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A la meva mare.
Per encendre els llums quan s’ha fet fosc,

i encendre’ls sempre de colors.
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Resumen

Después de tres décadas desde el primer descubrimiento de un planeta extra-
solar, el número de descubrimientos ha aumentado de forma exponencial hasta
llegar a los más de 4000 exoplanetas conocidos en la actualidad. Esta rápida
evolución ha sido debida, principalmente, al lanzamiento de dos misiones espa-
ciales especializadas en la búsqueda masiva de exoplanetas: Kepler y TESS.

El descubrimiento de los primeros planetas motivó rápidamente el estudio
de la composición de sus atmósferas. La mayor dificultad para su análisis
con observaciones directas, sin embargo, era debida al gran contraste planeta-
estrella. Afortunadamente, pocos años después se descubrió un valioso grupo de
planetas que haŕıa posible la primera detección de una atmósfera exoplanetaria:
los planetas transitantes del tipo Júpiter caliente. Este grupo está formado
principalmente por planetas del tamaño de Júpiter con órbitas de pocos d́ıas
muy cercanas a su estrella, los cuales tienen alta probabilidad de transitar en
algún punto de su órbita. Un tránsito ocurre cuando el planeta pasa entre la
estrella y la ĺınea de visión del observador. Durante un tránsito, una pequeña
fracción de la luz de la estrella pasa a través de la atmósfera del planeta que,
dependiendo de su composición, actúa como filtro e imprime pequeñas señales
en el espectro estelar. Este método se llama espectroscoṕıa de transmisión.

Esta tesis se centra en la búsqueda y caracterización de señales debidas a
la atmósfera de los exoplanetas, el llamado espectro de transmisión, usando
observaciones con espectrógrafos de muy alta resolución. En particular, se
analizan las observaciones de cuatro planetas diferentes. Durante los últimos
años, la espectroscoṕıa de alta resolución se ha convertido en una de las técnicas
más potentes para el estudio de atmósferas planetarias, dada su capacidad para
resolver ĺıneas individuales en el espectro de transmisión.

El primer planeta analizado en esta tesis es el Júpiter caliente HD 189733b,
el primero con una detección de sodio neutro (NaI) usando espectroscoṕıa en
alta resolución. Aqúı, con el uso de datos de archivo del instrumento HARPS

vii
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viii

y siguiendo la metodoloǵıa de estudios previos, se reproduce la detección de
NaI junto con una pequeña mejora de la corrección de la contaminación de la
atmósfera terrestre, enfatizando la importancia del movimiento de la Tierra du-
rante las observaciones. En paralelo, la misma metodoloǵıa se aplica a nuevas
observaciones con HARPS-N del planeta tipo Saturno WASP-69b. Los resulta-
dos muestran NaI en su atmósfera, aunque sólo se resuelve una ĺınea del doblete,
probablemente debido a la baja señal-a-ruido de los datos. Este análisis con-
sidera, por primera vez, el impacto en el espectro de transmisión de dos efectos
que ocurren durante el tránsito: la variación centro-limbo (CLV) y el efecto
Rossiter-McLaughlin (RM). Estos efectos se deben al bloqueo por parte del
planeta de luz proveniente de diferentes regiones del disco estelar con diferentes
caracteŕısticas. Su impacto depende de la geometŕıa del sistema, la velocidad de
rotación de la estrella y su tipo espectral. Aunque en este estudio el impacto de
estos efectos es irrelevante, se subraya su importancia en estudios atmosféricos.
Estos resultados se detallan en Casasayas-Barris et al. (2017).

El tercer planeta analizado en esta tesis es el Júpiter ultra caliente lla-
mado MASCARA-2b, caracterizado por una temperatura de equilibrio de unos
2300 K. Las observaciones obtenidas con HARPS-N durante un solo tránsito
del planeta sugieren la presencia de NaI y hidrógeno en su atmósfera, y una
alta temperatura en su atmósfera superior. Los resultados se presentan en
Casasayas-Barris et al. (2018). Con la combinación de dos observaciones más
con HARPS-N y una con CARMENES, las señales tentativas son confirmadas,
junto con la primera detección del triplete de calcio ionizado y ĺıneas de hi-
erro ionizado. Los resultados confirman las predicciones teóricas de que las
atmósferas de los Júpiter ultra calientes están parcialmente formadas por iones
provenientes de su hemisferio extremadamente caliente donde el d́ıa es perma-
nente. Además, este estudio muestra la importancia de realizar un análisis en
dos dimensiones de los resultados como confirmación de su origen planetario y
la visualización de otros efectos estelares, como es el caso del RM y CLV. Estos
resultados se detallan en Casasayas-Barris et al. (2019).

Finalmente, se estudia la atmósfera de HD 209458b, uno de los exoplan-
etas más famosos. En este análisis se usan datos de archivo de HARPS-N
y CARMENES, aśı como observaciones de tiempo garantizado obtenidas con
ESPRESSO. Los resultados se muestran en Casasayas-Barris et al. (2020a,b).
En contraste con estudios previos donde se detecta NaI en su atmósfera, las
nuevas observaciones muestran resultados consistentes con el impacto de los
efectos del RM y CLV en el espectro de transmisión del planeta, sin la necesi-
dad de considerar ninguna contribución debida a su atmósfera. En este estudio
se acentúa la importancia de considerar estos efectos en la extracción de los es-
pectros de transmisión con el uso de observaciones en alta resolución espectral.
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Abstract

After three decades of the discovery of the first extrasolar planet, the number
of known exoplanets has grown exponentially to more than 4000. This rapid
evolution in the number of discoveries has been mainly produced by the launch
of the two most effective planet-hunter missions, Kepler and TESS, which have
been performing a massive search of exoplanets from space.

The discovery of the first exoplanets motivated the study of their atmo-
spheres. However, the main difficulty when attempting to detect exoplanet
atmospheres using direct observations is the large planet-to-star contrast ra-
tio. Fortunately, a very valuable sample of exoplanets was discovered soon
thereafter, the transiting planets, which made possible the first detection of an
exoplanet atmosphere. This sample is mainly formed by close-in planets with
short orbital periods, which have a higher probability to present transit events
at a given time along their orbit. Transits occur when an exoplanet crosses the
stellar disc with respect of the observer’s line-of-sight. During the transit of an
exoplanet, part of the stellar light goes through the exoplanet atmosphere and,
depending on the composition of the atmosphere, faint spectral features will be
imprinted in the stellar spectrum that we observe. This methodology is called
transmission spectroscopy.

This thesis is focused on the search and characterisation of atmospheric
signals from the exoplanet atmosphere, the transmission spectrum, using high
resolution transmission spectroscopy observations of four different exoplanets.
During the last few years, high resolution spectroscopy has become one of the
most used and powerful techniques to study the exoplanets atmosphere, due to
its capability to resolve single spectral lines in the transmission spectrum.

The first exoplanet analysed in this thesis is the hot Jupiter HD 189733b,
a benchmark exoplanet on which the first detection of neutral sodium (NaI)
using high resolution spectroscopy observations was reported. Using HARPS
archival data and following the methodology from previous studies, we repro-

ix
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x

duce the NaI detection in the transmission spectrum and slightly improve the
correction of the Earth atmospheric contamination, while pointing out the im-
portance of considering the Earth’s movement during the night. In parallel, this
same methodology is applied to new HARPS-N observations of the Saturn-mass
planet WASP-69b, resulting in the detection of NaI, but only resolving one line
of the doublet, probably due to the signal-to-noise ratio of the observations.
This analysis considers, for the first time, the impact of two transit effects that
modify the transmission spectrum of an exoplanet: the centre-to-limb varia-
tion (CLV) and the Rossiter-McLaughlin (RM) effect. During the transit, the
exoplanet blocks the light from different regions of the stellar surface which
have different characteristics. This lack of flux results in a deformation of the
stellar spectral lines that is propagated to the transmission spectrum. Its im-
pact depends on the geometry of the system, the rotational velocity of the star,
and the spectral type. Although in this study the effects remain at the noise
level precision of the observations, their importance in atmospheric studies is
stressed out. These results are compiled in Casasayas-Barris et al. (2017).

The third exoplanet is the ultra hot Jupiter MASCARA-2b, which has
an equilibrium temperature around 2300 K. The observations performed with
HARPS-N during only one transit of the exoplanet suggest the presence of NaI
and hydrogen in its atmosphere, and a high temperature in the upper atmo-
sphere. The results of this study are presented in Casasayas-Barris et al. (2018).
After two more transit observations with HARPS-N and one with CARMENES,
the suggested features are confirmed, together with the first detection of the
ionised calcium triplet and ionised iron lines. The results confirm the theoret-
ical predictions that the upper atmosphere of ultra hot Jupiters is made up of
ions probably coming from their extremely hot permanent day-side. On the
other hand, this study shows the importance of a two-dimensional tomographic
analysis of the different species as a confirmation of their planetary origin, and
the visualisation of other stellar effects such as the RM and CLV. These last
results are detailed in Casasayas-Barris et al. (2019).

Finally, HD 209458b, one of the most famous exoplanets, is studied using
HARPS-N and CARMENES archival data, and ESPRESSO Guaranteed Time
Observations. The results are compiled in Casasayas-Barris et al. (2020a,b).
In contrast with previous studies claiming a NaI detection, our results are con-
sistent with the modelled RM and CLV effects on the stellar lines, without
considering the contribution from the exoplanet atmosphere. In this study we
stress the importance of accounting for these effects when attempting to extract
the atmosphere of an exoplanet from high resolution observations.
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1
Introduction

- Dad, do you think there’s people on other planets?
- I don’t know, Sparks. But I guess I’d say if it is just us... seems like an

awful waste of space.

Contact, 1997

This thesis is focused on the atmospheric characterisation of extrasolar planets

using high resolution spectroscopy observations. This chapter presents an overview of

the field of exoplanets, which starts with the description of the most relevant aspects of

the search for new worlds. Then, it moves to a general review of the current knowledge

on exoplanet atmospheres in terms of theoretical and observational studies, and finishes

with a dedicated section on the study of atmospheres using high resolution spectroscopy.

1.1 Looking for other worlds

One of humanity’s most ancient questions is whether there is life elsewhere in
the universe. It was only around thirty years ago, in 1992, when the two first
extrasolar planets (exoplanets) were discovered around PSR 1257+12, a pulsar
in the constellation of Virgo (Wolszczan & Frail, 1992). Three years later, in
1995, the first exoplanet orbiting a sun-like star, 51 Pegasi b, was discovered
(Mayor & Queloz, 1995), and the discovery of the first transiting exoplanet,
HD 209458b, came in the 2000s (Henry et al., 2000; Charbonneau et al., 2000).
These discoveries became the starting point for the massive search for other
worlds and alien life.

In the last three decades, the number of exoplanets discovered has grown

1
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Figure 1.1— Confirmed exoplanets in terms of their mass and period. The different colours
indicate the method used for their discovery. In “other methods” we include those with small
number of discoveries such as astrometry, eclipse and pulsar timing variations, disc kinematics
and orbital brightness modulation. Data extracted from the NASA Exoplanet Archive.

to more than 4000. Based on the NASA exoplanet exploration catalogue1, at
the moment of writing this thesis, there are 4164 confirmed planets and 5220
additional candidates. This rapid increment in the number of discoveries is
mainly produced by two of the most effective planet-hunter missions: Kepler
(Borucki et al., 2010) and TESS (Transiting Exoplanet Survey Satellite; Ricker
et al. 2015). Before Kepler’s launch in 2009, only around 600 exoplanets were
known. After 10 years, the Kepler mission had discovered more than 2600
exoplanets of the 4000 known today. TESS, on the other hand, has discovered
51 new exoplanets since it was launched in 2018. In Figure 1.1 the confirmed
exoplanets are shown, with different colours depending on the discovery method
used. The efficiency of the transit and radial-velocity methods with respect the
other methodologies can be clearly observed.

Among these thousands of planets discovered, the diversity is surprisingly
high. Taking the Solar System as reference, we can distinguish between three

1https://exoplanetarchive.ipac.caltech.edu
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1.1. Looking for other worlds 3

big groups: terrestrial planets, gas and ice giants. Terrestrial planets are formed
by metals and rocks, and have very thin or no atmospheres that have strongly
evolved from their primitive stages. This is the case of Mercury, Venus, Earth
and Mars in the Solar System. Gas giants (Jupiter and Saturn) are in between
the terrestrial planets and brown dwarfs in terms of mass (10 MEarth ∼< Mp ∼<
1000 MEarth). The main components of their atmospheres are hydrogen and
helium, with possible rocky cores. Finally, Uranus and Neptune are ice giants,
which are basically composed by methane, water and ammonia ices, with a thin-
ner atmosphere than gas giants. At least in the Solar System, the atmosphere
of giant planets presents little evolution since their formation.

However, most known exoplanets do not present counterparts in the Solar
System. This is the case, for example, of those terrestrial (or rocky) planets with
masses between 1 and 10M Earth, also known as super-Earths. Between 10 and
15M Earth we can define the mini Neptune region. Of particular interest have
become those exoplanets located very close to their host stars, at distances
smaller than Mercury from the Sun, and consequently completing an orbit
around their host stars in only a few days. These planets have higher probability
to present observable eclipses that allow the study of their atmosphere (see
Section 1.3). This is the case for hot Jupiters and hot super-Earths.

Currently, the number of gas giants, Neptune-like planets and super-Earths
is very similar (∼ 30 % of all known planets), while the number of the terres-
trial planets is around 5 %, but the discovery of these smaller planets remains
biased by the fact that they are more difficult to be detected. One of the most
surprising observations in exoplanet demographic studies was the large number
of planets with radii larger than Earth but smaller than Neptune (1.0 REarth <
Rp < 3.9 REarth; Batalha et al. 2013), namely mini-Neptunes, which are the
most common exoplanet type in the Kepler sample, but are not present in the
Solar System. One of the major questions related to these sub-Neptune sized
planets is whether they are mostly rocky or present low-density envelopes that
contribute to their size. Their discovery triggered different theoretical studies
with the aim of solving this particular question (e.g. Wu & Lithwick 2013).
After measuring the mass of a sample of planets, the derived low density values
revealed that those planets with radius larger than 1.6 REarth require gaseous
envelopes, while those with smaller radius are consistent with a purely rocky
composition (Rogers, 2015; Weiss & Marcy, 2014). At that moment, planet for-
mation theories were not expecting this large number of intermediate planets,
and could not predict their observed population. Only small planets that could
not accrete enough material to become super-Earths, and those accreting all
surrounding gas to become gas giant planets could be reproduced (Mordasini
et al. 2009, among others). Nowadays, modern formation theories are able to
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4 CHAPTER 1. Introduction

reproduce the super-Earth population (e.g. Mordasini et al. 2012; Hansen &
Murray 2012).

In the Solar System, gas giants such as Jupiter and Saturn are cold planets,
which are at very long distances from the Sun. Cold gas giants are common
among the exoplanets discovered, but ”hot Jupiters” whose sizes and masses are
very similar to Jupiter and Saturn but having orbital periods of less than 10 days
are also common. After the discovery of the first hot Jupiter, 51 Pegasi b (Mayor
& Queloz, 1995), a challenge appeared when trying to form these close-in planets
with the conventional giant planet formation theories (Pollack et al., 1996),
based on the core-accretion mechanism. Despite the numerous efforts to resolve
the problem of hot Jupiter formation, their origin is still an open question. With
the evolution of the formation theories, three very broad formation pathways of
close-in gas giants have emerged (Bailey & Batygin, 2018): smooth migration,
violent migration and in-situ conglomeration. For the migration theories, the
formation of giant planets occurs at large distances from their host star, similar
to the Solar System planets. At the end of their primary accretion stage, the
distance of the planet and the star suffers a large-scale decay, decreasing by
a factor around 102 (Lin et al., 1996), due to interactions between the planet
and its original disk (Kley & Nelson 2012; smooth migration), or planet-planet
scattering (Naoz et al. 2011; violent migration), among others. When this
distance is particularly small, the planet is tidally captured in a close-in orbit.
In the in-situ approximation (Batygin et al., 2016) the migration is assumed
to be limited, and the majority of planetary mass is accreted locally onto the
planet (at separations of order of ∼ 0.1 AU).

There are several observational ways to have insights into the formation his-
tories of gas giants. On the one hand, one particularity of these planets is that
they are composed of a combination of hydrogen and helium accreted during
their formation from the protoplanetary disc. Consequently, their atmospheres
are primordial and contain information about their formation conditions. Thus,
the study of their composition can reveal information about their history, for-
mation and evolution. On the other hand, with measurements of the spin-orbit
angle of extrasolar systems (angle between the planet’s orbit and the rotation
axis of the host star) one can have an idea of the architecture of the systems,
which is also related to their formation and evolution (Albrecht et al., 2012;
Albrecht, 2012). The different migration mechanisms, for example, can move
giant planets from their formation place, at several AU, to the position where we
find the hot Jupiters, at less than 0.1 AU. Depending on the migration process,
the spin-orbit angle of the system can be modified (e.g. Fabrycky & Tremaine
2007) or preserved (Lin et al., 1996). Therefore, the obliquity of the systems is
a valuable measurement for planetary formation theories.



17 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

1.1. Looking for other worlds 5

Figure 1.2— Radial-velocity time series of two systems, WASP-74b (left ; Luque et al.
2020) and WASP-189b (right ; Stangret et al. 2021 in prep.), where the RM anomaly is
clearly observed. WASP-74 is an aligned system (λ ∼ 0o) with impact parameter b = 0.9
and v sin i? = 4 km s−1. WASP-189b is a polar planet with λ ∼ 90o, b = 0.5, which orbits a
very fast rotating star (v sin? = 97 km s−1). Both results use the RM model from Ohta et al.
(2005).

One of the most common techniques to obtain the obliquity of a system
is by measuring the Rossiter-McLaughlin (RM) radial-velocity anomaly, firstly
measured by Rossiter (1924) and McLaughlin (1924), and normally referred to
as the classical RM. With time, other alternative methods have emerged, such
as the Doppler tomography (Collier Cameron et al., 2010) and the reloaded-RM
(Cegla et al., 2016a). These three methodologies are based on high resolution
observations when the exoplanet transits the stellar disc. The main concept
is that the stellar disc rotates with respect the observer, showing two differ-
ent hemispheres: one red-shifted and the other blue-shifted. When the planet
crosses the host star disc (transits), it blocks regions of the disc with different
projected velocities. These hidden regions will be missing in the observed stel-
lar spectrum, producing a deformation of the spectral lines. The RM has an
strong dependence on the geometry of the system and the projected rotation
velocity of the host star (v sin i?). The impact of this effect on atmospheric
studies is discussed in Section 1.4.3.

In the classical RM the radial-velocity change of the stellar lines caused
by the deficit of flux on the blue or red-shifted hemispheres during the transit
is measured: if the planet during the transit hides blue-shifted regions of the
stellar disc, the observed spectral lines will be red-shifted and vice versa (see
Figure 1.2). To a first order, when assuming a spin-orbit angle λ ∼ 0o, the
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6 CHAPTER 1. Introduction

semi-amplitude of the RM effect can be estimated as follows (Triaud, 2017):

ARM '
2

3

(
Rp
R?

)2

v sin i?
√

1− b2, (1.1)

where b is the impact parameter, Rp is the planet radius, and R? the radius of
the star. For fast rotating stars and for big planets around small stars ARM
becomes larger, as in the latter case the planet blocks a larger part of the disc.
These radial-velocity time series can be analytically described (see Ohta et al.
2005; Hirano et al. 2011 models for example), and used to fit the observations
and estimate the main parameters such as λ.

The Doppler tomography technique is based on studying the line shape vari-
ations during the transit of an exoplanet. After removing the mean line shape
obtained with observations performed when the planet is not transiting, the
dark inhomogeneities of the stellar surface (the exoplanet) appear as positive
bumps that change their position in radial-velocity depending on the position
of the exoplanet on the stellar disc. The evolution of this bump trace produces
a signal called Doppler shadow, which can then be modelled using similar pa-
rameters to those used for the classical RM effect. Finally, the reloaded-RM
relies on reconstructing the velocity field that the planet obscures during the
transit, studying the lines profile. This methodology is sensitive to differential
rotation, can recover the real inclination of the star i?, and accounts for other
stellar effects such as the convective blueshift and limb-darkening variations.
Recently, Bourrier et al. (2017) reported that classical RM measurements of λ
could be strongly biased due to changes in the lines’ profile.

Comparing spin-orbit measurements for different systems, Winn et al. (2010)
suggested that hot stars with transiting hot Jupiters present a broad range of
obliquities, while cooler stars present aligned planets. The transition between
aligned and misaligned systems occurs around the stellar effective temperature
Teff ≈ 6250 K, probably indicating that the hot Jupiter formation mechanisms
depend strongly on stellar mass. With a different methodology, this difference
between cool and hot stars was also noticed by Schlaufman (2010). In Fig-
ure 1.3 the so-called λ-Teff diagram is shown, including all hot Jupiters with
obliquity measurements from the TEPCat2 orbital obliquity catalogue (South-
worth, 2011). The dispersion of spin-orbit values is observed to be larger for
effective temperatures larger than 6250 K, while cooler stars have mostly plan-
ets in aligned orbits.

Going back to the current statistics of exoplanets discovered, it is been
observed that some expected samples are missing in the radius-period diagram

2http://www.astro.keele.ac.uk/jkt/tepcat/rossiter.html
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Figure 1.3— Polar plot of the exoplanets with spin-orbit measurements versus the effective
temperature of their host star (radial lines). The colour shows the equilibrium temperature
of the planet, and the marker size is indicative of the radius of the planet. The data is
extracted from the TEPCat orbital obliquity catalogue (Southworth, 2011) filtered for hot
Jupiters (Rp ≥ 0.5 RJ). In red-crossed dots the results obtained in this thesis are shown. The
dashed black line at 6250K corresponds to the effective temperature transition suggested by
Winn et al. (2010).

(see Figure 1.4). Fulton et al. (2017) observed a deficit of close-in planets, those
with orbital periods shorter than 100 days, in the radius region between 1.5
and 2 REarth. This region is called the radius valley and it is situated around
1.8 REarth. With smaller masses than hot Jupiters and Saturns, one would
expect the presence of hot sub-Saturns. However, only a very small number of
planets have been discovered in this region called the evaporation desert (see
the yellow region in Figure 1.4). Although the origin of the radius valley and
evaporation desert is still not clear, there are several potential explanations.
One of the most likely mechanisms is photoevaporation (Owen & Wu, 2013).
The evaporation process affects significantly low-mass planets with hydrogen
envelopes at distances shorter than ∼0.1 AU. In their study, Owen & Wu (2017)
conclude that evaporation can naturally explain the lack of exoplanets observed
around the radius valley (∼1.8 REarth) and the evaporation desert, depending on
the atmospheric masses that they had before starting the atmospheric mass-loss.
In particular, those planets unstable to atmospheric mass-loss will lose mass
until completely stripped, or reach stable atmospheric mass. The evaporation
or radius valley is observed between planets with stripped cores and those that
are able to maintain their atmospheres. The lack of planets in this region is
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8 CHAPTER 1. Introduction

Figure 1.4— Radius and orbital period of confirmed planets, extracted from the NASA Ex-
oplanet Archive. The green-dashed line indicates the radius valley around 1.8 REarth (Fulton
et al., 2017). The triangular yellow region indicates the evaporation desert of hot sub-Saturns.

created by the complete removal of their envelopes, if their atmospheric mass
fraction (Matm/Mcore) was initially below 0.01. The evaporation desert, on the
other hand, results from planets with atmospheric mass fractions around 1 that
evolved to lower mass (Owen, 2019).

1.2 Exoplanet atmospheres

With the increasing diversity of discovered exoplanets and the detection of the
first transiting planets, substantial effort has been put into the detection and
understanding of their atmospheres. HD 209458b was the first transiting planet
discovered and became the first with an atmospheric detection by Charbonneau
et al. (2002), using STIS (Space Telescope Imaging Spectrograph) observations
on board the Hubble Space Telescope (HST). In particular, excess of absorp-
tion was detected in the sodium (NaI) lines. This detection, which is revisited
in detail later in this thesis, opened the door to a field that has expanded
considerably in only a few years, not only due to the improvement of astro-
nomical instrumentation, but also thanks to the large efforts on atmospheric
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1.2. Exoplanet atmospheres 9

modelling. Theoretical studies are particularly important to understand the
species expected in a particular exoplanet atmosphere.

1.2.1 Hot Jupiters

Hot Jupiters are the most studied objects in the exoplanet atmospheric science
field, as the expected spectral features are relatively large due to their extended
scale heights, from their high temperatures and their relatively large circum-
ference, due to their size. The scale height of the hot Jupiter HD 209458b is
H ≈ 550 km (Lecavelier Des Etangs et al., 2008), while H ≈ 11 km for the Earth.
Moreover, its orbital period is only ∼ 3.5 days. Due to their proximity to the
host star, hot Jupiters are strongly irradiated, reaching equilibrium tempera-
tures higher than 1 000 K. These high temperatures were firstly predicted by
Seager & Sasselov (1998) and observationally confirmed with secondary eclipse
observations performed with Spitzer, showing strong infrared emission from
several exoplanets.

At these temperatures, a planetary atmosphere is expected to be mainly
composed by H2O (water vapour) and H2, being the H2O the most significant
spectral feature expected in their atmosphere (Seager & Sasselov, 2000), par-
ticularly in the infrared. Water vapour absorption has been identified in the
atmosphere of several hot Jupiters (e.g. Deming et al. 2013). Depending on the
metallicity and temperature of these planets, other atoms and molecules can
also be found in their atmosphere, such as CO, CO2, and methane (CH4). CH4

becomes more abundant than CO at temperatures below ∼ 1300 K, as should
also happen for NH3 below ∼ 700 K (Burrows et al., 1998), although the latter
one has not been detected in any exoplanet atmosphere. Several detections of
CH4, CO and CO2 have been performed in hot Jupiters (e.g. Snellen et al.
2010; Brogi et al. 2012; Todorov et al. 2014). At the higher temperatures of
very hot Jupiters, titanium oxide (TiO) and vanadium oxide (VO) could also
cause strong features in the transmission spectra.

The presence of hazes, small particles suspended in the atmosphere of ex-
oplanets, can be probed by the detection of a Rayleigh scattering slope in the
transmission spectrum (Lecavelier Des Etangs et al., 2008), which results from
the dispersion of starlight at bluer wavelengths by small particles. This feature
has already been observed in several hot Jupiters and Neptune-sized planets
(e.g. Murgas et al. 2020; Pont et al. 2013). However, star spots in the stel-
lar surface could mimic the Rayleigh scattering feature (Oshagh et al., 2014).
On the other hand, the presence of clouds in an atmosphere, masses of solid
and/or liquid particles produced by the condensation of atmospheric gases, can
naturally explain featureless transmission spectra.
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10 CHAPTER 1. Introduction

Since the first detection in HD 209458b, the NaI doublet at 590nm has be-
come one of the most detected species in hot planets atmospheres. The main
reason is that NaI and KI (neutral potassium) absorption are due to strong reso-
nance lines that probe low pressure levels and high altitudes of the atmosphere.
These alkali lines were predicted to be present in the atmosphere of hot planets
by Seager & Sasselov (2000) and, due to their extension in the atmosphere, are
potential candidates to learn about the temperature profiles of the exoplanets
thermosphere (Huitson et al., 2012). A large number of detections of alkali lines
in hot Jupiters can be found in the literature using different techniques (e.g.
Chen et al. 2018; Redfield et al. 2008).

1.2.2 Ultra hot Jupiters

In the last couple of years, a new sample of extreme hot Jupiters has emerged:
the so-called ultra hot Jupiters. These planets are tidally locked gas giants
that orbit around early (A-F) type stars in only a few hours or days, at very
small distances from their hosts. The high amount of irradiation received from
their host star leads to extreme temperature differences between their day and
night-sides (Komacek & Showman, 2016). This irradiation heats the gas and
can expand their atmospheres to larger distances than the Roche lobe (e.g.
Yan & Henning 2018; Jensen et al. 2018), leading to atmospheric evaporation
processes (Fossati et al., 2015). Their equilibrium temperatures are larger than
2000 K (Parmentier et al., 2018; Arcangeli et al., 2018) and can achieve temper-
atures higher than ∼ 10 000 K in their day-side exospheres (Wyttenbach et al.,
2020). Their night-side is expected to be cloudy and depleted of elements,
while their day-side is cloud-free and formed by a thermal ionosphere, as the
neutral elements have been ionised by the stellar irradiation received (Helling
et al., 2019). Contrarily to what is observed in their cooler counterparts, ul-
tra hot Jupiters do not present water vapour in their day-side atmospheres, as
molecules have been dissociated at these higher temperatures. This has been
probed observationally in several occasions, with the detection of a wide col-
lection of metals in their atmosphere such as NaI, CaI, CaII, FeI, FeII, MgI,
among others (e.g. Seidel et al. 2019; Hoeijmakers et al. 2019).

One of the particularities of these planets is their atmospheric structure.
Several observations of ultra hot Jupiters have shown the presence of thermal
inversions in their atmosphere, this is a layer where the temperature increases
with altitude. The detection of emission of different species in their atmosphere
such as FeI, TiO, and H2O (e.g. Yan et al. 2020; Pino et al. 2020; Nugroho et al.
2017; Evans et al. 2017) is a direct evidence of temperature inversion in their
atmospheres. Recently, Lothringer & Barman (2019) theoretically predicted
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Figure 1.5— Transiting planets with temperatures larger than 2000 K and radius larger
than 0.8RJ , identified as ultra hot Jupiters. The distance between the planet and the star
(semi major axis) is shown in the horizontal axis, the equilibrium temperature of the planets is
presented in the vertical axis, and the magnitude of the host stars in the colour bar. The size
of the markers is indicative of planetary radius. The red cross indicates MASCARA-2b, an
ultra hot Jupiter studied in this thesis (see chapters 3 and 4). The parameters are extracted
from the TEPCat catalogue (Southworth, 2011).

that ultra hot Jupiters orbiting early type stars present stronger temperature
inversions. In addition, the day-night differences probably lead to significant
atmospheric circulation with horizontal winds that can achieve velocities of
the order of the speed of sound (Showman et al., 2010). Although only a
relative small sample of planets in the ultra hot Jupiter category are known
(see Figure 1.5), they have become one of the most studied planets, as the
magnitude of their stars, their temperature and their planet-to-star radius ratio
make them the most accessible targets for atmospheric studies (see Chapters 3
and 4).

1.2.3 Mini-Neptunes and super Earth atmospheres

Mini-Neptunes and super Earths, together with hot Jupiters, are one of the
most surprising discoveries in the exoplanet field, as they do not present coun-
terparts in the Solar System. These planets, in contrast with the primitive at-
mospheres of giant planets, present evolved atmospheres, which could contain
a large diversity of species, giving valuable information about their formation
and evolution.
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12 CHAPTER 1. Introduction

Seager & Sasselov (2000) predicted that those exoplanets receiving a large
amount of extreme ultraviolet (EUV, 10-92 nm) and X-ray (0.5-10 nm) radia-
tion in their atmosphere could present strong absorption of HeI (at 1083 nm) in
their transmission spectrum. The EUV flux excites the HeI atoms to the triplet
23S metastable state, which are then scattered in the 23S-23P transition. HeI
was proposed by Oklopčić & Hirata (2018) as an alternative line to study atmo-
spheric evaporation, which happens when the stellar irradiation heats the gas
of the atmosphere and expands it, producing mass loss. Previous studies were
usually performed studying the hydrogen Lyman α (Ly-α) line, but this line
is strongly affected by interstellar medium absorption. Hot super Earths and
sub-Neptune sized planets are expected to be the most affected by evaporation,
as they could totally loose their atmospheres due to mass loss (Lundkvist et al.,
2016).

Although efforts have been made to detect the hydrogen and/or helium
envelopes and to study their evaporation, it has only been possible to find
these species in larger planets such as hot Jupiters (e.g. Alonso-Floriano et al.
2019b), some Saturn-mass planets (e.g. Nortmann et al. 2018; Allart et al.
2018), and warm neptunes (e.g. Palle et al. 2020a; Ehrenreich et al. 2015).

1.3 Observing exoplanetary atmospheres

The ultimate objective when studying exoplanet atmospheres is the character-
isation of other Earths in order to infer whether or not they are habitable. Al-
though Earth-like planets are relatively common in the universe (Bryson et al.,
2020), with the current telescopes and instrumentation, attempting to study
the atmosphere of an Earth twin is still out of reach.

The main difficulty to study exoplanet atmospheres using direct imaging
observations is their enormous planet-to-star contrast ratio. Currently, this
is only possible using space telescopes or very large ground-based telescopes
equipped with extremely precise adaptive optics to correct for the effects intro-
duced by our atmosphere. The objects that can be studied with this technique
are very massive, young exoplanets orbiting at long distances from their host
star. Fortunately, the discovery of a relatively large sample of exoplanets that
orbit very close to their host stars, at less than ∼ 0.05 AU, and with orbital pe-
riods of days has permitted to start studying the atmosphere of some of them.
Due to their proximity to their host, these planets present large temperatures
that result in larger planet-to-star contrasts. For hot Jupiters, their equilibrium
temperatures expand from ∼ 1000K to 2000K, giving a brightness of 10−3 in
comparison to their host stars (in the near infrared), which is around 107 times
larger than what we expect from an Earth-like twin orbiting a sun-like star in
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1.3. Observing exoplanetary atmospheres 13

Figure 1.6— Schematic illustration of the observational phenomena that occur along the
orbit of a transiting planet. The primary transit produces the deepest change of the stellar
flux. The fainter transit-like phenomena corresponds to the eclipse (occultation) of the planet,
and the overall continuum modulation corresponds to the phase curve.

the visible (Seager, 2010).

