rocky planets are formed within the ice line
while water-rich planets are formed beyond the ice line and then
migrated inwards. However, as for previous studies, the sample
of exoplanets used in this study is not large enough to draw firm
conclusions.

Figure 9 shows the current period-radius diagram of all
known exoplanets with precise radius measurements orbiting M
dwarfs. The empirical locations of the radius valley for FGK
stars as predicted by thermally driven photoevaporation (dashed
line) given by Van Eylen et al. (2018) and for low-mass stars as
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Fig. 9. Distribution of planet radii and orbital periods for all confirmed
small planets hosted by low-mass stars (M, < 0.65 M,). The solid and
dashed lines represent the predicted locations of the radius valley based
on the gas-poor formation model and thermally driven photoevaporation
models, respectively. The red dot represents the planet TOI-1680b. The
1D radius distribution, with the location of the planet TOI-1680Db, is
shown on the right panel.

predicted by gas-poor formation (solid line) given by Cloutier &
Menou (2020) are also displayed. With a radius of 1.466*005 Re
and orbital period of 4.8026343 + 0.0000030 days, TOI 1680b
is located close to the center of the super-Earth population where
the two models predict the location of small rocky planets. With
a future planetary mass determination, TOI-1680b can join the
growing sample of small planets with precise bulk densities
around M dwarfs.

4.2. Prospects for a radial velocity follow-up

The precise mass determination of TOI-1680b would allow us
to better constrain the detectability of a possible atmosphere and
better locate the planet in the radius-density gap. High-precision
radial velocity (RV) measurements will not only allow us to con-
strain the planetary mass, but also constrain its orbit such as its
eccentricity, which may shed some light onto the dynamical his-
tory of the system. TOI-1680b has a radius of 1.46679%3 R

0040 R
Thus, we expect a RV semi-amplitude of 3. 78*0 s Mms

-1, assum-
ing a circular orbit and a mass of 3. 18*1 é M, as predicted from
the mass—radius relation of Chen & Klpplng (2017).

Not many high-precision spectrographs in the northern
hemisphere are capable of detecting such a shallow signal
from a faint target (V = 15.87 mag and J = 11.63 mag).
Many typical planet finders, mounted on 2—4 m class telescopes
such as CARMENES (Quirrenbach et al. 2020), HARPS-N
(Cosentino et al. 2012), NEID (Schwab et al. 2016) or EXPRES
(Jurgenson et al. 2016) have limiting magnitudes that are brighter
than V=15.87. MAROON-X at the 8.1 m Gemini North telescope
(Seifahrt et al. 2020) has shown to reach the necessary precision
for faint M-dwarf host stars (Seifahrt et al. 2022). Despite the
high declination, it would be possible to reach a S/N of about
40 in the red arm after a 15 min exposure. Assuming a stellar
activity level of <1.5m s~!, this would allow for an overall preci-
sion of 0.7 ms~! precision with about 70 spectra. Thus, it will be
possible to measure the planet mass with state-of-the-art instru-
mentation at 5 o precision by investing about 29 h of telescope
time on a 8-m-class telescope.
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Fig. 10. Transmission Spectroscopy Metric for known planets that can
be observed with the JWST NIRSPEC/Prism. The sample is limited to
exoplanets with equilibrium temperatures below 500 K and radii smaller
than 1.5 R, and orbiting stars fainter than J = 10.5. The x-axis is limited
to 16 times Earth insolation flux. TOI-1680 b is labeled and highlighted
with a star. Data were taken from NASA Exoplanet Archive on June 25,
2023.

4.3. Potential for atmospheric characterization

We assess the potential for atmospheric characterization of TOI-
1680 b with JWST using the transmission spectroscopy metric
(TSM, Kempton et al. 2018). The TSM quantifies the expected
S/N in the transmission spectrum of a given planet with a cloud-
free atmosphere. Analytically, it is expressed as:

R3T
TSM = § X
p *

-m;j

><10

L

where R, and M, are the planetary radius and mass in Earth
units, R, is the stellar radius in Solar radii, Teq is the equilibrium
temperature of the planet in K and m; is the apparent magnitude
of the star in the J band. Also, S is a scale factor whose value
depends on the planetary radius range.

