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Abstrakt

Metodou transmisni spektroskopie miZeme studovat chemické sloZeni atmosfér tranz-
itujicich exoplanet. To ndm dovoluje studovat fyzikdlné-chemické procesy v exoplan-
etarnich atmosférach a umoZznuje 1épe porozumét formaci a evoluci planet. V této praci
jsme zkoumali archivni spektroskopicka data planet WASP-76b, WASP-127b, WASP-166b
a KELT-11b z pfistroje High Accuracy Radial velocity Planet Searcher (HARPS). Porov-
nanim dat pofizenych pied a po tranzitu s daty pofizenymi béhem tranzitu jsme ziskali
spektrum planety bez pfitomnosti stelarniho spektra. Zkoumali jsme pfitomnost sodiku
(sodikovy dublet), vodiku (Ha, HB) a lithia (670.8 nm). Vliv hvézdné aktivity jsme moni-
torovali za pouZiti Mg I a Ca I ¢ar. Hlavnim vysledkem prace je detekce sodiku v atmosféfe
planety WASP-76b na trovni 7-90. V atmosféfe WASP-127b jsme detekovali sodik na
urovni 4-80, ¢imz jsme nezdvisle potvrdili pfitomnost sodiku diive zjiSt€nou metodou
nizkodisperzni spektroskopie. Atmosféry planet KELT-11b a WASP-166b nevykazuji pfi-
tomnost sodiku ani jiného zkoumaného prvku, coz miize byt zptisobeno hustymi mraky ve
vysokych vrstvach atmosféry. Na zdvér jsme popsali dva pfipravované projekty pro dalsi
vyzkum exoatmosfér.



Abstract

The technique of transmission spectroscopy allows us to constrain the chemical com-
position of the atmospheres of transiting exoplanets. This gives us the chance to study
the physicochemical processes in the exoplanetary atmospheres and improve our under-
standing of the formation and evolution of planets. We analyzed archival High Accuracy
Radial velocity Planet Searcher (HARPS) spectroscopic time series of four exoplanets,
namely WASP-76b, WASP-127b, WASP-166b, and KELT-11b, searching for traces of
sodium (sodium doublet), hydrogen (He, HB), and lithium (670.8 nm). Simultaneously,
the stellar activity was monitored using the Mg I and Ca I lines. We detected sodium in
the atmosphere of WASP-76b at a 7-90 level. Furthermore, we also report the detection
of sodium in the atmosphere of WASP-127b at a 4-80¢ level of significance, confirming
earlier results based on low-resolution spectroscopy. The data show no sodium nor any
other studied element at high confidence levels for WASP-166b nor KELT-11b, hinting at
the presence of thick high clouds. We finish with an outlook on how we want to move
forward with exoatmosphere characterization by introducing two feasible projects in the
near future.
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Chapter 1

Introduction

1.1 Exoplanets

Exoplanets are planets outside of our Solar system. They are objects with masses below
M, =13 MJupl, thus, have never started nuclear fusion (Perryman, 2018). One of the
first modern papers about the detection of exoplanets was published by Strand (1943) who
reported a companion around a system 61 Cyg using the astrometric method (a precise
measurement of stars’ position on the sky), however a study by Heintz (1978) disproved this
discovery. Later, Struve (1952) proposed to use Doppler spectroscopy and transit method to
detect hot Jupiters? on short orbits. Latham, et al. (1989) reported a discovery of an object
orbiting a star HD 114762. They determined a bottom mass limit of the companion as
M. = 11 Myyp, however, due to the unknown inclination they prefered an explanation with
a non-planetary companion. Campbell, Walker & Yang (1988) mentioned the possibility
of a Jupiter-size planet around Gamma Cep, however, later Walker, et al. (1992) argued
that Gamma Cep is more likely a radial velocity variable star’. The same year, first firm
detection of an exoplanet around pulsar PSR 1257+12 was reported (Wolszczan & Frail,
1992). The first exoplanet around a main-sequence star was discovered in 1995 (Mayor
& Queloz, 1995). They used the radial velocity method to detect a hot Jupiter orbiting
star 51 Peg using data from ELODIE spectrograph mounted on the 1.9-m telescope at
the Observatory Haute-Provence in France. This accomplishment was awarded the Nobel
prize in 2019. It took another 4 years from their discovery for a transit detection of the
first exoplanet, when Henry, et al. (2000) and Charbonneau, et al. (2000) detected transit
of HD 209458b. Since these discoveries, research of exoplanets has become one of the
frontiers of today’s astronomy.

In the early days, exoplanets were discovered from the ground and most of them
were hot Jupiters. Their short orbital periods, high masses, and large diameters make
them ideal targets for the Doppler spectroscopy, as well as for the transit method. Doppler
spectroscopy is an indirect method for discovering exoplanets and other objects; it measures

! An alternative definition was proposed by Hatzes & Rauer (2015) based on the changes of the slope in
the mass — density relationship. They proposed a new definition of a planet, extending the planetary mass
up to M, = 60 Myyp.

2Jupiter-size exoplanet close to their star.

3Hatzes, et al. (2003) showed that Gamma Cep has a planetary companion.
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radial velocity shift that is caused by the orbital motion. An early work was done by Griffin
(1973) who discussed the possibility of determining the radial velocities to a precision of
10 ms~!, sufficient to detect exoplanets. This method was later advanced by Campbell,
Walker & Yang (1988); Hatzes & Cochran (1992); Butler, et al. (1996) and others to enable
very precise measurements of radial velocities that led to several discoveries of exoplanets
(Butler, et al., 2017).

The transit method measures the drops in brightness while the planet is in front of the
parents star’s disk. One of the first space missions dedicated to exoplanets was CoRoT
(Baglin, et al., 2002) that was launched in 2006. It led to the discoveries of 32 transiting
exoplanets, whose radiuses and masses were later determined. After a very successful
mission, CoRoT retired in 2012.

A truly revolutionary mission was Kepler (Borucki, et al., 2010), which led to the
discoveries of thousands of transiting exoplanets and provided us with exceptionally ac-
curate light curves. However, most of the Kepler’s targets are too faint for ground-based
spectroscopic follow-up observations. The Transiting Exoplanet Survey Satellite (TESS)
mission (Ricker, et al., 2015), that was launched in 2018, is providing suitable targets for the
follow-up observations especially regarding bright targets for exoatmosphere characteriza-
tion (Jones, et al., 2019; Dumusque, et al., 2019). In addition, ground-based photometric
surveys, e.g. WASP (Pollacco, et al., 2006), KELT (Pepper, et al., 2007), HAT (Bakos,
et al., 2004), MASCARA (Snellen, et al., 2012), and others, have provided candidates for
exoatmosphere detection as they have discovered hundreds of planets orbiting bright stars.
The PLAnetary Transits and Oscillations of stars (PLATO) mission (Rauer, et al., 2016),
that is set to launch in 2026, will discover thousands of exoplanets using transit method
and provide a large number of candidates for transmission spectroscopy.

Besides doppler spectroscopy and transit method, exoplanets were detected using var-
ious methods including direct imaging (Marois, et al., 2008), astrometry (Wertz, et al.,
2017), gravitational microlensing (Beaulieu, et al., 2006), transit timing variations (Bal-
lard, et al., 2011), and others. As of today*, we currently know more than 4265 exoplanets
(exoplanet.eu, Schneider, et al., 2011). A thorough overview of major exoplanetary dis-
coveries throughout history can be found in Perryman (2018). We present a mass — orbital
period diagram of known exoplanets in Fig. 1.1. As can be seen, the plot is dominated by
giant planets. The left quarter of the graph contains many more planets however without
mass determination (from Kepler and other photometric missions). For planets without
radius determination, it is possible to use calibrated mass-radius relations to get radius
estimation (Fig. 1.2, Bashi, et al., 2017; Otegi, Bouchy & Helled, 2020). From the Fig. 1.2,
it can be seen that the size of giant planets nearly does not depend on their mass.

“May 31, 2020



1.1 - Exoplanets 3

102.
. . - . L : . :-'. .'- .,
. . . . a®e, ® ~® 3 %% °
—~ 1014 ‘e PN I TTS S L Y
. . R T YT IR I
2 > "'-' '2’??'}-"" p !
s o ey S S
c hot - {“-é,‘_". Cler v Lot e T cold
§ Jupiters . e¥u . AETTET N eatU o Jupiters
Iy . oe " e et %
— . . .
-1/ .. L .
ot I L R
.t ol e oot % o o

© eI A SRR *
= R P

10724 EAEAPRFUE R

T
10_3—1 nO N1 N2 N3 N4 N5
10 10 10 10 10 10 10

Orbital period (d)

Figure 1.1: Mass — orbital period diagram of confirmed exoplanets. Only planets with
mass determinations are shown. Data from exoplanet.eu database (Schneider, et al., 2011).
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Figure 1.2: The radius—mass diagram and the derived best-fit curves, and mass-radius
relations for small and giant planets (Bashi, et al., 2017).
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1.2 Exoatmospheres

Exoplanetary atmospheres are atmospheres of exoplanets. One of the very first studies on
exoatmospheres was the theoretical work by Seager & Sasselov (2000) where they discuss
the possibility of detecting exoatmosphere using transmission spectroscopy. They elaborate
that alkali metals, e.g. sodium and potassium, are very suitable for detection due to strong
and sharp absorption profiles. Their ideas were subsequently supported by Charbonneau,
et al. (2002) whose discovery of sodium presence in the atmosphere of HD 209458b using
the Hubble Space Telescope (HST) was the first confirmed detection of the exoatmosphere.
First ground-based detections of exoatmosphere were made by Snellen, et al. (2008) and
Redfield, et al. (2008) as they detected sodium in the atmospheres of HD 209458b and
HD 189733b using the 8.2-m Subaru and the 9.2-m Hobby-Eberly telescope. Wyttenbach,
et al. (2015) detected sodium using the 3.6-m telescope with the The High Accuracy
Radial Velocity Planet Searcher (HARPS) instrument. This was the first ground-based
detection with a 4-m class telescope. We present a short overview of detected atoms and
molecules in Table 1.1. Sodium and potassium have been detected with great success in
the optical due to their strong and sharp profiles. In the infra-red (IR) region, water vapor
and methane bands have been detected due to their strong absorption profile that consists
of many individual lines. For the planets with temperature higher than 2000 K, TiO, VO
and AIO have been detected.