In addition to direct imaging, three main observational techniques have been
used to study the atmosphere of the exoplanets: transits, eclipse (or occultation)
and phase curves observations (Crossfield, 2015). This thesis is focused on
transit observations (transmission spectroscopy), but some insights on eclipse
and phase curve observations are given in this section. In Figure 1.6 a scheme
of these three different techniques is presented.

1.3.1 Transmission spectroscopy

Planets with short orbital periods, located very close to their host stars, have
higher probability to present transit events (around 10 % for hot Jupiters,
Brown 2001). During a transit, the exoplanet passes in front of its parent star
with respect our line-of-sight, blocking part of the stellar light that we receive
(see Figure 1.6). The deficit of stellar flux received, ∆f/f , can be measured
very precisely, and it is proportional to the projected area between the planet
and the star, given approximately by

∆f

f
≈
(
Rp
R?

)2

, (1.2)
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14 CHAPTER 1. Introduction

where Rp is the radius of the planet and R? is the radius of the star, which
is usually well determined, whereas second order effects from the stellar limb-
darkening are ignored in Equation 1.2.

When a transit is observed from Earth, part of the starlight crosses the opti-
cally thin exoplanet atmosphere annulus or the commonly called ”terminator”
(see Figure 1.7), and its signatures appear imprinted in the stellar flux. When
the stellar light penetrates through the exoplanet atmosphere, this light is ab-
sorbed and scattered at characteristic frequencies depending on the atoms and
molecules that compose this atmosphere. This means that the exoplanet at-
mosphere will become opaque at this particular wavelengths and, consequently,
the planet will have a slightly larger apparent radius at these wavelengths,
which can be directly measured from the transit depth (see equation 1.2 and
Figure 1.7). Therefore, the measurement of the transit depth at different wave-
lengths provides the transmission spectrum of the exoplanet.

Although transiting planets are a relatively small fraction of the planet pop-
ulation, the atmospheric information that can be measured make these planets
extremely valuable. For this reason, transiting systems have become the most
favourable targets for atmospheric studies. When attempting to observe exo-
planet transits for atmospheric studies it is common to use the so-called Kemp-
ton metric (Kempton et al., 2018) in order to distinguish the known planets
that could be potential candidates. This metric is based on the calculation of
the exoplanet atmosphere annulus surface (TS) with respect the stellar disc
area, which can be defined as follows:

TS =
π(Rp + nH)2 − πR2

p

πR2
?

, (1.3)

where Rp is the planet radius, H is the atmospheric scale height, n is the
number of H needed to define the total thickness of the atmosphere (n ×H),
and R? is the stellar radius. If we expand this equation, and neglect the second
order term ∼ H2, we obtain the approximate strength of the spectral features

TS ≈ 2RpnH

R2
?

. (1.4)

The scale height is defined as H = kTeq/µmmHg, with k the Boltzmann’s
constant, Teq the equilibrium temperature of the planet, mH the mass of the
hydrogen atom, µm the mean molecular weight, and g the gravity. Note that g =
GMp/R

2
p with G the gravitational constant and Mp the mass of the exoplanet.

Considering the definitions above and including the brightness of the star
(mag) as an estimation of the signal-to-noise ratio (S/N), from equation 1.4
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Figure 1.7— Left: Schematic illustration of the exoplanet atmosphere annulus area (termi-
nator) defined by a radius n×H, with respect the planet and stellar discs surface, defined by
the planet radius (Rp) and stellar radius (R?), respectively. Right: illustration of the transit
of a particular exoplanet considering a planetary radius Rp (black) and Rp +nH (gray-dashed
line). Transits reproduced using PyTransit (Parviainen, 2015).

we obtain the transmission spectroscopy metric (TSM) as defined in Kempton
et al. (2018):

TSM = (Scale factor)×
R3
pTeq

MpR2
?

× 10−mag/5. (1.5)

The scale factor includes the different constants together with µ and n.
These two last parameters are difficult to determine. For a H2 and HeI dom-
inated atmosphere, µ = 2.3 is a good approximation, for example. µ = 1.3
would be the case of an atomic hydrogen atmosphere, while µ = 1 is considered
for totally dissociated hydrogen atmospheres. On the other hand, n depends
on the particular atmosphere but also on the spectral resolution of the observa-
tions. Estimating the TSM parameter, it is possible to compare the expected
transmission spectroscopic signal for different known planets. In Figure 1.8,
this calculation is performed for all transiting planets tabulated in TEPCat
catalogue (Southworth, 2011), and for which the properties from Equation 1.5
have been measured. In this same figure, we indicate those exoplanets that are
analysed in this thesis.

In Figure 1.8, we observe that the most suitable exoplanet for atmospheric
studies is HD 209458b. Follow-up observations of Ly-α in the far ultraviolet
found that HD 209458b has an escaping HI atmosphere (Vidal-Madjar et al.,
2003) which showed a transit depth of 15%, and also carbon and oxygen de-
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Figure 1.8— Transmission spectroscopy metric (TSM; Kempton et al. 2018) calculated for
the transiting exoplanets listed in TEPCat catalogue (Southworth, 2011), displayed in terms
of their orbital period and magnitude (V) of their host stars (colour bar). The star markers
indicate the exoplanets studied in this thesis.

tections in the exosphere (Vidal-Madjar et al., 2004). After thousands of exo-
planet discoveries, HD 209458b has maintained the first position in the list of
best planets for atmospheric characterisation. Although the first atmospheric
studies were performed using space-based observations in order to avoid the
Earth atmosphere contamination, ground-based facilities slowly started to gain
importance due to the large apertures available from ground. For example, the
NaI detection in HD 209458b’s atmosphere was reproduced by Snellen et al.
(2008) using the Subaru telescope, and by Albrecht et al. (2012) using UVES
(Ultraviolet and Visual Echelle Spectrograph) observations at the Very Large
Telecope (VLT).

With the rising number of transiting planets discovered, the number of
transmission spectroscopy studies rapidly increased. In Figure 1.9 a compu-
tation of low-resolution transmission spectra obtained with the space-based
telescope HST and the ground-based Gran Telescopio Canarias (GTC) are pre-
sented, together with their one-dimensional atmospheric models. The spectra
are ordered from cooler (top) to hotter (bottom) planets, with equilibrium tem-
peratures ranging from 615 K to 2500 K. In the transmission spectra of these
planets some of the species described in Section 1.2 can be distinguished. In
particular, for some of the planets, we clearly see the detection of water bands
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1.3. Observing exoplanetary atmospheres 17

at 1 − 1.5 µm, absorption at the NaI and KI alkali lines, and Rayleigh slopes
in the bluer wavelength regions.

Although transit observations are currently one of the best tools to study
exoplanets atmospheres, the presence of clouds can become a limitation, espe-
cially at visible wavelengths. According to models, clouds are an additional
source of opacity, and reduce the scale height of the clear atmosphere above
the clouds, which is observable by transmission spectroscopy. This limitation
is translated into a weakening or totally masking of the atmospheric spectral
features, depending on the altitude of the cloud deck (Fortney, 2005). In hot
Jupiters, the atmospheric temperature is close to the condensation tempera-
tures of several abundant components (Seager & Sasselov, 2000). When a grey
cloud is assumed (whose opacity has little dependence with wavelength), all
features below the cloud deck are masked in the transmission spectrum. This is
the case of the muted water vapour absorption in HD 209458b (Deming et al.,
2013), for example. To date, most of the exoplanets characterised have shown
some degrees of cloudiness (Sing et al., 2016).

1.3.2 Eclipse and phase curve observations

The atmosphere of an exoplanet can also be characterised by observing its emis-
sion spectrum. If observations are performed during secondary eclipse, when
the planet is occulted behind the star (see Figure 1.6), the flux contribution
from the exoplanet is not visible, and only the stellar contribution is observed.
Consequently, both planet and stellar flux contribution can be isolated by com-
parison to the off-eclipse flux. In the infrared, the flux emitted by the planet
depends on its temperature. Thus, it is possible to probe the black-body emis-
sion of hot exoplanets, whose peak is expected at ∼ 1000 K, and to measure
their brightness temperatures. In the optical, secondary eclipse observations
permit the measurement of the geometric albedo; this is the reflectively of the
exoplanet at a particular wavelength (or passband) observed when it is fully
illuminated. The reflected and thermal emission are usually difficult to dis-
entangle. To this aim, colour observations are needed: the thermal emission
is expected to be strong at infrared wavelengths at which the parent star is
fainter, and the albedo has a significant effect at optical wavelengths.

On the other hand, when the observations are performed along the orbit
of the exoplanet, one can measure the phase curve (see Figure 1.6), this is,
the temporal changes in the planet-star flux combination. These differences
occur because our geometric view of the exoplanet surface changes during the
observations. Using phase curve observations, the temperature difference be-
tween the day and night side can be inferred, but it is also possible to map the
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Figure 1.9— Low-resolution transmission spectra of several exoplanets with different tem-
peratures, retrieved using the space-based Hubble Space Telescope and the ground-based Gran
Telescopio Canarias (GTC; bold planet names). The observations are shown in black dots,
and the modelled transmission spectra are shown in different colours. The colours correspond
to the equilibrium temperature of the exoplanets, shown in the colour bar. The dotted vertical
lines show the NaI doublet and KI position (at 590 nm and 770 nm). The HST results are
extracted from the Exoplanet Atmospheric Spectral Library4, published in Sing et al. (2016).
WASP-121b and HAT-P-26b transmission spectra were published in Evans et al. (2018) and
Wakeford et al. (2017), respectively. For GTC observations, the transmission spectra are
extracted from Chen et al. (2017a), Murgas et al. (2020), Chen et al. (2017b), Chen et al.
(2020a), Chen et al. (2018), and Murgas et al. (2017). This figure continues in the following
page.
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Figure 1.9 (Cont.)— Continued from previous page.

atmospheric temperature around the planet. Although phase curve studies do
not require a transiting planet, these have been the most studied planets due
to their ephemeris precision (Bozza et al., 2018). Phase curves are one of the
most demanding and challenging observations, as they require a photometric
precision of the order of 100 ppm, and long, continuous observations (∼ days).
Therefore, they arise mostly from satellite mission data.

When attempting to characterise an exoplanet by means of secondary eclipse
observations, it is important to quantify their expected day-side flux, as not all
exoplanets are suitable for this kind of observations. The exoplanet day-side
flux is the combination of two components: thermal and reflected. The thermal
component can be estimated assuming that the planet and star are black-bodies
in thermal equilibrium, with their respective radiation temperatures. On the



32 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

20 CHAPTER 1. Introduction

other hand, the light reflected by a planet depends on the radiation received
from its parent star and the albedo (pλ) at a particular wavelength. The radia-
tion that a planet receives can be defined as Frec = F?πR

2
p where F? = L?/4πa

2,
being L? the luminosity of the star and a the planet-star distance (semi major
axis). Consequently, the eclipse depth at wavelength λ can be defined as

(
∆f

f

)
λ

= pλ

(
Rp
a

)2

+
Bλ(Tday)

Bλ(Teff )
×
(
Rp
R?

)2

, (1.6)

where Teff is the effective temperature of the star and Tday the day-side tem-
perature of the planet, and Bλ are the respective black-body emissivities, given
by Plank’s equation.

As done for the TSM (equation 1.5), it is possible to estimate the secondary
eclipse observability by considering the magnitude of the host star. If we assume
that the thermal emission is the main component, the emission spectroscopy
metric (ESM) can be defined as follows (Kempton et al., 2018):

ESM =
Bλ(Tday)

Bλ(Teff )
×
(
Rp
R?

)2

× 10−mag/5. (1.7)

The first secondary eclipse measurements were achieved by Deming et al.
(2005) and Charbonneau et al. (2005) who observed HD 209458b and TrES-1b,
respectively, using the Spitzer Space Telescope. With these measurements, the
brightness temperature of the exoplanets could be derived. Shortly after, Knut-
son et al. (2008) combined HD 209458b Spitzer observations taken between 3
and 30µm to construct the first broad band emission spectrum, finding evidence
of a thermal inversion in the atmosphere of the hot Jupiter. At the same time,
de Mooij & Snellen (2009) detected the first ground-based secondary eclipse
with the William Hershel Telescope (WHT). One of the first phase curves mea-
surements was made with Spitzer observations of the exoplanet HD 189733b
(Knutson et al., 2007), and the first secondary eclipse map of an exoplanet
was performed by Majeau et al. (2012) using observations of this same planet.
Lately, using HST and Spitzer phase curve observations of WASP-43b, the
H2O features around the planet were mapped (Stevenson et al., 2014). For
more details on planet mapping see Cowan & Fujii (2018).

1.4 High-resolution transmission spectroscopy

During the last decade, studying exoplanetary atmospheres by means of high
resolution spectroscopy observations (< ∼> 40 000) has become one of the most
used techniques. In contrast with low-resolution, high-resolution techniques do
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1.4. High-resolution transmission spectroscopy 21

not analyse the changes of the planet-to-star radius ratio at different wave-
lengths, but search for the direct contribution of the exoplanet atmosphere to
the observed host star spectrum, which appears as additional spectral features,
taking advantage of the differential velocities of the star, the Earth, and the
exoplanet.

The first atmospheric study at high resolution was performed using the
Hobby-Eberly Telescope (< ∼ 60 000) by Redfield et al. (2008), where NaI
doublet lines were resolved in the atmosphere of HD 189733b. After a cou-
ple of years, using the cross-correlation technique, Snellen et al. (2010) de-
tected a molecule (CO) for the first time in an exoplanet atmosphere us-
ing the CRyogenic high-resolution InfraRed Echelle Spectrograph (CRIRES;
< ∼ 50 000− 100 000) at VLT. The first study presenting the current method-
ology to extract the transmission spectrum from high resolution observations
was presented by Wyttenbach et al. (2015), using observations with the High
Accuracy Radial velocity Planet Searcher (HARPS; < ∼ 115 000) at the Eu-
ropean Southern Observatory (ESO) La Silla 3.6m telescope. In this case, the
NaI detection was confirmed in HD 189733b’s atmosphere. Since then, the
number of atmospheric studies using high resolution spectroscopy observations
has increased exponentially.

1.4.1 Methodology

Two main techniques have arisen when attempting to study the atmosphere of
an exoplanet by means of high resolution spectroscopy observations. The first
one is based on extracting the transmission spectrum of an exoplanet around
single spectral lines, such as the NaI doublet, the HeI triplet or other species
that may form a small number of lines in the transmission spectrum and are
strong enough to be detected. The second technique is mainly used to search
for those species that form thousands of faint individual spectral lines in the
transmission spectrum: the cross-correlation technique. Both techniques are
complementary and can be applied using the same observing strategy, namely,
continuous observations of the host star before, during, and after the transit
of the exoplanet. These techniques can be applied to transiting (transit and
secondary eclipse observations) and non-transiting planets, with small changes
in the methodology and observing strategy. Here, we focus on transit observa-
tions, the main goal of this thesis.

Transmission spectrum of single lines

Wyttenbach et al. (2015) has become one of the benchmark references when
attempting to extract the transmission spectrum around single lines of an exo-
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planet by means of high resolution spectroscopy observations. This methodol-
ogy is based on the differential spectroscopy, namely the comparison between
those stellar spectra taken when the planet is crossing the stellar disc (transit-
ing) and when it is not. Although the methodology is apparently simple, there
are a few critical points related to the high resolution nature of the spectra that
need to be considered along the process: the correction of the Earth’s atmo-
spheric contamination, and dealing with the radial-velocities of the (at least)
three bodies involved in the observations.

One of the main steps in transmission spectroscopy is the correction of the
Earth’s atmospheric contamination. For a time, the most common technique
was the one presented in Vidal-Madjar et al. (2010) and Astudillo-Defru & Rojo
(2013), which has been applied to several atmospheric studies (e.g. Wyttenbach
et al. 2015, 2017). This method assumes that the variation of the telluric lines
during the night follows linearly the airmass variation. Under this assumption,
all telluric lines can be scaled to the same airmass in all spectra. However,
as pointed out in Casasayas-Barris et al. (2017), taking into account that the
Earth is moving along its orbit during the night, when two spectra that are
not in the Earth rest frame are divided, residuals appear in the telluric lines
position due to their small misalignment. Fast rotating standard stars have
also been used to correct the telluric lines (e.g. Casasayas-Barris et al. 2018;
Redfield et al. 2008; Frasca et al. 2000). Currently, one of the most used tools
is Molecfit (Smette et al., 2015; Kausch et al., 2015), as the telluric lines are
totally corrected, achieving a noise level precision.

When using high resolution observations, the radial velocities of the observer
and the target are noticeable as shifts in the stellar spectra (see Figure 1.10).
First, as we are observing from Earth, we need to consider its radial-velocity
variation during the observations. Although this change is small during the
night (∼< 1 km s−1) its absolute radial velocity can be of the order of tens of
km s−1 depending on the position in the orbit around the Sun, the target we
are observing, and the position of the observatory on the Earth surface.

Second, the star we are observing (and the planets that are part of the
extrasolar system) is approaching or moving away from the Solar system. This
is the so-called systemic velocity, and it is due to the movement of the stars
inside the Galaxy. Third, the target of our observations is a star hosting at
least one planet. If we imagine a two-body system (one planet and one star)
for simplicity, due to the gravitational field, the planet pulls the star around
the centre of the system while moving along its orbit, and vice-versa. This
movement is translated to a radial-velocity change of the star that can be well
defined by a Keplerian orbit around the system barycentre. As presented in
Cumming et al. (1999), the radial-velocity semi-amplitude K? of a star with
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1.4. High-resolution transmission spectroscopy 23

Figure 1.10— Sketch of the bodies involved in the observations and their corresponding
movements. We observe that the Earth is moving around the Solar System barycentre and
the extrasolar system is, in this case, approaching to the Solar System. The star orbits around
the star-planet system barycentre, and the exoplanet rotates around the host star.

mass M? produced by a companion with mass Mp, orbital period P , inclination
i, and eccentricity e is described as follows:

K? =

(
2πG

P

)1/3 Mp sin i?
(Mp +M?)2/3

1√
1− e2

. (1.8)

Finally, during the transit, the exoplanet changes its position along the orbit
with respect the observer’s line-of-sight. Similarly to equation 1.8, assuming a
circular orbit (e = 0) and Mp �M?, the planet radial-velocity semi-amplitude
is given by:

Kp =
2πa

P
sin i?, (1.9)

where a is the semi-major axis of the planetary orbit. Kp can also be derived
from K? and mass ratios (Birkby, 2018):

K?

Kp
=
Mp

M?
. (1.10)

Once the spectra have been corrected of telluric contamination and are
shifted to the stellar rest frame where all stellar lines are exactly at the same
position, we can proceed with the extraction of the transmission spectrum.
A scheme of the methodology can be observed in Figure 1.11 using synthetic
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24 CHAPTER 1. Introduction

spectra at very high S/N for better visualisation. First of all, we need to remove
the stellar contribution from our spectra. In order to do this, we compute a
high S/N stellar spectrum that results from the combination of all spectra taken
when the planet is not transiting. Then, all spectra are divided by this stellar
spectrum. After this division, in an ideal case, we would expect to see tilted
absorption features during the transit with the expected radial-velocity change
of the planet, as those presented in panel d. The planet radial velocity at each
exposure can be calculated as vp = Kp sin(2πφ), where φ is the orbital phase
of the planet at that particular exposure. With these values, the absorption
features can be shifted to the planet rest frame using the Doppler effect equation
(∆λ
λ =

vp
c ; see panel e), where all of them are aligned. Finally, all in-transit

residuals are combined to built the transmission spectrum (see panel f ).

The cross-correlation technique

When looking for atoms and molecules that may originate hundreds to thou-
sands of individual absorption lines in the transmission spectrum, the most
powerful tool is the cross-correlation technique. Using this methodology, the
contribution of all these lines is combined, reducing the photon noise and per-
mitting the detection of atoms and molecules hidden in the noise when analysed
individually (Snellen et al., 2010).

The cross-correlation technique is based on the comparison of a synthetic
atmospheric spectrum with the reduced data at the stage of panel d from Fig-
ure 1.11, this is, after removing the stellar contribution from the observed spec-
tra. There are different ways to reach this step. The first one is following
the same steps as described in the previous section (panels a to d from Fig-
ure 1.11), using a wider wavelength region. The second one is using algorithms
such as SYSREM (Tamuz et al., 2005), which uses a principal component anal-
ysis (PCA; Murtagh & Heck 1987; Press et al. 1992) which has successfully been
applied to detect molecules in the atmosphere of several exoplanets (e.g. Birkby
et al. 2017; Nugroho et al. 2017; Sánchez-López et al. 2019). PCA finds common
modes over time for each pixel (wavelength) in the spectral time series. As the
exoplanet moves fast during the transit, it produces features that change their
position (in pixels) with time. Consequently, the exoplanet features will not be
identified as common modes and will persist in the residuals. On the contrary,
the telluric and stellar lines will be identified as common modes over time and
removed, as they remain (almost) at the same position during the observations.
The main advantage of using these kind of algorithms is that they account for
instrumental systematic effects that may occur during the observations. How-
ever, due to their iterative nature, after a certain number of iterations, the
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Figure 1.11— Scheme showing the steps followed to extract the transmission spectrum
of an exoplanet using high resolution spectroscopy (based on Wyttenbach et al. 2015). The
stellar synthetic spectra around the NaI are computed using MARCS stellar models (Gustafs-
son et al., 2008). A Gaussian-like absorption from the exoplanet atmosphere with excess of
0.7 % and full width at half maximum (FWHM) of 0.4 Å is injected in the stellar spectra.
These calculations are performed assuming the transit parameters of HD 209458b (Chapter 5).
The assumed barycentric Earth radial-velocity values have been calculated using Wright &
Eastman (2014). In the five first panels (a to e), the vertical axis corresponds to the time
evolution increasing towards the top. The colour is indicative of the flux (see colour bar),
where the continuum corresponds to white and and the absorption features are shown in blue.
The horizontal black-dashed lines indicate the first and last contacts of the transit. Panel a:
stellar spectra in the terrestrial rest frame. Panel b: stellar spectra shifted to the Solar System
barycentric rest frame. Panel c: stellar spectra in the stellar rest frame. The dashed-vertical
lines show the laboratory position of the NaI doublet lines at 5889.951 Å (D2) and 5895.924 Å
(D1). Panel d: division of all spectra by the combination of all stellar spectra taken when the
planet is not transiting. The red dashed-tilted lines show the position of the NaI doublet lines
from the exoplanet atmosphere, shifted due to the planet radial-velocity during the transit.
Panel e: same as Panel d but after correcting by the planet radial-velocity change during the
transit. Panel f: transmission spectrum of the exoplanet around the NaI.
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planetary atmospheric features become perceptible to the algorithm and start
being removed. How to select the best iteration is still under debate (Birkby
et al., 2017; Nugroho et al., 2017; Alonso-Floriano et al., 2019a).

Once the telluric and stellar lines have been removed from the time series
and the data is in the stellar rest frame (see panel a of Figure 1.12 as example),
we want to measure if the data and a template model of the exoplanet atmo-
sphere are correlated and where the maximum correlation happens. In general,
the strength of the correlation can be measured with the correlation coefficient:

r =

N∑
i=1

(xi − x̄)(yi − ȳ)
√√√√ N∑
i=1

(xi − x̄)2


√√√√ N∑
i=1

(yi − ȳ)2

 (1.11)

where there are N pairs of values (xi, yi) which correspond to the data and
the template in this case, and x̄ and ȳ are their respective means. When both
data and template are perfectly correlated r = 1. For a perfect anti-correlation
r = −1, and if they are not correlated r = 0. In the case of a detectable
exoplanet atmosphere, we expect a positive correlation to pop up where both
data and template overlap during the transit, and no correlation is expected in
the out-of-transit exposures.

As shown for individual lines, the radial velocity of the exoplanet changes
during the observations, so the position of the best match between the model
and the data (maximum correlation) is expected to be shifted depending on
the planet position at a given exposure. For this reason, for each exposure of
the time series, the correlation coefficient is computed shifting the template
in a significant range of radial velocities, allowing to scan different positions
in the data and find the position where the best match occur. This is the
cross-correlation methodology.

A scheme of the cross-correlation methodology is shown in panel b and c of
Figure 1.12 using synthetic data with very high S/N for a better visualisation.
For a given exposure of the time series, in this particular example, we scan
the radial velocity region from -100 to +100 km s−1. When the template and
data start to correlate (blue dashed line in panel b) the correlation coefficient
starts to increase (blue dot in panel c). When the template is shifted 0 km s−1

the correlation is maximum (red colour in panels panel b and c), and when
the template is shifted to large enough velocities, the correlation values become
zero (with fluctuations due to the noise and possible overlap with nearby lines;
green colour in panels panel b and c). After applying the cross-correlation
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Figure 1.12— Scheme of the cross-correlation methodology using synthetic FeII atmo-
spheric models computed with petitRADTRANS (Mollière et al., 2019), and assuming very high
S/N for a better visualisation. Panel a: spectral time series after removing the telluric and
stellar contributions, and only the planet atmosphere remains. The strong spectral lines can
be observed during the transit, while the fainter are blurried in the noise. The normalised
flux information is shown in the colour bar: values smaller than one mean absorption. The
horizontal-dashed lines show the first and last contacts of the transit. Panel b: small wave-
length range of the mid-transit time spectrum from panel a. The coloured dashed-lines show
the template model shifted with three different radial-velocity values. Panel c: correlation
coefficients obtained in the cross-correlation shown in panel b. The coloured dots correspond
to the values obtained when the template is located at the positions shown in panel b with
the same colour. Panel d: time series of the cross-correlation values. The position of the
maximum correlation peak changes during the transit, and no correlation is observable when
the planet is not transiting. The red-dashed line indicates the expected planet radial-velocity
(Kp = 300 km s−1). Panel e: Kp-map computed using the results from panel d. The max-
imum signal is found at 0 km s−1 and Kp = 300 km s−1 (indicated in red-dashed lines), as
expected.
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28 CHAPTER 1. Introduction

technique to each individual exposure of the time series, in case of detecting
the atmosphere of an exoplanet, the position of the maximum correlation peak
appears shifted in time. This radial-velocity change corresponds to the planet
movement during the transit, and becomes clearer when the time series cross-
correlation values are shown together (see panel d of Figure 1.12). When using
the cross-correlation technique it is very common to use the so-called Kp-map
when presenting the results (see example in panel e). Each row of this map
is computed moving the cross-correlation values from panel d to the planet
rest frame using a particular Kp value, and then averaging all the in-transit
exposures. When using a wide range of Kp values, we would expect to find
the maximum correlation signal at the Kp value of the exoplanet, as for very
different values this signal is diluted. Moreover, these maps give us information
about possible winds when the maximum signal appears shifted from 0 km s−1

(see horizontal axis of panel e).

One of the main challenges of the cross-correlation technique is the gen-
eration of the atmospheric models. There are different codes to generate at-
mospheric models at high resolution, such as petitRADTRANS (Mollière et al.,
2019), the HELIOS (Malik et al., 2017, 2019) code to generate the atmospheric
structure of the planet and turbospectrum (Plez, 2012) to solve the radia-
tive transfer problem, among many others. All these codes require line lists
to calculate the atmospheric models, and it is known that some species do not
have accurate line lists at high spectral resolution, as observed for TiO and VO
molecules (Merritt et al., 2020; McKemmish et al., 2019), for example. The lack
of an accurate line list is a critical aspect when searching for atmospheric fea-
tures using the cross-correlation technique (Hoeijmakers et al., 2015), as their
contributions will not be considered constructively. For example, Désert et al.
(2008) found spectral features probably associated to TiO and VO in low reso-
lution HST-STIS observations of HD 209458b, while Hoeijmakers et al. (2015)
found no evidence of TiO in this same planet using the cross-correlation tech-
nique in Subaru observations, arguing the impact of using inaccurate line lists
in this kind of studies.

1.4.2 State-of-the-art of high-resolution observations

One of the major advantages of using high resolution spectroscopy is that we
are not only able to detect chemical species, but also to resolve single spectral
lines from an exoplanet atmosphere, opening a window to study the dynamics
and properties of the layers where the spectral lines are formed (Lecavelier
Des Etangs et al., 2008). Redfield et al. (2008) resolved, for the first time,
the NaI D lines in the atmosphere of an exoplanet (HD 189733b) using high
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1.4. High-resolution transmission spectroscopy 29

resolution observations with the Hobby-Eberly telescope. After some years,
Wyttenbach et al. (2015) re-discovered the NaI in the atmosphere of this same
planet using HARPS observations (see Figure 1.13), and subsequent studies
using HARPS and HARPS-N (north) transit observations of other hot Jupiters
would result in similar detections (e.g. Wyttenbach et al. 2017; Casasayas-
Barris et al. 2017; Chen et al. 2020a). This specie has also been detected
using the Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations (ESPRESSO; < ∼ 140 000; Pepe et al. 2010, 2014) in the WASP-
52b atmosphere (Chen et al., 2020b). Taking advantage of resolving single lines,
Wyttenbach et al. (2015) and Casasayas-Barris et al. (2018) (see Chapter 3)
attempted to reconstruct the temperature profile of the atmosphere of two
different exoplanets by adjusting isothermal models in the core and wings of the
NaI spectral lines, as their origin resides in different layers of the atmosphere.

On the other hand, using the near-infrared arm of the CARMENES spec-
trograph (Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrographs; Quirrenbach et al. 2014, 2018),
the first detection of metastable HeI at 1038 nm was possible in the atmo-
sphere of the sub-Saturn mass planet WASP-69b (Nortmann et al. 2018; see
Figure 1.13) and the Neptune-mass planet HAT-P-11b (Allart et al., 2018). Af-
ter these discoveries, other studies found HeI in the atmospheres of the bench-
mark hot jupiters HD 209458b (Alonso-Floriano et al., 2019b) and HD 189733b
(Salz et al., 2018), and in smaller planets such as the warm Neptune GJ 3470b
(Palle et al., 2020a). Recently, the first detection of HeI in HD 189733b, using
the GIANO-B spectrograph, located at the Telecopio Nazionale Galileo (TNG),
has been claimed (Guilluy et al., 2020). Using the cross-correlation technique,
it has been possible to detect water vapour in the atmosphere of hot Jupiters
(e.g. Birkby et al. 2013, 2017; Alonso-Floriano et al. 2019a; Brogi et al. 2018;
Sánchez-López et al. 2019), CO in the day and night-side (de Kok et al., 2013;
Snellen et al., 2010), and methane and CO in non-transiting exoplanets (Brogi
et al., 2012; Guilluy et al., 2019), for example.

Due to their extremely high temperatures, several ions have been detected
in the atmospheres of ultra hot Jupiters, with most of the studies performed
using high resolution spectroscopy observations and the cross-correlation tech-
nique. Absorption of single lines such as the NaI doublet, magnesium (MgI),
ionised calcium (CaII), and the hydrogen Balmer lines have been detected in
several of them with different facilities (e.g. Yan & Henning 2018; Casasayas-
Barris et al. 2018, 2019; Seidel et al. 2019; Yan et al. 2019; Cauley et al. 2019;
Wyttenbach et al. 2020; Cauley et al. 2020; see chapters 3 and 4). Using the
cross-correlation technique, neutral and ionised iron (FeI, FeII) have been one
of the most detected species in their atmosphere (e.g. Hoeijmakers et al. 2018,
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30 CHAPTER 1. Introduction

Figure 1.13— Transmission spectra of different exoplanets obtained in five benchmark
studies. The panels are described from top to bottom. First row, left panel: NaI D detection
in the atmosphere of the hot Jupiter HD 189733b using HARPS observations, where the two
lines of the doublet are clearly resolved. Figure extracted from Wyttenbach et al. (2015).
First row, right panel: HeI triplet detection in the atmosphere of the sub-Saturn mass planet
WASP-69b using CARMENES observations in the NIR arm. Extracted from Nortmann et al.
(2018). Second row: Hα detection in the atmosphere of the ultra hot Jupiter KELT-9b using
CARMENES observations in the visible arm. Extracted from Yan & Henning (2018). In all
panels the data is shown in grey and black dots and the best-fit Gaussian profiles are shown in
red. The vertical dashed lines show the expected spectral lines position. Third row: detection
of FeI and FeII in the atmosphere of the ultra-hot Jupiter KELT-9b using the cross-correlation
technique. Figure adapted from Hoeijmakers et al. (2019). In the left panel we observe the
cross-correlation time series, and the right panel shows the Kp-maps.
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1.4. High-resolution transmission spectroscopy 31

2020a,b; Nugroho et al. 2020; Stangret et al. 2020; Bourrier et al. 2020; see Fig-
ure 1.13), even allowing to see variation between the morning and evening ter-
minators using the observations performed with the ESPRESSO spectrograph
(Ehrenreich et al., 2020). For the hottest planet known to date, KELT-9b,
with an equilibrium temperature around 4000 K, in addition to the previous
species (see Figure 1.13), the observations show an extremely rich atmosphere.
Hoeijmakers et al. (2019) ended up with detections of rare neutral and ionised
metals such as ScII, TiII, CrII, and YII. Very recently, with secondary eclipse
observations, it has been possible to survey the day-side atmosphere of ultra
hot Jupiters, observing emission of iron (Nugroho et al., 2020; Pino et al., 2020;
Yan et al., 2020) and TiO (Nugroho et al., 2017).