TOI-1680b is a cool (Tq < 500 K) super-Earth (R < 1.5Rg).
With J = 11.6, the host star is within reach of the JWST NIR-
Spec/PRISM (0.6-5.3 um) instrument (Jakobsen et al. 2022),
which cannot observe stars brighter than J = 10.5 without sat-
uration. We used the TSM to assess the suitability of all cool
(Teq < 500 K) planets with radii smaller than 1.5 R orbiting
stars fainter than J = 10.5 for atmospheric studies with this
instrument. This sample of exoplanets contains 63 targets. We
used the empirical mass—radius relation of Chen & Kipping
(2017) to estimate the mass of planets that do not have mass
measurements as is the case for TOI-1680b. TSM values of
these planets are shown in Fig. 10. We found that TOI-1680b
has a TSM=7.82 which indicate that it could be a suitable tar-
get for transmission studies with the JWST NIRSpec/PRISM
instrument. Specifically, amongst 63 targets, TOI-1680 b ranks as
the thirteenth most amenable target for these studies. It follows
all the TRAPPIST-1 planets (Gillon et al. 2017), Kepler-42 d
(Muirhead et al. 2012), K2-415 b (Hirano et al. 2023),
LP 791-18 d (Peterson et al. 2023), LP 890-9 b (Delrez et al.
2022) and TOI-237 b (Waalkes et al. 2021). Moreover, the
TSM is based on 10h of JWST observing time and with
an ecliptic latitude of g = +81.05deg. TOI-1680b is located
near the JWST CVZ, and it has the advantage of being
observable for about 250 days per year, which encourages its
atmospheric characterization.
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5. Conclusion

We have reported the discovery and initial characterization of
TOI-1680Db, a super-Earth orbiting a faint mid-M dwarf (V =
15.87). We used the combination of 2-min cadence TESS obser-
vations from 19 sectors, ground-based photometry, high-angular-
resolution imaging and spectroscopic observations to validate its
planetary nature. Joint analyses of TESS and ground-based data

yielded a planetary radius of 1.466’:8:823 Rg, an orbital period

of 4.8026345f8:88888‘3‘8 days and an equilibrium temperature of

404 + 14 K. According to the transmission spectroscopy met-
ric (TSM) of Kempton et al. (2018), TOI-1680b could be a
promising candidate for atmospheric characterization with the
JWST. However, a stronger prediction of the expected S/N waits
for direct mass measurement from radial velocity observations,
which could be done with the MAROON-X instrument at the
8.1 m Gemini North telescope.
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Appendix A: Target pixel files of TOI-1680
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Fig. A.1. TESS target pixel file images of TOI-1680 observed in Sectors 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 40, 41, 47, 49, and 50, shown on
the left. The red circles show the sources in the field identified by the Gaia DR2 catalogue with scaled magnitudes. The position of the targets is
indicated by white crosses and the mosaic of orange squares show the mask used by the pipeline to extract the SPOC photometry. These plots were
created with tpfplotter (Aller et al. 2020).

A3l, page 14 of 14



Chapter 5

Conclusion and future work

5.1 Conclusion

During my thesis, I took charge of the entire transiting exoplanet program of the TRAPPIST-
North robotic telescope, for more than three years. This program is dedicated to the follow-
up of TESS objects of interest (TOIs), which are transiting planet candidates. The main
goal was to confirm whether the transit-like signals detected by TESS are indeed due to
transiting exoplanets, or due to other astrophysical phenomena, called "false positives”.
My main work included the selection of interesting TESS planet candidates to observe,
scheduling of observations, reduction and analysis of the collected photometric data, and
interpretation of results. All this work was conducted in coordination with the TESS Follow-
up Observing Program Working Group (TFOP-WG), especially Sub-Group 1 (SG1) which
is dedicated to the seeing-limited photometric follow-up of TESS candidates. After each
successful observation, a summarizing report was submitted to SG1.