Nowadays, hot Jupiters® are the most frequently studied planets for exoatmosphere
characterization. It is due to the number of such known planets, their high temperature
and large size. Current challenge is to explain the large diversity of their atmospheres.
Fig. 1.3 shows 3 temperature profiles which can arise as a result of atmospheric processes.
A profile of highly-irradiated planet with thermal inversion is shown in red. Thermal
inversions are regions of the atmosphere where the temperature increases with altitude
(Gandhi & Madhusudhan, 2019). Their origin is due to the presence of strong UV/visible
absorption of the stellar irradiation. In hot Jupiters, the absorption can be caused by
molecules, such as TiO and VO (Hubeny, Burrows & Sudarsky, 2003). In cyan, a profile
of irradiated planet without thermal inversion is shown in Fig. 1.3. Finally, the grey dashed
line displays a profile of a weakly irradiated planet.

Furthermore, a number of atmospheric processes are seen in the exoatmospheres. As
can be expected, atmospheric escape is occurring at very low pressures in the highest
levels of the atmosphere. Below that highest level of the atmosphere, the low density and
high radiation field causes photochemical processes, e.g., photodissociation of prominent
molecules into atomic species and formation of new ones. Further down in the atmosphere,
clouds/hazes and temperature inversions occur. These processes are closely related to the
atmospheric chemical composition. Finally, deep in the atmosphere, the pressure and
temperature are high enough that chemical equilibrium can prevail.

Each region of the atmosphere can be used to study specific physicochemical processes
and different chemical species and regions of the atmosphere can be probed in different
parts of the electromagnetic spectrum. Molecules (e.g. H;O, CO, CO,, CHy) absorb
primarily in the infrared due to rotational and vibrational transitions with the exception
of some metal molecules (TiO, VO) which can also have a strong absorption in the

>The atmospheres of mini-Neptunes and super-Earths were also investigated (e.g., Benneke, et al., 2019).
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Table 1.1: Overview of detected atmospheric signatures.

Element Planet

Na HD 189733b!, WASP-127b%, WASP-52b3, WASP-49b*, HD 209458b°
WASP-69b°, WASP-39b7 WASP-96b%, WASP-17b%, XO-2b'?,

K WASP-6b!!, WASP-31b'2, WASP-39b!3, WASP-127b?
X0-2b'°, HD 80606b'4
Li WASP-127b?
TiO WASP-19b!>, WASP-33b!°
VO WASP-121b!7
AlO WASP-33b!8
Fe KELT-9b'?
Sc HD 209458b%°
Si HD 209458b2!
Ti, Ti+ KELT-9b!°
H HD 189733b%2, HD 209458b23, GJ 436b%**, WASP-52b3
H,0 HD 189733b%, HD 209458b%°, WASP-12b27,

WASP-17b%28, WASP-19b%°, WASP-39b3°, WASP-43b3!, WASP-63b32
WASP-121b33, HAT-P-1b3*, HAT-P-11b%3,
HAT-P-26b3°, HAT-P-32b37, XO-1b2%0

He WASP-107b38, GJ 3470%°, HD 189733040, WASP-69b*!
CcO WASP-18b*?, HR 8799¢*3, 51 Peg b**

HCN HD 209458b%

NH;3 HD 20945846

CH4 HR 8799b*7, 51 Eri b*®, GJ 504b*,

References: 'Redfield, et al. (2008), 2Chen, et al. (2018), >Chen, et al. (2020),
4Wyttenbach, et al. (2017), SCharbonneau, et al. (2002), 6Casasayas-Barris, et al. (2017),
"Nikolov, et al. (2016), 3Nikolov, et al. (2018), *Sing, et al. (2016), '°Sing, et al. (2012),
"Carter, et al. (2020), '%Sing, et al. (2015), 3Fischer, et al. (2016), '*Colén, et al. (2012),
15Sedaghati, et al. (2017), 16Haynes, et al. (2015),17Evans, et al. (2017), '8von Essen, et
al. (2019), ""Hoeijmakers, et al. (2018), 2’ Astudillo-Defru & Rojo (2013), 2! Schlawin, et
al. (2010), 2*Bourrier, et al. (2013), 2> Vidal-Madjar, et al. (2003), 2*Ehrenreich, et al.
(2015), 2McCullough, et al. (2014), 2°Deming, et al. (2013),%’Kreidberg, et al. (2015),
Z8Mandell, et al. (2013), 2?Huitson, et al. (2013), 3®Wakeford, et al. (2018), 3! Kreidberg,
et al. (2014), **Kilpatrick, et al. (2018), >3Evans, et al. (2016), 3*Wakeford, et al. (2013),
3SFraine, et al. (2014), 36Wakeford, et al. (2017a), 3TDamiano, et al. (2017), 385pake, et
al. (2018), Palle, et al. (2020), “°Salz, et al. (2018), ' Nortmann, et al. (2018),
42Sheppard, et al. (2017), “*Konopacky, et al. (2013), **Brogi, et al. (2013), **Hawker, et
al. (2018), “*MacDonald & Madhusudhan (2017), *’Barman, et al. (2015), “Samland, et
al. (2017), **Janson, et al. (2013)
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visible spectrum. Atomic species (e.g., Na, K, Fe, O) absorb primarily in the optical
and UV (in higher atmospheric layers, Madhusudhan, 2019). Thus, it is beneficial to use
multiwavelength observations to investigate various layers of the atmosphere.
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Figure 1.3: The temperature — pressure profile for exoplanetary atmosphere (Madhusudhan,
2019). Three profiles are shown: a profile of a highly-irradiated planet with thermal
inversion (red), a profile of irradiated planet without thermal inversion (cyan) and a profile
of a weakly irradiated planet. See the text for more details.

Two successful methods to detect exoplanetary atmospheres are transit spectroscopy
and direct imaging (Marois, et al., 2008). Transit spectroscopy allows three configurations
to observe planetary atmosphere: (a) a transmission spectroscopy when the planet is in
front of the host star (Wyttenbach, et al., 2015)°, (b) an emission spectrum as the planet
passes behind the host star during secondary eclipse (Haynes, et al., 2015), and (c) a phase
curve as the planet orbits between the primary and secondary eclipses (Stevenson, et al.,
2014).

Direct imaging relies on obtaining a planetary spectrum directly by blocking the stellar
light using a coronagraph. The requirements for the sensitivity are very challenging in
the optical to detect an exoplanet. Furthermore, adaptive optics is more accessible in the
IR region so it is beneficial to perform direct imaging in the IR region. In comparison
to transmission spectroscopy, this method is suitable for young giant planets with high
temperatures at large orbital separations. By obtaining thermal emission spectra, atmo-
spheric properties can be constrained. However, if the radius and the mass of the planet
are not known, as often is the case for non-transiting planets, atmospheric retrieval can

A more detailed description of transmission spectroscopy is given in section 1.3.
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lead to degeneracies as the shape of the spectral features depends on gravity. Thus, several
different models can be retrieved from a single observed spectrum.

Detections of H,O on 8 Pictoris b (Chilcote, et al., 2017) at Gemini South, CO on
HR 8799c (Konopacky, et al., 2013) with Keck Telescope and CH4 on GJ 504 (Janson,
et al., 2013) with Subaru have been reported with high confidence. Current high-contrast
instruments capable of direct imaging are located on large-aperture telescope, e.g., Keck,
GPI on Gemini, SCEXAO on Subaru and SHERE on Very Large Telescope (VLT). Future
space observatories such as JWST, Roman Space Telescope, and ground-based facilities,
such as ELT, TMT, and GMT, will offer excellent sensitivity for direct imaging (Beichman,
et al., 2019).

1.2.1 Composition of planetary atmospheres in our Solar system

Even before the first detection of exoatmospheres, we had indications that their composition
will be very diverse. From the second half of the 20th century, we learned great detail
about the composition of planetary atmospheres in our Solar system. These discoveries
were possible due to several spacecrafts that studied the atmospheres directly.

Giant ice planets have retained their primary atmosphere and are mainly composed
of hydrogen and helium. The inner planets have developed secondary atmospheres from
internal volcanic activity and/or by an accumulation of material from comets. The Earth
has developed a tertiary atmosphere which is produced by biological life.

Mercury has a very thin atmosphere that is constantly being renewed as its atoms are
escaping into space due to low gravity and very high temperature that can reach up to 700 K
on the surface. Traces of hydrogen, helium, sodium, potassium, calcium and oxygen have
been found in Mercury’s atmosphere (Bida, Killen & Morgan, 2000; Killen, et al., 2007).
A very dense and hot atmosphere has been detected on Venus. It consists mostly of carbon
dioxide and minor amount of nitrogen (Bertaux, et al., 2007).

Earth’s atmosphere is dominated by molecular nitrogen and oxygen with traces of
carbon dioxide, water, neon, and helium. Fig. 1.4 shows the Earth’s transmission spectrum
as measured by Pallé, et al. (2009) with the Nordic Optical Telescope and William Herschel
Telescope from lunar eclipse observations. Transmission spectrum can be obtained by
observing the light reflected from the Moon towards the Earth during the Lunar eclipse,
which resembles the observing geometry during a planetary transit. As can be seen from
Fig. 1.4, O, and H,O are the major atmospheric features in the spectrum. Other features
are O3, Nj and Ca II. These features, that are hindering spectra of stellar object observed
from the Earth’s surface, are called telluric lines. Thus, when observing exoplanets and
other celestial objects from the ground, the signature of the Earth’s atmosphere must be
removed first (see sect.3.4). The atmosphere of Mars consists mostly of carbon dioxide
with some nitrogen and argon (Franz, et al., 2017). Methane was detected in the Mars’
atmosphere (Formisano, et al., 2004) as well. Its origin was not yet fully explained and
both geophysical and biogenic sources were proposed (Yung, et al., 2018).