Although using very high resolution we are able to resolve the spectral lines
taking advantage of the Doppler velocities, one of the disadvantages is that this
technique suffers from the contamination of the Earth’s atmosphere when the
observations are performed from ground. The Earth’s atmosphere modifies the
stellar continuum spectrum and it is not calibrated. Thus, the absolute flux
information is lost, and we are only able to measure relative differences of the
local continuum (excess of absorption or emission). This situation is different
when using observations with space-based spectrographs or ground-based spec-
trographs at low-resolution, but most of the space-based spectrographs operate
at low-resolution. At low-resolution, although the absolute flux information can
be measured, we are only able to probe the wings of the spectral features, as the
lines cores are smoothed over a wide range of wavelengths. At high-resolution,
contrarily, only the core of the lines is measured. The power of combining
low- and high-resolution observations was highlighted by de Kok et al. (2014),
showing that it would help to constrain the continuum level of the planet and
remove degeneracies with composition. Therefore, for a complete picture of an
exoplanet atmosphere, multi-resolution spectroscopy observations are needed
(Brogi et al. 2017; Pino et al. 2018).

1.4.3 Challenges

Together with the rapid improvement of high-resolution transmission spec-
troscopy techniques, several challenges have arisen. The first group of diffi-
culties is related to stellar variability. This group includes all stellar processes
that may change the stellar spectrum in the time scales of the observations,
such as stellar activity or pulsations. In the visible, stellar activity can become
very important for particular stars (Cauley et al., 2018a), making the atmo-
spheric study of the exoplanets in these systems extremely challenging (Cauley
et al., 2018b). This is the case, for example, of the recently discovered exoplanet
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Au Mic b, a Neptune-sized planet orbiting a very young (∼ 20Myr) pre-main se-
quence M dwarf (Addison et al., 2020). Palle et al. (2020b) attempted to study
the atmosphere of Au Mic b, concluding that the strong emission observed in
the stellar lines produced by stellar activity and its variation during the obser-
vations does not permit the study of the exoplanet atmosphere. One the other
hand, pulsating stars introduce time-variations in the stellar continuum and
lines. When searching for absorption excess from the exoplanet atmosphere in
the stellar spectrum, the identification of the exoplanet signals can be hampered
by pulsation features. One example is WASP-33b, an ultra hot Jupiter orbiting
a δ Scruti star that pulsates every ∼ 1 hour (von Essen et al., 2014). Although
the detection of WASP-33b’s atmosphere has been possible (Yan et al., 2019),
several pulsation features are observable in the transmission spectrum.

Recently, two effects have started to gain importance as additional chal-
lenges when attempting to detect exoplanetary atmospheres: the RM effect (see
also Chapter 1.1) and the centre-to-limb variation (CLV). During a transit, the
exoplanet blocks different parts of the stellar disc, which are characterised by
different physical properties. Keeping in mind that, during the observations,
we always receive the integrated disc stellar spectrum, if we now observe the
star when the planet is crossing the disc, the regions of the disc obscured by
the planet will be missing in the final integrated spectrum that we receive (see
scheme in Figure 1.14). This lack of information in the stellar spectrum during
the transit of the planet produces variations in the stellar lines profile that could
partially or totally mimic the atmospheric spectral features, when compared to
the full integrated disc spectrum, depending on the host star spectral-type and
the system architecture (see Chapters 4 and 5 of this thesis).

The importance of the RM effect in atmospheric studies was first pointed
out by Louden & Wheatley (2015). This effect is produced due to the different
projected velocities of the stellar surface that are blocked by the planet (see Fig-
ure 1.14). Due to the symmetry of the RM, this effect is expected to be small in
the stellar rest frame. However, in the planet rest frame (where the absorption
of the exoplanet is expected) the symmetries are broken and spurious signals
appear in the transmission spectrum. It is very important to note that, in ad-
ditional to the intrinsic strength of the RM, which depends on the geometry
of the planet-star system (see equation 1.1), the planet radial-velocity change
during the observation is crucial in order to disentangle the atmospheric absorp-
tion from the RM effect. For example, in a given system showing very strong
RM and a planet that moves faster/slower than this effect in radial-velocity,
the atmospheric absorption could be distinguished (e.g. MASCARA-2b; see
Chapters 3 and 4). For a polar planet, which only blocks a red/blue part of the
stellar disc without producing an RM induced line variation during its transit,
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Figure 1.14— The effect that a transiting exoplanet produces in the integrated stellar
disc spectrum during the observations, considering the RM and CLV effects. Left panel:
illustration of a star-planet system. The colour of the stellar disc indicates the projected
rotational velocities (blue means negative and red positive). The white circles represent the
transiting exoplanet at three different positions during the transit. Right panel: modelled
stellar spectra at different points of the stellar disc considering the limb-darkening effect. The
colours represent the spectra at the stellar disc positions shown in the illustration (left panel).
The sum of all coloured spectra would give the integrated disc spectrum observed when the
planet is not transiting. The black-dashed lines indicate the spectra of the stellar disc regions
obscured by the planet in the three positions shown in the left panel (top, middle, and bottom
panels, respectively). When the observations are performed during the transit, the observed
stellar spectrum does not contain the spectra of the stellar disc regions that are blocked by
the planet. The models are computed for a HD 209459b-like system assuming an impact
parameter b = 0.5 and obliquity λ = 0 deg, using the MARCS (Gustafsson et al., 2008) stellar
models, the Spectroscopy Made Easy (SME ; Valenti & Piskunov 1996; Piskunov & Valenti
2017), and the line lists from VALD3 (Ryabchikova et al., 2015).
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the atmosphere of the planet could also be distinguished (e.g. KELT-9b; Yan
& Henning 2018).

The CLV may also potentially affect the line profiles during transits. The
stellar continuum in the photosphere has lower intensity near the stellar limb
with respect to the centre of the disc. This effect is related to the optical
depth of the photosphere. The balance between the lines formed at different
heights depends on the limb angle and the stellar latitude (Abetti & Castelli,
1935; Appenzeller & Schröter, 1967). Although the impact of this effect in the
final transmission spectrum is usually fainter than the RM effect, it has been
observed that the strength of the CLV effect can be of the same order as some
of the atmospheric signals detected on hot Jupiters (Yan et al., 2017; Czesla
et al., 2015; Khalafinejad et al., 2017). For terrestrial planets, for which the
atmospheric features in the transmission spectra will be fainter, the CLV and
RM effects are expected to be critical.

In Figure 1.15 the combined impact of the CLV and RM effects on the
transmission spectra of different planets are shown, around the NaI doublet.
The planets have been selected for their different system architectures (impact
parameter and obliquity), velocity of the planet, and projected rotation velocity
of the host star (v sin i?). For the HD 189733b system, for example, the radial-
velocities of the exoplanet and the RM effect are very close, showing a relatively
strong impact centred on the NaI lines. KELT-17b and MASCARA-1b systems
show highly miss-aligned orbits and, consequently, the features are not centred
on the NaI lines position. Finally, KELT-21b has an aligned orbit around a very
fast rotating star (v sin i? = 146.0 km s−1). The planet radial velocity change
during the transit is smaller than the RM, so the final effect (when combined
in the planet rest frame) is spread over a wide wavelength range and becomes
fainter.

1.4.4 Future prospects

The fast and considerable progress made in the characterisation of exoplanet
atmospheres has accelerated the development of new instrumentation, observa-
tional techniques and modelling. To this aim, several space-based facilities are
expected to see their first light in the near future. This is the case of the James
Webb Space Telescope (JWST), with a 6.5 m diameter mirror, and four infrared
instruments (1-30µm) which are able to operate in different modes, from low to
moderately high (< ∼ 3 600) spectral resolution. At these wavelengths, strong
molecular bands are detectable, including methane, CO and CO2. With JWST,
it will be possible to study hot Jupiter atmospheres at high S/N and the atmo-
spheric composition of warm Neptunes and super-Earths (Deming et al., 2009).
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1.4. High-resolution transmission spectroscopy 35

Figure 1.15— RM and CLV impact on the transmission spectrum around the NaI doublet
lines, calculated for different exoplanets and integrated over the full transit in the planet-rest
frame. In black-solid lines we show both CLV and RM effects combined. The magenta and
cyan dashed lines show the RM and CLV effects, respectively. The planets are ordered from
slow (top; 3.0 km s−1) to fast (bottom; 146.0 km s−1) projected rotation velocity of the stellar
host (v sin i?). The v sin i? and effective temperature of the host star (Teff ) are indicated in
each panel. The dotted vertical lines show the laboratory position of the NaI doublet lines
which, in this case, correspond to the the position where the exoplanet imprints would be
expected. The architectures of the systems are illustrated in the right figures, where the
radius of the planet is in scale with the radius of the host star.
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36 CHAPTER 1. Introduction

In a longer term, three ambitious NASA’s concepts called WFIRST, HabEx
and LUVOIR are expected to observe, for the first time, Earth-like twins and
other terrestrial planets orbiting solar-type stars via extreme high contrast di-
rect imaging with coronographs and starshades. For the most favourable cases
the detection of biosignatures in their spectra might be possible (Deming &
Seager, 2017).

From ground, high-resolution transmission spectroscopy methods will be
crucial in the near future in order to observe spectral features of those rocky
planets and super-Earths, which will be out of reach of the JWST, but available
with the upcoming large aperture ground-based facilities, the extremely large
telescopes (ELTs). ESPRESSO on the VLT has already demonstrated to be an
extremely powerful tool to study the atmospheric composition and dynamics of
giant exoplanets (Ehrenreich et al., 2020; Borsa et al., 2020; Tabernero et al.,
2020). The new generation of high dispersion spectrographs at 30-40 meter
telescopes, like HIRES on E-ELT (Lovis et al., 2017), will open a window to
the atmospheric exploration of smaller planets and fainter targets. Using tens
of transits, transmission spectroscopy with ELTs will probably make possible
the detection of molecular oxygen in the atmosphere of habitable exoplanets
(Snellen et al., 2013).

1.5 Overview of the work presented in this thesis

In this section, a short overview over the publications that form part of this
thesis is given. In Chapter 2, we present the reanalysis of HARPS observations
of the hot Jupiter HD 189733b, which ended up in the detection of NaI by
Wyttenbach et al. (2015). Here, we follow slightly different methodology to
extract the transmission spectrum using high-resolution spectroscopy, but find
consistent results. In parallel, we show the detection of NaI in the atmosphere
of WASP-69b, a planet without previous atmospheric studies. Chapter 3 shows
the analysis of one transit observation of the ultra hot Jupiter MASCARA-2b,
performed with the HARPS-N spectrograph. The results show tentative signals
of Hα and NaI with atmospheric origin. After adding more transit observations
of this same planet with HARPS-N and CARMENES, we are able to confirm the
previous findings and detect other species such as the ionised metals CaII and
FeII in the atmosphere of the planet. This study is presented in Chapter 4. In
Chapter 5, we present the atmospheric analysis at high resolution spectroscopy
of one of the most studied exoplanets, the hot Jupiter HD 209458b. Using
CARMENES and HARPS-N archival observations we focus on the study of the
NaI doublet lines. In contrast with previous studies claiming the detection of
this specie in the atmosphere of HD 209458b, our results show that the features
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1.5. Overview of the work presented in this thesis 37

observed in the transmission spectrum, at low signal-to-noise ratio, come from
the impact of the RM and CLV effects in the observations. The continuation
of this study is shown in Chapter 6. In this case, we use high signal-to-noise
observations with ESPRESSO, finding consistent results with CARMENES and
HARPS-N observations and no evidence of the atmosphere of the exoplanet. In
Chapter 7 we summarise the study performed in this thesis and point out the
main conclusions. An overview of possible future work is also included at the
end of this last chapter.
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2
Sodium in the atmosphere of

WASP-69b

Newton’s third law.
You gotta leave something behind.

Interstellar, 2014

The first ground-based detection of NaI in the atmosphere of an exoplanet
using high-resolution spectroscopy observations was performed using the High
Resolution Spectrograph (HRS; < ∼ 60 000) at the Hobby-Eberly Telescope
by Redfield et al. (2008), in HD 189733b. However, the first study presenting
the complete methodology to extract the transmission spectrum of single lines
from high resolution observations was presented by Wyttenbach et al. (2015),
using HARPS (< ∼ 115 000) observations of HD 189733, and detecting NaI
absorption from its atmosphere. Using the data from this previous study, in
this chapter the transmission spectrum of HD 189733b is revisited. In parallel,
the same methodology is applied to the new WASP-69b transit observations
performed with the HARPS-N spectrograph. The analysis and results presented
in this chapter are published in A&A under the bibcode 2017A&A...608A.135C
(Casasayas-Barris et al., 2017).

Three HARPS archival transit observations of the hot Jupiter HD 189733b
and two new transits of the sub-Saturn mass planet WASP-69b observed with
the HARPS-N spectrograph are analysed to extract the transmission spectrum

39
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40 CHAPTER 2. Sodium in the atmosphere of WASP-69b

of both planets around the NaI doublet lines at 590 nm. The methodology
used to extract the transmission spectra of both planets is based on Wyttenbach
et al. (2015). The unique difference appears when correcting the absorption and
emission contamination from the Earth atmosphere, for which we use telluric
models and sky observations, respectively. We detect NaI absorption from the
atmosphere of both planets. The results obtained for HD 189733b are consistent
with those presented in Wyttenbach et al. (2015). For WASP-69b we are able
to observe a 5 σ absorption excess in the NaI D2 line. For the NaI D1 line, the
excess measurement is consistent with a non-detection. Due to the low S/N
of WASP-69 observations, more transits are needed to characterise the lines’
profile.

Additionally, we estimate the impact of the RM and CLV of the stellar lines
in the final transmission spectrum and light curves. Although they are clearly
noticeable in the transmission light curves of HD 189733b, due to the S/N of the
data, the impact of these effects remains inside the error bars of the transmission
spectrum. We discuss how these effects could gain importance at higher S/N
and influence the absorption measurements. On the other hand, we estimate
the spin-orbit alignment of the two systems by fitting the stellar radial-velocity
during the transit with the RM model from Ohta et al. (2005). The obliquity
estimation of both systems points to an aligned orbit. For HD 189733b we
measure λ = −0.3± 0.2 deg, consistent with previous studies (e.g. Winn et al.
2006; Cegla et al. 2016a; Triaud et al. 2009). For WASP-69b, this measurement
is performed for the first time, obtaining λ = 0.4± 2.0 deg.
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ABSTRACT

Context. Transit spectroscopy is one of the most commonly used methods to characterize exoplanets’ atmospheres. From the ground,
these observations are very challenging due to the terrestrial atmosphere and its intrinsic variations, but high-spectral-resolution
observations overcome this difficulty by resolving the spectral lines and taking advantage of the different Doppler velocities of the
Earth, the host star, and the exoplanet.
Aims. We analyze the transmission spectrum around the Na I doublet at 589 nm of the extrasolar planet WASP-69b, a hot Jupiter
orbiting a K-type star with a period of 3.868 days, and compare the analysis to that of the well-known hot Jupiter HD 189733b. We
also present the analysis of the Rossiter-McLaughlin (RM) effect for WASP-69b.
Methods. We observed two transits of WASP-69b with the High Accuracy Radial velocity Planet Searcher (HARPS-North) spec-
trograph (R = 115 000) at the Telescopio Nazionale Galileo (TNG). We perform a telluric contamination subtraction based on the
comparison between the observed spectra and a telluric water model. Then, the common steps of the differential spectroscopy are
followed to extract the transmission spectrum. The method is tested with archival transit data of the extensively studied exoplanet
HD 189733b, obtained with the HARPS-South spectrograph at ESO 3.6 m telescope, and then applied to WASP-69b data.
Results. For HD 189733b, we spectrally resolve the Na I doublet and measure line contrasts of 0.72 ± 0.05% (D2) and 0.51 ±
0.05% (D1), and full width half maximum (FWHM) values of 0.64 ± 0.04 Å (D2) and 0.60 ± 0.06 Å (D1), in agreement with
previously published results. For WASP-69b only the contrast of the D2 line can be measured (5.8 ± 0.3%). This corresponds to a
detection at the 5σ-level of excess absorption of 0.5 ± 0.1% in a passband of 1.5 Å. A net blueshift of ∼0.04 Å is measured for
HD 189733b and no shift is obtained for WASP-69b. By measuring the RM effect, we get an angular rotation of 0.24+0.02

−0.01 rad/day and
a sky-projected angle between the stellar rotation axis and the normal of orbit plane (λ) of 0.4+2.0

−1.9
◦ for WASP-69b. Similar results to

those previously presented in the literature are obtained for the RM analysis of HD 189733b.
Conclusions. Even if sodium features are clearly detected in the WASP-69b transmission spectrum, more transits are needed to fully
characterize the line profiles and retrieve accurate atmospheric properties.

Key words. planetary systems – planets and satellites: individual: WASP-69b – planets and satellites: individual: HD 189733b –
planets and satellites: atmospheres – methods: observational – techniques: spectroscopic

1. Introduction

Over the last two decades there has been enormous progress in
the search for planets outside our solar system, resulting in thou-
sands of exoplanet detections. Moreover, the atmospheric char-
acterization of some of these discovered planets has been rapidly
expanding with the constant improvement of the astrophysical
instrumentation, transiting systems being the most amenable tar-
gets for atmospheric studies. Transmission spectroscopy is one
of the best-known methods for atmospheric characterization.
During a transit, the stellar light penetrates the planetary atmo-
sphere and its signatures appear imprinted in the stellar flux. Ob-
serving when the planet is crossing the stellar disk and when it
is not, the transmission spectrum of the planet can be extracted
through differential spectroscopy, comparing the in- and out-of-
transit measurements.

? The transmission spectra and the observed spectro-photometric
light curves are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/608/A135

The first detection of an exoplanet atmosphere by
Charbonneau et al. (2002), which revealed the presence of
atomic sodium (Na I), was only possible thanks to space-based
instruments on-board the Hubble Space Telescope (HST). For a
time, ground-based observations were thought to be too chal-
lenging, but the difficulties due to the terrestrial atmospheric
variations and systematic effects during the observations of tran-
siting systems have been slowly overcome, resulting in robust
detections of Na, K, and Rayleigh-like slopes with low-spectral-
resolution spectrographs (Sing et al. 2012; Murgas et al. 2014;
Wilson et al. 2015; Chen et al. 2017; Palle et al. 2017, among
others). The larger aperture of ground-based telescopes provides
a significant advantage over space-based observations, but limi-
tations still remain due to telluric absorption in the atmosphere.
However, observations at high spectral resolution overcome this
difficulty of dealing with the telluric atmosphere by resolving
the spectral lines and taking advantage of the different Doppler
velocities of the Earth, the host star, and the exoplanet.

The Na I doublet, with lines at 5895.924 Å (D1) and
5889.951 Å (D2), is one of the easiest species to detect in a
hot planet upper atmosphere due to its high cross-section, and

Article published by EDP Sciences A135, page 1 of 15
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Table 1. Physical and orbital parameters of WASP-69 and HD 189733 systems.

Parameters Values
WASP-69 HD 189733

V mag 9.9 7.7
Spectral type K5 K1-K2
Teff [K] 4700 ± 50 5040 ± 50∗

Star V sin i [km s−1] 2.20 ± 0.4 3.5 ± 1∗
M? [M�] 0.826 ± 0.029 0.806 ± 0.048∗
R? [R�] 0.813 ± 0.028 0.756 ± 0.018∗

T0 [BJD] 2 455 748.83344 ± 0.00018 2 454 279.436714 ± 0.000015§

P [days] 3.8681382 ± 1.7 × 10−6 2.21857567 ± 1.5 × 10−7§

tT [days] 0.0929 ± 0.0012 0.0760 ± 0.0017‡‡

a [AU] 0.04525 ± 0.00075 0.03100 ± 0.00062†

a/R? 12.00 ± 0.46 8.84 ± 0.27§

b [R?] 0.686 ± 0.023 0.6631 ± 0.0023§

Transit ip [degrees] 86.71 ± 0.2 85.7100 ± 0.0023§

e 0 0¶

ω [degrees] 90 90¶

γ [m/s] −9.62826 ± 0.00023 −2.57 ± 0.143‡

K1 [m/s] 38.1 ± 2.4 205.0 ± 6¶

MP [MJ] 0.260 ± 0.0185 1.144 ± 0.056†
Planet RP [RJ] 1.057 ± 0.017 1.138 ± 0.027∗

Teq [K] 963 ± 18 1191 ± 20||
H [km] ∼650 ∼200

References. All WASP-69 parameters are taken from Anderson et al. (2014). (∗) Torres et al. (2008). (§) Agol et al. (2010).
(‡‡) Seager & Mallén-Ornelas (2003). (†) Butler et al. (2006). (¶) Bouchy et al. (2005). (‡) Boisse et al. (2009). (||) Southworth (2010).

the line cores can trace the temperature profiles up to the planet
thermosphere. The first ground-based detection of Na I dou-
blet in HD 189733b was performed with the High Resolution
Spectrograph (HRS), with R ∼ 60 000, mounted on the 9.2 m
Hobby-Eberly Telescope (Redfield et al. 2008). Soon after, the
Na I was confirmed in HD 209458b using the High Dispersion
Spectrograph (HDS), with R ∼ 45 000, on the 8 m Subaru Tele-
scope (Snellen et al. 2008). Recent ground-based studies with
the High Accuracy Radial velocity Planet Searcher (HARPS)
spectrograph (R ∼ 115 000), at ESO 3.6 m telescope in La Silla
(Chile), have been able to resolve the individual Na I line
profiles of HD 189733b (Wyttenbach et al. 2015) and WASP-
49b (Wyttenbach et al. 2017). Several studies have used these
same data sets; for example, Heng et al. (2015) studied the exis-
tence of temperature gradients, Louden & Wheatley (2015) ex-
plored high-altitude winds in the atmosphere of HD 189733b,
Barnes et al. (2016) studied stellar activity signals, and Yan et al.
(2017) focused on center-to-limb variation (CLV) effect in the
transmission light curve of this same exoplanet.

High-resolution transmission spectroscopy methods will be
crucial in the near future in order to observe spectral fea-
tures of rocky planets and super-Earths, which will be out of
reach of the James Webb Space Telescope (JWST), but available
with the upcoming facilities such as ESPRESSO on the Very
Large Telescope (VLT) or HIRES on E-ELT (Snellen et al. 2013;
Lovis et al. 2017).

Here, we present the results obtained with the HARPS-North
spectrograph by analyzing two transit observations of WASP-
69b. WASP-69b (Anderson et al. 2014) is a Saturn-mass planet
(0.26 MJup, 1.06 RJup) in a 3.868-day orbit around a K5 star.
Its large atmospheric scale height (∼650 km) and the small
size of the star make this planet a good target for transmission

spectroscopy (see Table 1). We present an alternative reduction
method, which we apply firstly to the well-studied exoplanet
HD 189733b, using data from previous HARPS observations,
and then to the new WASP-69b observations.

This paper is organized as follows. In Sect. 2, we present
the observations. In Sect. 3, we describe the data-reduction pro-
cess, including the telluric correction and the transmission spec-
trum extraction. In Sect. 4, we present and discuss the results
obtained on the atomic sodium (Na I) absorption observed in
the transmission spectrum and the transmission light curve of
both HD 189733b and WASP-69b. In Sect. 5, we present the re-
sults of the Rossiter-McLaughlin (RM) effect measurement of
WASP-69b.

2. Observations

We observed two transits of WASP-69b on 4 June 2016 and
4 August 2016 using the HARPS-North spectrograph mounted
on the 3.58 m Telescopio Nazionale Galileo (TNG), located
at Roque de los Muchachos Observatory (ORM). For the first
transit, the observations started at 01:25 UT and finished at
05:19 UT. The airmass variation was from 2.2 to 1.2. On the sec-
ond night, we observed from 22:29 to 02:51 UT, and the airmass
changed from 1.5 to 1.2.

For both transits, we observed continuously during the night,
exposing before, during, and after the transit in order to retrieve
a good baseline and a high signal-to-noise (S/N) out-of-transit
spectrum, which is important for the data-reduction process.
Several transits are needed to reach enough S/N for the detec-
tion of the spectroscopic exoplanetary signatures. The observa-
tions were carried out using fiber A on the target and fiber B on
the sky. Since WASP-69 has a magnitude of 9.87 (V), 900 s of

A135, page 2 of 15
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Table 2. Observations log for WASP-69 and HD 189733 for the employed data sets.

Date # Spectra1 Exp. time [s] Airmass S/N2 S/N3 Fiber B4

WASP-69 Night 1 2016-06-04 8/16 900 2.2–1.2 ∼45 ∼11 Yes
Night 2 2016-08-04 8/18 900 1.5–1.2 ∼40 ∼8 Yes

HD 189733 Night 1 2006-09-07 9/20 900–600 1.6–2.1 ∼165 ∼40 No
Night 2 2007-07-19 18/39 300 2.4–1.6 ∼115 ∼22 Yes
Night 3 2007-08-28 19/40 300 2.2–1.6 ∼100 ∼20 Yes

Notes. (1) Number of in-transit spectra/total number of spectra. (2) S/N per pixel extracted in the continuum near 5900 Å. (3) S/N in the lines core
of the Na I D lines. (4) Fiber B monitoring the sky simultaneously to the target observations.

exposure time were used, recording a total of 35 spectra, 16 of
them forming our in-transit sample. The remaining spectra are
out of transit.

There is one further transit dataset of WASP-69b in the
HARPS archive (program: 089.C-0151(B), PI: Triaud) taken on
22 June 2012. However, telluric Na emission is observed during
that night and the sky fiber B was not used, impeding telluric de-
contamination. Thus, we have not used these data in this paper.

HD 189733 was observed with HARPS on the ESO 3.6 m
telescope in La Silla, Chile. Data were retrieved from the
ESO archive, programs 072.C-0488(E), 079.C-0828(A) (PI:
Mayor) and 079.C-0127(A) (PI: Lecavelier des Etangs). In to-
tal, HD 189733 was observed during four transits, the last night
being affected by bad weather, and therefore not used here. As
for the WASP-69 observations, all of the nights were dedicated
to retrieving the largest baseline possible, recording 99 spectra in
total, 46 of them obtained during transit. In these observations,
sky spectra on fiber B were gathered only for the second and
third nights. These data have been extensively studied by other
authors, for example Triaud et al. (2009), Wyttenbach et al.
(2015), Louden & Wheatley (2015), Di Gloria et al. (2015),
Barnes et al. (2016), and Yan et al. (2017). The observing logs
of the two data sets employed here are summarized in Table 2.

3. Methods

3.1. Data reduction

The observations were reduced with the HARPS Data Reduction
Software (DRS), version 1.1 of HARPS-North DRS for WASP-
69 and version 3.5 of HARPS-South DRS for HD 189733. In
both cases, the DRS extracts the spectra order-by-order, which
are then flat-fielded using the daily calibration set. For each spec-
tral order, a blaze correction is applied together with the wave-
length calibration and, finally, all the spectral orders from each
two-dimensional echelle spectrum are combined and resampled,
ensuring flux conservation, into a one-dimensional spectrum.
The resulting spectra are referred to the Solar System barycenter
rest frame and the wavelengths are given in the air. The reduced
one-dimensional spectra cover a wavelength range between 3800
and 6900 Å, with a wavelength step of 0.01 Å and a spectral res-
olution of R ∼ 115 000. Two representative spectra, one for each
planet, around the Na doublet region are shown in Fig. 1.

3.2. Telluric correction

One of the major difficulties of ground-based observations is
dealing with the telluric imprints from the Earth’s atmosphere.
Since the telluric transmission during a night depends on the air-
mass and on water column variations in the air, the atmospheric
constituents contaminate the recorded spectra by producing a
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Fig. 1. Normalized spectra of WASP-69 (black) and HD 189733 (blue)
after being reduced by the HARPS DRS around the Na I region. Both
spectra are in their stellar reference frame.

time-variable diversity of absorption and emission lines. The
main contributors in the optical domain are water and molecular
oxygen, nevertheless, we also expect telluric sodium signatures
near the Na I doublet (Snellen et al. 2008). This telluric sodium
suffers seasonal variations and, within a night, its behavior is
different from the other telluric features, making it necessary to
remove these two different contamination sources using different
processes.

3.2.1. Telluric sodium

Each individual spectrum of both planets was examined for the
presence of telluric sodium. For WASP-69b telluric sodium ap-
pears in the spectra as emission, as can also be observed in the
sky spectra retrieved with fiber B simultaneously to the target
data, which ensures exactly the same atmospheric conditions in
both spectra (Fig. 2). Here, we remove the telluric sodium con-
tamination in WASP-69 data by simply subtracting the sky spec-
tra from the target spectra (see Fig. 3). The sky spectra taken
together in HD 189733 observations were also checked but no
sodium emission is observed.

These telluric signatures present a strong dependence on
airmass, being more intense at higher airmass and rapidly
disappearing at lower airmass. However, their behavior is
not exactly the same as the other telluric lines, producing
strong telluric residuals in the resulting transmission spec-
trum if we make the assumption that they can be corrected in
the same way as the other telluric features (Wyttenbach et al.
2015). This shows the importance of using fiber B to monitor
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Fig. 2. Normalized spectra of WASP-69 (top) and HD 189733 (bot-
tom) for night 1, in the region of the Na I doublet. Different flux offsets
are added to each spectrum for a better visualization. In both cases,
the spectra are organized by observing time: the first spectrum of the
night is located in the upper position and the last one in the lowest posi-
tion. For WASP-69 the airmass decreases with time and for HD 189733
it increases. In black are shown the out-of-transit spectra and in gray,
the in-transit spectra. The blue regions show where the telluric sodium
is observed for WASP-69 spectra and where the telluric sodium is ex-
pected for HD 189733 data. We note that the last spectrum of WASP-69
for the first night is not used in the reduction process because of the
higher noise compared to other spectra of the same night.
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Fig. 3. Telluric sodium correction for WASP-69 spectra. The red spec-
trum is one of WASP-69 observed spectra for night 1, where the telluric
sodium features can be observed in the wings of the stellar Na I lines.
The blue line is the corresponding sky spectrum taken with the HARPS-
N fiber B, and the black line is the resulting WASP-69 spectrum after
the sky subtraction.

the sky background simultaneously to the observations. In
Wyttenbach et al. (2017), telluric sodium is observed in some of
the WASP-49 spectra. They find a random behavior of this tel-
luric emission in their spectra, with no correlation between the
sodium emission and the airmass. Not correcting for this effect
could be a problem in case of a null barycentric Earth radial
velocity (BERV) and a small stellar systemic velocity, where the
telluric and exoplanetary sodium could overlap in the mid-transit
position.
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Fig. 4. Telluric correction of the observed spectra of HD 189733. The
red spectrum is one of the observed HD 189733 spectra for night 1, the
blue line is the shifted and scaled telluric water model from (Yan et al.
2015), and the black spectrum is the resulting spectrum after applying
the telluric correction.

3.2.2. Other telluric features

In addition to removing telluric sodium, it is necessary to remove
the telluric imprints produced by water vapor, the main contrib-
utor to the telluric contamination near the Na I doublet.

We present a different method to correct for the tel-
luric contamination with respect to the methods described in
Vidal-Madjar et al. (2010), Astudillo-Defru & Rojo (2013) and
Wyttenbach et al. (2015), which consider that the variation of
telluric lines follows the airmass variation linearly. Here, the
telluric features are corrected by using the one-dimensional tel-
luric water model presented in Yan et al. (2015), which uses the
line list from HITRAN (Rothman et al. 2013). The spectra are
referred to the solar system reference frame. In this frame the
Earth’s radial velocity (RV) variation during the night is reflected
as a wavelength shift of the telluric lines with respect the air posi-
tion. We note that the telluric lines absorption depth also changes
with the airmass. For each observed spectrum, we shift the tel-
luric water vapor model to the position of the telluric lines using
the BERV information. This shifted model is then scaled to the
same airmass of the observed spectrum and, finally, the observed
spectrum is divided by the scaled telluric model, removing the
telluric features from the data (see Fig. 4).

The variation in the transmission of the Earth’s atmosphere
is one of the main problems when a model is used to correct
the telluric contamination. The line depth variation is not equal
for all the telluric lines, leading to poor results in the removal
of the telluric signatures when scaling the model, and possibly
introducing small residuals into the final transmission spectrum.
However, one of the benefits of using this method is that no addi-
tional noise is introduced in the corrected spectra, key in transit
spectroscopy, taking into account the low S/N expected for the
atmospheric planetary signals. On the other hand, we also con-
sider the telluric line’s movement during the night, since omit-
ting this shift could produce signals of misalignment in the next
reduction steps. This alternative method can also be useful when
the baseline of the observations is insufficient to compute a high-
quality telluric spectrum for an efficient correction of telluric
lines.
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Fig. 5. Nightly evolution of the RV of WASP-69 (top) and HD 189733
(bottom) (in blue the night 1, in green the night 2, and in red the night 3).
In the vertical axis we show the RV of the star in km s−1. The RV and
error values are taken from the HARPS files header. The black solid line
is the best fit model for each individual night. The bottom panel of each
plot shows the residuals between the data and the best fit model.