I contributed to the photometric follow-up of more than 257 TESS planet candidates,
most of them with the TRAPPIST-North telescope. This work contributed to the walidation’
of 9 transiting exoplanets. The "wvalidation’ of exoplanets is a process to confirm the planetary
nature of the transit signals through multi-color photometric observations of the transit
signal, adaptive optic observations to confirm that the host stars are single, spectroscopic
observations to further characterize the host stars (e.g. spectral type, metallicity), as well as
statistical validation checking that the transits present a significantly higher probability to
be produced by transiting planets than by other astrophysical phenomena. About 11 other
planets have been "walidated’ with the measurement of their masses through radial velocity
observations. Their masses have been found consistent with planetary-mass companions,
which led to classify them as ’confirmed’ planets. Validated and confirmed planets are
presented in peer-reviewed publications. Out of 198 TOIs (of the 275 TOIs) have been
found to present signals consistent with transiting planet using only photometric multi-color
photometric observations. Such cases are called verified planet candidates’ (VPC) and will
pass though the “walidation’ process in future. This work also led to the identification of 2
nearby planet candidates (NPC, i.e planets transiting stars close to the targeted stars), 4
eclipsing binaries (EB/SB1), 10 nearby eclipsing binaries (NEB), 9 blended eclipsing binary
(BEB/SB2) and 4 false alarm (FA) detections. ~ 10 TOIs remain as planet candidates that
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need more photometric follow-up observations.

I led the observations, analyses and publication of a "walidation’ paper of the super-Earth
planet TOI-1680 b (Ghachoui et al., 2023). My MCMC analyses of the data collected by
TESS and ground-based telescopes yielded that TOI-1680 b has a radius of 1.460700% Re
and equilibrium temperature of 404 4+ 14 K. It is on a 4.8-days orbit around a mid-type
M-dwarf star (TOI-1680, R, = 0.2100 £ 0.0064 Rg, M, = 0.1800 & 0.0044 Mg , and Tisy =
3211 + 100 K, V = 15.87 mag and J = 11.63 mag) located near the northern continuous
viewing zone of JWST and 37.14 pc away. I also investigated the potential of the planet
for mass determination and atmospheric characterization. The mass could be determined
with state-of-art instrument such as MAROON-X on 8-m telescope. Once its mass will be
determined, TOI-1680 b will join the small sample of keystone planets that could teach us
more on the features of the radius valley (see e.g. Fulton et al.; 2017; Cloutier & Menou,
2020) and the density valley (Luque & Pallé, 2022) and, eventually, help us to understand
the formation and evolution of super-Earths and mini-Neptunes. Also, I found that TOI-
1680 b is a good target for atmospheric characterization, via transmission spectroscopy, with
the JWST NIRSpec/PRISM instrument. Such observations are encouraged given the star’s
location near the CVZ of JWST.

5.2 Future work

A project of validation paper for TOI-6002 b and TOI-5713 b

I am leading a project of "walidation’ paper for two super-Earth planets, TOI-6002 b and
TOI-5713 b (Ghachoui et al.; 2024). We used the TESS data and ground-based multi-
wavelength photometry from various ground-based facilities, as well as high-resolution AO
observations to validate the planetary nature of the transit signals for both planets. I used
the newer branch of EXOFASTv2 (Eastman et al., 2013, 2019) to globally model each planet,
using all available photometric data, along with the SED fit and the relationships of Mann
et al. (2015) and Mann et al. (2019) to characterize the host stars. I found that TOI-6002
b has a radius of 1.657)7 Rg and is on 10.90-days orbit around a mid-type M-dwarf star
(TOI-6002, R, = 0.240970505% Ry, M, = 0.210575 0018 Mo, Topp = 324175 K, V = 14.6 mag
and J = 11 mag) located 32.04 pc away. On its side, TOI-5713 b has a radius of 1.777013 Re,
and is on a 10.44-days orbit around a mid-type M-dwarf star too (TOI-5713, 0.2985%5-5073
Ro, M, = 0.2654 & 0.0061 Mg, T.;; = 3228%5) K, V = 15.35 mag and J = 11.07 mag)
located 40.94 pc from us. The host star TOI-5713 has been found active, as it showed some
clear flares in the TESS light curves.

Both planets do not have yet their masses determined via RV observations. To test
their potential for this, T used the mass-radius relationship of Chen & Kipping (2017) to
estimate their masses, where I found M, = 3.877 Mg, for TOI-6002 b and M, = 4.3717 Mg

for TOI-5713 b. Given the masses of the host stars, this would result in reflex motions
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with semi-amplitudes in the order of 3ms™! for both host stars. Due to the faintness of the
stars, achieving such precision with instruments on 4-m class telescopes such as HARPS-N
(Cosentino et al., 2012) or CARMENES (Quirrenbach et al., 2020) is challenging. However,
it should be possible with the MAROON-X instrument (Seifahrt et al., 2020) at the 8.1-m

Gemini North telescope.