Jupiter’s atmosphere is mostly made of hydrogen and helium with traces of CHy, NH3,
H,S, CO; and H>,O. Montainés-Rodriguez, et al. (2015) performed transmission spec-
troscopy (see sect. 1.3) of Jupiter by observing its satellite Ganymed while it was passing
through Jupiter’s shadow. As Ganymed has practically no atmosphere (Broadfoot, et al.,
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1981), it does not introduce any significant signal in the obtained spectrum. Montafiés-
Rodriguez, et al. (2015) detected CH4 and H>O (Fig. 1.5) and reported absorption in the
transmission spectra of Jupiter’s atmosphere in the wavelengths corresponding to Na I in
the upper atmosphere. Sodium presence in the upper atmosphere can possibly be explained
by deposition of cometary impacts (Noll, et al., 1995). Saturn’s atmosphere composition
is similar to Jupiter’s. Hydrogen and helium are the most abundant with traces of H,O
and NHj3 (Courtin, et al., 1983). The atmosphere of Saturn is very dynamic as the winds
can reach 1800 km/h (Hueso, et al., 2020). The Uranian atmosphere consists of hydrogen,
helium, CHy and complex hydrocarbons e.g. ethane CoHg and acetylene C,H, that were
produced from methane by photolysis (Burgdorf, et al., 2006). The Neptunian atmosphere
is mostly made of hydrogen, helium, and traces of CH4 (Hubbard, 1997). Winds in the
atmosphere can reach 2100 km/h (Suomi, Limaye & Johnson, 1991).

To conclude, the planetary atmospheres in our Solar system are very diverse, however,
they do not resemble the most studied exoatmospheres that belong to the hot gas giant
planets. The most striking difference between hot-Jupiters and our Jupiter is their orbital
distance. Hot Jupiters have their orbits within the orbit of Mercury. Such planets have
temperatures usually between 1000 and 2000 K, with an extreme case of KELT-9b a planet
found by Gaudi, et al. (2017) with temperature exceeding 4500 K. The large temperature
of hot-Jupiters makes their atmospheres quite extended and easy to detect. We compare
the scale heights H (see sect.2 for a definition) of a hot-Jupiter WASP-76b and Jupiter.
WASP-76b has a scale height of H=1212 km, Jupiter has a scale height of H=27 km. This
makes the detection of any signature of Jupiters atmosphere very difficult and also explains
why most of the atmospheric detections come from atmospheres of hot gas giants.

1.3 Transmission spectroscopy

As was already mentioned, the transmission spectroscopy technique can be used to char-
acterize exoatmospheres of transiting exoplanets. During the transit, the light from the star
passes through the exoatmosphere which leaves a small imprint on the light that can be
detected (Fig. 1.6). The imprint is caused by additional absorption at certain wavelengths
due to the the presence of the planetary atmosphere. Spectroscopic time series covering the
target before, during, and after transit are acquired to detect the planetary atmosphere. In
other words, a transmission spectrum measures a thickness of the atmosphere as a function
of wavelength. Spectrographs with very high stability (e.g. HARPS, ESPRESSO) are
required to meet the necessary precision as careful treatment of the radial velocities is
needed (see sect. 3.6). The obtained spectrum enables constraining the chemical compo-
sition and temperature-pressure profile as different chemical species are found in different
atmospheric heights. Strong molecular bands like H,O, TiO, HCN and CO with strong
absorption features can be found in extended exoatmospheres in the IR and/or visible.
Atomic features of the alkali metals Na, K and Li have been detected only in the visible
region (Table 1.1).
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Figure 1.4: The Earth’s transmission spectrum from 0.36 to 2.40um (Pallé, et al., 2009).
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Figure 1.5: The transmission spectrum of Jupiter as measured with the WHT telescope
(black) and VLT (red) (Montanés-Rodriguez, et al., 2015).

1.3.1 Low-resolution transmission spectroscopy

Low-resolution transmission spectroscopy is based on obtaining large number of spectra
with spectrographs with low-resolving power R 7 (R < 8000). The target and one or more

"The resolving power R is defined as the smallest wavelength difference AA between two spectral lines
that can be distinguished at wavelength A and can be written as: R = ﬁ.
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Figure 1.6: During a transit, light from the star passes through the planetary atmosphere
which leaves a detectable imprint by creating an extra absorption due to the presence of
the planetary atmosphere. Image credit: ESO/M. Kornmesser.

reference stars are observed and subsequently chromatic (color dependent) light curves are
produced (Fig. 1.7) by binning the flux of the spectra in different regions. By studying the
dependence of the transit depth on the wavelength, we can investigate which absorbers are
present in the atmosphere.

Due to the availability of the low-resolution spectroscopy from space, early studies were
done using only this technique (Charbonneau, et al., 2002; Vidal-Madjar, et al., 2003). HST
and Spitzer are used for exoatmosphere characterization as the main advantage of space-
based observations is that telluric features (caused by the presence of Earth’s atmosphere)
are not present in the observed spectrum. The HST has led to characterization of over
20 exoatmospheres. Ground-based instruments like FORS2 on the 8-m VLT (Sedaghati,
et al., 2017), OSIRIS on the 10.4-m Gran Telescopio CANARIAS (GTC, Chen, et al.,
2018), ACAM on the 4.2-m William Herschel Telescope (WHT, Kirk, et al., 2019) and
IMACS on the 8.4-m Magellan Telescope (Espinoza, et al., 2019) were successfully used
for exoatmospheres characterization.

The advantage of low-resolution transmission spectroscopy is that it uses low-resolving
power R, thus is also suitable for fainter stars as with the same exposure time the SNR in-
creases as the R decreases under the same conditions. Furthermore, several spectral regions
can be covered with a single instrument. As an example, the FORS2 instrument can cover
a wavelength region from 330 to 1100 nm®, thus, several spectral regions can be studied
as can be seen in Fig. 1.8. Sedaghati, et al. (2017) detected TiO, Na, K in the atmosphere
of WASP-19b. Low-resolution transmission spectroscopy is well suited to probe lower
atmospheric heights compared to high-resolution spectroscopy (Fu, et al., 2017). While at
low-resolution the transmission spectrum might appear entirely flat, narrow strong spectral

8Three separate grisms thus 3 transit nights are needed.
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Figure 1.7: Band-integrated spectrophotometric light curves for the transit of WASP-19b.
The central wavelength for each channel is indicated on the left-hand side of each plot.
The integration width is mostly 20 nm. The modelled light curves for each channel are
shown as solid lines (Boffin, et al., 2016).

lines should still remain optically thick above the cloud deck (Kempton, Perna & Heng,
2014). Disadvantages of the low-resolution transmission spectroscopy are that it requires a
comparison standard star and it cannot spectrally resolve planetary features which can give
more details about atmospheric composition (e.g. resolving sodium doublet) or planetary
rotation (Snellen, et al., 2010).

1.3.2 High-resolution transmission spectroscopy

High-resolution transmission spectroscopy takes an advantage of high stability spectro-
graphs with high resolving power R 2 50000. By comparing frames taken before and after
transit to frames taken during transit, we can retrieve the planetary signal by removing the
stellar signature. High-resolution transmission spectroscopy of exoatmospheres was firstly
used from the ground by Snellen, et al. (2008) and Redfield, et al. (2008) as currently there
are no high-resolution instruments available from space. This means that telluric features
are always present and must be removed. A short overview of available methods for telluric
correction is given in section 3.4. The high-resolution technique does not require standard
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Figure 1.8: Atmosphere of WASP-19b as detected using the FORS2 instrument (Sedaghati,
et al., 2017).

star however due to the demands on the very high resolving power, it is limited for bright
objects (more light is needed for spectrographs with very high resolving power).

A very precise treatment of radial velocities is necessary in order to retrieve the plane-
tary signal (sect. 3.5). Recent instruments, e.g. GIARPS (Claudi, et al., 2017) mounted at
the 3.6m Telescopio Nazionale Galileo (TNG), have comparable wavelength coverage to
the low-resolution instruments where the full wavelength coverage can be usually achieved
with several transit nights. High-resolution transmission spectroscopy allows planetary
features to be fully resolved, thus, allowing detail study of the planetary features including
the atmosphere. From the resolved features, planetary rotation (by measuring rotational
broadening), winds (by measuring Doppler effect) and chemical composition can be de-
rived. Besides sodium detections, later studies added potassium (Keles, et al., 2019),
helium (Nortmann, et al., 2018), scandium (Astudillo-Defru & Rojo, 2013) and hydrogen
that can be used to study atmospheric escape (Yan & Henning, 2018). For molecular detec-
tion, it is more favorable to use the cross-correlation function (CCF) method (Hoeijmakers,
et al., 2018) as the molecular lines are composed of many weak individual lines. The
CCF method takes advantage of the very high resolution, and the final spectra are cross-
correlated with a planetary template containing the expected molecules. This method was
successfully used to detect H,O (Birkby, et al., 2013), TiO (Nugroho, et al., 2017), HCN
(Hawker, et al., 2018) and CO (Snellen, et al., 2010) as well as atomic species Fe, Ti
(Hoeijmakers, et al., 2019).
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1.3.3 High-resolution spectrographs

High-resolution spectroscopy relies on very high resolving power which can be achieved
using echelle spectrographs. Echelle spectrograph disperses the light in two perpendicular
directions using a cross-disperser together with a grating. The results can be detected
as a 2D pattern on a CCD camera chip. The main property of every spectrograph is its
resolving power R. Besides the actual scientific frame, a set of calibration frames is usually
taken. This set includes flat-field frames, bias frames, and frames with a comparison
spectrum produced by a lamp® with well-defined composition (Thorium cathode in Argon
atmosphere (thus called ThAr lamp) is widely used for high-resolution spectroscopy in the
optical region) producing spectral lines that can be used for the wavelength calibration.