3.3. Transmission spectrum

Transit spectroscopy requires observations when the planet is
crossing the stellar disk and when it is not. The out-of-transit
spectra contain the stellar flux partially absorbed by the Earth’s
atmosphere, while the in-transit spectra contain, additionally,
the exoplanet atmosphere transmission. These data are used to
compute their ratio spectrum and measure the extra absorption
caused by the planet atmosphere.

Before computing this ratio spectrum, the stellar lines of all
the spectra, which are shifted in wavelength due to the RV vari-
ation of the star during the transit of a planet, need to be aligned.
The RV of WASP-69 is ±15 m s−1, while for HD 189733 it is
±50 m s−1. These shifts create artificial signals in the spectra
if they are not corrected. In order to align the stellar lines to
the null stellar RV, we use the HARPS files header information,
where the star RV values are given, taking into account possi-
ble instrumental error, stellar activity, and the RM effects (see
Fig. 5). Omitting the RM effect in the stellar RV when aligning
the stellar lines introduces misalignments and spurious results in
the final transmission spectrum.

Some methods obtain the transmission spectrum of the exo-
planet atmosphere by dividing the combination of all the telluric-
corrected in-transit spectra (master in) by the combination of
all the out-of-transit spectra (master out; Redfield et al. 2008).
However, the planet RV varies during the transit, which causes a
shift of the planetary absorption lines across the stellar lines pro-
file. The RV of WASP-69b changes from +7 km s−1 to −7 km s−1

and ±15 km s−1 for HD 189733b, meaning a wavelength shift
of ±0.14 Å and ±0.30 Å, respectively. For 0.01 Å steps, like
HARPS, this corresponds to a shift of more than 10 pixels.
Here we correct for this effect by using the method presented in
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Fig. 6. Modeled CLV and RM effects of the HD 189733 D2 Na I line.
The black line shows the modeled CLV effect and the red line shows
the RM effect in the stellar rest frame. The RM effects in the planetary
rest frame, with and without correcting the RM induced RV, are shown
in blue and green, respectively. For the D1 line, the effects are slightly
stronger.

Wyttenbach et al. (2015), in which the planetary signal is shifted
to the null RV at the planet rest frame (i.e., the RV in the mid-
dle of the transit). Each in-transit spectrum (Fin) is divided by
the master-out spectrum, Mout =

∑
out Fout(λ), and the result is

shifted to the planet rest frame. Finally, all of these individual
transmission spectra are combined,

< =
∑

in

Fin(λ)
Mout

∣∣∣∣
Planet RV Shift

− 1. (1)

This process is applied to all nights, obtaining a transmission
spectrum for each night, which are then combined and normal-
ized using a linear fit to the continuum outside the regions of
interest.

The CLV effect and RM effect both have impacts on the ob-
tained transmission spectrum. As shown in Yan et al. (2017), the
CLV of the stellar lines profile along the stellar disk is an impor-
tant effect for the transmission spectroscopy which needs to be
corrected for a better characterization of the planetary Na I ab-
sorption. Omitting the RM effect in the stellar RV when aligning
the stellar lines introduces misalignments and spurious results
in the final transmission spectrum (Louden & Wheatley 2015;
Barnes et al. 2016). We note that during the transit the planet
occults different parts of the stellar disk, which have different
velocities. Thus, in addition to the lines’ shift, the RM also af-
fects the stellar lines’ shape, which can produce false-positive
features in the transmission spectrum. The RM effect can be av-
eraged out if the spectra are retrieved uniformly during a full
transit and shifted to the stellar rest frame. However, if the spec-
tra are shifted into the planetary rest frame, the RM effect still
has a residual feature. This residual feature is large when the
RM induced RV is not corrected but is much smaller when the
RV has been corrected (see Fig. 6).

We model the CLV and RM effects together for the case in
which the stellar RV (including the RM induced RV) is corrected
and the spectra are shifted to the planetary rest frame. We use
a similar model method as presented in Yan et al. (2017). The
CLV and RM effects are then corrected, dividing the obtained
transmission spectrum by the modeled result.
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4. Results and discussion

We are interested in the detection of the transitions produced
by the Na I doublet at λ5889.951 Å (D2) and λ5895.924 Å
(D1). As the systemic velocity of the planetary system
is −9.62826 km s−1 in the case of WASP-69 system and
−2.2765 km s−1 for HD 189733, the expected wavelength po-
sitions of the Na I D lines in the solar system barycentric refer-
ence frame are λ5889.762 Å (D2) and λ5895.735 Å (D1), and
λ5889.906 Å (D2) and λ5895.879 Å (D1), respectively.

In order to compute the relative absorption depths we calcu-
late the weighted mean of the flux in a central pass-band (C),
centered on each Na I D line, and compare it to bins of similar
bandwidths taken in the transmission spectrum continuum, one
in the blue (B) and one in the red region (R), as presented in
Wyttenbach et al. (2017),

δ(∆λ) =

∑
C wi<(λi)∑

C wi
− 1

2

(∑
B wi<(λi)∑

B wi
+

∑
R wi<(λi)∑

R wi

)
, (2)

where the weights, wi, are the inverse of the squared uncer-
tanties on <, and wi = 1/σ2

i , which are calculated by propa-
gating the photon noise and the readout noise from the observed
spectra.

We choose the same bandwidths (∆λ) of the central pass-
bands used in Wyttenbach et al. (2015) for easier compari-
son: 0.188 Å, 0.375 Å, 0.75 Å, 1.5 Å, 3 Å and a larger
pass-band of 12 Å adjusted on the center of the doublet
to perform the comparison between our results and those of
Redfield et al. (2008), Jensen et al. (2011) and Huitson et al.
(2012). In this last case, as reference we use slightly different
wavelength intervals: 5874.89−5886.89 Å corresponding to the
blue and 5898.89−5907.89 Å to the red regions. As noted by
Wyttenbach et al. (2017), we also find that the choice of the ref-
erence bands has no impact on the results.

4.1. Transmission spectrum analysis

The S/N per extracted pixel in the continuum near 590 nm for
HD 189733, retrieved with HARPS-South, ranges from 55 to
240 for all nights, while for WASP-69 spectra, with HARPS-
North, the S/N is lower: 30–60. Combining the spectra to ob-
tain the master in and master out spectra, the S/N increases to
310−640 for HD 189733 and 100−120 for WASP-69. When co-
adding the nights, the total S/N for each master is about 800 for
HD 189733 and 150 for WASP-69. Thus, a S/N of 1500 and 205
is reached in the final transmission spectrum for HD 189733b
and WASP-69b, respectively.

As observed in Fig. 7, for HD 189733b, both Na I D lines
can be distinguished from the continuum noise. However, for
WASP-69b, even if the D2 line clearly peaks out of the con-
tinuum, the D1 line easily disappears when the resulting trans-
mission spectrum data is binned with a large number of pixels.
With a Gaussian fit to each Na I line, we measure line contrasts
of 0.72 ± 0.05% (D2) and 0.51 ± 0.05% (D1) and full width
at half maximum (FWHM) values of 0.64 ± 0.04 Å (D2) and
0.60 ± 0.06 Å (D1) for HD 189733b. Similar results of line con-
trasts are presented in Wyttenbach et al. (2015), but larger values
of the FWHMs are obtained here. For WASP-69b, taking into ac-
count the low S/N reached, a Gaussian fit in the D1 Na I line is
not possible. For the D2 line, even if the Gaussian fit is better
and the line contrast can be measured (5.8±0.3%), more transits
are needed to estimate the FWHM.

For HD 189733b, a small net blueshift of ∼−0.04 Å is mea-
sured with respect to the expected wavelength position of the
Na I lines. Taking into account that one pixel in the HARPS de-
tector represents ∼0.8 km s−1, the measured shift corresponds to
∼−2 km s−1. This value is consistent with the wind speed de-
tected by Brogi et al. (2016) (−1.7+1.1

−1.2) using data from CRIRES
(IR) and Louden & Wheatley (2015) (−1.9+0.7

−0.6) using the same
optical data analyzed here, suggesting almost no vertical wind
shear. This shift is by far smaller than the ∼0.75 Å presented in
Redfield et al. (2008) and smaller than the 0.16 Å measured in
Wyttenbach et al. (2015). In this last paper the authors speculate
that a global error on the planetary RV shift could introduce a
0.06 Å shift, considering the HARPS precision. For WASP-69b
no blueshift is measured.

We measure relative absorption depth of the Na I lines in
the transmission spectra for different passbands. For WASP-69b
only the D2 Na I line is used while for HD 189733b the ab-
sorption depth of both lines is averaged. The values obtained for
HD 189733b are 0.269 ± 0.032% (8.5σ) and 0.030 ± 0.014%
(2.1σ) for 0.75 Å and 12 Å bandwidths, respectively (see
first row of Table 3). Comparing these results with those in
Wyttenbach et al. (2015) we obtain slightly smaller values pos-
sibly due to the differences between the data analysis methods.
For the 12 Å pass-band our results are smaller than the ones
presented in this latter paper (0.056 ± 0.007%), in Jensen et al.
(2011; 0.053 ± 0.017%) and in Redfield et al. (2008; 0.067 ±
0.020%) from ground. Also in the detection from space by
Huitson et al. (2012) (0.051±0.006%) the results are larger than
ours. However, taking into account the uncertainties of the val-
ues, the differences are not significant.

On the other hand, for WASP-69b we measure 3.819±0.764
(5σ), 2.058 ± 0.491 (4.2σ), 0.703 ± 0.284 (2.5σ), 0.529 ± 0.142
(3.7σ) and 0.114 ± 0.080 (1.5σ) for 0.188 Å, 0.375 Å, 0.75 Å,
1.5 Å, 3 Å pass-bands, respectively (see second row of Table 3).
We note that since the 12 Å pass-band includes both Na I lines
and only the D2 line is used for WASP-69b, the absorption depth
for this bandwidth is not calculated.

It is important to emphasize that WASP-69 is two magni-
tudes fainter than HD 189733. In order to extract the trans-
mission spectrum of WASP-69b, two transits of this planet
with approximately 15 spectra each were combined, while for
HD 189733b three transits with 40 spectra, on average, were
available. The fact that we can see Na absorption in WASP-
69b’s transmission spectrum means that the signal must be
stronger than that from HD 189733b. Indeed, the scale height of
WASP-69b is ∼650 km, three times larger than HD 189733b’s
(∼200 km); see Fig. 8. Nevertheless, more WASP-69b transit
spectra will be needed to reach a S/N high enough to verify
the D1 line detection and characterize the Na I line profiles. At
present, there is no clear explanation for the difference in the in-
tensity of both Na I lines. These lines are formed very high in
the atmosphere and the theoretical line profiles of the two lines
are different, presenting different oscillation strengths ( f = 0.64
for the D2 and f = 0.32 for the D1; Huitson et al. 2012). As sug-
gested in Slanger et al. (2000), the variability of the D2/D1 ra-
tio could be due to different pathways, creating the two excited
Na I levels with different temperature sensitivities. This would
result in a different Na I line intensity depending on the local
conditions in the exoplanet atmosphere. On Earth, for example,
the telluric Na I absorption of D2 line is stronger than D1 line
(Albrecht 2008).

In order to be sure that the results obtained are not caused by
stellar residuals, some checks were performed to prove that the
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Fig. 7. Transmission spectrum of HD 189733b (top panel) and WASP-69b (bottom panel) atmospheres in the region of the Na I D doublet. The
atmospheric transmission spectrum is presented in light gray. We show the binned transmission spectrum with black dots; 20 pixels (top) and
10 pixels (middle). The Gaussian fit to each Na I D line is shown in red with its residuals in the bottom. The expected wavelength position of the
Na I doublet lines, in the planetary reference frame, are indicated with blue vertical lines and the red horizontal line is used as reference around
zero. A net blueshift of ∼3 km s−1 (∼0.04 Å) is observed in the Na I lines of HD 189733b, possibly due to a global error on the planetary RV shift as
a result of the HARPS precision. No shift is observed for WASP-69b Na I lines with respect to the reference wavelength frame. The uncertainties
of the relative flux are assumed to come from photon and readout noise propagated from the original spectra.

resulting transmission spectrum can only be obtained with the
correct selection of the in- and out-of-transit samples. In partic-
ular, we computed the transmission spectrum by considering a

different combination of in- (F1) and out-of-transit (F2) files and
following the same reduction steps. For the first check, we used
the before-transit files and the second half of the in-transit files
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Fig. 8. Comparison between the transmission spectrum of WASP-69b
(black) and HD 189733b (blue) in the region of the Na I doublet. Both
transmission spectra are shown binned by 10 pixels and the wavelength
shifted to the planet reference frame.

(ordered according to time) as a synthetic in-transit sample, and
the rest of the files (first half of in-transit and after-transit files)
as a synthetic out-of-transit sample (see first row of Fig. 9). The
second test was performed by considering the even files forming
the in-transit sample and the odd ones (also organized by time)
the out-of-transit sample (see second row of Fig. 9).

In both checks, the weight of real in-transit and out-of-transit
files considered in F1 and F2 samples is the same, and we expect
a flat transmission spectrum, despite possible stellar residuals
caused by stellar activity, the RM effect (which is not completely
averaged now), the CLV, among other possible sources of change
in the stellar lines. For HD 189733b the resulting synthetic trans-
mission spectra are mainly flat; only some strong residuals in the
Na I lines’ positions are observed, but with clear differences from
the line depth of the real transmission spectrum. For WASP-69b,
stronger residuals near the Na I position are observed. However,
while the planetary RV correction has been applied to each single
F1/F2, none of these residuals are in the position of the planetary
Na I absorption, and are very likely of stellar origin. These stel-
lar residuals illustrate the importance of correcting for the stellar
line shifts, which can easily become false positives in the final
transmission spectrum.

As discussed in the reduction process, missing some of the
reduction steps could introduce residuals in the final transmis-
sion spectrum. Some of these steps are the telluric Na correction,
the BERV consideration in the telluric line subtraction, the RM
induced RV in the stellar line alignment, and the correction of
the line’s shape caused by CLV and RM effects. These residuals
have been quantified by measuring the absorption depth values
of the transmission spectrum of WASP-69b and HD 189733b
by omitting these steps in the reduction process. The absorption
depth values obtained for a representative 1.5 Å passband are
shown in Table 4. The most important differences are observed
omitting the telluric Na correction, for WASP-69b, and not con-
sidering the RM induced RV for HD 189733b.

4.2. (Spectro-)photometric light curve of Na I

The transit light curve of the Na I line is calculated using
three different bandwidths: 0.75 Å, 1.5 Å, and 3.0 Å, which
are centered at the line cores of both D1 and D2 lines, after
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Fig. 9. Mock transmission spectra obtained with a different combina-
tion of in- (F1) and out-of-transit (F2) files of HD 189733 (top panel)
and WASP-69 (bottom panel). The results are shown binned every ten
pixels. The horizontal red line is used as reference around zero and the
blue vertical lines are in the expected wavelength position of the Na I
lines in the planet reference frame. First row: final transmission spec-
trum obtained using a synthetic in-transit sample formed by the data
before transit and the second half of in-transit data (ordered accord-
ing to time) and the rest as a synthetic out-of-transit sample. Second
row: transmission spectrum obtained considering the even files as the
in-transit sample and the odd ones as the out-of-transit sample. Third
row: Final transmission spectrum from our data reduction.

dividing each spectrum (in- and out-of-transit, Fin and Fout) by
the high-resolution master out (Mout). As reference passbands,
for HD 189733b, we use similar ranges as in Wyttenbach et al.
(2015) and Yan et al. (2017), 5874.89−5886.89 Å for the blue
region and 5898.89−5907.89 Å for the red region. For WASP-
69b, as the Na I lines are wider (see Fig. 1), the reference pass-
bands are defined as 5874.89−5883.89 Å for the blue part and
5900.89−5907.89 Å for the red part (see Fig. 10).

In order to obtain the transit light curve of Na I, we use the
method presented in Yan et al. (2017), where the relative flux of
the Na I lines (Fline) is calculated using the ratio between the flux
inside the band centered on the line core (Fcen) and the reference
bands (Fred and Fblue) as follows,

Fline =
2 Fcen

Fred + Fblue
· (3)

This relative flux is obtained for both D2 and D1 lines in the case
of HD 189733b, normalized to unity for all the out-of-transit
values before the light curves of both lines are averaged. We
note that only the first and third nights are used to calculate the
relative flux, since for the second night there were no observa-
tions before transit. For WASP-69b the relative flux is calculated
only for the D2 line. Finally, we binned the data points with a
0.002 phase step for HD 189733b, for an easier comparison with
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Table 3. Summary of the measured relative absorption depth in [%] in the transmission spectra of HD 189733b and WASP-69b.

Bandwidth

0.188 Å 0.375 Å 0.75 Å 1.5 Å 3.0 Å 12 Å
HD 189733b 0.506 ± 0.074 0.497 ± 0.050 0.269 ± 0.032 0.104 ± 0.017 0.059 ± 0.013 0.030 ± 0.014
WASP-69b 3.819 ± 0.764 2.058 ± 0.491 0.703 ± 0.284 0.529 ± 0.142 0.114 ± 0.080 −∗

Notes. Both D2 and D1 Na I lines are averaged for HD 189733b, and only the D2 line is used for WASP-69b. (∗) The bandwidth of 12 Å includes
both Na I lines and only the D2 Na I line is used to compute the absorption depths of WASP-69b.

Table 4. Measured relative absorption depth in [%] in the transmission spectra of HD 189733b and WASP-69b omitting steps in the reduction
process, for a 1.5 Å bandwidth.

Omitted correction
Result|| Telluric Na∗ BERV in telluric lines† RM induced RV‡ CLV+RM effects§

HD 189733b 0.104 ± 0.017 −¶ 0.185 ± 0.018 0.196 ± 0.017 0.188 ± 0.017
WASP-69b 0.529 ± 0.142 0.628 ± 0.139 0.467 ± 0.142 0.492 ± 0.143 0.584 ± 0.142

Notes. Both D2 and D1 Na I lines are averaged for HD 189733b, and only the D2 line is used for WASP-69b. (||) Measured absorption depth
in the final transmission spectra following all the presented steps. (∗) No telluric Na subtraction. (†) The BERV consideration in the telluric line
subtraction. (‡) RM induced RV consideration in the stellar line alignment. (§) Correction of the line’s shape caused by CLV and RM effects. (¶) No
telluric Na is observed in HD 189733 spectra.
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Fig. 10. Passbands used to perform the transmission light curves of
HD 189733b (upper panel) and WASP-69b (lower panel). One ob-
served spectrum is shown on the top of each panel and the ratio be-
tween this single in-transit spectrum and the master out is shown on the
bottom. The blue regions mark the three different bandwidths (0.75 Å,
1.5 Å and 3.0 Å) centered at the line cores of D1 and D2, and the blue
and red reference passbands used to measure the relative flux and cal-
culate the transmission light curves are shown in gray. We note that, for
WASP-69, only the D2 line is used.

similar results (Yan et al. 2017). For WASP-69b the observed
spectra are more noisy (S/N ∼ 40) than those retrieved from
HD 189733b (S/N ∼ 130; see Fig. 1). This noise is propagated

along the calculation of the final transmission light curve values,
which present a high dispersion. In order to reduce this disper-
sion we decided to increase the binned phase step to 0.005 for
this planet. The final observed transmission light curves for the
three different bandwidths are shown in the first row of Figs. 11
and 12.

The resulting light curves are the combination of the plan-
etary absorption and the CLV effect. Here, we present the ob-
served transmission light curves of the Na I lines which show
the characteristic shape of the CLV effect. To correct for this
effect we follow the same method as Yan et al. (2017), dividing
the observed transmission light curve by the modeled CLV effect
light curve from the same paper (see second row of Figs. 11 and
12). This makes it possible to obtain the observed Na I absorp-
tion light curve and calculate the true absorption depth (see third
row of Figs. 11 and 12). For WASP-69b, the modeled Na I ab-
sorption is obtained using the PyTransit (Parviainen 2015) and
PyLDTk (Parviainen & Aigrain 2015) Python packages, which
use the library of PHOENIX stellar atmospheres (Husser et al.
2013). It is important to note that the modeled CLV light curve
is directly derived from the model and the fit procedure is only
applied to the Na I absorption model.

The transmitted flux or relative absorption depth of the trans-
mission light curves can be easily calculated by the difference of
the weighted mean of the flux in- and out-of-transit:

δ(∆λ) =
Fline(in)

Fline(out)
· (4)

For HD 189733b, the observed light curve can be well fitted with
the combined model (CLV and Na I absorption), with an aver-
age chi-square value (χ2) of 1.3 for the different bandwidths. In
Yan et al. (2017), a χ2 = 2.6 with the combined model was re-
ported. In both studies, the χ2 values obtained by fitting only the
Na I absorption model are larger than the ones obtained fitting
the combined model (χ2 = 2.0 in our work). As in Yan et al.
(2017), we clearly observe the CLV effect in our data, which
is not obvious in the light curves presented in Wyttenbach et al.
(2015). Similar CLV features are also shown in the light curves
presented in Barnes et al. (2016). With the CLV effect correc-
tion applied, we measure absorption depths of 0.442 ± 0.074%,
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Fig. 11. Transmission light curves from HARPS observations of HD 189733b, for three different bandwidths: 0.75 Å (left column), 1.5 Å (middle
column), and 3.0 Å (right column). Only nights 1 and 3 are used here. First row: final observed transmission light curve of the Na I D lines from
our data reduction. The relative flux of D1 and D2 lines is averaged and binned with a 0.002 phase step (black line). The red line is the modeled
transmission light curve, which is the combination of the best-fit Na I absorption and the CLV effect (Yan et al. 2017). This model is calculated
theoretically and there is no fitting to the actual data. Second row: the CLV effect. The black line is the result of removing the Na I absorption
model from the observed transmission light curve. The modeled CLV effect is shown in red. Third row: the Na I absorption light curve obtained
dividing the observed transmission light curve by the modeled CLV effect (black line). The red line is the best-fit Na I absorption model. Forth
row: residuals between the observed transmission light curve and the model. The errorbars represent the photon noise within the passband.

0.274 ± 0.052%, and 0.207 ± 0.031%, for the 0.75 Å, 1.5 Å,
and 3.0 Å bandwidths, respectively (see Table 5). If the CLV ef-
fect is not considered, the absorption depths are overestimated
(∼0.508%, ∼0.320%, and ∼0.217%, respectively).

Comparing the results with those in Wyttenbach et al.
(2015), we find that our absorption depths (without the CLV
correction) are larger than theirs. In the case of the 0.75 Å
passband, for example, the averaged absorption depth is 0.40%,
while the results agree more closely with the ones presented in

Barnes et al. (2016; 0.45%) and Yan et al. (2017; 0.512%). Com-
paring the absorption depths measured after the CLV correction,
Yan et al. (2017) measure 0.414 ± 0.032% for the 0.75 Å band-
width; slightly different from our result (0.442 ± 0.074%). The
differences probably arise from the different reduction methods
used, and fall within the uncertainties.

As previously discussed, the number of spectra retrieved dur-
ing the observations of WASP-69b is small compared to the large
number of spectra used to perform the HD 189733b transmission
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Fig. 12. Same as Fig. 11 but for the HARPS-N observations of WASP-69b. In this case, only the relative flux of D2 line is used and binned with a
0.005 phase step (black line).

light curves. Thus, the resulting transmission light curves of
WASP-69b are noisy and the combined model does not fit the
observed data as well as for HD 189733b (χ2 = 4.2). Even if the
CLV is not obvious in the results because of the noise, this effect
is predicted in our model and used to correct the observed trans-
mission light curve. In this case, the fit is also better if both con-
tributions (Na I absorption plus CLV) are considered. We mea-
sure absorption depths of 0.722 ± 0.411%, 0.470 ± 0.235%, and
0.286 ± 0.136%, for the 0.75 Å, 1.5 Å, and 3.0 Å bandwidths,
respectively. We note that also larger values are obtained without
considering the CLV effect.

In all cases, the measurement uncertainties are calculated
with the error propagation of the photon noise level and the read-
out noise from the original data.

5. The Rossiter-McLaughlin effect of WASP-69b

The Rossiter-McLaughlin (RM) effect is an apparent RV shift of
the stellar spectrum during the transit of a planet. As the planet
moves across the stellar disk, it occults different regions with
different RVs due to stellar rotation. Here, we measure this ef-
fect by fitting the analytical RV model presented by Ohta et al.
(2005) to the stellar RV data given in the HARPS file headers,
using a Markov chain Monte Carlo (MCMC) algorithm.

The RM model depends on the scaled semi-major axis
(a/R?), the orbital period (P), the central transit time (T0), the
ratio of the planetary and stellar radius (Rp/R?), the inclination
of the orbit (ip), the inclination of the stellar rotation axis (i?),
the sky-projected angle between the stellar rotation axis and the
normal of orbit plane (λ), the angular rotation velocity of the
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Table 5. Summary of the measured relative absorption depth in [%] in the light curves of HD 189733b and WASP-69b after the CLV correction.

Bandwidth

0.75 Å 1.5 Å 3.0 Å
HD 189733b 0.442 ± 0.074% 0.274 ± 0.052% 0.207 ± 0.031%
WASP-69b 0.722 ± 0.411% 0.470 ± 0.235% 0.286 ± 0.136%

Notes. Both D2 and D1 Na I lines are averaged for HD 189733b, while for WASP-69b, only the D2 line is used. The results of nights 1 and 3 for
HD 189733, and both nights for WASP-69b are averaged.

Table 6. MCMC observational results of the RM effect for WASP-69b and HD 189733b.

WASP-69b HD 189733b
Night 1 Night 2 Night 1 Night 2 Night 3

χ2 1.1 0.5 2.1 4.3 1.5
Offset (km s−1) −9.6364 ± 0.0004 −9.6251 ± 0.0005 −2.2213+0.0001

−0.0002 −2.2314+0.0001
−0.0002 −2.2204 ± 0.0002

Ω (rad/day) 0.24+0.02
−0.01 0.559 ± 0.003

λ (◦) 0.4+2.0
−1.9 −0.31 ± 0.17

ε 0.779 ± 0.048 0.877+0.011
−0.012

star (Ω) and the linear limb dark coefficient (ε). We fix a/R?,
P, T0, Rp/R?, ip and i?, and the remaining parameters remain
free. The system was analyzed with 20 chains with a total of
∼1 × 105 steps. Each step is started at a random point near
the expected values from the literature and λ is constrained to
−180−180◦. For WASP-69b, i? is fixed at 90◦. The best-fit val-
ues are obtained at 50% (median) and their error bars correspond
to the 1σ statistical errors at the corresponding percentiles.

We note that the RV information measured by HARPS is
given with possible instrumental and stellar activity effects, re-
flected as additional offsets to the data, which vary from night
to night. For this reason, we add the stellar RV curve to the RM
effect model, and the offsets between the data sets and the final
model are fitted as free parameters when performing a joint anal-
ysis of all available nights. The MCMC results are presented in
Table 6 and the correlation diagrams for the probability distribu-
tion are shown in Fig. A.1 of the Appendix.

For WASP-69b, we derive a stellar angular rotation of
0.24+0.02

−0.01 rad/day, consistent with the stellar rotational period of
≈23 days presented in Anderson et al. (2014). The small sky-
projected angle between the stellar rotation axis and the normal
of the orbital plane (λ = 0.4+2.0

−1.9), means that the sky projections
of the stellar spin-axis and the orbit normal are aligned to within
a few degrees. Finally, we measure a limb darkening coefficient
of 0.779 ± 0.048.

The same method is used to re-measure the RM effect of
HD 189733b, obtaining the results presented in Table 6 and
Fig. A.2. In this case, we fix i? ≈ 92+12

−4
◦ from Cegla et al.

(2016). Previous studies retrieved λ values ranging from −1.4 ±
1.1◦ to −0.35 ± 0.25◦ (Winn et al. 2006; Triaud et al. 2009;
Collier Cameron et al. 2010; Cegla et al. 2016). Our results are
in line with these values. The measured angular rotation of the
star (ω = 0.559 ± 0.003 rad/day) is also consistent with the
equatorial period of 11.94 ± 0.16 days presented in Fares et al.
(2010), and the resulting linear limb darkening coefficient (ε =
0.876±0.011) is very similar to the one presented in Borsa et al.
(2016) calculated over the HARPS wavelength range (0.7962 ±
0.0013).

6. Conclusions
We present an analysis of new transit observations of WASP-69b
using the HARPS-North spectrograph at ORM (La Palma), and
archive observations of the well-studied exoplanet HD 189733b

using the HARPS-South spectrograph at La Silla (Chile). A
new data analysis method is presented, which has been first
applied to the HD 189733b data in order to compare with
similar studies, and then to our WASP-69b observations. The
method, based on correcting the telluric contamination with a
one-dimensional telluric water model from Yan et al. (2015),
can be very useful in observations where the baseline is not
large enough to compute a high-quality telluric spectrum as in
Astudillo-Defru & Rojo (2013), Wyttenbach et al. (2015), and
Yan et al. (2017), and Wyttenbach et al. (2017), among others.
Telluric sodium is present in WASP-69b observations, emphasiz-
ing the importance of using one of the HARPS fibers monitoring
the sky simultaneously to the observations to correct for such ef-
fects. We observe atomic sodium (Na I) features in the transmis-
sion spectrum of both planets. For HD 189733b, the Na I dou-
blet is clearly detected with line contrasts of 0.72±0.05% for the
D2 and 0.51 ± 0.05% for the D1, similar to those presented in
Wyttenbach et al. (2015), and FWHMs of 0.64±0.04 Å (D2) and
0.60±0.06 Å (D1), larger than those measured in the same paper.
For WASP-69b, even if the D2 Na I line is clearly detected, only
its line contrast can be measured (5.8 ± 0.3%), and more transits
will be needed to estimate the FHWM and reach a high enough
S/N to characterize the D1 line.

Wyttenbach et al. (2015) reported a blueshift of 0.16±0.04 Å
in the Na I lines measured in the transmission spectrum of
HD 189733b. Here, a blueshift of ∼0.04 Å (2 km s−1) is mea-
sured, far smaller than in Redfield et al. (2008; ∼0.75 Å) but
consistent with the wind speed detected by Louden & Wheatley
(2015) and Brogi et al. (2016). Wyttenbach et al. (2015) specu-
late that this discrepancy can be attributed to global errors on the
planetary RV considering the HARPS precision. On the other
hand, no net blueshift is measured in the WASP-69b Na I lines.

The Na I transit light curves of both planets are also calcu-
lated. The observed transit light curve of HD 189733b shows
the characteristic shape of the CLV effect presented in Yan et al.
(2017), which is corrected in order to measure the true absorp-
tion depth at different bandwidths. For WASP-69b, the CLV ef-
fect is predicted to be much lower in comparison to the Na
absorption, and not clearly distinguishable on the light curves,
although the light curves are better fitted by a model containing
this component.
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By analyzing the RM effect of WASP-69b we obtain a stellar
angular rotation velocity of 0.24+0.02

−0.01 rad/day, consistent with
the stellar rotational period presented in Anderson et al. (2014)
(≈23 days). We also measure a sky-projected angle between the
stellar rotation axis and the normal of orbit plane (λ) of 0.4+2.0

−1.9.
In the case of HD 189733b, the RM effect has been extensively
studied in previous works (Winn et al. 2006; Triaud et al. 2009;
Collier Cameron et al. 2010; Cegla et al. 2016), and consistent
results are obtained here.

In the near future, high-resolution spectrographs like
ESPRESSO on VLT and HIRES on E-ELT will perform tran-
sit observations of many exoplanets, making it possible to study
their transmission spectra with a higher S/N. WASP-69b should
be among the first targets of these instruments in order to fur-
ther constrain sodium abundances and atmospheric tempera-
ture/pressure profiles for its atmosphere.
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Appendix A: Probability distributions

Fig. A.1. Correlation diagrams for the probability distribution of the RM model parameters for WASP-69b. The dashed lines on the histograms
correspond to the 16 and 84 percentiles used to obtain the 1σ statistical errors. The blue lines show the resulting median values.
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N. Casasayas-Barris et al.: Detection of sodium in the atmosphere of WASP-69b

Fig. A.2. Correlation diagrams for the probability distribution of the RM model parameters for HD 189733bb.
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3
NaI and Hα features in the

atmosphere of MASCARA-2b

- Dr. Arroway will be spending her precious telescope
time listening for... uh... listening for...

- Little green men.

Contact, 1997

MASCARA-2b (Talens et al., 2018), also known as KELT-20b (Lund et al.,
2017), is one of the few tens of exoplanets included in the so-called ultra hot
Jupiter sample (Parmentier et al., 2018; Arcangeli et al., 2018). These are ex-
treme planets, located very close to their host stars and, consequently, receiving
a large amount of energy on their upper atmosphere. Ultra hot Jupiter planets
are characterised by equilibrium temperatures above 2000 K. In this chapter
we study the atmosphere of this exoplanet using only one transit observation
with HARPS-N. The analysis and results of this chapter are published in A&A
under the bibcode 2018A&A...616A.151C (Casasayas-Barris et al., 2018).