Looking at the radii distribution and their corresponding densities in the study of Luque
& Pallé (2022) (see Figure 2.2 in Chapter 2), TOI-5713 b falls slightly towards the range
of water-rich planets and TOI-6002 b falls in the region where we can find both rocky
and water-rich planets. Hence, it is unclear whether the two planets have rocky or water-
rich compositions. If they are not of intermediate composition, they might then be either
some of the largest rocky planets or some of the smallest water-rich worlds known to date.
Also, both planets are located near the opposing sides of the 'keystone planets’ zone of the
radius valley (Fulton et al., 2017; Cloutier & Menou, 2020) (see Figure 5.1 below), it is
then unclear whether they have lost their gaseous envelopes or not. In all cases, when their
masses are determined, these planets will be important additional targets to the sample
of ’keystone planets’. This sample is important to conduct strong statistical inferences on
the radius/density valley. This will ease the refinement of the relative dominance of the
various mechanisms thought to lie behind the formation and evolution of super-Earths and
sub-Neptunes around M dwarf stars, as elaborated in Chapter 2 (see e.g. Cloutier & Menou,
2020; Cherubim et al., 2023; Luque & Pallé, 2022).

To evaluate the atmospheric study potential for both planets, I initially used the transmis-
sion spectroscopy metric (TSM) by Kempton et al. (2018) to prioritize the transiting planets
most amenable for atmospheric investigations through transmission spectroscopy with the
JWST. Given their estimated masses, both planets have TSM values between 40 and 60,
with 90 being the threshold for planets in their sizes to be most suitable for atmospheric
studies. However, this does not mean that these planets are not important targets. Interest-
ingly, TOI-6002 b and TOI-5713 b receive insolation fluxes of 1.77701%S, and 2.4240.115,
respectively, which place them near the inner edge of the habitable zones of their host stars
(see e.g. Kopparapu et al., 2013; Kaltenegger, 2017). This region is known as the ”Venus-
zone” | referring to the orbit of Venus in our Solar System (see e.g. Kaltenegger et al., 2023).
Venus is an Earth-analog in terms of its radius and bulk composition, but it could not save
its water as long as Earth. The process presumed to be responsible for this is the so-called
" runaway greenhouse effect” (see e.g. Goldblatt & Watson, 2012; Kasting et al., 1984; Delrez
et al., 2022) caused by water vapor and C'O,, where water evaporation is accelerated. Both
planets, TOI-6002 b and TOI-5713 b, are important targets for future atmospheric studies
to observe wether they suffered this effect. These studies will help in understanding how
potentially habitable planets transition to Venus-like planets as it happened with Venus in

our Solar System (see e.g. Delrez et al., 2022; Kaltenegger et al., 2023).
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Figure 5.1: Distribution of planet radii and orbital periods for all confirmed small planets hosted
by low-mass stars (M, < 0.65Mg). The solid line represents the predicted location of the radius
valley based on the gas-depleted formation model (Cloutier & Menou, 2020). The dashed line
shows the predicted location of the valley for the thermally-driven photoevaporation and gas-poor
formation models (VanEylen et al., 2018). The red and blue dots represents the planets TOI-6002b
and TOI-5713b, respectively. The 1D radius distribution, with the location of the two planets, is
shown on the right panel.

Towards the study of super-Earths and sub-Neptunes

The mission TESS, supported with seeing-limited ground-based follow-up observations, is
on its way to enlarge the sample of super-Earth and sub-Neptune planets in orbits around
low mass stars (typically M dwarfs). Many of these planets are amenable to an accurate
measurement of their masses through radial velocity observations. These planets will enable
the scientific community to conduct in-depth statistical inferences on their formation and
evolution mechanisms. One of the pathways followed for this purpose is the radius/density
valley as explained in details in Chapter 2. T aim to continue the follow-up of promising TESS
exoplanet candidates for validation along with the selection of those that are amenable to
mass determination via radial velocity observations. I will also focus on the study of how
super-Earths and sub-Neptunes form and evolve by investigating the radius/density valley.
A special focus will be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>