Echelle spectrographs are often used for measurements of radial velocities as they
offer greater wavelength range (and more spectral lines for the cross-correlation function)
for given resolution compared to a single slit spectrograph. To obtain the radial velocity
measurement, cross-correlation function can be used. It is a measurement of the similarity
of two series as a function of the displacement of one relative to the other. The current
spectrographs can achieve very high precision by using very high resolving power (R > 10°)
and/or having a large wavelength coverage. Modern high-resolution echelle spectrographs
mounted at large telescopes are: HIRES at 10-m Keck Telescope (Vogt, et al., 1994), MIKE
at 6.5-m Magellan telescope (Bernstein, et al., 2003), HDS at 8.2-m Subaru Telescope
(Noguchi, et al., 2002), UVES at 8.2-m VLT (Dekker, et al., 2000), HRS at the 9.2-
m Hobby Eberly Telescope (Tull, 1998) and PEPSI at the Large Binocular Telescope
(2x8.4-m, Strassmeier, et al., 2015). In the text below, we provide more details about
two high-resolution spectrographs most relevant for exoatmosphere characterization in this
thesis (HARPS and ESPRESSO).

HARPS

The High Accuracy Radial Velocity Planet Searcher (HARPS, Mayor, et al., 2003) is a
temperature- and pressure-controlled fiber-fed echelle spectrograph (see Fig. 1.9) mounted
on the 3.6-m telescope at the La Silla observatory in Chile. It was installed in 2002 and
acquired first light in 2003. It is currently operated by the European Southern Observatory
(ESO). Its stability makes it an ideal instrument for the measurement of radial velocities
of exoplanets as it can achieve long term radial velocity accuracy on the order of 1 ms™!
for late-type slowly-rotating stars.

The spectrograph has contributed to the discovery of more than 150 exoplanets. HARPS
is fed by two 70-micron fibers corresponding to 1 arcsecond on the sky. The spectrum has
68 spectral orders and is recorded by 2 CCDs. During observations, one of the fibers is
collecting light from the star. The second fiber can be either used to simultaneously obtain
a Thorium-Argon reference spectrum or the background sky. The Th-Ar lamp is located
in a separate calibration unit and is connected to the telescope focus via fibre link. Both
spectra (star and Th-Ar) are recorded simultaneously by the CCD in one exposure. HARPS
has a wavelength coverage from 380 to 690 nm. The resolving power is R = 115 000. An
example of a raw frame is shown in Fig 1.10 where echelle orders are apparent.

%A gas cell (e.g. an iodine absorption cell) can also be used for the wavelength calibration (Hatzes &
Cochran, 1992).
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Figure 1.9: Side view of the HARPS. The grating of the echelle is visible and highlighted
with the red arrow. Source: ESO.

Furthermore, its stability, accuracy and high resolving power make it an ideal instrument
for characterization of exoatmospheres. Since Wyttenbach, et al. (2015) used it for the first
time, HARPS was used for several exoatmospheric studies of bright targets since 3.6-m
collecting aperture limits its usage only to bright targets (Wyttenbach, et al., 2017; Seidel,
etal., 2019; Z4k, et al., 2019). HARPS will be supplemented by the Near Infra-Red Planet
Searcher (NIRPS) instrument in late 2020 (Bouchy, et al., 2019). It will be possible to use
both instruments simultaneously to obtain coverage in the optical and NIR. The success
of HARPS led to a similar spectrograph called HARPS-N that is mounted at the 3.6-m
Telescopio Nazionale Galileo at Roque de los Muchachos Observatory at La Palma in
Spain. Furthermore, HARPS3 is planned for the 2.54-m Isaac Newton Telescope in the
near future (Thompson, et al., 2016).

ESPRESSO

The new instrument placed at Paranal in Chile called Echelle SPectrograph for Rocky Exo-
planets and Stable Spectroscopic Observations (ESPRESSO, Pepe, et al., 2014; Gonzdlez
Herndndez, et al., 2018) is an ultra-stable spectrograph installed at the VLT. It is a high-
resolution fibre-fed echelle spectrograph. It can either be operated in configuration with
1 unit (1-UT) or 4 units (4-UT) of the VLT (there are four 8-m telescopes located at the
VLT facility). Each configuration has its own characteristics; in 1-UT configuration it
has a resolving power of R = 140 000 or R = 190 000 and can reach limiting V-band
magnitude of 17 and 16 respectively!?. In 4-UT configuration it can operate with resolv-
ing power R = 70 000 and reach limiting magnitude of 20. The spectrograph is fed by

19Based on an approximate S/N per binned pixel of 10 in one hour.
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Figure 1.10: Raw frame of WASP-166b from HARPS. Source: ESO archive.
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Figure 1.11: Schematics of the ESPRESSO instrument. Light goes from the telescope to
the echelle grating and the final image is recorded by two CCD cameras. Source: ESO.

two fibres, one is used for the target while the second one can be used for simultaneous
calibration (either the sky or simultaneous reference). The image is recorded by two CCD
cameras optimized for the blue and red regions (see Fig. 1.11). The wavelength coverage
is from 380 to 788 nm providing several important regions not accessible with HARPS.
Furthermore, the ESPRESSO has a coverage of the 740 nm H,O band and 766.5/769.9nm
nm potassium lines. Despite being installed in 2018, ESPRESSO has already delivered
first scientific results on exoatmospheres. Ehrenreich, et al. (2020) detected iron on the
day-side of WASP-76b and Chen, et al. (2020) has reported the presence of sodium, neutral
hydrogen, and potassium in the atmosphere of WASP-52b.



Chapter 2

Exoatmosphere detectability and target
selection

A large number of known planets greatly exceeds the capability of available observing time.
Current ground-based telescopes are not able to provide enough observing time to perform
follow up of all exoplanets. Thus to maximize gained information, we have established a
guideline for selecting the best targets for transmission spectroscopy observations (Kabath,
et al., 2019).

The atmosphere can be defined with a scale height H which, represents the vertical
distance by which the pressure is reduced by a factor of e, is defined as:

_ TpkB

H - )
8Um

2.1

Ineq. 2.1, kg is the Boltzmann constant , 7}, is the temperature of the planetary atmosphere,

Um 1s the mean molecular weight and g is the planet surface gravity (g = %, where G is
the gravitational constant; M, and R, are the mass and the radius of the plangt). The larger
the value of H, the more extended is the atmosphere of a certain planet.

If the atmosphere is not very extended, it might be difficult to detect atmospheric
features with confidence. The magnitude of the transmission spectra signal (an increase
of transit depth due to the exoplanetary atmosphere, Seager, Deming & Valenti, 2009) Ad
can be estimated as :

s 2Ry
RS

where Ry is the stellar radius and n; is the number of the atmospheric scale heights at
certain wavelength (Deming, Louie & Sheets, 2019). As an illustration, Ad ~ 6 - 1073 for
WASP-18b, a planet with large surface gravity (bad target for transmission spectroscopy);
while AS ~ 3-1073 for WASP-127b, a planet with an extended atmosphere (good target
for transmission spectroscopy).

The situation in detecting exoatmospheres is further complicated by many factors.
First, both stellar and planetary spectra are shifted from each other due to the doppler
effect caused by the planetary orbital motion as the planet is orbiting the star and each
taken spectrum thus must be individually corrected for it. Thus, radial velocity corrections

(2.2)

_ 16—
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of stellar and planetary spectra are needed and the stability of the used spectrograph must
be considered since the radial velocities can be in the order of m/s. It is more difficult to
obtain precise radial velocities for an A-type star rather than for G-type star due to the fewer
number of spectral lines and higher rotational velocities of early type stars. The inability
to obtain precise radial velocities in early type star might hinder our ability to retrieve the
planetary signal. At last, transit duration must also be taken into account. If the transit is
too short, it will be difficult to obtain enough in-transit frames.

2.1 Target selection

We followed the guidelines of the previous section for the target selection (brightness of
the star, temperature and gravity of the planet, spectral type of the star). We searched the
ESO archive and found 4 suitable hot inflated gas giant planets with archival data from
the HARPS instrument. The selection of the targets was based on their large transmission
signal AS (Fig.2.1), the number of transit nights available, the SNR (signal to noise ratio)
of the spectra and that the data were not previously published. We present a description of
the selected planets in the following subsections.

4
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Figure 2.1: Transmission signal Ad versus visual magnitude V of the host stars of the
known exoplanets with measured mass. The candidates available in archive selected for
the investigation are plotted in color. Data are from exoplanet.eu database (Schneider, et
al., 2011).
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2.1.1 WASP-76b

WASP-76b is an ultra-hot Jupiter with short orbital period of P = 1.81 days, mass of M, =
0.92 Myyp and radius of R, = 1.83 Ryyp discovered by West, et al. (2016). The extended
atmosphere with scale height of H = 1212 km and high temperature of 7, = 2190 K make
it one of the best targets for transmission spectroscopy (Kabdth, et al., 2019). WASP-76b is
the only ultra-hot Jupiter in our sample. Ultra-hot Jupiters can exhibit thermal inversions
in the atmospheres which can be caused by TiO and/or VO. See section 4.1 for discussion
of new papers after initial submission of our manuscript (Zk, et al., 2019). System
parameters are listed in table 2.1.

2.1.2 WASP-127b

WASP-127b is a hot bloated super-Neptune with orbital period of P = 4.18 days, mass
of My = 0.18 My, and radius of R, = 1.37 Ry discovered by Lam, et al. (2017). Its
extended atmosphere with a scale height of H = 2500 km makes it another good target
for transmission spectroscopy. System parameters are listed in table 2.1. This planet was
initially studied by Palle, et al. (2017) using the 2.5-m Nordic optical telescope (NOT)
who reported a cloud-free atmosphere. Subsequently, it was studied by Chen, et al. (2018)
who detected the presence of sodium, potassium, and lithium in the optical and H,O in the
near-infrared (Fig. 2.2) using the OSIRIS at GTC. See section 4.2 for further discussion.
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Figure 2.2: Atmosphere of WASP-127b as detected by GTC (Chen, et al., 2018).

2.1.3 KELT-11b

KELT-11b is a hot inflated planet with orbital period of P = 5.44 days, mass of M, =
0.10 Myyp and radius of R, = 0.63 Ry, discovered by Pepper, et al. (2017). Due to its



2.1 - Target selection 19

extended atmosphere and large scale height H = 2763 km, it was suggested as an ideal
target for transmission spectroscopy (Kabdth, et al., 2019). System parameters are listed
in Table 2.1.