The transmission spectrum of MASCARA-2b is extracted following the
methodology described in the previous chapter, with the difference that the
telluric contamination is corrected by taking advantage of the rapid-rotating
standard star observations during the same night. We tentatively resolve the
NaI and Hα spectral lines in the transmission spectrum of MASCARA-2b. The
absorption is also visible during the transit in the transmission light curves,

57
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58
CHAPTER 3. NaI and Hα features in the atmosphere of

MASCARA-2b

which are clearly contaminated by the strong RM deformation of the stellar
lines. After correcting the RM effect, we measure an averaged absorption ex-
cess of 0.4 ± 0.1 % in the NaI lines, and 0.6 ± 0.1 % in the Hα line, which
corresponds to an altitude of 1.20 ± 0.04 Rp. Simple isothermal temperature
profiles (Lecavelier Des Etangs et al., 2008) are fitted to the final transmission
spectra, showing that temperatures larger than the equilibrium temperature
of the planet (2260 K) are necessary to explain the absorption lines contrast.
In particular, assuming a totally dissociated hydrogen atmosphere (molecular
weight of µ = 1), temperatures larger than 4000 K are needed.

Here, for the first time, we use a two-dimensional (2D) analysis to study
the time-variations in the NaI and Hα spectral lines. The 2D maps clearly
show the RM effect in the stellar lines, but the absorption of the exoplanet
atmosphere remains hidden in the noise. The S/N of the features observed in
the present analysis is not high enough to claim the detections. Note that,
in atmospheric studies, as we are looking for faint changes in the stellar line
profiles, at least two transit observations are normally required to confirm the
findings (see Chapter 4).



71 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

A&A 616, A151 (2018)
https://doi.org/10.1051/0004-6361/201832963
c� ESO 2018

Astronomy
&Astrophysics

Na I and H↵ absorption features in the atmosphere of
MASCARA-2b/KELT-20b?

N. Casasayas-Barris1,2, E. Pallé1,2, F. Yan3, G. Chen1,2,4, S. Albrecht5, L. Nortmann1,2, V. Van Eylen6,
I. Snellen6, G. J. J. Talens6, J. I. González Hernández1,2, R. Rebolo1,2,7, and G. P. P. L. Otten6

1 Instituto de Astrofísica de Canarias, Vía Láctea s/n, 38205 La Laguna, Tenerife, Spain
e-mail: nuriacb@iac.es

2 Departamento de Astrofísica, Universidad de La Laguna, Spain
3 Max Planck Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany
4 Key Laboratory of Planetary Sciences, Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, PR China
5 Stellar Astrophysics Centre, Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120,

8000 Aarhus C, Denmark
6 Leiden Observatory, Leiden University, Postbus 9513, 2300 RA Leiden, The Netherlands
7 Consejo Superior de Investigaciones Científicas, Spain

Received 6 March 2018 / Accepted 7 May 2018

ABSTRACT

We used the HARPS-North high resolution spectrograph (R = 115 000) at Telescopio Nazionale Galileo (TNG) to observe one
transit of the highly irradiated planet MASCARA-2b/KELT-20b. Using only one transit observation, we are able to clearly resolve the
spectral features of the atomic sodium (Na I) doublet and the H↵ line in its atmosphere, which are corroborated with the transmission
calculated from their respective transmission light curves (TLC). In particular, we resolve two spectral features centered on the Na
I doublet position with an averaged absorption depth of 0.17 ± 0.03% for a 0.75 Å bandwidth with line contrasts of 0.44 ± 0.11%
(D2) and 0.37 ± 0.08% (D1). The Na I TLC have also been computed, showing a large Rossiter-McLaughlin (RM) e↵ect, which
has a 0.20 ± 0.05% Na I transit absorption for a 0.75 Å passband that is consistent with the absorption depth value measured from
the final transmission spectrum. We observe a second feature centered on the H↵ line with 0.6 ± 0.1% contrast and an absorption
depth of 0.59 ± 0.08% for a 0.75 Å passband that has consistent absorptions in its TLC, which corresponds to an e↵ective radius
of R�/RP = 1.20 ± 0.04. While the signal-to-noise ratio (S/N) of the final transmission spectrum is not su�cient to adjust di↵erent
temperature profiles to the lines, we find that higher temperatures than the equilibrium (Teq = 2260 ± 50 K) are needed to explain
the lines contrast. Particularly, we find that the Na I lines core require a temperature of T = 4210 ± 180 K and that H↵ requires a
temperature of T = 4330 ± 520 K. MASCARA-2b, like other planets orbiting A-type stars, receives a large amount of UV energy
from its host star. This energy excites the atomic hydrogen and produces H↵ absorption, leading to the expansion and abrasion of
the atmosphere. The study of other Balmer lines in the transmission spectrum would allow the determination of the atmospheric
temperature profile and the calculation of the lifetime of the atmosphere with escape rate measurements. In the case of MASCARA-
2b, residual features are observed in the H� and H� lines, but they are not statistically significant. More transit observations are needed
to confirm our findings in Na I and H↵ and to build up enough S/N to explore the presence of H� and H� planetary absorptions.

Key words. planetary systems – techniques: spectroscopic – planets and satellites: atmospheres – methods: observational – planets
and satellites: individual: MASCARA-2b – planets and satellites: individual: KELT-20b

1. Introduction

After the first detection of an exoplanet atmosphere by
Charbonneau et al. (2002), which revealed the presence of
atomic sodium (Na I) thanks to space-based instruments,
several studies have been carried out using ground-based facil-
ities. These facilities have been slowly overcoming the limita-
tions imposed by the telluric atmospheric variations, resulting in
detections of spectral signatures arising from Rayleigh scatter-
ing, i.e., Na and K with low spectral resolution spectrographs
(e.g., Sing et al. 2012; Murgas et al. 2014; Wilson et al. 2015;
Nortmann et al. 2016; Chen et al. 2017; Palle et al. 2017). Ob-
servations with high resolution spectrographs are able to deal

? The reduced HARPS spectra are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/616/A151

with the remaining limitations due to the telluric atmosphere by
resolving the spectral lines and taking advantage of the various
Doppler velocities of the Earth, host star, and exoplanet.

One of the most studied species in the upper atmosphere
of hot exoplanets is the Na I doublet (D2 at �5889.951 Å
and D1 at �5895.924 Å) as a consequence of its high cross
section. The first ground-based detection of Na I was per-
formed by Redfield et al. (2008) using the High Resolution
Spectrograph (HRS), with R = �/��⇠ 60 000, mounted on
the 9.2 m Hobby-Eberly Telescope. Shortly after, Snellen et al.
(2008) confirmed the Na I in HD 209458b atmosphere using
the High Dispersion Spectrograph (HDS), with R⇠ 45 000,
on the 8 m Subaru Telescope. Recently, ground-based stud-
ies with the High Accuracy Radial velocity Planet Searcher
(HARPS) spectrograph (R⇠ 115 000), at ESO 3.6 m tele-
scope in la Silla (Chile) and at 3.58 m Telescopio Nazionale
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Galileo (TNG) in Roque de los Muchachos Observatory
(ORM, la Palma), have been able to resolve the individ-
ual Na I line profiles of HD 189733b (Wyttenbach et al.
2015), WASP-49b (Wyttenbach et al. 2017), and WASP-69b
(Casasayas-Barris et al. 2017). Using these same data sets
Heng et al. (2015) were able to study the existence of temper-
ature gradients, Louden & Wheatley (2015) explored the high-
altitude winds of HD 189733b, Barnes et al. (2016) studied
stellar activity signals, and Yan et al. (2017) analyzed the center-
to-limb variation (CLV) e↵ect in the transmission light curve
(TLC) of this exoplanet. In the near future, high-dispersion
methods will be very important in the observations of spec-
tral features of temperate rocky planets and super-Earths; these
features will be out of reach of the James Webb Space Tele-
scope (JWST), but available with the upcoming facilities such
as ESPRESSO on the Very Large Telescope (VLT) or HIRES on
E-ELT (Snellen et al. 2013; Lovis et al. 2017).

We present the results from only one transit observation of
MASCARA-2b, obtained with the HARPS-North spectrograph
(la Palma). MASCARA-2b (Talens et al. 2018; Lund et al. 2017)
is a hot Jupiter (RP = 1.83 ± 0.07 RJup, MP < 3.510 MJup)
transiting a rapidly rotating (v sin i? = 115.9 ± 3.4 km s�1) A2-
type star with an orbital period of 3.474119+0.000005

�0.000006 days (see
Table 1 for details). This star, MASCARA-2 (also named KELT-
20 or HD 185603), is the fourth brightest star (mv = 7.6) with
a transiting planet known to date. With the combination of the
early spectral type, the brightness, and the rapid rotation of its
host star, MASCARA-2b is an ideal target for transmission spec-
troscopy.

MASCARA-2b is one of the few exoplanets transiting an
A-type star known to date with e↵ective temperatures higher
than ⇠7000 K. These planets typically receive a large amount of
extreme ultraviolet radiation from its host star, exciting the
atomic hydrogen to produce H↵ absorption and leading to
the expansion and possibly abrasion of their atmosphere
(Bourrier et al. 2016). The study of the Balmer lines of these
planets allows us to estimate the lifetime of the atmosphere from
the escape rate measurement. Comparative studies of this planet
population, which present di↵erent system properties, will help
us to understand their origin and evolution.

2. Observations

We observed one transit of MASCARA-2b on 16 August 2017
using the HARPS-North spectrograph mounted on the 3.58 m
TNG, located at the Observatorio del Roque de los Muchachos
(ORM, La Palma). For this transit, the observations started at
21:21 UT and finished at 03:56 UT, with an airmass variation
from 1.0 to 2.1.

The observations were carried out exposing continuously be-
fore, during, and after the transit to retrieve a good baseline,
which is key for the data reduction process. We used fiber A
on the target and fiber B on the sky to correct possible emis-
sion features from the Earth’s atmosphere. Since MASCARA-2
is a bright star, with a magnitude of 7.6 (V), we exposed 200 s
per exposure, recording a total of 90 consecutive spectra; 58 of
these were recorded during the transit. The individual retrieved
spectra have a signal-to-noise ratio (S/N) ranging from 40 to 80
per wavelength bin in the continuum near the Na I doublet. One
spectrum of the rapid-rotator telluric standard HR 7390 (5.59 V)
was also observed before MASCARA-2b observations, using
300 s of exposure time, with an airmass of 1.0, and obtaining
a S/N of ⇠170 in the continuum. HR 7390 is a bright A0V-type
star that has a projected rotation speed of 150 km s�1.

Table 1. Physical and orbital parameters of MASCARA-2b.

Parameter Symbol Value

Stellar parameters
Identifiers – KELT-20, HD 185603
V-band magnitude mV 7.6
Spectral type – A2
E↵ective temperature Te↵ 8980+90

�130 K
Projected rotation speeda v sin i? 115.9 ± 3.4 km s�1

Surface gravity log g 4.31± 0.02 cgs
Metallicity [Fe/H] �0.02± 0.07
Stellar mass M? 1.89+0.06

�0.05 M�
Stellar radius R? 1.60± 0.06 R�
Planet parameters
Planet massa Mp <3.510 MJup
Planet radius Rp 1.83± 0.07 RJup
Equilibrium temperature Teq 2260± 50 K
Surface gravitya log gP <3.460 cgs
System parameters
Right ascension – 19h38m38.73s

Declination – +31�13009.200

Epoch Tc 2457909.5906+0.0003
�0.0002 BJD

Period P 3.474119+0.000005
�0.000006 days

Transit duration T14 3.55± 0.03 h
Semimajor axis a 0.057± 0.006 AU
Scaled semimajor axis a/R? 7.5± 0.04
Inclination i 86.4+0.5

�0.4
�

Eccentricity e 0 (fixed)
Planet-to-star ratio Rp/R? 0.1133± 0.0007
Systemic velocity � �21.07± 0.03 km s�1

Projected obliquity � 0.6± 4�

Notes. (a) From Lund et al. (2017). All the remaining parameters are
taken from Talens et al. (2018).

3. Methods

The observations were reduced with the HARPS-North Data re-
duction Software (DRS), version 1.1. The DRS extracts the spec-
tra order-by-order, and these spectra are then flat-fielded using
the daily calibration set. A blaze correction and the wavelength
calibration are applied to each spectral order and, finally, all the
spectral orders from each two-dimensional echelle spectrum are
combined and resampled into a one-dimensional spectrum en-
suring flux conservation. The resulting one-dimensional spec-
tra covers a wavelength range between 3800 Å and 6900 Å and
has a wavelength step of 0.01 Å, referred to the solar system
barycenter rest frame and in air wavelengths. One representative
spectrum of MASCARA-2 and the telluric standard HR 7390 are
presented in Fig. 1.

The first step of our analysis is the telluric contamination
subtraction. Near the Na I doublet, the main telluric contribu-
tors are water and telluric sodium (Snellen et al. 2008). Each
individual target sky spectrum was examined to look for the
presence of telluric sodium, but no sodium emission was ob-
served. For an A-type star as MASCARA-2, the method used
in Casasayas-Barris et al. (2017) to remove the telluric features
produced by water and oxygen does not work as well as for
other spectral types. Thus, we correct for this contamination us-
ing a combination of the methods of Wyttenbach et al. (2015)
and Casasayas-Barris et al. (2017), taking advantage of the ob-
servations of the telluric standard HR 7390. With the method
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Fig. 1. Normalized spectra of the telluric standard HR 7390 (blue) and
MASCARA-2 (black) around the Na I region after their reduction with
the HARPS DRS. In green we show the MASCARA-2 master out spec-
trum after the telluric correction.

described in Astudillo-Defru & Rojo (2013), which makes the
assumption that the variation of the telluric lines follows linearly
the airmass variation, we computed a high-quality telluric spec-
trum. The di↵erence is that, before computing the high-quality
telluric spectrum, we aligned all the telluric lines via Barycentric
Earth Radial Velocity (BERV) information from the HARPS-
N file headers. Then, instead of scaling all the MASCARA-2
spectra to the averaged in-transit airmass as in Wyttenbach et al.
(2015), we scaled them to the telluric standard airmass (i.e., 1.0
in this case). Finally, and after removing the small stellar features
from the telluric standard spectrum as in Frasca et al. (2000), we
divided each scaled MASCARA-2 spectrum by the final telluric
standard spectrum, which has been also shifted to the Earth’s
reference frame.

Once the telluric contamination has been removed, we fol-
lowed the steps described in Casasayas-Barris et al. (2017) to
extract the transmission spectrum of the planet. We note that the
stellar radial velocity (RV) information of MASCARA-2, as for
other rapidly rotating A-type stars, is not well determined by the
HARPS-N pipeline. For rapidly rotating early-type stars, which
present very broad lines in their spectrum, the stellar RV correc-
tion is not very important and the possible uncorrected RV shift
between the spectra does not result in a large di↵erence. There-
fore, we do not consider the stellar RV correction here. How-
ever, if the stellar lines are deep and narrow, the RV correction
becomes important. In this way, the possible instrumental RV
e↵ects are not considered, but such e↵ects produce o↵sets that
similarly a↵ect all spectra, resulting in a global wavelength shift
with respect the expected rest-frame position.

The combination of all the out-of-transit spectra (master
out) after subtracting the telluric contamination is shown in
Fig. 1. Sharp residuals can be observed at ⇠5890 Å and at
⇠5896 Å (less deeper), which appear in each in-transit and
out-of-transit spectra. The measured RV of both signals is
�14.9± 0.5 km s�1 and there is no wavelength shift during the
observation. In order to determine their origin, we used the
LISM Kinematic Calculator (Redfield & Linsky 2008), which
gives us information about the interstellar medium clouds that
our line-of-sight traverses while observing a target. In the
case of MASCARA-2b, according to the interstellar medium

Fig. 2. Modeled spectra of MASCARA-2 for various orbital phases of
the planet using LTE and a spin-orbit angle of 0� (Talens et al. 2018) for
the RM e↵ect (top) and modeled RM and CLV e↵ects in the final trans-
mission spectrum (bottom). We note the large RM e↵ect in the stellar
lines.

distribution in our Galaxy, the sight line went through the
G, Mic and Oph clouds, which have �14.10± 0.97 km s�1,
�20.90± 1.34 km s�1, �28.31± 0.93 km s�1 RVs, respectively.
The very similar RV of the G cloud and the residu-
als observed in the data is the evidence of their possible
interstellar origin. Since the interstellar sodium does not show
any shift during the night and, in this particular case, we are not
correcting for the stellar RV, the presence of interstellar species is
not a problem, as it is compensated when dividing the in-transit
spectra by the master out spectrum.

During the observation, the planet is moving along the orbit,
changing its RV with respect to the observer. This RV change
results in a wavelength shift of the measured planetary absorp-
tion lines that needs to be corrected. When the in-transit spectra
are divided by the master out spectrum, each of these spectra
contain residuals that need to be shifted to the planetary rest
frame to become aligned before being co-added. In this work,
this wavelength shift is obtained by calculating the theoretical
RV of the planet along the orbit and projecting it to the line of
sight of the observer. MASCARA-2b is a recently discovered
planet and only an upper limit of its mass (⇠3.5 MJup; Lund et al.
2017) is known. For this reason, to calculate the RV we consider
that MP⌧M? (i.e., assuming the planetary mass does not sig-
nificantly contribute to the reduced mass of the system). The
calculated RV changes during the transit from �24 km s�1 to
+24 km s�1, approximately. The maximum di↵erence of this RV
between considering the mass upper limit and the MP⌧M? ap-
proximation is ⇠±0.1 km s�1, which is not significant consider-
ing that a pixel in HARPS-N corresponds to ⇠0.8 km s�1.

Finally, we model the stellar spectrum for di↵erent or-
bital phases of the planet using ATLAS9 models (Heiter et al.
2002). The modeled spectra contain both the CLV and Rossiter-
McLaughlin (RM) e↵ects on the stellar lines shape (see top panel
of Fig. 2). The CLV e↵ect is obtained by computing the stellar
spectra with various µ angles as in Yan et al. (2015) and the RM
e↵ect is obtained assuming rigid rotation with a spin-orbit angle
of 0� (Talens et al. 2018 measured � = 0.6± 4�), stellar rota-
tion of v sin i = 115 km s�1, and an impact parameter of 0.5
(Lund et al. 2017). By applying the same method to these syn-
thetic spectra, we obtain how the RM and CLV a↵ect the final
transmission spectrum of the planet (see bottom panel of Fig. 2).
As can be observed, although the expected RM e↵ect is large,
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the combination of both e↵ects is on the order of ⇠10�4 (i.e., one
magnitude below the typical noise). This is because the CLV is
very weak for these spectral-type stars and the RM is smeared
when the in-transit spectra are combined. Nevertheless, we
divide the final transmission spectrum by the model to correct
for these e↵ects.

A kind of two-dimensional representation of the original
spectra and the results after the di↵erent processing steps de-
scribed in this section are presented in the Appendix A. In these
figures, the RM e↵ect on the lines and the exoplanet absorption
in the stellar and planetary rest frame can be seen.

4. Results

4.1. Transmission spectrum analysis of Na I

The S/N per extracted pixel in the continuum near the Na I dou-
blet for the observed spectra of MASCARA-2, retrieved with
HARPS-N, ranges from 40 to 80. When combining the spec-
tra to obtain the master spectrum for in-transit observations and
out-of-transit observations the S/N increases to ⇠150, and when
co-adding all the spectra to compute the final transmission spec-
trum the S/N increases to ⇠450.

The final transmission spectrum of MASCARA-2b around
the Na I is shown in Fig. 3. As can be observed in this Figure,
both Na I D lines show a peak relative to the continuum. With
a Gaussian fit to each Na I line, we measure line contrasts of
0.44 ± 0.11% (D2) and 0.37 ± 0.08% (D1) and a full width at
half maximum (FWHM) of 0.26± 0.08 Å (D2) and 0.33± 0.08 Å
(D1), centered on 5889.93 ± 0.03 Å (D2) and 5895.88 ± 0.03 Å
(D1). The expected values for the D2 and D1 lines in the plane-
tary rest frames are 5889.95 Å and 5895.92 Å, respectively, im-
plying that no net blueshift or redshift is measured. In both cases
the Gaussian fit has a reduced �2 value of ⇠1.2. This fit pro-
cedure is performed using a simple Markov chain Monte Carlo
(MCMC), and the best-fit values are obtained at 50% (median)
and their error bars correspond to the 1� statistical errors at the
corresponding percentiles.

The absorption depth of the Na I lines is measured by cal-
culating the weighted mean of the flux in a central passband of
di↵erent bandwidths (0.188 Å, 0.375 Å, 0.75 Å, 1.5 Å, 3.0 Å,
and 5.0 Å) centered on each Na I lines, and then compared
with the average of two 12 Å bandwidths taken in the con-
tinuum of the transmission spectrum of the Na I lines: one in
the blue (B = [5872.89 � 5884.89] Å) and one in the red
(R = [5900.89 � 5912.89] Å) regions. The final values are
presented in Table 2. We note that all the uncertainties are cal-
culated with the error propagation of the photon noise level and
the readout noise from the original data.

We performed various control distributions (not shown here)
to ensure that the results are not caused by stellar or telluric
residuals, but can only be obtained with the correct selection of
the in- and out-of-transit samples. In particular, we computed the
transmission spectrum by only considering the in-transit spectra,
which were randomly selected to form the synthetic in- and out-
of-transit samples. The same test was performed by considering
only the out-of-transit files and also selecting the even files as the
in-transit sample and the odd files as the out-of-transit sample. In
all tests, the resulting synthetic transmission spectra are mainly
flat and there is a clear di↵erence between these spectra and
the lines depth of the real transmission spectrum. The averaged
absorption depth in the expected Na I D2 and D1 lines po-
sition for a 0.75 Å bandwidth are 0.021 ± 0.055%, 0.058 ±

0.040%, and 0.087 ± 0.032% for the out-out, in-in, and even-odd
samples, respectively. The final transmission spectrum with a
non-correction of the planet RV was also computed with no sig-
nals in the Na I position (0.045 ± 0.029% of absorption for a
0.75 Å bandwidth), supporting the theory that the possible inter-
stellar sodium does not a↵ect the final result and the Na I signals
observed in the final transmission spectrum only appear in the
planetary rest frame. In addition, this is evidence that we do not
observe stellar activity signals, which would be visible in the
stellar rest frame if they were present (Wyttenbach et al. 2017).
As can be observed, the in-in and even-odd distributions absorp-
tion depths, the final transmission spectra are not totally flat as
in the out-out sample. We note that in these distributions we do
not correct for the CLV + RM e↵ects and, as can be observed in
the TLC, the in-transit absorption varies during the transit. These
e↵ects could introduce some variations in the absorption and not
allow the total compensation of the planet absorption in the in-in
and even-odd to control distributions. This does not happen in
the out-out sample, as expected. On the other hand, the small ab-
sorption measured when the planet RV is not considered could
be produced because the residuals partially overlap in the stellar
rest frame.

As noted in Sect. 3, since no precise RV parameters have
been measured for MASCARA-2b system, we tested the result
with stellar RV corrected using the upper limit value of the RV
semiamplitude (322.51 m s�1, Lund et al. 2017) and a theoretical
RM e↵ect model calculated using Ohta et al. (2005). The result-
ing transmission spectrum is very similar to the result without
stellar RV correction (see Fig. 4). As no significant di↵erences
are observed in the measurements when the stellar RV is cor-
rected and when it is not, we show our analysis based on the
case in which the stellar RV is not contemplated as this is the
most correct procedure in this particular case.

4.2. Transmission light curve of Na I

The transit light curve of the Na I D lines is calculated as pre-
sented in Yan et al. (2017) and Casasayas-Barris et al. (2017) us-
ing four di↵erent bandwidths: 0.75 Å, 1.5 Å, 3.0 Å, 5.0 Å. Since
the stellar lines are broad because of the rapid-rotation of the
star (v sin i? = 115 km s�1) and we expect a large RM e↵ect,
we included the calculation for a broad 5.0 Å passband, which
encompasses the full Na I line. As reference passbands we use
the same wavelength regions presented in Sect. 4.1. The results
of both D1 and D2 lines are averaged and, finally, the data are
binned with a 0.003 phase step (⇠3.3 km s�1 of planetary RV),
taking into account the S/N of the data. The final observed light
curves for the various bandwidths are shown in the first row of
Fig. 5.

The resulting light curves are the combination of the plan-
etary absorption, CLV, and RM e↵ects. For MASCARA-2 we
expect a large RM (see Fig. 2 and Lund et al. 2017) and a small
CLV e↵ect. We note that both e↵ects produce similar shapes in
the TLC (see Yan et al. 2017) because in this case the RM has
the most significant contribution. It is noticeable how the RM ef-
fect in the TLC diminishes as the width of the central passband is
increased. This is because the deformation in the stellar sodium
lines due to the RM e↵ect occurs during di↵erent phases of the
transit and, for small bandwidths, it can move in and out of the
reference passbands. However, the 5 Å passband encompasses
the complete stellar sodium lines, averaging out the e↵ect in the
TLC.

To correct for these e↵ects we divide the observed TLC by
the light curve with the modeled e↵ects (see second and third
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Fig. 3. Transmission spectrum of MASCARA-2b atmosphere in the region of Na I D doublet. In the top panel the atmospheric transmission
spectrum is presented in light gray. Black dots indicate the binned transmission spectrum by 10 pixels and the Gaussian fit to each Na I D lines is
shown in red; its residuals are shown in the bottom panel. The expected wavelength position of the Na I doublet lines, in the planetary reference
frame, are indicated with blue vertical lines. The uncertainties of the relative flux come from the error propagation of the photon and readout noise
from the original data.

Table 2. Summary of the measured relative absorption depth in [%] in the Na I D lines of the final transmission spectrum and the TLC of
MASCARA-2b for various bandwidths.

Na I

Bandwidth (Å) D2 D1 D doubleta TLCb

0.188 0.435± 0.085 0.386± 0.083 0.411± 0.059 �
0.375 0.320± 0.058 0.337± 0.057 0.324± 0.041 �
0.75 0.168± 0.042 0.178± 0.041 0.172± 0.029 0.200± 0.046
1.5 0.066± 0.030 0.076± 0.030 0.071± 0.021 0.116± 0.033
3.0 0.057± 0.022 0.045± 0.021 0.051± 0.015 0.077± 0.024
5.0 0.072± 0.017 0.066± 0.017 0.069± 0.012 0.083± 0.019

Notes. (a) Average of both Na I D1 and D2 lines absorption depth. (b) Absorption measured in the final TLC (see third row of
Fig. 5).

row of Fig. 5). We note that the modeled CLV + RM light curves
are directly derived from the spectral models shown in Fig. 2,
and the fitting procedure is only applied to the Na I absorp-
tion model. This fitting is performed using a simple MCMC al-
gorithm and the model built with PyTransit (Parviainen 2015).
This model depends on the orbital period (P), excentricity (e),
planet-star ratio (RP/R?), scaled semimajor axis (a/R?), orbital
inclination (i), transit center (T0), argument of periastron (!)
and quadratic limb darkening coe�cients (u). The u coe�cients
are fixed to the estimated values calculated with the PyLDTk
(Parviainen & Aigrain 2015) Python Package, which use the
library of PHOENIX stellar atmospheres (Husser et al. 2013),
Rp/R? remains free and the other parameters are fixed to the val-
ues presented in Table 1.

As can be observed, the CLV + RM model is slightly
underestimated compared to the measurements, which is
possibly due to the assumption of local thermodynamical
equilibrium (LTE) during the model computation (Yan et al.
2017). With the final Na I TLC it is possible to calculate the

true absorption depth by comparing the weighted mean of the in-
transit and out-of-transit values (see the results in Table 2). These
values are consistent with the measured absorption depth values
derived from the final transmission spectrum of MASCARA-
2b; these findings are presented in the same table for a better
comparison.

4.3. Analysis of H↵ region

Following the same methods, we analyzed the region around the
H↵ line (�6562.80 Å) in the MASCARA-2b spectrum; see the
two-dimensional representation of the spectra in Appendix A.
In the telluric correction, we subtract the sky spectrum to cor-
rect for possible telluric H↵ emission. The H↵ line observed in
MASCARA-2 spectra is more than 50 Å (5000 pixels) broad,
for this reason the transmission spectrum is binned by 30 pix-
els in this case (see Fig. 6) and larger bandwidths (3.0 Å, 5.0 Å,
10.0 Å, and 20.0 Å) are used to calculate the TLC (see Fig. 7),
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Fig. 4. Comparison between the transmission spectra obtained with
(light blue line) and without (black line) stellar RV correction, before
correcting for the final RM and CLV e↵ects. In both cases the spectrum
is binned by 10 pixels. The blue vertical lines show the expected wave-
length position of the Na I D lines and the red horizontal line is the
null-absorption reference.

Table 3. Summary of the measured relative absorption depth in [%]
in the H↵ line of the final transmission spectrum and the TLC of
MASCARA-2b for various bandwidths.

Bandwidth (Å) H↵ TLCa

0.188 0.521± 0.159 �
0.375 0.678± 0.110 �
0.75 0.594± 0.078 �
1.5 0.378± 0.056 �
3.0 0.235± 0.040 0.311± 0.044
5.0 0.206± 0.031 0.213± 0.034
10.0 � 0.054± 0.023
20.0 � 0.052± 0.023

Notes. (a) Absorption measured in the final TLC (see third row of
Fig. 7).

with 12.0 Å reference passbands at B = [6480.00 � 6492.00] Å
and R = [6628.00 � 6640.00] Å.

A Gaussian feature with a contrast of 0.63± 0.09% and
a FWHM of 0.95± 0.16 Å is observed in the H↵ posi-
tion (6562.74± 0.08 Å), and the measured absorption depth is
0.378± 0.056% for a 1.5 Å passband (more values are presented
in Table 3). As for the Na I, the H↵ TLC present a strong RM
shape for small passbands that slowly disappears for larger band-
widths (see Fig. 7). This RM e↵ect is compensated at about
⇠50.0 Å central passbands when the stellar line is totally encom-
passed. However, in this case the possible H↵ absorption is atten-
uated in the large passband and the transit light curve becomes
flat. The H↵ absorption depths measured in the TLC measured
with di↵erent passbands, after correcting for the RM+CLV ef-
fect, are presented in Table 3. Similar to the case of Na I absorp-
tion, these values are in agreement with the measured absorption
depth values from the final transmission spectrum, giving strong
confidence in our results.

The same control distributions to those presented for Na I are
performed for H↵. For a 0.75 Å bandwidth we measure absorp-
tion depths of 0.016± 0.141%, 0.075± 0.110%, 0.136± 0.085%,
and 0.387 ± 0.078%, for the out-out, in-in, even-odd, and no
planet RV samples, respectively. In this case, when the planet
RV correction is not applied we measure a significant absorption

depth. This is probably because H↵ is a very broad line and the
planetary signals partially overlap even if the planet RV is not
corrected.

4.4. (Non-)detections of H�, H�, and Mg I?

Following H↵ we analyzed the H� (�4861.28 Å), H�
(�4340.46 Å) and Mg I (�4571.10 Å) regions, with no clear sig-
nals observed in any case (see Fig. B.1).

We measure the absorption depth in the expected line
position using a central bandwidth of 0.75 Å. For H� we
use reference passbands of B = [4782.0, 4794.0] and R =
[4926.0, 4938.0], measuring an absorption depth of 0.079 ±
0.059%. Using reference bandwidths of B = [4282.00, 4294.00]
and R = [4366.0, 4378.0] for the H� line we get an absorp-
tion depth of 0.099 ± 0.077%. Finally, for Mg I, with B =
[4492.00, 4504.00] and R = [4636.00, 4648.00], the measured
absorption depth is 0.002 ± 0.034%.

For H� and H� the transmission spectrum is not totally flat
but a lot of noise is concentrated in the expected line positions.
Increasing the S/N by co-adding more transit observations is
needed to determine the presence of these planetary absorption
features.

5. Modeled Na I and H↵ temperature profiles

Using high resolution spectroscopy we are not only able to de-
tect chemical species in the atmosphere of exoplanets but also
to resolve the spectral lines. When this happens, if the S/N of
the final transmission spectrum is high enough, we can adjust
isothermal models to di↵erent parts of these lines, whose origins
reside in di↵erent layers of the atmosphere of the exoplanet and
reconstruct the temperature profile.

To measure the temperature versus altitude profile from the
Na I D transmission spectrum, we use the following atmospheric
altitude, z(�), equation given in Lecavelier Des Etangs et al.
(2008):

z(�) =
kT
µg

ln
 
⇠�(�)Po

⌧eq

!  
2⇡RP

kTµg

!1/2

+ z0, (1)

where k is Boltzmann’s constant, T is the temperature, µ is the
mean molecular weight of the atmospheric composition, g is
the surface gravity, ⇠ = ⇠i/⇠H is the elemental abundance of
the chemical species i relative to the Hydrogen abundance, �(�)
is the absorption cross section, Po is the pressure at the refer-
ence altitude, ⌧eq is the optical depth at the transit radius, and
RP is the radius of the planet. The z0 term is independent of the
wavelength and can be determined by the altitude in the contin-
uum wavelengths. This relation is derived from a plane-parallel
atmosphere, assuming hydrostatic equilibrium and the ideal gas
law.

The cross section, �(�), of each line is determined by mod-
eling the lines as a Voigt profile,

�(�) =
⇡e2

mec
f

�⌫D
p
⇡

H, (2)

where e is the electronic charge, me is the electron mass, c is the
speed of light, f is the absorption oscillator strength, H is the
Voigt profile, which includes thermal and natural broadening,
and �⌫D is the Doppler width, given by

�⌫D =
⌫o
c

p
2kT/µi, (3)
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5.0 Å, CLV + RM + Na I abs.

0.9950

0.9975

1.0000

1.0025

1.0050
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3.0 Å, Residual

�0.025 0.000 0.025

0.998

1.000

1.002
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Fig. 5. Na I TLC from HARPS-N observations of MASCARA-2b for four bandwidths: 0.75 Å (first column), 1.5 Å (second column), 3.0 Å (third
column), and 5.0 Å (fourth column). In all panels, the light gray dots indicate the values from all the spectra, and the black dots the same data
binned with 0.003 phase step. First row: observed TLC of the Na I D lines from our data reduction. The relative flux of the D1 and D2 lines is
averaged. The red line indicates the modeled TLC, which is the combination of the best-fit Na I absorption and the CLV and RM e↵ects (Yan et al.
2017). This model is calculated theoretically and there is no fitting to the data. Second row: the CLV + RM e↵ects. The black line indicates the
result of removing the Na I absorption model from the observed TLC. The modeled CLV and RM e↵ects are shown in red. Third row: the Na
I absorption light curve obtained dividing the observed TLC by the modeled CLV + RM e↵ects (black line). The red line is the best-fit Na I
absorption model. Fourth row: residuals between the observed TLC and the model. We note the di↵erent y-scale of the panels.

where ⌫o the central frequency and µi the mean molecular
weight of the chemical species are computed. We note that for
the Na I doublet lines, �(�) is calculated for each line sep-
arately and the combined profile is calculated using �(�) =
�(�)D2 + �(�)D1 .

For MASCARA-2b, given the presence of H↵, we assume
a mean molecular weight of µ = 1. We note that this assump-
tion implies a totally dissociated hydrogen atmosphere, while in
truth it could be only partially dissociated. In that latter case,
the µ value would increase and the profile contrast would de-
crease for similar temperatures. On the other hand, we assume
⌧eq = 0.56, as it is shown to be mainly constant for planets with
RP/H ⇠ 30�3000 by Lecavelier Des Etangs et al. (2008). We fix
Po to 1 mbar. For the Na I, ⇠ is fixed to 1.995⇥ 10�6 as pre-
sented in Huitson et al. (2012) and, for H↵, we estimate ⇠ with
the temperature-dependent relation presented in Huang et al.
(2017),

⇠ ⌘ n2p

n1s
' 3

n2s

n1s
=

J12B12

A12
' 10�8 J12

10�9 erg cm�2 s�1 Hz�1 , (4)

where the peak Ly↵ intensity is J12 ' 0.1FLyC/�⌫D, and FLyC '
9.1 ⇥ 104 erg cm�2 s�1 (Lund et al. 2017) is the flux received by
the planet. As defined in Eq. 3, �⌫D depends on the local tem-
perature. The values of the Na I and H↵ parameters used are
summarized in Table 4.

With this information and using the Levenberg–Marquardt
algorithm through the leastsq tool (Jones et al. 2001), and sim-
ilarly to Wyttenbach et al. (2015), we first determine the o↵set
between the models and the data, z0, by fixing the temperature
to Teq = 2260 K. Once the value is fixed, if the S/N were
high enough, we could adjust models to di↵erent regions of the
spectrum. However, the S/N of MASCARA-2b transmission
spectrum is not su�cient to di↵erentiate the wings regions (more
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Fig. 6. Transmission spectrum of MASCARA-2b atmosphere in the region of H↵. Top panel: atmospheric transmission spectrum (light gray) and
binned transmission spectrum by 30 pixels (black dots). The Gaussian fit is shown in red. Bottom panel: residuals of the Gaussian fit. The blue
vertical line indicates the expected wavelength position in the planetary reference frame.

Table 4. Summary of the Na I and H↵ values assumed when fitting z(�).

Na I doublet H↵

D2 D1

�o (Å) 5889.951 5895.924 6562.80
f 0.6405a 0.3199a 0.64108d

⇠ 1.995 ⇥ 10�6b 6.784 ⇥ 10�6c

µi (AMU) 23 1

Notes. (a) Steck (2010). (b) A solar abundance (Lodders 2003). (c) Es-
timated during the temperature fitting with the temperature-dependent
Eq. (4) (Huang et al. 2017). (d) Wiese & Fuhr (2009).

transit observations are needed). Still, it is possible to fit the lines
core, observing that higher temperatures than Teq are required to
explain the contrast measured in the Na I doublet and H↵ lines.
In order to fit the temperature of the lines core, we use the data
within a 0.3 Å bandwidth in case of both Na I lines and 0.9 Å for
H↵ centered to the lines peak, which correspond to the measured
FWHM of the lines. We note that each Na I D1 and D2 lines are
adjusted separately, with best-fit models at T = 4240 ± 200 K
and T = 4180 ± 310 K, respectively, which results in consistent
temperatures taking into account the uncertainties. For the H↵
line the best-fit model presents a temperature of 4330 ± 520 K.
The best-fit models can be observed in Figs. 8 and 9.

As noted, the best-fit models shown here consider a mean
molecular weight of µ = 1, which corresponds to a totally dis-
sociated hydrogen atmosphere. For a molecular hydrogen atmo-
sphere (µ = 2.3), the best-fit profiles in the lines core correspond
to temperatures larger than 9000 K for the Na I (9250 ± 480 K)
and H↵ (9790 ± 1770 K) lines, i.e., larger than the e↵ective
temperature of the host star. However, atmospheres are expected
to be heated up to 10 000–20 000 K, still producing absorption

features in transmission. On the other hand, assuming an atomic
hydrogen atmosphere (µ = 1.3) these temperatures decrease to
5400 ± 200 K and 5530 ± 770 K for the Na I and H↵ lines
core, respectively, and to ⇠4000 K when a totally dissociated
hydrogen atmosphere (µ = 1) is considered. The MASCARA-
2b atmosphere could be only partially dissociated and, in that
case, the µ value would be larger than 1. However, since the sur-
face gravity of this planet has not been determined yet and only
an upper limit has been estimated, we assume µ = 1 given that
if the real g value were lower, it would lead to a similar e↵ect
in the temperature as decreasing µ, i.e., increasing the profiles
contrast for similar temperatures. Thus, the 9250 ± 480 K and
9790 ± 1770 K for the Na I and H↵ lines, respectively, obtained
assuming µ = 1 and the g upper-limit value, can be considered
as upper-limit estimations of the temperatures in these lines.

MASCARA-2b is part of the small sample of planets tran-
siting an A-type star known to date, with e↵ective tempera-
tures higher than ⇠7000 K. These planets typically receive a
large amount of extreme ultraviolet radiation from its host star
(⇠9.1⇥104 ergs s�1 cm�2 in case of MASCARA-2b), which pro-
duce the expansion of their atmosphere and excite the atomic
hydrogen to produce H↵ absorption and possibly abrasion of the
atmosphere (Bourrier et al. 2016). H↵ is commonly used as a
stellar activity indicator because it is di�cult to detect in ex-
oplanet atmospheres, but not for planets orbiting A-type stars,
which are not usually active. The measurement of a 0.63± 0.09%
of H↵ absorption in the atmosphere of MASCARA-2b corre-
sponds to an e↵ective radius, R�/RP, of 1.20 ± 0.04 and a tem-
perature of 4330 ± 520 K. These values are obtained with only
one transit observation, and considering the strong residuals ob-
served in the H� and H� regions of MASCARA-2b transmis-
sion spectrum, by co-adding more transit observations we might
be able to increase the S/N and study the temperature profile
of the planet by observing these other Balmer lines and pos-
sibly calculate the lifetime of the atmosphere from escape rate
measurements.
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Fig. 7. Same as Fig. 5 but for the H↵ line. In this case, the following larger bandwidths are used: 3.0 Å (first column), 5.0 Å (second column),
10.0 Å (third column), and 20.0 Å (fourth column).

6. Conclusions

We observed one transit of MASCARA-2b, the hot Jupiter or-
biting the fourth brightest star with a transiting planet, using
the HARPS-North spectrograph. In that dataset, we resolve two
spectral features centered on the atomic sodium (Na I) doublet
position with an averaged absorption depth of 0.172 ± 0.029%
for a 0.75 Å bandwidth, measuring line contrasts of 0.44 ±
0.11% (D2) and 0.37± 0.08% (D1), and FWHM of 0.26± 0.08 Å
(D2) and 0.33 ± 0.08 Å (D1) from the Gaussian fit. The Na I
TLC are also calculated, observing a large RM e↵ect for small
passbands, which is clearly diluted when the bandwidths are
increased. After correcting for the RM and CLV e↵ects using
synthetic spectra, we measure a 0.200 ± 0.046% Na I transit ab-
sorption for a 0.75 Å passband that is consistent with the absorp-
tion depth values measured from the final transmission spectrum.
We measure the temperature of the Na I lines core, resulting in
T = 4240 ± 200 K and T = 4180 ± 310 K for the D2 and D1
lines, respectively, consistent within uncertainties. The S/N of
the final transmission spectrum is not su�cient to adjust temper-
atures in di↵erent regions of the lines wings, however, we clearly

observe that the equilibrium temperature (Teq = 2260 ± 50 K)
cannot define the contrast observed in the Na I lines.

The same method is applied to H↵, observing a Gaussian fea-
ture centered at 6562.74± 0.08 Å with 0.63± 0.09% contrast and
FWHM of 0.92 ± 0.16 Å. This absorption is also observed in the
final TLC, presenting consistent absorption depths as those mea-
sured in the transmission spectrum of H↵. We measure a temper-
ature of T = 4330 ± 520 K in the line core, corresponding to an
e↵ective radius R�/RP of 1.20 ± 0.04. Since MASCARA-2b is
one of the most irradiated planets to date, we expect the atomic
hydrogen to be excited and produce H↵ absorption. This extreme
UV radiation, as for other similar planets transiting A-type stars,
can lead to the expansion and abrasion of their atmosphere.

We stress that the results presented in this work are obtained
with only one transit observation as a consequence of the bright-
ness of MASCARA-2 and the favorable physical parameters of
MASCARA-2b for transmission spectroscopy. Thus more tran-
sits are desired to confirm these results. In particular, we ob-
serve residual absorption features in the H� and H� regions of
MASCARA-2b transmission spectrum, but are not statistically

A151, page 9 of 14



80 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

A&A 616, A151 (2018)

Fig. 8. Fit of isothermal models to the transmission spectrum of MASCARA-2b in the Na I region. The vertical scale is atmospheric altitude in
[km] assuming a planet-to-star radius ratio of R2

P/R
2
? = 0.013. In red we show a model at the equilibrium temperature (Teq = 2260 K), which is

adjusted to the continuum. One other model is adjusted to the lines core of each line using the data encompassed for a 0.3 Å bandwidth centered
on the lines peak (shown in blue). For the D2 line the best-fit model is at T = 4240 ± 200 K and for the D1 line is at T = 4180 ± 310 K, i.e., the
same temperature taking into account the uncertainties. In the top panel we show both Na I lines and the continuum surrounding. In the bottom
panels we show each D2 (left) and D1 (right) lines zoomed. Data and models are presented binned by 10 pixels.
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Fig. 9. Same as Fig. 8 but in the H↵ region. The isothermal model at
the equilibrium temperature (Teq = 2260 K), which is adjusted to the
continuum, is shown in red. The blue line represents the model at 4330±
520 K, which is adjusted to the data contained in a 1.2 Å bandwidth
centered to the peak position. Data and models are presented binned by
30 pixels.

significant. More transits would help to build up enough S/N to
determine the presence of these planetary absorptions.

Currently, a small sample of planets are known that transits
A-type stars. The study and comparison of these planets, which
present di↵erent system properties and are irradiated di↵erent
amounts of energy from their host stars, will help us to learn
about their origin and evolution.
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Appendix A: Two-dimensional representations

Two- dimensional representations of the observed spectra and
the residuals after some reduction steps presented in Sect. 3 for

the Na I (Fig. A.1) and H↵ (Fig. A.2) regions. The vertical axis
of each matrix represents the sequence number of the spectrum
and the horizontal axis represents the wavelength. A detailed de-
scription can be seen in Fig. A.1 caption.

Fig. A.1. Two-dimensional representation of the MASCARA-2b spectra around Na I lines. The vertical axis of each panel represents the sequence
number of the observed spectra (the time increases with the spectrum number); the red horizontal lines represent the limits between the in- and
out-of-transit data. In the horizontal axis we present the wavelength in Å and the relative flux values are shown in the color bar. Panel a: original
data after the normalization. Panel b: observed data after the telluric subtraction. Panels c, d, and e: residuals from the in-transit spectra and the
master out spectrum ratio. The RM e↵ect can be clearly observed in these panels. In panel d the data is binned by 20 pixels and in e we show the
modeled RM residuals (without planetary absorption) obtained by applying to the modeled stellar spectra the same process as data from panels c
and d. Panels f and g: residuals after correcting each single spectrum presented in c for the RM e↵ect. We note in the process presented in Sect. 3
that the correction is applied to the final transmission spectrum after combining all In/Mout with the planet RV correction applied so as not to a↵ect
the planetary absorption. In panel g the data is binned by 20 pixels. The green vertical lines show the limits in wavelength of the RM e↵ect (from
�v sin i to +v sin i). Panel h: same as g decreasing the wavelength coverage and changing the contrast (see color-bar). Panels i: same as h after the
planet RV correction. The blue vertical lines of panels h and i show the expected Na I position in wavelength due to the maximum and minimum
RV of the planet during the transit (dashed line) and the mid-transit value, i.e., null RV (solid line).
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N. Casasayas-Barris et al.: Na I and H↵ absorption features in the atmosphere of MASCARA-2b/KELT-20b

Fig. A.2. Same as Fig. A.1 but for the H↵ line.
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Appendix B: H�, H� and Mg I results

As referred in Sect. 4.4, other regions of the spectra are analyzed
by applying the same method presented in Sect. 3. We present

the resulting transmission spectra around H�, H�, and Mg I lines
from which no clear conclusions can be extracted. The S/N needs
to be increased by co-adding more transit observations to figure
out the origin of their residuals.
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Fig. B.1. Transmission spectrum of MASCARA-2b atmosphere in the region of H� (top left), H� (top right), and Mg I (bottom). Transmission
spectrum (light gray) and binned transmission spectrum by 30 pixels (black dots). The blue vertical line indicates the expected wavelength position
in the planetary reference frame.
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4
Atmospheric characterisation of

MASCARA-2b

Just close your eyes and keep your mind wide open.

–Bridge to Terabithia, 2007

In this chapter we confirm the findings from Chapter 3 using two more
transit spectroscopy observations of MASCARA-2b with HARPS-N and one
with CARMENES. Using a total of four transit observations of MASCARA-2b
we are able to confirm the presence of NaI and Hα in the exoplanet atmosphere,
but also to detect Hβ, FeII, and the CaII infrared triplet lines for the first
time, taking advantage of the redder wavelengths covered by CARMENES.
The analysis and results presented in this chapter are published in A&A under
the bibcode: 2019A&A...628A...9C (Casasayas-Barris et al., 2019).

MASCARA-2b orbits a bright (V=7.6) and very fast rotating star (v sin i? =
114 km s−1). As can be observed in equation 1.1, the semi amplitude of the
RM effect is proportional to the projected rotation velocity of the host star.
With the new transit observations, this effect is clearly distinguished in the 2D
transmission maps together with the absorption from the planet, due to the high
S/N of the observations. Here, we model the impact of the RM and CLV effects
in the transmission spectrum of MASCARA-2b following Yan et al. (2015) and
Yan & Henning (2018), and use a Markov chain Monte Carlo (MCMC) analysis
to correct these features. After this correction the transmission spectrum and
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74 CHAPTER 4. Atmospheric characterisation of MASCARA-2b

light curves can be measured. Performing a 2D analysis of the observations we
can visually distinguish, for the first time in individual spectral lines, the time-
variations that the absorption produced by the exoplanet atmosphere suffers
due to the planet movement during the transit.

MASCARA-2b shows a very rich atmosphere, composed by an slightly ex-
tended hydrogen envelope, and a large diversity of atoms and ions. Similar
detections have been claimed in other ultra hot Jupiter atmospheres such as
KELT-9b (Hoeijmakers et al., 2018; Cauley et al., 2019; Yan & Henning, 2018;
Yan et al., 2019), and WASP-76b (Seidel et al., 2019), among others. In these
tidally locked planets, the stellar radiation heats the upper atmosphere to tem-
peratures higher than 3000 K causing the day-side atmosphere to be composed
of atoms rather than molecules. At these temperatures some ionised atoms
like FeII, are expected to be more abundant than its neutral form (Helling
et al., 2019) due to thermal ionisation. Using transit observations, we are
able to probe the terminator region of the exoplanet atmosphere between day-
and night-sides. Recently, the findings presented in this chapter have been
re-confirmed using observations with different instruments and methodologies
(e.g. Stangret et al. 2020; Nugroho et al. 2020; Hoeijmakers et al. 2020a).



87 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

Astronomy
&Astrophysics

A&A 628, A9 (2019)
https://doi.org/10.1051/0004-6361/201935623
© ESO 2019

Atmospheric characterization of the ultra-hot Jupiter
MASCARA-2b/KELT-20b

Detection of CaII, FeII, NaI, and the Balmer series of H (Hα, Hβ, and Hγ) with
high-dispersion transit spectroscopy?
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ABSTRACT

Ultra-hot Jupiters orbit very close to their host star and consequently receive strong irradiation, causing their atmospheric chemistry
to be different from the common gas giants. Here, we have studied the atmosphere of one of these particular hot planets, MASCARA-
2b/KELT-20b, using four transit observations with high resolution spectroscopy facilities. Three of these observations were performed
with HARPS-N and one with CARMENES. Additionally, we simultaneously observed one of the transits with MuSCAT2 to monitor
possible spots in the stellar surface. At high resolution, the transmission residuals show the effects of Rossiter-McLaughlin and centre-
to-limb variations from the stellar lines profiles, which we have corrected to finally extract the transmission spectra of the planet. We
clearly observe the absorption features of CaII, FeII, NaI, Hα, and Hβ in the atmosphere of MASCARA-2b, and indications of Hγ
and MgI at low signal-to-noise ratio. In the case of NaI, the true absorption is difficult to disentangle from the strong telluric and
interstellar contamination. The results obtained with CARMENES and HARPS-N are consistent, measuring an Hα absorption depth
of 0.68± 0.05 and 0.59± 0.07%, and NaI absorption of 0.11± 0.04 and 0.09± 0.05% for a 0.75 Å passband, in the two instruments
respectively. The Hα absorption corresponds to ∼1.2 Rp, which implies an expanded atmosphere, as a result of the gas heating caused by
the irradiation received from the host star. For Hβ and Hγ only HARPS-N covers this wavelength range, measuring an absorption depth
of 0.28± 0.06 and 0.21± 0.07%, respectively. For CaII, only CARMENES covers this wavelength range measuring an absorption depth
of 0.28± 0.05, 0.41± 0.05 and 0.27± 0.06% for CaII λ8498Å, λ8542Å and λ8662Å lines, respectively. Three additional absorption
lines of FeII are observed in the transmission spectrum by HARPS-N (partially covered by CARMENES), measuring an average
absorption depth of 0.08± 0.04% (0.75 Å passband). The results presented here are consistent with theoretical models of ultra-hot
Jupiters atmospheres, suggesting the emergence of an ionised gas on the day-side of such planets. Calcium and iron, together with
other elements, are expected to be singly ionised at these temperatures and be more numerous than its neutral state. The Calcium triplet
lines are detected here for the first time in transmission in an exoplanet atmosphere.

Key words. planets and satellites: atmospheres – planetary systems – methods: observational – techniques: spectroscopic –
planets and satellites: individual: MASCARA-2b – planets and satellites: individual: KELT-20b

? Reduced spectra are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/628/A9
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1. Introduction

The study of hot Jupiters atmospheres has revealed a broad com-
position and structural diversity in gas-rich planets (Jensen et al.
2012; Sing et al. 2012; Crossfield 2015; Deming & Seager 2017;
Madhusudhan et al. 2016). When these planets are under extreme
conditions, in particular, located very close to their host stars
and consequently being strongly irradiated, their temperatures
increase and lead to different atmospheric chemistry between
the day and night-sides of atmosphere (Arcangeli et al. 2018;
Bell & Cowan 2018; Helling & Rimmer 2019) in comparison
with cooler planets. This creates a new type of exoplanet called
ultra-hot Jupiters (hereafter UHJ).

We define UHJs as planets with day-side temperatures higher
than 2200 K (Parmentier et al. 2018). One of the most signif-
icant differences between hot and ultra-hot Jupiters is perhaps
the presence of water vapour in their atmospheres. Water has
become a common species in hot Jupiters but is missing in the
day-side of ultra-hot Jupiters, even though the ingredients to
form water vapor are present. The high irradiation received by
the day-side of such UHJs causes the atmospheric gas temper-
ature to increase to further more than 3000 K, as for example
demonstrated for WASP-18b (Helling et al. 2019). The dominat-
ing gas species in the upper, day-side atmosphere is therefore
atomic hydrogen (HI) instead of molecular hydrogen (H2). Water
(H2O) is approximately five orders of magnitude less abundant
on the day-side than on the night-side. Such high day-side gas
temperatures further result in an increased number of H− com-
pared to cooler giant gas planets like HD 189733b. In the case of
WASP-18b, in the upper low-pressure atmosphere, the day-side
has more than ten orders of magnitude more H− and H+ than
the night-side. Therefore, H− opacity at the day-side plays an
important role (Lothringer et al. 2018).

Several ultra-hot Jupiters have been studied: WASP-33b
(Haynes et al. 2015), WASP-121b (Evans et al. 2017), WASP-
103b (Kreidberg et al. 2018), WASP-18b (Sheppard et al. 2017;
Arcangeli et al. 2018; Helling et al. 2019), HAT-P-7b (Armstrong
et al. 2016), most of them presenting thermal inversions. Focus-
ing on transmission spectroscopy at high resolution, a study of
the atmosphere of KELT-9b, the hottest planet known to date
(Teq = 4050 K and day-side temperature of 4600 K), by Yan &
Henning (2018) shows a detection of an extended atmosphere
of Hα produced by irradiation. On the other hand, Hoeijmakers
et al. (2018) study the atmosphere of this same planet, detecting
Fe, Fe+, and Ti+ and concluding that at such these high tempera-
tures metals are predominantly in their ionic forms. Cauley et al.
(2019) further report the detection of Hβ and the optical MgI
triplet, and find that planetary rotational broadening is needed to
reproduce the Balmer line transmission profile shapes.

Here, we present the study of the atmosphere of MASCARA-
2b (Talens et al. 2018), also known as KELT-20b (Lund et al.
2017), using four transit observations, three of them observed
with the HARPS-North spectrograph and one observed with
the CARMENES spectrograph. MASCARA-2b is an ultra-hot
Jupiter with an equilibrium temperature of 2260 K, located in a
3.5 day orbit around an A-type star (mV = 7.6) with an effective
temperature (Teff) of 8980 K and a rotation (v sin i) of 114 km s−1.
MASCARA-2b orbits very close to its host star (a = 0.057 AU)
and is strongly irradiated. Its mass, because radial-velocity mea-
surements of rapid-rotators are very challenging, has not been
measured, and only an upper limit is available: Mp < 3.510 MJ.
The details of the system are summarised in Table 1. In Fig. 1
our target can be contextualised among the other known ultra-
hot Jupiters. MASCARA-2b orbits around the second hottest

Table 1. Physical and orbital parameters of MASCARA-2b.

Description Symbol Value

Stellar parameters
Identifiers – KELT-20, HD 185603
V-band magnitude mV 7.6
Effective temperature Teff 8980+90

−130 K
Projected rotation speed v sin i? 114± 3 km s−1

Surface gravity log g 4.31± 0.02 cgs
Metallicity [Fe/H] −0.02± 0.07
Stellar mass M? 1.89+0.06

−0.05 M�
Stellar radius R? 1.60± 0.06 R�

Planet parameters
Planet mass (a) Mp <3.510 MJup
Planet radius Rp 1.83± 0.07 RJup
Equilibrium temperature Teq 2260± 50 K
Surface gravity (a) log gP <3.460 cgs

System parameters
Right ascension – 19h38m38.73s

Declination – +31o13’09.2”
Epoch Tc 2457909.5906+0.0003

−0.0002 BJD

Period (a) P 3.4741070± 0.0000019 days

Transit duration (a) T14 0.14882+0.00092
−0.00090 days

Ingress/Egress duration (a) τ 0.01985+0.00082
−0.00079 days

Semimajor axis (a) a 0.0542+0.0014
−0.0021 AU

Inclination (a) i 86.15+0.28
−0.27 deg

Eccentricity e 0 (fixed)
Systemic velocity γ −21.07± 0.03 km s−1

Projected obliquity λ 0.6± 4 deg

References. (a)From Lund et al. (2017). All the remaining parameters
are taken from Talens et al. (2018).

host star of the UHJ population, although its equilibrium tem-
perature is typical for UHJs. Given that the effective temperature
of MASCARA-2 is larger than WASP-18, the effect of thermal
ionisation of the day-side can be expected to be stronger for
MASCARA-2b/KELT-20b due to a stronger irradiation by the
host star.

Due to its brightness and the fast rotation of the host star,
MASCARA-2b is an ideal target for transmission spectroscopy.
Its atmosphere is previously studied in Casasayas-Barris et al.
(2018), where only the first HARPS-North transit on 16 August
2017 was analysed, finding evidence of Hα and NaI absorp-
tion features and noisy features at Hβ position. Here, combining
four transits, we achieve higher signal-to-noise ratio (S/N) as
we are able to clearly distinguish the centre-to-limb varia-
tion (CLV) and the Rossiter-McLaughlin effect (RME), whose
treatment will become very important for atmospheric studies
of this kind of planets when observing with ESPRESSO-like
facilities.

This paper is organised in seven sections. In Sect. 1 we
present a general introduction of transmission spectroscopy and
ultra-hot Jupiters. In Sect. 2 we detail the observations. Methods
to extract the colour-photometry light curves and high resolu-
tion transmission spectra are explained in Sect. 3. In Sect. 4 we
explain how the CLV and RME are modelled. In Sect. 5 we
present the results obtained in the analysis of high resolution
transmission spectra. The analysis of the systematic effects are
presented in Sect. 6 and the conclusions in Sect. 5.
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Fig. 1. Ultra-hot Jupiters sample from exoplanets.eu. This sample
corresponds to all confirmed planets with equilibrium temperatures
larger than 2000 K, which have been detected via radial-velocity or
transits methods. In the horizontal axis we show the equilibrium tem-
perature of the planet, and in the vertical axis the stellar effective
temperature. The semi-major axes of the systems are colour-coded in
the side bar (in AU). Some names of UHJs’ host stars mentioned in this
paper are shown as reference.

2. Observations

We observed a total of four transits of MASCARA-2b using
the HARPS-N and CARMENES high resolution spectrographs.
One of these transits was simultaneously observed with the
Multicolour Simultaneous Camera for studying Atmospheres of
Transiting exoplanets 2 (MuSCAT2), a four-colour simultane-
ous imager, in order to monitor possible stellar activity. One
additional epoch was observed with MuSCAT2 to reproduce the
results of the first observation. Details of the observations can be
found in Table 2 and Fig. 3.

2.1. HARPS-N observations

We observed three transits of MASCARA-2b using the HARPS-
North spectrograph mounted on the 3.58-m TNG telescope,
located at the Observatorio del Roque de los Muchachos (ORM,
La Palma). The observations were on 16 August 2017, 12 and
19 July 2018. For the two last observations we used the GIARPS
mode, which permits simultaneous high resolution spectroscopy
observations in the near-infrared and in the optical wavelength
regions, using GIANO-B and HARPS-North, respectively.

We exposed continuously before, during and after the transit,
using the fibre A on the target and fibre B on the sky in order to
monitor possible sky emissions. For the first and second night
we used an exposure time of 200 s while in the third night we
increased it to 300 s, to obtain a higher S/N.

2.2. CARMENES observations

One more transit was observed with Calar Alto high-Resolution
search for M dwarfs with Exoearths with Near-infrared and opti-
cal Echelle Spectrographs (CARMENES) spectrograph located
at the Calar Alto Observatory, on 23 August 2017. The strategy
of these observations was the same as with HARPS-North. For
these observations an exposure time of 192 s was used, obtaining
a S/N of around 100 near the Hα line.

2.3. Photometric observations with MuSCAT2

The transit of MASCARA-2b on 12 July 2018 was observed
simultaneously using MuSCAT2 (Narita et al. 2019) located at

the 1.52 m Carlos Sánchez Telescope (TCS) at the Teide Obser-
vatory. Another transit on 30 September 2018 was observed
using MuSCAT2 only. Both observations were heavily defo-
cussed to avoid saturation. While the first observation covered
the whole transit event, the second observation had to stop at
∼43 min after the mid-transit point due to low elevation of the
target. Both nights were mostly clear. Although defocussed, the
profile of point spread function (PSF) was not stable for either of
the two observations. The observing log is presented in Table 2.

3. Methods

In this section we present the data processing applied to extract
the four colour light curves observed with MuSCAT2 (pho-
tometry) and the transmission spectra using the high resolution
observations (spectroscopy).

3.1. Photometry

Two independent approaches were used for the MuSCAT2 pho-
tometry, light curve detrending, and transit modelling to search
for possible spot-crossing events. The first approach uses the
dedicated MuSCAT2 photometry and transit modelling pipeline:
the photometry follows the standard aperture photometry prac-
tices, the transit modelling is carried out with PyTransit
(Parviainen 2015) and the priors for the quadratic limb darken-
ing coefficients are calculated using LDTk (Parviainen & Aigrain
2015). The final transit light curve modelling was carried out
jointly for the two nights and all passbands, using a Gaussian
process (GP) based systematics model calculated with george
(Ambikasaran et al. 2015) with the sky level, airmass, seeing,
and CCD centroid shifts as co-variates.

Our second approach followed closely the approach
described in Chen et al. (2014). The photometry was carried
out with the DAOPHOT package in the NASA IDL Astron-
omy User’s Library, the transit modelling was done with batman
(Kreidberg 2015), Celerite (Foreman-Mackey et al. 2017) was
used to implement a Gaussian process-based systematics model,
and the method by Espinoza & Jordán (2015) was used to obtain
priors on the quadratic limb darkening coefficients.

In both cases, emcee (Foreman-Mackey et al. 2013) was used
to estimate the model parameter posteriors. The parameter pos-
terior estimates are presented in Table 3, and the MuSCAT2 light
curves are shown in Fig. 2. The transit light curves do not fea-
ture evident spot-crossing events, nor do they show significant
colour-dependent depth variations.

3.2. Spectroscopy

The observations were reduced with the HARPS-North Data
reduction Software (DRS), version 3.7. The DRS extracts the
spectra order-by-order, which are then flat-fielded using the daily
calibration set. A blaze correction and the wavelength cali-
bration are applied to each spectral order and, finally, all the
spectral orders from each two-dimensional echelle spectrum
are combined and resampled into a one-dimensional spectrum.
The resulting one-dimensional spectra cover the optical range
between 3800 and 6900 Å and has a wavelength step of 0.01 Å.
The spectra are referred to the Baricentric rest frame and the
wavelengths are given in the air.

All nights present stable seeing at ∼1 arcsec with the Moon
at more than 90 deg from our target. HARPS-N Night 1 and
CARMENES observations are observed to be very stable in
terms of S/N during the night. For Night 2 and 3, however,
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Table 2. Observing log of the MASCARA-2b transit observations.

Night Tel. Instrument Date of Start End Filter Texp Nobs Airmass Aperture
observation UT UT (s) (px)

1 TNG HARPS-N 2017-08-16 21:21 03:56 − 200 90 1.089→1.001→2.089 Spec.

2 TNG GIARPS 2018-07-12 21:27 05:15 − 200 116 1.604→1.001→1.527 Spec.

3 TNG GIARPS 2018-07-19 21:25 04:23 − 300 78 1.442→1.000→1.389 Spec.

4 CA 3.5 m CARMENES 2017-08-23 21:09 02:36 − 192 74 1.012→1.006→1.903 Spec.

2 TCS MuSCAT2 2018-07-12 23:49 05:41 g 0.7 3365 1.066→1.001→1.767 14,23,29
2 TCS MuSCAT2 2018-07-12 23:49 05:41 r 0.9 3262 1.066→1.001→1.767 14,14,23
2 TCS MuSCAT2 2018-07-12 23:49 05:41 i 0.9 3205 1.066→1.001→1.767 15,23,29
2 TCS MuSCAT2 2018-07-12 23:49 05:41 zs 0.9 3117 1.066→1.001→1.767 14,14,23

5 TCS MuSCAT2 2018-09-30 20:16 00:30 g 2 2321 1.002→1.001→1.801 29,32,37
5 TCS MuSCAT2 2018-09-30 20:16 00:30 r 2 2322 1.002→1.001→1.801 27,32,37
5 TCS MuSCAT2 2018-09-30 20:16 00:30 i 4 2322 1.002→1.001→1.801 28,30,35
5 TCS MuSCAT2 2018-09-30 20:16 00:30 zs 10 1320 1.002→1.001→1.801 29,36,40

Table 3. Best-fit parameters from MuSCAT2 transit light curve.