2.1.4 WASP-166b

WASP-166b is a hot inflated Neptune with orbital period of P = 4.74 days, mass of
Mp = 0.195 Myy,, and radius of R, = 1.37 Ryyp discovered by Hellier, et al. (2019). With
a scale height of H = 1103 km, it is an excellent target to investigate atmospheres of hot
Neptunes. System parameters are listed in table 2.1.

Table 2.1: Properties of the four targets (star and planet) considered in this thesis.

Parameters WASP-76 WASP-127
Star V (mag) 9.5 10.5
Sp. Type F7 G5
My (M) 1.46 £ 0.07 1.31 £0.05
Ry (Re) 1.73 £ 0.04 1.33 £ 0.03
Terr (K) 6250 £ 100 5750 + 100
log g 4440.1 3.9+0.1
Planet M, (Myyp) 0.92 4 0.03 0.18 + 0.02
Ry Myyp) 1.8375-9 1.37 £ 0.04
Period (d) 1.809886 + 0.000001  4.178062 = 0.000002
Transit duration (days) 0.1539 + 0.0008 0.1795 4+ 0.0007
Orbital Semi-major axis (AU) 0.33 4+ 0.0005 0.052 4+ 0.0005
Orbital inclination (degrees) 88.01’}% 88.7Jj8:g
Reference West, et al. (2016) Lam, et al. (2017)
Parameters WASP-166 KELT-11
Star V (mag) 9 8
Sp. Type F9 G8/KO0
M (Me) 1.19 £ 0.06 1.4381008
Ry Re) 1.22 £ 0.06 2.72404]
Tetr (K) 6050 =+ 50 5370°3;
log g 4.540.1 3.7279%%
Planet M, Myyp) 0.102 = 0.004 0.19570012
Ry, Myyp) 0.63 +0.03 1377015
Period (d) 5.443526 4+ 0.00001  4.736529"0 00000
Transit duration (days) 0.148 + 0.008 0.305175 903
Orbital Semi-major axis (AU)  0.0642 = 0.0001 0.06229 5 0005%
Orbital inclination (degrees) 87.8 £0.6 85.81%4

Reference

Hellier, et al. (2019)

Pepper, et al. (2017)




Chapter 3

Data sets and Analysis

3.1 Data sets

Table 3.1 shows the various datasets we used. For illustration purposes, we show part of
the spectrum around the sodium Na D region of each of our targets, along with the telluric
spectrum and spectrum after telluric correction in Fig. 3.1.

WASP-76b:

The HARPS data are covering 3 transit events, on 11/12 November 2012, 24/25 October
2017 and 22/23 November 2017. The total number of frames was 176 with 105 in-transit,
and the exposure times were between 300-600 seconds.

WASP-127b:
The HARPS data are covering 2 transit events during the nights of 27/28 February and
19/20 March 2017. The total number of frames was 82, of which 52 were in-transit.

WASP-166b:
The HARPS data are covering three transits during the nights of 13/14 January, 03/04
March and 14/15 March 2017. The total number of frames was 188, of which 112 were

in-transit.

KELT-11b:

The HARPS data are covering 3 transit events and 4 nights of out-of-transit on 01/02
February (transit), 14/15 February, 15/16 February (transit), 16/17 February, 05/06 March,
06/07 March (transit) and 07/08 March 2017. The total number of frames was 342, of
which 144 were in-transit.

3.2 Data reduction

We retrieved the publicly available HARPS (Mayor, et al., 2003) reduced spectroscopic
data sets from the ESO Science data archive for the four planets WASP-76b, WASP-127b,

—20—
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Table 3.1: Observing logs for all four data sets. Number in parenthesis represents number
of frames taken in-transit. Median SNR is derived across all the orders. The last column
states SNVR from the 16th order (585.03-591.62 nm) of the echelle spectrum, corresponding
to the position of the sodium doublet line.

Date No. Exp. Airmass Median SNR'®
Spectra  Time [s] range SNR
WASP-76

2012-11-12 64 (40) 300 1.79-1.18-1.48  21.1-31.6  13.3-20.6
2017-10-25 49 (27) 400-600 1.75-1.18-2.10  32.1-55.8 18.7-34.2
2017-11-23 66 (40) 300-400 1.42-1.18-2.45  30.7-53.5 15.5-31.8

WASP-127
2017-02-28 37 (22) 500 1.40-1.11-1.47  29.9-40.0 14.7-20.1
2017-03-20 45 (30) 500-600 1.98-1.11-1.55 26.4-38.2 14.0-19.5

WASP-166
2017-01-14  75(39) 300-350 2.37-1.01-1.17  20.0-52.8 11.0-33.0
2017-03-04 52 (39) 300-400 1.01-1.21-2.55 26.4-65.0 13.5-37.3
2017-03-15 66 (34) 350 1.17-1.01-2.35  18.8-55.3  8.6-29.9

KELT-11
2017-02-02 37 (24) 300 1.42-1.11-1.08  81.2-92.8 45.6-53.4
2017-02-15 28 (0) 400 1.11-1.08-1.25 85.4-106.8 45.4-59.2
2017-02-16 69 (49) 400 2.29-1.06-1.93  46.1-115.3 24.9-64.8
2017-02-17 27 (0) 400 1.81-1.23-1.07 67.5-95.4 39.0-55.5
2017-03-06 42 (0) 300 1.06-1.21-2.04  26.3-89.6 11.1-43.4
2017-03-07 93 (71) 300 2.23-1.06-2.41  48.6-83.1 26.1-45.5
2017-03-08 46 (0) 300 1.60-1.12-1.09  70.1-91.3  38.4-50.2
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Figure 3.1: Illustration of the spectral region around the Na D lines for one selected
example spectrum for each of our targets. The observed spectra in red are presented in the
stellar reference frame during mid-transit. Telluric spectra are shown in blue. Observed
spectra after telluric correction are presented in black (Zék, et al., 2019).

WASP-166b, and KELT-11b (see Table 3.1). Data were obtained under program IDs
090.C-0540(F), 098.C-0304(A), and 0100.C-0750(A). The retrieved data are fully reduced
products obtained with the HARPS Data Reduction Software (DRS version 3.5). In more
detail, each spectrum is provided as a merged 1D spectrum with 0.001 nm wavelength step.
The reduced spectrum covers the wavelength range between 380 nm and 690 nm, and has a
resolving power R = 115 000 corresponding to 2.7 kms~! per resolving element. Spectra
are already corrected to the Solar system barycentric frame of reference. The sodium
doublet is well-centered on the 16th order of HARPS (see Fig. 3.1). In the next subsections
we will perform the following steps: normalization of the flux — > correction of stellar
radial velocities — > telluric correction — > correction of radial velocities to retrieve the
planetary signal — > obtain final transmission spectrum.

3.3 Normalization

We obtained the radial velocities' of the star from the FITS header of the spectra and subse-
quently shifted both during transit f(A,#y,) and out of transit f (A, ) frames to the stellar
frame during mid-transit (zero orbital radial velocity). We have made a cut of the region
of interest and performed flux normalization for the obtained spectra f(A,t,) — f(4,tin)
and f(A,ton) — F(A,ton), wWhere the tilde represents normalization. Normalization has
been carried out using the standard IRAF (Tody, 1986) task continuum. More precisely,
a Legendre polynomial has been used to perform the normalization of continuum regions

IRadial velocity of the star caused by its motion in space with respect to the Solar barycenter
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without strong lines within the regions centered around the Na D lines (583-596 nm), Hoe
(645-670 nm), HB (475-495 nm), and lithium (666—-674 nm).

3.4 Telluric correction

Ground-based observations suffer from the telluric contamination which can be very
prominent especially in the IR region, however, it is also present in the optical. The origin
is the presence of the Earth’s atmosphere that is causing absorption features. Example of
the telluric spectra is shown in Fig. 1.4. There are several ways of removing the signature of
Earth’s atmosphere. One can use a standard star to subtract the telluric spectrum. Standard
star is usually a rapidly rotating early-type star (their spectrum is relatively featureless)
located near the target on the sky. The narrow telluric lines can be easily distinguished from
the rotation-broaden stellar lines. However, this approach is very limiting by the number
of suitable standard stars and also it increases the observing time. The approach by Chen,
et al. (2020) uses Molecfit software to remove telluric features. Molecfit is a software tool
to correct astronomical observations for atmospheric absorption features, based on fitting
synthetic transmission spectra to the astronomical data. It can also estimate molecular
abundances, especially the water vapour content of the Earth’s atmosphere (Smette, et al.,
2015). Another approach was used by Casasayas-Barris, et al. (2017) that fits synthetic
telluric spectrum to the observed one.

Since we had scaling issues with Molecfit we decided to follow the method outlined in
Casasayas-Barris, et al. (2017). We took the 1D telluric spectrum constructed from the line
list of HITRAN (Rothman, et al., 2013) and scaled its resolution to match the resolution
of our spectra. Then we corrected the reference telluric spectrum for the radial velocity to
the same frame as the observed spectrum. The telluric line’s absorption depth is changing
with the airmass. Thus, we used a least-squares method on the unblended telluric lines to
scale the telluric model to the same airmass (depth) as the observed spectrum. Afterwards,
we divided each observed spectrum by the telluric spectrum scaled for the given airmass
using standard IRAF commands resulting in the removal of the telluric lines.

As discussed in Casasayas-Barris, et al. (2017), the scaling of the telluric spectra is
not perfect as line depth variation is not equal for all the telluric lines, hence possibly
introducing small residuals into the final transmission spectrum. As an illustration of
the goodness of the telluric lines removal, the root mean square (RMS) of a single-night
transmission spectrum in the telluric region (589.9-590.4 nm) before applying the telluric
correction is 0.00339, the RMS of the same region was decreased to 0.00196 after applying
the correction. For comparison, the RMS of the spectral region without telluric features
(587-587.5 nm) is 0.00193.