Parameter Symbol Units Value

Transit epoch T0 BJD (a) 2 457 503.120120± 0.00018
Period P days 3.47410196± 0.00000106
Inclination i deg 85.61± 0.19
Radius ratio Rp/R? − 0.1176± 0.0014

(Rp/R?)2 − 0.01382± 0.00033
Semimajor axis a/R? − 7.254± 0.096

Mid-transit 1 (b) T 1
mid BJD 2 458 312.58566± 0.00022

Mid-transit 2 (c) T 2
mid BJD 2 458 392.48932± 0.00042

Notes. (a)All times are given in BJD TDB. (b)Mid-transit time of 12 July
2018. (c)Mid-transit time of 30 September 2018.

we noticed variable S/N and variations of the continuum sim-
ilar to a bad blaze function correction. This was caused by a
problem with the Atmospheric Dispersion Corrector (ADC) of
the telescope, that causes PSF distortions and variations of the
continuum. For both these nights, re-reducing the data with the
DRS did not produce any improvement. Our method for correct-
ing this variation is discussed in detail in Sect. 5.1. On the other
hand, during the Night 2 we observe a drop in the S/N of some
spectra before the transit, possibly caused by the presence of a
cloud. We discarded the spectra from 22:58 UT until 23:24 UT
(eight spectra), where the S/N is lower than 35 (around 6600 Å).
Additionally, for consistency with the S/N established for the
cloud region, for this night we also removed the spectra taken
at 01:28UT which also present S/N smaller than 35 (i.e. a total
of nine spectra are discarded).

CARMENES observations are processed with the
CARMENES pipeline CARACAL (CARMENES Reduc-
tion And Calibration; Caballero et al. 2016), which considers
bias, flat-relative optimal extraction (Zechmeister et al. 2014),
cosmic ray correction, and a wavelength calibration described
in Bauer et al. (2015). The reduced spectra are referred to
the terrestrial rest frame and the wavelengths are given in the
vacuum. At the beginning of the night some technical problems
lead to some very short time exposures with very low S/N which
are directly discarded. The spectra, S/N and airmass evolution
of each night can be observed in Fig. 3.
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Fig. 2. MASCARA-2b transit light curves obtained with MuSCAT2.
The data have been binned to 7.2 min intervals for display clarity.

3.2.1. Telluric correction

Taking advantage of the fact that the observations were carried
out using fibre B monitoring the sky, we checked for possible
atmospheric emissions features during the night. We observed no
telluric emission feature needing to be corrected, and since sub-
tracting the sky to the target spectra introduces additional noise,
we did not apply this correction.

Following Allart et al. (2017), we corrected the telluric
absorption contamination using version 1.2.0 of Molecfit
(Smette et al. 2015 and Kausch et al. 2015). Molecfit is
an ESO tool built to correct Earth atmospheric features in
ground-based spectra, which uses a line-by-line radiative transfer
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Fig. 3. Observed spectra around the Hα line (left column), for Night 1 (first row), Night 2 (second row), Night 3 (third row) and Night 4 (fourth
row). The three first nights were observed with HARPS-N and the last night, with CARMENES. The spectra are normalised to the same continuum
level (see colour bar) and moved to the stellar rest frame. In the y-axis we show the spectrum number starting from zero and in the x-axis the
velocity in km s−1. The narrow lines correspond to telluric contamination and the deepest central line (at 0 km s−1) corresponds to the centre of
the Hα line core. Second and third columns: S/N and the airmass variation during the night, respectively. The S/N per pixel is extracted in the
continuum near the Hα line, specifically around 6600 Å as the Hα line for this target is very broad due to its rapid rotation. The red S/N values
correspond to the spectra which are not considered in our analysis. In particular, we observe a stable S/N during Night 1. Night 2 shows a drop
in the S/N for the presence of a cloud around spectrum number 25 and two stops of the instrument around spectrum number 50 and 100 because
GIANO-B suddenly aborted itself and it was necessary to restart the exposure with both the HARPS-N and GIANO-B instruments.

model (LBLRTM). HARPS-North spectra are given in the solar
system baricentric rest frame, while Molecfit models are com-
puted in the terrestrial rest frame. For this reason, before fitting
the telluric contamination we shifted the spectra to the terrestrial
rest frame using the baricentric Earth radial velocity (BERV)
information. We shifted the spectra using the IRAF (Tody 1986)
routine dopcor. The parameters used to compute the high-
resolution telluric spectrum are detailed in Allart et al. (2017),
and the wavelength regions with strong lines used here are very
similar to those used in that paper, but considering only those
regions out of stellar features.

In the case of CARMENES data, the spectra after CARA-
CAL reduction are already given in the terrestrial rest frame.
The Molecfit correction applied is slightly different, and fol-
lows the method discussed in Nortmann et al. (2018) and Salz
et al. (2018). The telluric uncorrected and corrected spectra
in the atomic sodium (NaI) region for Night 4 obtained with
CARMENES are shown in Fig. 4.

3.2.2. General transmission spectrum extraction

Once the telluric correction has been applied, we cut the spectra
in the wavelength region we want to study and normalise them by
the continuum. This is done recursively over the whole spectral
range covered by both spectrographs to screen for all possi-
ble planetary signals. Then, as the spectra after the Molecfit
correction is referred to the terrestrial rest frame, we shifted

them to the stellar rest frame considering the system veloc-
ity (γ) and the BERV information. The stellar reflex motion
is not considered because the mass of the planet (Mp) has not
yet been determined, and the radial velocity measurements in
rapid-rotating stars are difficult to determine. If we assume
Ks = 322.51 m s−1 (i.e. the mass upper limit Mp = 3.510 MJ;
Lund et al. 2017), the maximum stellar radial-velocity change is
∼± 0.3 km s−1. Since one pixel in HARPS is around 0.8 km s−1

and the stellar lines present a large broadening caused by the fast
stellar rotation, considering or not considering this reflex motion
contribution to the radial velocity correction does not have any
significant impact to the results, as presented in Casasayas-Barris
et al. (2018). In addition, the spectra could be also affected by
stellar activity and instrumental radial-velocity drifts. However,
an A-type star like MASCARA-2 is not expected to be active,
and the instrumental effects would similarly affect to all spec-
tra, resulting in global wavelength offsets from the rest frame
position (which after the daily calibration are expected to be
of the order of 10 m s−1 for the instruments used here). For
CARMENES observations, when shifting the spectra to the stel-
lar rest frame, we rebinned the data to the same wavelength grid
using the IDL routine rebinw from the PINTofALE package,
which ensures flux conservation (Drake & Kashyap 2010).

For the next steps, we followed Wyttenbach et al. (2015): we
computed the out-of-transit master spectrum (combination of all
the stellar spectra taken when the planet is not transiting) and we
then divided each spectrum by this master spectrum to remove
the stellar lines. The resulting residuals contain the variations of
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Fig. 4. Telluric correction of CARMENES observations (Night 4) of
MASCARA-2b in the NaI doublet region. Top panel: observed spectra
before the telluric correction; second panel: spectra after correcting the
telluric contamination with Molecfit. For these two panels the y-axis
corresponds to the spectrum number, the x-axis to wavelength in Å,
and the normalised flux is shown in the colour bar. Third panel: one
single spectrum before (blue) and after (black) the telluric correction.
The narrow lines observed in the first and third panels are telluric lines,
while the broad lines centred at 5890 and 5896 Å are the stellar sodium
lines. In the second panel, where the telluric lines have been subtracted,
we observe the interstellar sodium in the centre of the stellar lines and,
additionally, the planetary shadow (Rossiter–McLaughlin effect) as a
trail moving into the lines. The spectra are presented in the terrestrial
rest frame.

the stellar lines profile produced by the presence of the planet
and additional systematic effects. These variations include the
absorption produced by the exoplanet atmosphere, the CLV and
the RME. At this step we find the best-fit model of the absorp-
tion, CLV and RME, and the resulting best-fit parameters are
used to compute the best-fit CLV and RME model, which is then
removed from the residuals (see Sect. 4 for a detailed explana-
tion of the models). Once these effects had been corrected, we
shifted the remaining residuals to the planet rest frame and we
then combined the in-transit residuals to find the transmission
spectrum for each night.

HARPS-N Night 2 and Night 3 are affected by an ADC
problem, presenting weird continuum variations similar to a bad
blaze function correction. In order to solve this problem, we
tried to re-reduce the raw data with the DRS pipeline, without
any improvement. This effect introduces differences in the line
wings changing in time, and which are more significant in very
broad spectral lines, specially in the Hα line. These differences
become very important after dividing the spectra by the out-of-
transit master spectrum, as the resulting spectra present broad
variations that partially hide the narrow residuals we are looking
for behind this broad effect. For this reason, after computing the
spectra of residuals we applied a very broad median filter using
medfilt from scipy library with a kernel size of 1505 to pro-
tect the planetary signals from being diluted and remove only the
low frequency variations produced by the variation of the contin-
uum, and the final transmission spectrum was normalised with
UnivariateSplines from scipy in order to remove remain-
ing undulations. This additional correction is only applied to
HARPS-N Night 2 and Night 3. Finally, we note that the parame-
ters used during the whole process are those presented in Table 1
except for the epoch (T0), orbital period (P), and inclination (i),
which are from the recalculated parameters of Table 3.

4. Modelling and fitting the CLV and RME

The Rossiter–McLaughlin effect (RME) strongly affects the stel-
lar lines profile of a fast-rotating star such as MASCARA-2b,
which has a v sin i = 114 km s−1. As the transit progresses, the
light from different regions of the stellar disc is blocked by the
planet, producing a lack of flux in different parts of the stellar
lines which depends on the geometry of the system. On the other
hand, the centre-to-limb variation (CLV) also affects the stellar
lines profile (Czesla et al. 2015), which becomes broader and/or
deeper than the integrated flux spectrum depending on the stellar
properties of the region obscured by the planet.

The stellar spectrum is modelled using VALD3 (Ryabchikova
et al. 2015) line lists and Kurucz ATLAS9models, computed with
Spectroscopy Made Easy tool (SME; Valenti & Piskunov
1996). As presented in Yan et al. (2017), using SME we com-
puted the stellar spectrum at 21 different limb-darkening angles
(µ) without considering the rotation broadening. For the stellar
model computation we used the local thermodynamic equilib-
rium (LTE) and solar abundance for the hydrogen lines. For
the NaI, the solar abundance model strongly differs from the
data. For this reason, we fitted the NaI abundance using the
SME tool. In this process, the spectra used to fit the abundance
is the combination of all the out-of-transit data of Night 4
with CARMENES, which have higher S/N. After checking the
fitted [Na/H] results for a range of [Fe/H] values from liter-
ature ([Fe/H]= −0.02± 0.07 in Talens et al. 2018) we noticed
that the NaI abundance changes significantly when varying the
[Fe/H] value (see below). The most reasonable NaI abundance
is obtained in the 1 − σ upper limit value, that is, assuming
[Fe/H] = + 0.05 finding [Na/H] = 0.98. As we do not con-
sider non-LTE effects that could be important in this stellar
type (Kubát & Korcáková 2004). These [Fe/H], [Na/H] values
together with the parameters given in Table 1 are those used
to compute the stellar models. We note here that for our com-
putation of these models, we need a good description of the
line profile and the actual abundance value is not the focus of
our analysis. The maximum relative difference obtained between
models when assuming [Fe/H]= −0.29 (Lund et al. 2017) (for
which we obtain the [Na/H] = 1.39) or [Fe/H] = +0.05 ([Na/H] =
0.98) is ∼0.08%.

We divide, then, the stellar disc in cells of size
0.01 R? × 0.01 R?. Each of these cells contain its own proper-
ties, such as the rotation velocity due to v sin i, which depends
on its distance to the stellar rotation axis (i.e. the spin-orbit
angle, λ), its µ angle value, and could be obscured by the planet
at a given time. At the time of each exposure it is possible to com-
pute the position of the planet in the stellar disc using EXOFAST
(Eastman et al. 2013) and compute the integrated stellar disc flux
considering the obscured cells, their proper radial velocity shift
caused by the rotation and the correspondent µ spectrum (which
are linearly interpolated using the 21 µ angle reference spectra).
The only difference between the HARPS-N and CARMENES
modelled spectra is the spectral resolution, R = 115 000 and
R = 94 600, respectively.

The modelled stellar spectra at different orbital phases
depend on the geometry of the system but also the planetary
radius, Rp. For a particular wavelength, and depending on the
amount of material, the atmosphere becomes opaque at a given
pressure level or radius of the planet, Rλ. In order to consider
this radius change when fitting the data, the modelled stellar
spectra is computed for a grid of Rλ, increasing from 0.7 Rp
(1 Rp = 1.83 RJ; Talens et al. 2018) to 2.5 Rp in steps of
0.1 Rp. For a given Rλ, we then calculated the stellar spectrum by
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linearly interpolating these grid of models. Finally, the modelled
residuals were computed dividing all the modelled stellar spectra
by the out-of-transit model.

Finally, and similarly to Yan & Henning (2018), in the mod-
elled in-transit residuals we add a Gaussian profile to describe
the absorption of the planet. This profile, depends on the centre
of the Gaussian (v0), the full width at half maximum (FWHM)
and constrast (h). The centre position is defined as v0 = vp + vwind
where vp = Kp sin(2πϕ) is the planet radial velocity in each in-
transit exposure time (ϕ is the orbital phase) and vwind is the
radial velocity of the atmospheric wind.

With this, we performed a Markov chain Monte Carlo
(MCMC) analysis to fit the observed residuals using emcee
(Foreman-Mackey et al. 2013) code. The free parameters are
Rλ, h, vwind, Kp, and FWHM. We used 14 walkers and 1× 105

steps. The best-fit Rλ value was used to compute the CLV and
RME model, which was then subtracted from the data, leaving
only the true planetary absorption remaining. Before combining
the data residuals, this absorption was shifted to the planet rest
frame using the best-fit Kp value. The MCMC analysis is based
on binned spectra (0.05 Å and 0.002 orbital phase bins) and only
applied to the fully in-transit data (i.e. excluding the ingress and
egress). The planetary absorption spectrum in the ingress and in
the egress could present different geometries (Yan & Henning
2018), as shown in Salz et al. (2018).

During the modelling, we observed that in some cases the
best-fit value of Rλ is smaller than 1 Rp. This is possibly due
to the intrinsic error of the stellar models, which are computed
considering LTE and solar abundance in case of the hydrogen
lines (the NaI abundance is fitted). The non-LTE effects in these
stellar-types can become strong (Kubát & Korcáková 2004) and,
as calculated previously, the abundance of the lines also influ-
ences the final model. For two different values of [Fe/H] inside
the error bars presented in Lund et al. (2017) and Talens et al.
(2018), we can obtain the same intensity of the RME for two
different Rλ. Additionally, if we compare two models computed
with the same abundance, one calculated for 0.85 Rp and one
for 1.0 Rp, in the mid-transit time their relative difference in the
RME centre is ∼0.2%. Thus, there are different assumptions that
can produce variations of the final Rp values. However, our main
goal here with the model fitting is to remove the strong RME
and CLV effects, which are easily observed in the residuals. For
this reason, considering the Rp change permits us to find the best
model that reproduces the effects, even if the best-fit Rλ value
is not exactly that expected. This is one of the reasons we have
not linked the increase of radius (Rλ) with the absorption that
we measured (h) in the models, and we left both free, indepen-
dently. We do not expect these Rλ values to have any effect on
our results and we used the models as a tool to discard the RME
and CLV effects from the absorption signatures. When compar-
ing models, we observe that in the mid-transit time the RME is
more constraining for the Rλ parameter. In the ingress and egress
regions, where the CLV becomes important, both the CLV and
RME are constraining Rλ. However, we stress that only the fully
in-transit data is used in the fitting procedure, in other words, the
location at which the RME most constrains the Rλ parameter.

5. Results

We present here the results obtained in the different wavelength
regions. In all cases, we have analysed each individual night
separately and, additionally, the three HARPS-N data together,
sorting the spectra in time from the mid-transit centre. We note
that in this latter case all the spectra were telluric-corrected first.

Here, we show the 2D maps of the final residuals obtained
after applying the differential spectroscopy, the final transmis-
sion spectrum and the transmission light curves around several
spectral lines detectable in MASCARA-2b’s transmission spec-
trum. The 2D maps of individual nights are presented in the
Appendix A (Figs. A.1–A.5), their best-fit values in Table B.1
and MCMC correlation diagrams in Appendix D (Figs. D.1–
D.7). All light curves are also presented in Appendix C
(Figs. C.1–C.6). The absorption depth values measured in the
transmission spectra and light curves can be found in Table B.2.

The transmission light curves were obtained by calculating
the equivalent width of the residuals after dividing each spec-
trum by the master out-of-transit spectrum, and then moved to
the planet rest frame. The integration to obtain the equivalent
width was computed using the scipy library (Jones et al. 2001)
from Python2.7.

In tables and figures hereafter, we refer to the different nights
as HARPS-N 1 (Night 1), HARPS-N 2 (Night 2), HARPS-N
3 (Night 3) and CARMENES 1 (Night 4) to avoid confusion
between instruments. The combined results of all three HARPS-
N nights are presented as HARPS-Nx3.

5.1. Hα

The residuals after computing the ratios of each spectra respec-
tively to the master out-of-transit spectrum, the best-fit models
and the transmission spectra around Hα (6562.81 Å) of each
individual night can be observed in Fig. 5. The best-fit values
and the 1-σ error bars obtained with the MCMC analysis are
presented in Table 4.

In Fig. 5 we can see that the three nights observed with the
HARPS-N are, in general, more noisy than the night observed
with CARMENES, with residuals showing larger standard devi-
ation. No obvious reason for this fact can be derived from
checking the weather or seeing logs, only the ADC problem in
HARPS-N Nights 2 and 3 are noticeable. During the transit, the
RME is observed as a red trail (positive relative flux) moving
in the ± 114 km s−1 (v sin i) range of velocities and the absorp-
tion as a blue trail (negative relative flux) around ± 24 km s−1,
approximately.

Due to the noise, specially for Nights 2 and 3 for which it
increases during the transit, we are not able to totally fit the
planetary absorption for the HARPS-N nights, which becomes
underestimated by the model, and cannot be recovered in the
region were it intersects with the RME around mid-transit. How-
ever, for Night 4 where the S/N is higher, the absorption during
the whole transit is recovered. In particular, this underestima-
tion of the absorption can be observed in the residuals of the
Gaussian profiles derived from the best-fit model, which seem to
present smaller contrast (h) than the absorption observed in the
transmission spectrum of HARPS-N (see fourth and fifth row of
Fig. 5). When we fit all HARPS-N data together (see Fig. 6),
the central absorption still remains within the noise level and
the absorption is slightly underestimated. This is possibly caused
by the decrease in S/N during the transit. We also analysed the
HARPS-N data considering only Nights 1 and 3, with results
closer to those obtained for CARMENES in Night 4 but the mid-
transit region still remains within the noise level. The final trans-
mission spectra of CARMENES 1 and the analysis combining
all three HARPS-N nights, together with the Gaussian profiles
derived from the best-fit parameters, can be observed in Fig. 7.

The observed transmission light curves before and after cor-
recting the CLV and RME effects can be observed in Fig. 8.
The models are also obtained with the best-fit parameters from
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Fig. 5. Results of the Hα line analysis of MASCARA-2b. Each column corresponds to one night. First row ,top: residuals after dividing each
spectrum by the master-out spectrum. Second row: best-fit model describing the first panel residuals, including absorption, CLV and RME. Third
row: residuals after subtracting the best-fit model (second row) to the data (first row). Fourth row: transmission spectrum obtained when combining
the in-transit residuals from fourth row in the planetary rest frame. The black dots show the transmission spectrum binned in 0.2 Å intervals and the
propagated errors from the photon noise. Light blue shows the standard deviation of the residuals from fourth row. The red lines show the Gaussian
profile derived from the best-fit parameters of second row. Fifth row: residuals after subtracting the Gaussian profile to the transmission spectrum.
In all cases the residuals (rows from 1st to 3rd) are binned in intervals of 0.002 in orbital phase and 0.05 Å in wavelength. The relative flux
(Fin/Fout −1) in % is shown in the colour bar. In white we show the time regions for which we have no information. The horizontal lines show the
first and last contact times of the transit.

the general fitting shown in Fig. 5. In these light curves the
RME effect and the time regions where the noise is higher
can be clearly observed. The error bars are obtained by the
error propagation from the photon noise. In order to include
the ingress and egress shape of the transmission model we used
the PyLDTk (Parviainen & Aigrain 2015) and the PyTransit
(Parviainen 2015) Python packages. The PyLDTk estimates the
limb-darkening coefficients for a given filter and stellar proper-
ties using the library of PHOENIX stellar atmospheres (Husser
et al. 2013). Then, PyTransit allows us to obtain the transit
shape with the same absorption (h) measured during the fitting
procedure and the limb-darkening coefficients assumed from
PyLDTk.

The absorption that we measure from the best-fit model
in the line core is 0.85± 0.03% for CARMENES data and
0.68± 0.06% for HARPS-N data combined, meaning an effec-
tive radius (Rλ(h)) of ∼1.20 Rp as presented in Casasayas-Barris
et al. (2018) where only HARPS-N Night 1 was available. We
measure a mean standard deviation of 1.3 and 2.3% in the
residuals and a S/N of ∼350 and ∼300 around the Hα posi-
tion (±180 km s−1) for CARMENES and HARPS-Nx3 analysis,

respectively. We note that the results from both instruments are
not totally consistent, as explained above. HARPS-N Night 1
and CARMENES observations are the most stable nights, with
consistent values, while HARPS-N Nights 2 and 3 present S/N
variations during the transit that are then propagated to the final
result when combining all three HARPS-N nights. These two
nights, especially Night 3, present strong S/N variations during
the observation due to the ADC problem. Although this effect
is mainly removed during the analysis, in this process we apply
additional steps that could introduce small over-corrections and
cause variation of the final absorption level in these two nights.
On the other hand, for these nights, the RME is not totally
removed (see transmission light curves in Fig. 8), and when com-
bining the mid-transit signals we were averaging regions with
RME residuals that decrease the absorption depth.

The differences observed in the effective radius values
obtained when fitting the CLV and RME models (Rλ) to the
2D residual maps and those derived from the absorption in
the core of the lines (Rλ (h)) are possibly caused by intrin-
sic errors of the models. In particular, in the case of hydro-
gen atoms, we considered solar abundance and LTE, but for
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Table 4. Best-fit parameters and 1-σ error bars from the MCMC analysis of the Hα line for each individual night and combined HARPS-N
observations.

h FWHM Kp vwind R (a)
λ Rλ (h) (b)

(%) (km s−1) (km s−1) (km s−1) (Rp) (Rp)

HARPS-N 1 −0.75+0.10
−0.11 34.9+7.7

−6.4 140.3+39.0
−42.1 1.3+3.0

−2.9 1.21+0.04
−0.05 1.24+0.06

−0.06

HARPS-N 2 −0.52+0.10
−0.11 15.6+3.7

−3.9 101.5+33.7
−33.5 −3.9+2.1

−2.4 1.08+0.03
−0.03 1.17+0.06

−0.07

HARPS-N 3 −0.69+0.10
−0.11 16.4+2.6

−2.4 196.0+30.1
−32.0 −2.8+2.2

−2.2 1.15+0.04
−0.04 1.22+0.06

−0.06

CARMENES 1 −0.85+0.03
−0.03 22.6+0.9

−0.9 166.2+7.3
−7.4 −4.5+0.5

−0.5 1.21+0.01
−0.01 1.27+0.02

−0.02

HARPS-Nx3 −0.68+0.06
−0.06 19.0+1.7

−1.6 165.6+16.7
−16.6 −3.0+1.2

−1.2 1.13+0.02
−0.02 1.22+0.04

−0.04

Notes. (a)Effective radius value obtained from the best-fit model of the CLV and RME effects. (b)Effective radius calculated considering the
absorption value, h, and assuming a continuum level of (Rp/R?)2 = 1.382%.

Fig. 6. As Fig. 5 but combining the three nights observed with
HARPS-N.

MASCARA2 stellar-type we expected the non-LTE effects to
become significant (Kubát & Korcáková 2004). There is also the
low and variable S/N difficulty added when fitting the data. We
can observe that for CARMENES data, which have higher S/N,
the RME measurement is better.

We measure, in all cases, a shift of the absorption line with
respect to the theoretical position of Hα, which could be indica-
tive of planetary winds. However, as discussed in Sect. 3.2,
we did not use the radial-velocity information from the instru-
ment pipeline, and consequently we do not consider possible
instrumental offsets in radial-velocity. For this reason, the winds
measured here can be influenced by this effect. In all cases,
before combining the residuals to obtain the transmission spec-
trum, we shift these residuals to the planet rest frame using the
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Fig. 7. Transmission spectra around Hα line obtained with all nights of
HARPS-N combined and CARMENES data (Night 4), with an offset
for a better visualisation. The best-fit Gaussian profiles are shown in
red. In grey we show the original transmission spectrum and the black
dots show the data binned in 0.2 Å intervals.

best-fit Kp parameter of each night. This value has large error
bars for the noisiest nights, thus, we checked the differences
when combining the spectra with different Kp values within
these 1-σ error bars, but only differences inside the noise level
are noticeable. From Lund et al. (2017) we estimate that Kp

should be about 170 ± 7 km s−1. We expect all nights and lines
present consistent values (within the error bars) close to this
estimation, however, caused by irregularities in the maps due to
small residuals and the low S/N that makes difficult for the model
to distinguish between CLV, RME and absorption regions, the
measured Kp values can be far from the expectation for a sin-
gle night but become consistent after the combination of more
nights. Small deviations of these measurements are introduced
by the non-corrected reflex motion from the host star.

The absorption depths measured for 1.5 Å passband in the
final transmission spectra and light curves are presented in
Table 5. We can observe that the results of CARMENES data and
the combined HARPS-N nights are consistent, while individ-
ual HARPS-N nights give more dispersed values. We also note
the slightly different results obtained in the analysis presented
here and in Casasayas-Barris et al. (2018) for HARPS-N Night
1. The difference comes because here we are only considering
the spectra fully in-transit (the ingress and egress files are not
considered when computing the in-transit sample). Additionally,
we used different methods of telluric correction, Kp values used
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Fig. 8. Hα transmission light curves for 1.5 Å bandwidth. Each column correspond to one night, and the last column (right) to the analysis of all
HARPS-N nights together. First row, top: observed transmission light curves. These light curves contain the contribution of the CLV, RME and
absorption of the planet. The red dashed line shows the best-fit model derived from the fitting procedure of the residuals from Fig. 5. Second row:
Hα transmission light curve after removing the CLV and RME. In red we show the best-fit absorption model. Third row: residuals between the
model and the data. In all cases the grey dots are the original data points, in black we show the data binned by 0.003 orbital phase. We note the
different x-scale of the different columns, as different nights present different time extension.

when shifting the spectra to the planet rest-frame, and slightly
improved corrections of the CLV and RME effects.

5.2. Hβ and Hγ

The method applied to study the Hβ (4861.28 Å) and Hγ
(4340.46 Å) lines is exactly the same as for Hα. In Fig. 9 we
present the results for the joint analysis of all nights observed
with HARPS-N. The best-fit values are shown in Table 5. We
note that CARMENES data do not cover this wavelength range,
and thus only HARPS-N data are presented. Same as the Hα
line, the models were computed for a grid of [0.7 − 2.5] Rp with
0.1 Rp step.

In Casasayas-Barris et al. (2018) we observe noisy features
in the transmission spectrum around the Hβ line analysing only
Night 1. Here, with three transits and after correcting the strong
CLV and RME, we observe absorption centred at the Hβ labora-
tory value. We note that some CLV and RME residuals remain
after removing the best-fit model (see the residuals in Fig. 9). The
absorption is observable in the analysis of the individual nights,
except for Night 1 where the MCMC fitting is not able to distin-
guish between the noise and the absorption, in other words the
parameters related to the absorption profile (h, Kp and FWHM)
are not well determined. However, when combining all three
transits the absorption is well recovered. The absorption mea-
sured in this case corresponds to −0.45± 0.05% in the line core,
which is consistent with the value measured in the transmission
light curves during the transit (see Table 5). It is noticeable that
the Rλ values that we obtain in the fitting procedure are lower
than 1 Rp in some cases.

On the other hand, we find a Hγ absorption of −0.4± 0.1%
in the line core when combining all nights. However, the

Fig. 9. As Fig. 5, but for Hβ and Hγ lines. The colour bar indicates the
flux relative to the continuum (Fin/Fout −1) in %.

in-transit trail in the 2D maps is not clear, possibly because the
signal is less intense and remains partially hidden in the noise.
This absorption is only observed when combining all data and
in Night 2 when analysing each individual night. Additionally,
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Table 5. Summary of the results obtained in the analysis presented here, for the different species and instruments.

h (%) Rλ(h) (Rp) vwind (km s−1) FWHM (km s−1) Kp (km s−1) AD1.5Å
TS (%) (a) AD1.5Å

TLC (%) (b) AD1.5Å
EMC (%) (c)

Hα Hx3 −0.68± 0.06 1.22± 0.04 −3.0± 1.2 19.0± 1.6 165.6± 16.7 0.33± 0.05 0.30± 0.05 0.36± 0.14
Cx1 −0.85± 0.03 1.27± 0.02 −4.5± 0.5 22.6± 0.9 166.2± 7.4 0.44± 0.04 0.43± 0.05 0.40± 0.14

Hβ Hx3 −0.45± 0.05 1.15± 0.03 −1.2± 1.4 19.4± 2.5 136.2± 18.6 0.13± 0.04 0.17± 0.04 0.14± 0.08

Hγ Hx3 −0.38± 0.08 1.13± 0.05 −2.3± 2.7 16.6± 4.2 135.0± 34.8 0.09± 0.05 0.07± 0.09 0.04± 0.09

CaII Cx1 −0.56± 0.05 1.18± 0.03 −1.9± 0.6 9.2± 1.0 157.7± 8.2 0.16± 0.04 0.14± 0.04 0.11± 0.09

NaI Hx3 −0.34± 0.05 1.11± 0.03 −3.1± 0.9 9.2± 2.0 176.6± 11.7 0.05± 0.03 0.08± 0.03 0.07± 0.05
Cx1 −0.29± 0.04 1.10± 0.03 −3.2± 0.7 8.0± 1.2 182.5± 14.3 0.04± 0.03 0.03± 0.04 0.08± 0.08

FeII Hx3 −0.33± 0.05 1.11± 0.03 −2.8± 0.8 7.2± 1.2 174.4± 14.0 0.04± 0.03 0.01± 0.03 0.04± 0.04

Notes. Hx3 corresponds to the analysis of three HARPS-N nights combined, and Cx1 to the analysis of the unique transit observed with
CARMENES. (a)Absorption depth measured in the transmission spectrum for a 1.5 Å passband. (b)Absorption depth measured in the transmission
light curve for a 1.5 Å passband. (c)Centre of the EMC distribution computed for a 1.5 Å passband.

the final transmission spectrum presents some residuals near the
line.

In Table 5 we give the absorption depth values measured in
the spectra and the transmission light curves of Hβ and Hγ for
1.5 Å passband. The results of each individual night and light
curves are presented in Appendices A and C.

5.3. The CaII triplet

The CaII triplet lines are located at 8498.02 , 8542.09 and
8662.14 Å. Only the transit observed with CARMENES (Night
4) was used to analyse these lines, as HARPS-N data do not cover
this wavelength range. The telluric contamination observed in
this region is low. The second and third lines (ordered in wave-
length) are in the limit of two orders meaning that both lines
are covered by two different CARMENES orders. The analysis
shown here is performed using the orders where these lines are
located in a most central region of the order. Although the detec-
tion of the lines, at lower S/N, is also possible in the other orders.

In Fig. 10 we show the 2D maps of these lines, where the
planetary absorption trail is clear, specially for the second line
(λ8542 Å) which is the strongest of the triplet. We measured
absorption of 0.52± 0.05, 0.60± 0.04 and 0.55± 0.06% in the
lines core, respectively, which correspond to an effective radius
of ∼1.2 RP. The transmission spectrum around λ8662 Å show
a smaller second absorption peak in the right side of the main
absorption feature. Even the telluric contamination is low in
this region, it can be caused by a small telluric residual. The
transmission light curves of each individual CaII line and the
transmission light curve after combining of all three lines (see
Appendix C) present consistent absorption depth values in com-
parison with those measured in the transmission spectra (see
Table 5). The transmission light curves and MCMC correlation
diagrams can be observed in Appendices C and D.

As absorption residuals are observed at the CaII triplet lines,
we also checked the CaII H & K lines, which are only cov-
ered with HARPS-N observations. Unfortunately, these lines are
located at the beginning of the first echelle order of the CCD and
the spectra are too noisy in that region to be of any value. These
lines are chromospherically sensitive lines, which could present
variations caused by the contrast between different regions of
the stellar disc (Cauley et al. 2018). However, as expected for
this stellar type, we notice no variations or emissions in the line
cores that could be produced by stellar activity.

5.4. Na I doublet

Due to the rotational broadening, the NaI stellar lines expand
over a large wavelength range, and a large number of telluric
lines fall into the NaI lines, as we showed in Fig. 4. Additionally,
interstellar medium (ISM) NaI absorption at the stellar lines core
is observed for all nights, affecting the region where we would
expect the planetary signal. We used the LISM Kinematic Calcu-
lator (Redfield & Linsky 2008) in order to determine the origin
of the interstellar NaI lines, which gives us information about the
interstellar medium clouds that our line-of-sight traverses while
observing a target. Although we expect this ISM NaI absorption
at the same spectral position and to be stable during the night,
any small variation of this absorption during the transit could
mimic a planetary atmospheric absorption. As a first approxi-
mation, assuming that the ISM remains totally stable, and not
correcting by the stellar reflex motion around the Barycentre of
the system, the ISM effects would be removed when dividing
each spectrum by the master-out spectrum.