3.5 Rossiter-McLaughlin effect

The Rossiter-McLaughlin (RM) effect is a spectroscopic phenomenon when an object is
moving across the disc of a star. The RM effect was early observed in eclipsing binary
systems (Rossiter, 1924; McLaughlin, 1924), nowadays it is also studied for transiting
exoplanets (Queloz, et al., 2000; Addison, et al., 2016).
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Due to the rotation of a star, half of the visible surface of the star is moving towards the
observer and the second half is moving away. During transit, an object will obscure part
of the visible surface of the star, thus, we will be temporarily detecting more photons (and
stellar spectral lines) that are either red- or blue-shifted (Fig. 3.2). After the object moves
to the other side of the disc, the effect will be the opposite. We can estimate the RM effect
amplitude with the following formula (Triaud, 2018):

2 R
Avp~ 5(R—P)Z\/sim‘\/l—lﬂ, (3.1)
S

where Vsini is the projected rotational velocity of the star, b is the impact parameter?.
Using the equation 3.1, we can estimate the RM amplitude values: 2.3 ms~! for WASP-76b,
2 ms~! for WASP-127b, 8 ms™! for WASP-166b and 4 ms~! for KELT-11b.
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Figure 3.2: Schematic of the Rossiter-Mclaughlin effect. During transit, when the planet
blocks the approaching side of the star (blue), the radial velocity shows an apparent red-
shift. Left image shows aligment between the stellar spin axis and the planetary orbit
axis. Right panel shows misaligment of the two axes by 50 degrees. Image credit:
subarutelescope.org.

>The impact parameter b is defined geometrically as the relative projected distance between the planet
and star centres during mid-transit.
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3.6 Transmission spectrum

After the telluric correction, we averaged all the out-of-transit spectra shifted to a stellar ref-
erence frame during mid-transit to create a “master out” frame Fyu(A) = Yout fout (A, fout)-
Next, we divided each in-transit frame fi,(4,%,) by Fou(4) to create the individual trans-
mission spectra. Each of these frames was subsequently corrected for the planetary motion
as the planetary signal is shifted from the stellar reference frame by v, which is defined as:

vp(9) = Kpsin(27e), (3.2)
My

where K, = Ksar is the radial velocity semi-amplitude of the planet, ¢ is the orbital phase
of the planet in respect to the transit midpoint and K is the radial velocity semi-amplitude
of the star.

This approach was presented by Wyttenbach, et al. (2015) and allows better retrieval
of the atmospheric features compared to the approach used by Redfield, et al. (2008)
which does not account for the planetary motion, thus the planetary signal cannot be fully
retrieved. We created a model of radial velocity of the planet taking only out-of-transit
data as the in-transit data are affected by the RM effect. The planetary signal is shifted by
as much as tens of kilometers per second from the transit midpoint. The usage of the raw
observed radial velocities would imply correcting for the possible Rossiter-McLaughlin
effect and would produce systematic effects in the final transmission spectrum (Cegla, et
al., 2017; Wyttenbach, et al., 2017). Finally, we summed up all the individual transmission
spectra and normalized this sum to unity and then subtracted unity to retrieve the final
transmission spectrum, % (A):

a() =Y in(A ) 1 (3.3)

in F OUt(z’) Planet RV shift

3.7 Stellar activity

As stellar activity can resemble or cancel out planetary signals it is important to monitor
it during observations. One approach is to use specific lines that are sensitive to the stellar
activity. Calcium and magnesium lines were used by Wyttenbach, et al. (2017) and Chen,
etal. (2020). We have used the same method and results can be seen in Fig. 3.3. Featureless
spectra imply that the effects of the stellar activity are negligible and will not hinder our
planetary signals.
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Chapter 4

Results and discussion

Each data set was analyzed for Na D (588.995 and 589.592 nm), Hy, (656.279 nm), Hﬁ
(486.135 nm) and Li (670.793 nm) to see the absorption in the exoatmosphere and for Ca I
(612.222 and 616.217 nm) and Mg I (518.360 nm) to monitor the stellar activity. The
results are discussed for each planet separately.

4.1 WASP-76b

Fig. 4.1 presents the final divided in/out transit spectra corrected for planetary radial veloc-
ity (gray) with the spectrum binned by 20 points (black) and a gaussian fit to the absorption
lines (red). We can clearly see planetary sodium (Na D lines) absorption. The RMS of
the Na D region is 0.0027 and the RMS of the spectrum binned by 20 is 0.0013. The
sodium line depths are 0.65 % and 0.57 %, respectively, therefore, corresponding to 9.5 o
and 7.1 o significance'. This is the first detection of sodium in the upper atmosphere of
WASP-76b, originally published in Zak, et al. (2019). Details of the detected peaks are
summarized in Table 4.1.

Figure 3.3 shows the non-detection of Ca I and Mg I lines (RMS of the data points
1s 0.0007), showing that the stellar activity is low and any planetary atmosphere sodium

Table 4.1: Fit parameters for the Na D lines in WASP-76b and WASP-127b.

Line D1 D2

WASP-76b
Depth (%) 0.648+£0.068 0.57+0.08
FWHM (nm) 0.0650+0.0078 0.0400+£0.0065

WASP-127b
Depth (%) 0.735+0.088 1.14440.270
FWHM (nm) 0.0537£0.0075 0.0367+0.0097

I'The significance is calculated as the depth of the line divided by its uncertainty.

_27_
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(Na D lines) detection should be significant and not influenced by the star.
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Figure 4.1: Spectral region around the sodium doublet of WASP-76b with stellar signature
removed. The final transmission spectrum (gray), binned spectrum by 20 (black) and
gaussian fit of the lines (red) are shown. Sodium is clearly detected, the blue dashed lines
indicate the position of the Na D2 and D1 lines. The lower panels shows the difference
between the observed spectrum and the fit (Zék, et al., 2019).

In the course of the review process of our work (22’1k, et al., 2019), an independent
detection of the sodium in the atmosphere of WASP-76b planet was reported by Seidel,
et al. (2019) for the same HARPS data set. Their results are in agreement with ours,
confirming the methodology. We note, however, that our FWHM of the D2 line is about
30 % smaller compared to their values which is probably caused by different approaches
for the telluric correction. We do not detect any features in the positions of Ho, Hf
or the lithium lines (Fig. Al). The lack of these features is possibly suggesting that the
atmospheric loss is not prominent.

Furthermore, Ehrenreich, et al. (2020) observed WASP-76 system with the ESPRESSO
instrument attached to the VLT and detected an iron signature on the day-side of the planet
and reported no signal of the iron on the nightside. They provided an explanation of
iron condensation on the nightside of the planet. von Essen, et al. (2020) detected sodium
presence through low-resolution transmission spectroscopy using the HST/STIS. They also
tentatively reported marginal evidence of titanium hydride. Using independent data sets
they confirm our results of no planetary signal from Hf, Ha and lithium lines.
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4.2 WASP-127b

A cloudless sky of WASP-127b was observed, several features such as sodium, potassium,
and lithium and hints of H>O absorption were reported with GTC instrumentation by Palle,
et al. (2017); Chen, et al. (2018). Fig.4.2 presents our final transmission spectrum of the
planet.
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Figure 4.2: The same as Fig. 4.1 but for WASP-127b (Z4k, et al., 2019).

The RMS of the data is 0.0042 and by binning by 20 points (black) we reach a final RMS
of 0.0019. The stellar activity of WASP-127 star can be monitored with the Ca I and Mg I
lines. We were not able to see any activity in these lines, as shown in Fig.3.3. We were
able to confirm only sodium (Na D lines) with a high significance of 4.2-¢ (D2) and 8.33-0
(D1), respectively. Similarly to WASP-76b, we did not detect features of neutral hydrogen
(Ha, HB) or lithium (Fig. Al). Lithium was previously detected with low-resolution
spectroscopy using the GTC as well as sodium and potassium (Chen, et al., 2018). The
reason for our non-detection of lithium is most likely due to aperture differences between
the GTC (10-m) and the 3.6-m telescope that hosts HARPS, while as mentioned earlier,
potassium (766.5 & 769.9 nm) is out of range of HARPS.

Our confirmation of sodium is unique because this is one of the first proofs for obser-
vations using different instruments as well as two different methods. Spake, et al. (2019)
used HST and Spitzer low-resolution data ranging from 0.3 to 5 um to detect feature-rich
atmosphere. They independently confirm presence of sodium, potassium and water vapor.
Additionally, they reported evidence of CO; in the transmission spectrum of WASP-127b
for the first time. Finally, they reported no traces of lithium.
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4.3 WASP-166b

Fig. 4.3 presents the final divided in/out transit spectrum for the Na region. The RMS of
the data is 0.0025 and, after binning by 20 points, 0.0014. However, we are not able to
detect any features in the sodium (Na D), HB, Ha and lithium lines (Fig. A1). Therefore,
we can only put an upper limit of 0.14 % on the detection.

As gas giant planets are expected to have nearly solar elemental composition (Mad-
husudhan, et al., 2016) the lack of features hints at presence of thick high clouds. High
clouds are optically thick and thus only a small portion of the atmosphere, that is above
the cloud deck, can be probed, thus resulting in a featureless spectrum. Another possible
explanation for the featureless spectrum is the depletion of Na by its condensation on the
night side of the planet (Seager, 2003). Future, follow-up studies with more sensitive
instruments are thus recommended to investigate and break this degeneracy.

Fig. 3.3 displays no signatures in the Mg I and Ca I lines. Therefore, we can assume
that the star is not active.
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Figure 4.3: Same as Fig. 4.1, however, showing no-detection for WASP-166b (Zik, et al.,
2019).

4.4 KELT-11b

Fig. 4.4 presents the final divided in/out transit spectrum of the Na region. The RMS of the
data is 0.0012 (unbinned) and 0.0006 (binned by 20 points). The upper limit for sodium
(Na D lines) detection is, therefore, 0.06 %. This is a very stringent constraint on the
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presence of sodium in the atmosphere and possibly hints at the presence of clouds in the
atmosphere of KELT-11b. Similarly to WASP-166b, we do not detect neutral hydrogen or
lithium (Fig. A1).

We checked the stellar activity on Ca I and Mg I lines. There was no significant
detection of activity observed in our data (see Fig. 3.3). Coldn, et al. (2020) used HST low-
resolution spectroscopy complemented with data from TESS and Spitzer to detect muted
H,O feature in the IR region. The low amplitude H,O feature can be caused by partially
cloudy atmosphere, however, the detected shape of the feature is unusual in comparison
to other H,O features seen in giant planets. In the future, JWST observations could shed
more light on processes in the atmosphere of this planet.
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Figure 4.4: Same as Fig. 4.1, however, showing no-detection for KELT-11b (Zik, et al.,
2019).

4.5 Discussion

We have performed transmission spectroscopy of 4 inflated gas giants and reported two suc-
cessful detections of Na. WASP-76b belongs to the ultra-hot Jupiter class with intriguing
iron-raining atmosphere (Ehrenreich, et al., 2020). WASP-127b with its cloudless atmo-
sphere provides excellent opportunity to advance our understanding of super-Neptune’s
atmospheres with JWST and future large-aperture facilities. The lack of atmospheric fea-
tures in the spectra of WASP-166b and KELT-11b hints at the presence of clouds in large
atmospheric heights. As high-resolution spectroscopy is sensitive to also higher atmo-
spheric scale heights (Kempton, Perna & Heng, 2014), it can be used to detect features
even in partially cloudy atmosphere.
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As can be seen from Fig. 4.1, the D1 line is apparently stronger than the D2 line, which
would imply different mixing ratios and compositions of the atmosphere of WASP-76b in
comparison with other planets because all other detections reported in literature were with
stronger D2 line. We have investigated the previous Na D line detections in exoplanets
based on high-resolution spectroscopy in the literature. We have summarized them in
Table4.2. As can be seen, WASP-76b is the first reported planet having potentially an
absorption ratio of D2 to DI lines less than one’. The unusual reported values make
this planet an ideal target for future JWST and large ground-based telescopes follow-up to
further clarify this discovery.

Table 4.2: Selected high-resolution detections of sodium (Na D lines). The first column
states the exoplanet with the source of the values. The second column shows the ratio
of the sodium doublet absorption lines. The third column shows the ratio of the sodium
doublet FWHMs.

Planet Apo / Api Do / D1

HD 189733b!  1.59+0.33 1 +0.22
WASP-49b2 1.09 £ 047 1.91+0.83
MASCARA-2b% 1.194+0.39 0.79 +0.31

WASP-17b* 1 +0.66 1 +0.57
WASP-52b° 1.20 +£0.21 1.884+ 0.31
WASP-1276%  1.56 +£0.41 0.68+ 0.20
WASP-76b°  0.88 £0.15 0.62 +0.12

References: (1) Wyttenbach, et al. (2015), (2) Wyttenbach, et al. (2017), (3)
Casasayas-Barris, et al. (2018) , (4) Khalafinejad, et al. (2018), (5) Chen, et al. (2020),
(6) Zdk, et al. (2019)

The explanation for the strength of the lines can be found in the literature for other
Na lines in redder regions but such a measurement is missing in the optical. Civis, et al.
(2012) present a laboratory spectrum of sodium lines demonstrating that different atomic
states are shaping the spectral lines and their strengths. Furthermore, Slanger, et al. (2005)
measured the D2/D1 ratio in the Earth’s atmosphere and found it to be varying between
1.2-1.8. They explained that the variability of the ratio is originating from a competition
between oxygen reacting with NaO(A3X"), produced from the reaction of sodium with
oxygen. In other words, the line strength and the mixing ratio depend on the composition
of the surrounding atmosphere and it can even vary over time.

20ne should note, however, that the deviation from unity is less than 16 for WASP-76b, and we therefore
do not claim much about this yet. Several detections have the reported ratio close to unity with large
uncertainty, thus further research is needed to properly address the uncertainties.



Chapter 5

Future prospects

In the near future several space missions designed for exoplanetary research will be
launched. They will be complemented by large ground-based observatories.

5.1 Future projects

James Webb Space Telescope

James Webb Space Telescope (JWST, Gardner, et al., 2006) is a planned space telescope
that is scheduled to be launched in 2021. The primary mirror will consist of 18 hexagonal
segments that are equal to a 6.5-m single mirror. It will operate in the region from 0.6
to 28.3 um. By employing four instruments (NIRSpec, NIRISS, NIRCam, and MIRI) it
will be capable of achieving resolving power R ~100-1700. The spectral ranges of the
instruments are shown in Fig. 5.1 together with cross-sections of various molecules. Its
main scientific objectives will be to investigate the early universe by studying objects that
formed shortly after the Big Bang. It will study the formation and evolution of galaxies,
stars, and exoplanets. Characterization of exoatmospheres is also a significant part of the
Early Release Science (ERS) Program (Stevenson, et al., 2016) for which data will be
obtained during the first five months of observations.

ARIEL

The Atmospheric Remote-sensing Infrared Exoplanet Large-survey (ARIEL, Tinetti, et al.,
2016) is an ESA M-4 mission planned to be launched in 2028. The mission is expected
to perform observations of at least 1000 exoplanets. It will be equipped with a 1.1 x
0.7-m oval mirror to carry out spectroscopic measurements in the NIR and IR regions
(1.2 ym to 7.8 um). Two main scientific questions that ARIEL will address are: What
are exoatmospheres made of? and How do planets form and evolve? To achieve this
ARIEL will characterize the chemical composition of exoatmospheres. ARIEL is expected
to detect molecular bands H,O, HCN, CO,, NH3 and many others. Furthermore, it will
provide information about the atmospheric structure, chemical gradients as well as clouds
and albedo measurements.

—33—
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Figure 5.1: Cross-sections of various molecules across optical and infrared wavelengths
for JWST. Spectral ranges covered by certain modes of JWST’s four instruments (NIRSpec,
NIRISS, NIRCam, and MIRI) are shown for comparison. For NIRSpec, the wavelength
coverage of individual filters is also shown. JWST’s extensive spectral coverage will
enable detailed chemical characterizations of exoplanetary atmospheres. Taken from
Madhusudhan (2019).

CUTE

The Colorado Ultraviolet Transit Experiment (CUTE, Fleming, et al., 2018) will be a
CubeSat with a 20x8-cm parabolic mirror. It is a joint project of Colorado and Graz
University. It will perform low-resolution transmission spectroscopy in the near-ultraviolet
region from 255 to 330 nm. It will search for atmospheric tracers (Fe II, Mg II, Mg I and
OH) that cannot be studied from the ground. The expected launch is 2020.

PLATO

PLAnetary Transits and Oscillations of stars (PLATO, Rauer, et al., 2014, 2016) is the
planned space mission by the ESA to be launched in 2026. PLATO will be a photometric
mission and will have onboard 26 refracting telescopes. Twentyfour normal cameras with
readout cadence of 25 s in groups of 4 for stars with brigthness between 8 and 16 in
V mag; 2 fast cameras with readout cadence of 2.5 s and color filters for bright stars
(4-8 in V mag). The 24 normal cameras will have field of view of about 2250 squared
degrees. The main goal is to discover Earth-like planets in the habitable zone around
Sun-like star. Furthermore, it will address questions such as What are the properties
of exoplanets? and How do planets systems evolve with age?. The mission will be
valuable also for astroseismology as PLATO will investigate stellar structure and evolution.
Most imporantly for exoatmosphere research, it will deliver many suitable candidates for
exoatmosphere characterization.
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Roman Space Telescope

Nancy Grace Roman Space Telescope (Roman, formerly known as WFIRST) is infrared
observatory currently under development (Spergel, et al., 2015; Akeson, et al., 2019). The
expected launch is 2025. The observatory will have 2.4-m telescope with two scientific
instruments. The first instrument is the 288-megapixel multi-band NIR camera with 100
times larger field of view than HST. It will be capable of wide-field slitless spectroscopy
and imaging in the optical and IR region. The coronagraph instrument with a high contrast
will perform imaging and integral field spectroscopy. The main objectives of the Roman
will be to study the expansion history of the Universe, the growth of cosmic structure and
the dark energy. Furthermore, its coronograph will be used for direct imaging of exoplanets
that will provide images (see Fig.5.2) and spectra of the near exoplanets. The design will
enable detection of exoplanets only 0.15 arcseconds away from their host star.

Planet c

Inner working angle

30 zodi disk Planet b

Figure 5.2: Simulated Roman coronagraph image of the star 47 Ursa Majoris, showing two
directly detected planets with 10 hr exposure (Spergel, et al., 2015).

CRIRES+

CRIRES+ (Dorn, et al., 2016) is an upgrade of The CRyogenic InfraRed Echelle Spec-
trograph (CRIRES). It is a cross-dispersed spectrograph that is as of May 2020 being
installed on VLT. It will be equipped with 6 gratings each optimized for operation in a
single wavelength band (Y, J, H, K, L and M). It will be able to achieve resolving power
of R=50000-100000. It will have a new polarimetry module allowing spectropolarimetric
observations. One of the main scientific objectives will be to search for super-Earths in the
habitable zone of low-mass stars. Due to the low temperature of M-dwarfs, they radiate
most of their energy in the IR region. Thus CRIRES+ is a perfect instrument for this task.
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Another scientific objective will be the atmospheric characterization of exoplanetary atmo-
spheres. As was described in section 1.3, IR region is suitable for atmospheric detection
of helium and molecular bands e.g. H;O, CO, NH3, CHy4.

Giant ground-based observatories

Extremely Large Telescope (ELT, de Zeeuw, Tamai & Liske, 2014) is an astronomical
observatory currently under construction. Once completed it will be the largest optical tele-
scope ever built. In 2010 ESO selected Cerro Armazones as the telescope site and in 2014
construction begun. The expected first-light is currently planned in 2025. ELT will use
optical design with 5 mirrors. The 39-m primary mirror will consists of 798 hexagonal seg-
ments, each segment measuring approximately 1.4-m across. Multiple instruments will be
suitable for the investigation of exoplanets. The High Angular Resolution Monolithic Op-
tical and Near-infrared Integral field Spectrograph (HARMONI) is a planned spectrograph
that will operate in region from 0.47 to 2.45 um with resolving power R ~ 3000 —20000.
High Resolution Spectrograph (HIRES, Di Varano, et al., 2019) is planned spectrograph
currently under review. It will operate simultaneously in the optical and NIR region with
R ~100000. The primary goal of HIRES will be the characterization of exoplanetary
atmospheres. ELT should be able to directly detect oxygen.

Figure 5.3: The visualisation of the Extremely Large Telescope. Image credit: ESO.

Thirty Meter Telescope (TMT, Schock, et al., 2009) is a proposed telescope to be
located on Mauna Kea, Hawaii. Recently, due to the blockade on Mauna Kea, alternate
sites were considered, especially Roque de los Muchachos observatory on La Palma. The
primary mirror is designed to have 30-m in diameter and will consist of 492 smaller (1.4-m)
individual segments. Planned instruments include High-resolution spectrographs in the
visible domain (HROS), and near-infrared (NIRES).
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Giant Magellan Telescope (GMT, Fanson, et al., 2018) is future telescope currently
under construction at Las Campanas observatory in Chile. The primary mirror will consist
of seven 8.4-m segments forming 25.4-m primary mirror. The first light is planned for
2029. The secondary mirror will be equipped with adaptive optics to correct distortions
caused by Earth’s atmosphere. GMT will be equipped with high-resolution spectrographs
for visible and IR region (G-CLEF and GMTNIRS) enabling very precise exoatmosphere
characterization.

5.2 Future plans

JWST is coming...

With the upcoming projects like JWST, ELT, TMT and many others, the golden area of
characterization of exoatmospheres is yet to begin. These projects will greatly benefit
from the preparatory scientific work that can already be carried out. JWST will have
good coverage of the IR region thus ground-based telescopes can provide complementary
information that can be firstly used for selection of the best candidates and subsequently to
complement atmospheric retrieval in further studies.

Clouds and hazes hinder the ability to retrieve planetary signals, thus, it is important to
know whether clouds/hazes are present. For example, WASP-101b was considered a prime
target for the Early Release Science (ERS) program, however, Wakeford, et al. (2017b)
have shown the planet is obscured by clouds. Similarly, KELT-11b and WASP-166b
were promising targets however our study has revealed featureless spectra. Heng (2016)
suggested that the amplitude of the [Na/K] line center relative to their adjacent continua
can be used to constrain the cloudiness of the planet.

We plan to use ESPRESSO instrument (Pepe, et al., 2014; Gonzalez Herndndez, et al.,
2018) to obtain the complete optical spectrum of several targets that are anticipated to be
included in the ERS Program. As ESPRESSO has coverage of the optical 650 nm and 740
nm H;O bands, the scientific objective will also be to detect H,O band in the optical region
for the first time. It was shown by Allart, et al. (2017) that by using the CCF method, the
H,O detection is possible. These results can be directly compared to the measurement
from the IR bands measured by JWST and/or other missions. In addition to H,O, we will
search for signatures of Na, K, Li, neutral hydrogen and other atmospheric features.

For the temperature ranges of the selected planets based on theoretical models (Fortney,
et al., 2008) and previous detections (Wyttenbach, et al., 2015, 2017; Khalafinejad, et al.,
2018) we expect strong signals from the sodium and potassium. Detection or non-detection
of these alkali metals will be used to lift degeneracy of chemical and physical properties
in the retrieval analysis (Fig.5.4). Ultra-hot Jupiters are known to exhibit atmospheric
escape which can be conveniently studied using the Hoo line (Casasayas-Barris, et al.,
2019). Detection of Ha can be explained by a very high temperature of the outer layer of
the atmosphere. However, Chen, et al. (2020) have shown that neutral hydrogen can be
detected also for non-ultra-hot Jupiters. Possible detection of TiO will be able to provide
excellent temperature constraint as TiO becomes a prominent absorber in the optical for
higher temperatures (Fortney, et al., 2008).



5.2 - Future plans 38

1.52 Degeneraciesinclearatmosphere
1.50F
1.48} I
3 N
£ 1.46F [ :
K ]
45_ : {‘:‘ ¥ fr
— i
g1.44 ol
N A
= A ie=
n1.421- |
] A \
= 1.40 N
40 WA
A J v Rp = 1.40R,, P,os = 103 bar, Xy,0 = 103 ——
1.38} ¥ R, =1.26R,, P,es = 1073 bar, Xu,0 =6.31 x 1073 ——
/ W Rp = 1.40R;, Pyes = 1072 bar, Xy,0 =6.31 x 1075 ——
1.36F Rp = 1.26R), Pyes = 6.31 x 10~ bar, Xy,0 = 1072 ——
] L1 11 ] ] ] ]
1 2 3 4 5 6

Wavelength (um)

Figure 5.4: Atmospheric spectra with different chemical composition and physical proper-
ties (Welbanks & Madhusudhan, 2019). These spectra have a similar absorption features
in the NIR region. By obtaining optical data with VLT/ESPRESSO we will be able to lift
these degeneracies and be able to precisely constrain the composition of the atmosphere.

For our future project, we have used a similar approach as described in Chapter 2
to identify candidates for exoatmosphere characterization. We select candidates with
extended atmospheres around bright stars. We also take into account if the candidate was
selected or is considered for the ERS Program. We present our 3 candidates in Table 5.1.

WASP-62b is a hot Jupiter orbiting a bright F-type star. Its detection was reported
by Hellier, et al. (2012) who reported no emission peaks in the Ca II H+K lines hinting
at a low stellar activity. Stevenson, et al. (2016) identified this target as one of the most
favorable for the upcoming ERS JWST program as it is located in the JWST’s continuous
viewing zone thus resulting in a large number of transit opportunities at any time of the
year for JWST. There are still no atmospheric observations available for this candidate.

Hellier, et al. (2012) reported a discovery of a hot Jupiter WASP-63b orbiting a G-type
star. They did not find any signs of stellar activity. Kilpatrick, et al. (2018) studied this
planet using single transit data from HST. They detected H>O in the IR region and conclude
that WASP-63b remains a plausible target for ERS.

WASP-79b is another hot Jupiter in our sample. Smalley, et al. (2012) reported its
discovery around a F-type star. WASP-79b is the prime candidate for the ERS program
(Bean, et al., 2018). Sotzen, et al. (2020) analyzed data from Spitzer, HST, LDSS-3C
instrument mounted at Magellan telescope, and TESS and constrained H>O abundance.
However, atmospheric data, especially in the optical region, are still missing.
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Table 5.1: Parameters of selected targets for complementary science to JWST with
ESPRESSO.

WASP-62b  WASP-63b  WASP-79b

Mass (Myyp) 0.57 0.38 0.9
Radius (Ryyp) 1.39 1.43 1.7
Temperature (K) 1440 1540 1760
Period (d) 4.412 4.378 3.662
Semi-major axis (AU) 0.0567 0.0574 0.0539
V (mag) 10.3 11.2 10.1
1000- A0 1.10 0.90 0.96

CRIRES+ science verification

CRIRES+ science verification call is expected in the second half of 2020 which will allow
scientists to test capabilities of this new instrument. In the next project, we would like
to use CRIRES+ to detect helium in the atmosphere of gas giant exoplanet. We will use
the strong A1083.3 nm helium triplet which has already been detected in several planets
(Nortmann, et al., 2018; Allart, et al., 2019). Helium IR triplet together with Lyman-alpha
(Lyo) line can be used to study atmospheric escape. However, Ly can be detected only
from space with the HST instrument and is heavily affected by the interstellar absorption.
The helium IR triplet thus provides an excellent opportunity to study the atmospheric
escape of irradiated planets and their mass-loss (Lampon, et al., 2020).



Chapter 6

Conlusions

In this thesis, we first selected suitable targets for high-resolution transmission spec-
troscopy. We identified 4 gas giant planets with hot extended atmospheres around bright
stars which makes them ideal targets for atmospheric characterization (WASP-76b, WASP-
127b, KELT-11b, and WASP-166b). We analyzed HARPS archival data from the ESO
archive. After performing telluric correction, we searched for planetary features in the at-
mospheres of the planets. We ruled out the presence of any spurious signals caused by the
stellar activity by monitoring the Mg I and Ca I lines. We detect sodium in the atmosphere
of WASP-76b at a 7-90 level. Furthermore, we also report the detection of sodium in
the atmosphere of WASP-127b at a 4-80 level of significance, confirming earlier results
based on low-resolution spectroscopy. This is one of the first cases of detecting the same
atmospheric feature using different instruments as well as two different methods. We also
searched for the presence of neutral hydrogen (Ho and Hf3) which could be a sign of the
escaping atmosphere and lithium (670.8 nm), however, no features were detected. The
lithium presence in the atmosphere of WASP-127b was detected using the low-resolution
technique from the ground, however was not confirmed with the same method from space.
The data show no sodium nor presence of any other atom at high confidence levels for
WASP-166b nor KELT-11b, hinting at the presence of thick high clouds in the atmospheres
of these two exoplanets.

Furthermore, we report an unusual sodium depth ratio of the D2 and D1 lines in
WASP-76b. By analyzing other detections of sodium in different exoplanets available in
literature we conclude that this is the first detection of possibly inverted sodium doublet
ratio. Further investigation of this phenomenon is currently ongoing. In the near fu-
ture, optical transmission spectroscopy will be very valuable as it will be complementary
for the upcoming missions like JWST and ARIEL. Optical data from instruments such
as ESPRESSO, HARPS, FORS2 will lift degeneracies that are present in the chemical
composition retrieval and atmospheric processes description from the NIR data.

Since the publication of our paper (Zdk, et al., 2019), our results of atmosphere detection
for WASP-76b and WASP-127b and non-detection for WASP-166b and KELT-11b have
already been cited by several studies (Chen, et al., 2020; Col6n, et al., 2020; Edwards,
et al., 2020; von Essen, et al., 2020), showing the importance and a good timing of
our investigation. We finish with an outlook on how we want to move forward with
exoatmosphere characterization by introducing two feasible projects in the near future.

— 40—
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