Because of the large telluric contamination of the NaI stellar
lines, we included an additional correction. After computing the
ratio between each spectrum and the out-of-transit master spec-
trum, similarly to Snellen et al. (2010), we removed the remain-
ing telluric residuals by fitting the time variation in each pixel by,
in this case, linear splines using the UnivariateSpline class
from scipy to refuse outliers. The resulting fit is compared to
the data, and those points differing more than 5% from the fit
values are set to 1.0 (we note that the residuals spectra are nor-
malised to the unit). This would not affect the possible planetary
signals, as they are expected to be smaller than 5%, as observed
in Casasayas-Barris et al. (2018).

As explained in Sect. 4, the stellar models computed with
SME in the NaI lines region assuming solar abundance were
observed to be very different compared with the observational
data in the same region. For this reason, we fitted the abun-
dance, and the final models were computed using the resulting
NaI abundance value ([Na/H]= 0.98). We then fit the residu-
als after dividing each spectrum by the master out spectrum as
we did for the Hα in Sect. 5.1. The MCMC fitting procedure
is applied to each NaI D2 and D1 lines separately (for which we
take reference positions at 5889.95 and 5895.92 Å, respectively)
and the grid of models is computed for [0.7–2.5] Rp with steps
of 0.1 Rp. The results for CARMENES and combined HARPS-N
data analysis are shown in Fig. 10, and the best-fit parameters are
given in Table 5.
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Fig. 10. As Fig. 5, but for CaII (top) and NaI lines (bottom). The name of the line is indicated in each top-left panel and the titles indicate the
instrument used to retrieve the data. The transmission spectra are binned by 0.1 Å (black dots). The colour bar indicates the flux relative to the
continuum (Fin/Fout −1) in %.

In the 2D maps, the in-transit trail seems to be observable
for both D2 and D1 lines and both CARMENES and HARPS-N
analysis (see Fig. 10), being clearer in HARPS-N. The MCMC
analysis is able to distinguish and characterise the absorption,
finding a consistent value of Kp with the one theoretically
predicted. When we analysed the nights separately, the D2 line

absorption can be reproduced every night except for HARPS-
N Night 2, and the D1 line can be reproduced in Night 1,
CARMENES data, and when all HARPS-N data are combined.
The measured absorption in the line core (h) is consistent for
both analysis, with approximately −0.30%, which corresponds
to an effective radius of ∼1.1 Rp of absorption in both lines of
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Fig. 11. As Fig. 5, but for FeII and MgI lines. The name of the line is indicated in each top-left panel. The transmission spectra are binned by 0.1 Å
(black dots). The colour bar indicates the flux relative to the continuum (Fin/Fout −1) in %.

the NaI doublet. These results are also consistent with the results
obtained for Night 1 in Casasayas-Barris et al. (2018), who apply
a different analysis.

The light curves and transmission spectra present consistent
absorption depth (see values in Table 5). See 2D maps of each
night and light curves in Appendices A and C. The transmission
light curves are computed for each line of the doublet separately
and are then combined using the weighted mean.

5.5. FeII

Three other transmission signals are observed when scanning the
residuals in the wavelength range covered by both spectrographs.
The position of these lines are 5018.38± 0.01 , 5168.96± 0.01,
and 5316.57± 0.01 Å, which we attribute to FeII λ5018.43,
λ5169.03 and λ5316.61, respectively. However, we note that
due to the large rotation velocity of the star, it is difficult to
distinguish a single line within the blended stellar lines. The
FeII λ5316 Å line is also covered by CARMENES at very low
S/N (the mean S/N of this order is around 10). The transmis-
sion spectrum obtained shows absorption in the same place as
HARPS-N (5316.61± 0.02 Å), but we also observe additional
features that are not observed in HARPS-N results, and whose
origin is not clear, possibly caused by the low S/N (see this
results in Appendix A).

In the same way as for the other lines, we removed the
RM and CLV, and find the best-fit parameters (see Fig. 11 and
Table 5). A faint trail during the transit is observed for each
line 2D map, but stronger for FeII λ5169 line, which presents
an absorption of 0.47± 0.05 in the core. We note that near this
line, we observe a second and fainter residual at 5172.66± 0.02.
The unique specie that overlaps this position is MgI at 5172.68,
but the significance of this absorption signal is very low (1.7σ)

with an absorption depth of 0.07± 0.04% in the transmission
spectrum for a 0.75 Å passband, and approximately −0.2% of
absorption in the line core (see the results for this MgI residual
in Fig. 11).

We computed the transmission light curves of each FeII and
MgI lines, and the FeII combined transmission light curve (see
Appendix C). We then measured the absorption depth in the
transmission spectra and light curves, with values presented in
Table 5. The results from the transmission spectra and light
curves are consistent.

6. Systematic effects

As presented in Redfield et al. (2008), we were able to mea-
sure the stability of the individual observations by quantifying
the systematic effects with the empirical Monte Carlo (EMC) or
bootstrapping diagnostic. The EMC analysis helps us to quantify
the systematic errors, since the absorption depth measurements
error bars come from the propagation of the random photon
noise from Poisson statistics through the process. This anal-
ysis involves the random selection of a number of individual
exposures to build the “in-transit” sample and another random
selection for the “out-of-transit” sample. With these two samples
we then extracted the transmission spectrum and we measure the
absorption depth of this result. This process is applied 10 000
times with different random samples in order to have statistical
significance. With this, we were able to check how likely it is that
the signal we are observing has planetary origin, or is caused by
a random combination of the data.

We assumed three different scenarios, as presented
in Redfield et al. (2008) and other recent studies such as
Wyttenbach et al. (2015, 2017). The first scenario is called
“out–out” where we randomly split the out-of-transit
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observations in two samples with the same number of individual
observations; one of these two samples will be used as the
in-transit sample and the other as the out-of-transit sample. The
second scenario is called “in–in” and constructed in the same
way, but now splitting the in-transit observations. The final sce-
nario is the “in–out” and represent the atmospheric absorption
case. Here, the in-transit and out-of-transit samples were built
with the in- and out-of-transit observations, respectively. For
the in–in and out–out scenarios, we selected the same number
of exposures included in the in-transit and in the out-of-transit
samples. This means that in the in–in scenario this value is
half the total number of real in-transit observations and in the
out-out is half the real out-of-transit observations. For the in–out
scenario the number of exposures included in each sample
changes randomly, never being less than half the total number of
real in- or out-of-transit exposures and always accomplishing the
number ratio of real in-transit to the out-of-transit observations.
We note that each sample including in-transit data is corrected
by the CLV and RME effects, computed considering the best-fit
parameters of each line presented in Sect. 7.

This analysis is applied to each line analysed here. The dis-
tributions for a 1.5 Å passband can be observed in Fig. E.1. In
all cases the out–out and in–in scenarios show distributions cen-
tred to 0% absorption while the in–out scenario is centred to a
different position. The clearest case is the Hα line, where the
absorption scenario is centred to 0.36± 0.14 and 0.40± 0.14%
(the error corresponds to the standard deviation of the distri-
bution) for HARPS-N and CARMENES analysis, respectively,
consistent with the absorption depth measured from the final
transmission spectrum (see Table 5). In case of the CaII we
observed the in–out samples centred on 0.10± 0.08, 0.12± 0.11
and 0.11± 0.09 absorption, for the λ8498 , λ8542 and λ8662 Å
lines, respectively.

For the NaI doublet case, the in–out scenario distributions
clearly present different characteristics in comparison with the
other scenarios for HARPS-N analysis. Both D2 and D1 distribu-
tions are centred to 0.07± 0.05%. In the case of CARMENES,
the three different scenarios give closer results; in this case,
the distributions are centred on 0.05± 0.09% for the D2 line
and 0.12± 0.08% for the D1 line. The absorption scenario of
Hβ presents a distribution centred to 0.14± 0.08%. Finally, for
Hγ the scenarios for all three distribution overlapped, being the
in–out distribution centred on 0.04± 0.09% absorption.

The FeII lines obtained with HARPS-N data show in–out
distributions centred to 0.03± 0.03, 0.04± 0.04 and 0.04± 0.03,
for the λ5018, λ5169 and λ5316, respectively, close to the in–in
and out–out scenarios. Similarly to Hγ, the in–out scenario dis-
tributions obtained for FeII λ5316 using CARMENES data and
MgI λ5173 using HARPS-N data, show mainly indistinguishable
distributions with respect in–in and out–out scenarios, centred to
0.09± 0.15 and 0.03± 0.05, respectively.

7. Discussion and conclusions

Casasayas-Barris et al. (2018) present the analysis of one
HARPS-N transit observation of MASCARA-2b, Night 1 in
this paper, and reported the detection of Hα and NaI in its
atmosphere, and a hint of Hβ detection. Here we have repeated
the analysis after combining two more transit observations
of MASCARA-2b with HARPS-N and one more with the
CARMENES spectrograph. After analysing the 2D residual tran-
sit maps, the transmission spectra, the transmission light curves
and EMC results, we conclude that we have detected a hint to

the presence of a possible ionosphere around MASCARA2-b,
including the detection of CaII, FeII, NaI, Hα, Hβ, and Hγ tran-
sitions. We note that, with respect to the previous study, we are
using here different telluric correction and only the spectra taken
in the fully in-transit time are combined when computing the
transmission spectra (the ingress and egress data are excluded
from this sample). We summarise the results obtained in Table 5
and Fig. 12.

Focusing on the Balmer lines, the Hα absorption by the plan-
etary atmosphere can be observed by eye in the residuals of each
single night, appearing during the transit and ranging different
radial-velocities than the RME, which is also clearly observed.
The planet orbital radial-velocity semi-amplitude (Kp) values
measured are consistent (considering the error bars) with those
from the literature. For Hβ, on the other hand, the absorption
by the planetary atmosphere is not clear if we do not combine
the three transits observed with HARPS-N. But when doing so,
the absorption in the transmission spectrum and the light curves
is statistically significant (5σ and 6σ, respectively, for a 0.75 Å
passband). Finally, the Hγ analysis of each individual night show
mainly flat transmission spectra and light curves, but a faint
Hγ signal moving at the planetary speed for MASCARA-2b
results when combining all the HARPS-N data (3σ for a 0.75 Å
passband).

Yan & Henning (2018) detect Hα in the atmosphere of
KELT-9b, the ultra-hot Jupiter with highest day-side temperature
(4600 K). They measure 1.15± 0.05% of absorption which cor-
responds to a hydrogen atmosphere around 1.64 times the radius
of the planet, close to the Roche Lobe (1.91+0.22

−0.26 Rp), and an
estimated mass loss rate of ∼1012 g s−1. In extreme cases, photo-
evaporation causes a transonic planetary wind and the mass loss
rate could affect the planetary evolution (Salz et al. 2015). Cauley
et al. (2019) reproduced the Hα detection in KELT-9b and also
reported significant absorption in Hβ. Here, for MASCARA-2b,
the measurement of the Hα absorption is ∼0.7%, which corre-
sponds to an atmospheric extension of 1.2 Rp. Considering that
the lower-limit of the scale height (H) is 281 km (calculated with
µ = 2.3 and the gravity upper-limit from Lund et al. 2017), the
atmosphere is extended by 545 H. The atmosphere is expanded
due to the gas heating caused by the irradiation received from the
host star. For Hβ, on the other hand, the 0.45% of absorption cor-
responds to 1.15 Rp (525 H). Considering the mass upper-limit
from Lund et al. (2017), we estimate that the Roche Lobe radius
(Eggleton 1983) of MASCARA-2b is <3.6 Rp. If we now assume
a mass of 2 MJ this radius decreases to 3 Rp. The effective radius
measured for the different atoms/ions do not reach the Roche
Lobe in any of those cases. The measured FWHM of Hα line
is ∼20 km s−1 which is significantly lower than that of KELT-9b
(∼51 km s−1). The large FWHM of Hα in KELT-9b is a result of
high density of excited hydrogen atoms that causes the absorp-
tion to be optically thick at the line centre (τ ≈ 57). According to
our estimation using the analytic Eq. (3) in Huang et al. (2017),
the optical depth at the Hα line centre of MASCARA-2b is small
(τ ≈ 2), indicating that the density of excited hydrogen is much
lower than in KELT-9b. Such a lower density also explains why
the effective radius of Hα line does not reach a high altitude
like in KELT-9b. Thus, we conclude the Balmer lines absorption
in MASCARA-2b are from relatively low altitude atmosphere
which is far away from the Roche Lobe and therefore cannot be
used to estimate the mass loss rate.

For CaII, the individual lines of the triplet are clearly
detected in the CARMENES night that covers this wave-
length range. The trail of the strongest line (8σ of absorption
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Fig. 12. Summary of the 2D maps with the remaining absorption after the CLV and RM correction (left column) and final transmission spectra
(right column) of all species analysed. Each row corresponds to one line, whose name is indicated inside each transmission spectrum figure.
The residual maps data is presented binned by 0.05 Å and 0.002 in orbital phase in order to have better contrast. The transmission spectrum of
Balmer lines are shown binned by 0.2 Å and the remaining lines by 0.1 Å (black dots). The colour bar indicates the flux relative to the continuum
(Fin/Fout −1) in %.
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Fig. 12. continued.

significance for 0.75 Å) at λ8542 Å can be observed in the 2D
maps tracing the radial-velocity change of the planet during the
transit, while the other two lines of the triplet are also signifi-
cant but fainter (around 5σ). We note that this results from the
analysis of only one transit. Using the combination of three
HARPS-N nights, we also observe the presence of FeII ions
in MASCARA-2b atmosphere at the 2σ level measured in the
absorption depth for 0.75 Å passband, and an averaged signif-
icance around 7σ in the lines core. Finally, the traces of NaI
planetary absorption are observable in each individual night,
although the true absorption values retrieved here could be
affected by the strong telluric and interstellar contamination
in this region of the spectrum. The significance of these lines
is around 7σ in the lines core and 2–3σ when averaging the
absorption in a 0.75 Å passband, for both instruments.

Absorption excess in neutral Ca lines was firstly reported by
Astudillo-Defru & Rojo (2013) in HD 209458b atmosphere, and
the Ca+ triplet lines variation during a transit was studied for
the first time by Khalafinejad et al. (2018) as indicator of stel-
lar activity. Hoeijmakers et al. (2018) detected Fe, Fe+, and Ti+
atoms in the KELT-9b atmosphere, using the cross-correlation
technique. For MASCARA-2b, we are able to resolve individual
lines of Ca+ and Fe+ in transmission. The individual Fe+ lines
and neutral Mg at λ5173 observed here were also observed in
the atmosphere of KELT-9b by Cauley et al. (2019). Fe+, together
with Ti+, Ca+, is expected to be more abundant than its neutral
form (Helling et al. 2019) due to thermal ionisation. In the high
altitude atmosphere of MASCARA-2b, the temperature could be
very high causing the Fe+ more abundant than neutral Fe. Our
detection of these species, in a planet with equilibrium temper-
ature almost 2000 K colder that KELT-9b, could indicate that
either a large difference between actual and equilibrium temper-
atures or that there are strong mechanisms of transport to move
atmospheric species from day-side to the planet’s terminator. Our
detection of neutral Na falls in line also with the recent detection
of this species in the atmosphere of WASP-76b, a hot planet with
equilibrium temperature similar to MASCARA-2b (Seidel et al.
2019).

For all species, the resulting absorption signatures are
blueshifted with respect their reference values, with velocities
larger than 1 km s−1, while the instrumental drifts for the spec-
trographs used here are expected to be around 10 m s−1. These
blueshifts can be associated to atmospheric winds. For Hα and
NaI, the blueshift measured in CARMENES and HARPS-N data

are consistent. For the Hβ and Hγ lines, the significance is low
(<0.9σ) to determine if the measured blueshift is real. On the
other hand, the FWHMs measured for the different lines are con-
sistent for those measured with HARPS-N and CARMENES.
The Balmer lines are measured to be broader than CaII, NaI and
FeII lines. The line spread function of HARPS-N is 2.7 km s−1

while for CARMENES is 3.5 km s−1. In all cases, the FWHM
measurements are larger than the resolution element of those
instruments, and are probably associated to kinematic and/or
thermal broadening. In Fig. 13 we relate the velocity shifts (vwind)
and FWHM measurements with respect the absorption (Rλ(h)).
In the vwind versus absorption relation no obvious correlation is
observed, with a mean vwind value around −2.4± 1.0 km s−1. For
FWHM versus Rλ(h), however, each element relation could be
explained by a linear regression. Koll & Komacek (2018) studied
the magnitude of the wind speeds expected in hot Jupiters, as a
result of the incident flux that they receive and tidally locked spin
states. Considering this study, the average wind measurement of
−2.4± 1.0 km s−1 is in agreement with the estimated values, for
a planet with the equilibrium temperature of MASCARA-2b,
assuming that the dissipation is caused by shear instabilities
(Eq. (15)).

Ultra-hot Jupiters lie in the temperature transition region
between gas-giants and stars, some of them having very similar
temperatures as the coldest stars. As such they are useful tests
cases to study the atmospheric chemistry, understand planetary
mass loss and provide constrains for planetary theories of forma-
tion and evolution. As presented in several studies (Parmentier
et al. 2018; Arcangeli et al. 2018 and Bell & Cowan 2018), we
expect these extremely hot planets to present close to stellar-like
atmospheric temperatures. The stellar radiation heats the atmo-
spheric gas to temperatures considerably higher than 3000 K
causing the day-side atmosphere to be composed of atoms rather
than molecules in addition to an increased fraction of ions (see
discussion in Helling & Rimmer 2019. Such a high irradiation
leads to large day-night temperature differences and therefore we
expect these planets to present hot days and cold nights, in partic-
ular for those planets with short orbital periods. For WASP-18b,
for example, a planet with an effective temperature very close to
MASCARA-2b, detailed theoretical studies show that we expect
two very different sides, a cloudy night-side depleted of ele-
ments (which are then left to form atoms, ions, molecules and
will make up the atmosphere of the planet) and a cloud-free day-
side that forms a thermal ionosphere (Helling et al. 2019). As the
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Fig. 13. Top: FWHM values versus Rλ(h). Bottom: vwind values ver-
sus Rλ(h). The measurements obtained with HARPS-N data are shown
in dots while those obtained with CARMENES data are marked with
stars. The horizontal blue dashed line shows the mean vwind value at
−2.4± 1.0 km s−1. All values are extracted from Table 5.

day-side is ≈2500 K hotter than the night-side on WASP-18b,
hydrogen is present in its atomic form (HI) such that n(HI) >
n(H2)�n(H2O) in the low-pressure, upper atmospheric regions.
The same pattern holds for most atoms, including Na, K, Ca,
Ti, Al, Fe, Mg, and Si. Only at higher pressures, molecule like
H2, SiO, AlH are the dominating species of their element. Na,
K, Ca, Ti, Al, Fe, Mg, and Si are singly ionised, with Na+,
Ca+, K+, Al+, and Ti+ being more abundant than their neutral
atomic or ionic form. On the night-side, the thermal ionisation
is smaller and the elements remain in their neutral state of ion-
ization or are bound in molecules. The detection of HI, NaI,
Ca+ (CaII), and Fe+ (FeII) in MASCARA-2b using transmission
spectroscopy data from the planet’s terminator is consistent with
this theoretical works. We note, however, that transmission spec-
troscopy does not probe the day-side directly but rather indirectly
through the observation of the terminator regions. The termi-
nator regions are transition regions between the day- and the
night-side where the temperature differences will not be as large
as between the day- and night-side. The effect on the chemistry
will therefore also be less pronounced. The observation of HI,
NaI, Ca+, and Fe+ is therefore indicative for rather warm termi-
nator regions. The blueshifted HI, NaI, Ca+, and Fe+ absorption
suggests that strong winds emerge from the day-side transporting
hot and considerably ionised material into the respective termi-
nator region, hence, providing us with information about the
chemistry on the day-side, too. We would therefore expect the

evening terminator to be geometrically more extended than the
cooler morning terminator of MASCARA-2b. We note, however,
that with the observations presented here we cannot conclude if
the heat is coming from the day-side or we are observing at very
high altitudes where the atmosphere is hotter.

Thus, the theoretical picture of UHJs possessing extended
ionospheres and two differentiated day-side and night-side
chemistries is consistent with our MASCARA-2b results. How-
ever, more observational evidence is desirable to underpin this
hypothesis such as CCF studies. For this planet the detection of
several species at the same time has become possible with 3–4 m
class telescopes. UHJs present an exciting opportunity to study
their detailed composition, with state-of-the-art spectrographs
such as ESPRESSO, which will be able to characterise the Hγ
features observed in MASCARA-2b and possibly other fainter
elements predicted by the theoretical models. In the near future
high-resolution spectrographs, such as HIRES for the ELT, will
be able to disentangle the complex picture of UHJ atmospheres
through the simultaneous detection of multiple species in their
atmospheres.
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Appendix A: Individual transmission spectra

We present here the transmission spectra obtained for each
individual night.

A.1. Hβ

Fig. A.1. Results around the Hβ of Night 1 (left column), Night 2 (middle column), and Night 3 (right column). First row (top): results after dividing
each spectrum by the out-of-transit master spectrum. Second row: best-fit model of the residuals. The RME is observed in red colour (see colour
bar) and the absorption and CLV in blue (negative relative flux). Third row: residuals when subtracting the best-fit model (second row) to the data
(first row). Fourth row: absorption signature remaining after correcting the CLV and RME effects from first row residuals. Fifth row: transmission
spectrum. Sixth row: residuals of removing the Gaussian profile model to the data in fourth row. Black dots show the result binned by 0.2 Å, the
light blue region is the standard deviation of the residuals and the red line is the Gaussian computed with the best-fit parameters. In all panels,
except for the last two rows, the data is shown with 0.05 Å bins in wavelength and 0.002 in orbital phase.

A.2. Hγ

Fig. A.2. As Fig. A.1 but for the Hγ line.
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A.3. NaI D2

Fig. A.3. Results around the NaI D2 of HARPS-N Night 1 (first column starting from left), Night 2 (second column), Night 3 (third column) and
CARMENES data (fourth column). The different panels are explained in Fig. A.1. In the last two rows (starting from top) in black dots we show
the result binned by 0.1 Å.

A.4. NaI D1

Fig. A.4. As Fig. A.3 but for the Na D1 line.
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A.5. FeII

Fig. A.5. As Fig. A.3 but for the FeII λ5316 Å analysis obtained with the
night observed with CARMENES. We note the strong residual observed
close to the FeII line position.
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Appendix B: Best-fit parameters and absorption
depth values

We present here the best-fit parameters obtained with the MCMC
fitting procedure and the absorption depth values measured in the
transmission spectra and light curves.

B.1. MCMC best-fit parameters

Table B.1. Best-fit parameters and 1-σ error bars from the MCMC analysis.

h FWHM Kp vwind R (a)
λ Rλ (h) (b)

(%) (km s−1) (km s−1) (km s−1) (Rp) (Rp)

Hβ HARPS-N 1 −0.20+0.16
−0.19 14.7+16.0

−9.4 110.6+85.5
−71.7 −5.1+8.0

−6.6 1.12+0.04
−0.03 1.07+0.11

−0.13

HARPS-N 2 −0.57+0.07
−0.08 17.9+2.8

−2.6 131.8+19.3
−18.4 −1.5+1.6

−1.7 0.89+0.03
−0.03 1.19+0.04

−0.05

HARPS-N 3 −0.38+0.08
−0.09 24.2+7.0

−6.0 166.3+55.6
−43.7 +4.2+3.6

−3.5 0.86+0.03
−0.03 1.13+0.05

−0.06

HARPS-Nx3 −0.45+0.05
−0.05 19.4+2.7

−2.4 136.2+18.7
−18.5 −1.2+1.4

−1.5 0.91+0.02
−0.02 1.15+0.03

−0.03

Hγ HARPS-N 1 −0.29+0.13
−0.26 29.5+56.3

−15.8 189.7+43.7
−105.8 −1.4+7.2

−6.3 1.01+0.05
−0.05 1.10+0.08

−0.17

HARPS-N 2 −0.43+0.10
−0.12 16.9+5.6

−4.6 101.5+43.7
−105.8 −4.0+2.8

−3.0 0.86+0.03
−0.03 1.15+0.07

−0.08

HARPS-N 3 −0.28+0.17
−0.23 18.5+18.6

−11.2 104.6+81.0
−65.8 −2.8+8.5

−7.5 0.78+0.05
−0.05 1.13+0.05

−0.06

HARPS-Nx3 −0.38+0.08
−0.09 16.6+4.5

−4.0 135.0+34.1
−35.6 −2.3+2.5

−3.0 0.85+0.02
−0.03 1.13+0.05

−0.06

NaI D2 HARPS-N 1 −0.37+0.14
−0.16 5.93+4.0

−2.2 151.4+35.4
−36.4 −0.9+2.5

−2.6 0.92+0.05
−0.05 1.13+0.09

−0.10

HARPS-N 2 −0.12+0.02
−0.02 96.4+2.7

−6.0 137.1+78.3
−91.1 1.4+9.0

−9.6 0.97+0.04
−0.04 1.04+0.01

−0.01

HARPS-N 3 −0.28+0.08
−0.10 14.9+8.5

−6.2 103.3+26.8
−26.4 −1.3+2.2

−2.4 0.94+0.04
−0.04 1.10+0.05

−0.07

HARPS-Nx3 −0.33+0.06
−0.06 8.9+2.7

−1.9 171.1+15.2
−12.8 −2.4+0.9

−0.9 0.94+0.03
−0.03 1.11+0.04

−0.04

CARMENES 1 −0.29+0.04
−0.04 8.3+1.3

−1.2 176.5+12.8
−12.3 −2.8+0.8

−0.8 0.91+0.02
−0.02 1.10+0.03

−0.03

NaI D1 HARPS-N 1 −0.29+0.11
−0.11 10.2+5.1

−3.2 177.8+39.9
−41.4 −2.2+2.4

−2.4 0.97+0.06
−0.05 1.10+0.07

−0.07

HARPS-N 2 −0.12+0.01
−0.02 95.8+3.2

−7.5 143.3+75.2
−93.1 −7.4+8.6

−5.7 0.90+0.04
−0.03 1.04+0.01

−0.01

HARPS-N 3 −0.09+0.02
−0.02 81.7+12.9

−21.8 196.5+40.9
−79.3 −6.4+9.6

−6.1 0.97+0.04
−0.04 1.03+0.01

−0.02

HARPS-Nx3 −0.35+0.05
−0.05 9.6+1.9

−1.5 194.0+15.1
−14.4 −3.9+0.9

−0.9 0.91+0.03
−0.03 1.12+0.03

−0.03

CARMENES 1 −0.29+0.04
−0.04 7.8+1.2

−1.0 176.8+10.8
−10.6 −3.6+0.7

−0.7 0.90+0.02
−0.02 1.10+0.03

−0.03

CaII λ8498 Å CARMENES 1 −0.52+0.05
−0.05 8.9+1.4

−0.9 173.2+7.8
−7.5 −3.2+0.6

−0.6 0.87+0.03
−0.03 1.17+0.03

−0.03

CaII λ8542 Å CARMENES 1 −0.60+0.04
−0.04 11.7+1.0

−0.9 139.2+8.9
−9.2 −1.3+0.6

−0.6 1.09+0.02
−0.02 1.20+0.03

−0.03

CaII λ8662 Å CARMENES 1 −0.55+0.06
−0.06 6.9+1.1

−0.9 160.7+8.0
−7.8 −1.1+0.5

−0.5 0.95+0.02
−0.03 1.18+0.04

−0.04

FeII λ5018 Å HARPS-Nx3 −0.26+0.04
−0.05 7.9+1.3

−1.3 181.9+18.3
−18.7 −2.7+1.1

−1.1 1.19+0.03
−0.03 1.09+0.03

−0.03

FeII λ5169 Å HARPS-Nx3 −0.47+0.05
−0.05 8.1+1.1

−1.0 170.6+8.3
−7.8 −3.6+0.5

−0.5 1.18+0.02
−0.02 1.16+0.03

−0.03

FeII λ5316 Å HARPS-Nx3 −0.26+0.05
−0.06 5.6+1.4

−1.1 170.8+14.4
−16.6 −2.1+0.8

−0.8 1.18+0.03
−0.03 1.09+0.03

−0.04

CARMENES 1 −0.55+0.08
−0.09 10.3+2.3

−2.0 139.6+32.3
−22.6 +0.2+1.7

−1.3 1.24+0.05
−0.06 1.18+0.05

−0.05

MgI λ5173 HARPS-Nx3 −0.23+0.03
−0.04 12.8+2.4

−2.0 159.6+30.9
−23.8 −0.9+1.7

−1.9 1.23+0.02
−0.02 1.08+0.02

−0.02

Notes. (a)Effective radius value obtained from the best-fit model of the CLV and RME effects. (b)Effective radius calculated considering the
absorption value, h, from the best-fit model and assuming a continuum level of (Rp/R?)2 = 1.382%.
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B.2. Absorption depth values

Table B.2. Absorption depth (in %) measured for 0.75 and 1.5 Å bandwidths calculated in the final transmission spectra (TS) and transmission
light curves (TLC).

TS TLC
0.75 Å 1.5 Å 0.75 Å 1.5 Å

Hα HARPS-N 1 0.69± 0.10 0.44± 0.07 0.69± 0.11 0.45± 0.10
HARPS-N 2 0.41± 0.08 0.20± 0.06 0.37± 0.10 0.16± 0.08
HARPS-N 3 0.61± 0.10 0.24± 0.07 0.45± 0.12 0.10± 0.10
HARPS-Nx3 0.59± 0.07 0.33± 0.05 0.58± 0.06 0.30± 0.05
CARMENES 1 0.68± 0.05 0.44± 0.04 0.68± 0.06 0.43± 0.05

Hβ HARPS-N 1 0.30± 0.09 0.17± 0.06 0.35± 0.10 0.22± 0.08
HARPS-N 2 0.35± 0.07 0.14± 0.05 0.37± 0.08 0.17± 0.07
HARPS-N 3 0.23± 0.08 0.10± 0.06 0.28± 0.10 0.15± 0.08
HARPS-Nx3 0.28± 0.06 0.13± 0.04 0.31± 0.05 0.17± 0.04

Hγ HARPS-N 1 0.19± 0.10 0.09± 0.07 0.18± 0.11 0.09± 0.10
HARPS-N 2 0.28± 0.08 0.14± 0.06 0.29± 0.09 0.15± 0.08
HARPS-N 3 0.13± 0.10 0.04± 0.07 0.08± 0.13 0.00± 0.11
HARPS-Nx3 0.21± 0.07 0.09± 0.05 0.17± 0.06 0.07± 0.05

NaI D2 HARPS-N 1 0.07± 0.07 0.02± 0.05 0.06± 0.08 0.01± 0.07
HARPS-N 2 0.12± 0.06 0.05± 0.04 0.15± 0.07 0.09± 0.06
HARPS-N 3 0.10± 0.06 0.06± 0.05 0.10± 0.08 0.06± 0.07
HARPS-Nx3 0.09± 0.05 0.05± 0.03 0.15± 0.04 0.07± 0.04
CARMENES 1 0.10± 0.05 0.03± 0.03 0.08± 0.05 0.01± 0.05

NaI D1 HARPS-N 1 0.16± 0.07 0.10± 0.05 0.14± 0.04 0.08± 0.07
HARPS-N 2 0.09± 0.06 0.04± 0.04 0.05± 0.07 0.01± 0.06
HARPS-N 3 0.11± 0.06 0.05± 0.05 0.10± 0.08 0.04± 0.07
HARPS-Nx3 0.10± 0.05 0.06± 0.03 0.16± 0.04 0.09± 0.04
CARMENES 1 0.11± 0.04 0.06± 0.03 0.09± 0.05 0.04± 0.04

Na D (a)
21 HARPS-N 1 0.11± 0.07 0.06± 0.05 0.10± 0.07 0.05± 0.06

HARPS-N 2 0.10± 0.06 0.04± 0.04 0.10± 0.06 0.05± 0.05
HARPS-N 3 0.10± 0.06 0.05± 0.05 0.10± 0.07 0.05± 0.06
HARPS-Nx3 0.09± 0.05 0.05± 0.03 0.15± 0.04 0.08± 0.03
CARMENES 1 0.11± 0.04 0.04± 0.03 0.09± 0.04 0.03± 0.04

CaII λ8498 Å CARMENES 1 0.28± 0.05 0.15± 0.04 0.28± 0.06 0.14± 0.05
CaII λ8542 Å CARMENES 1 0.41± 0.05 0.18± 0.04 0.40± 0.06 0.17± 0.05
CaII λ8662 Å CARMENES 1 0.27± 0.06 0.14± 0.04 0.26± 0.07 0.15± 0.04
CaII Combined (b) CARMENES 1 0.32± 0.05 0.16± 0.04 0.31± 0.05 0.14± 0.04

FeII λ5018 Å HARPS-Nx3 0.09± 0.04 0.04± 0.03 0.03± 0.04 0.02± 0.03
FeII λ5169 Å HARPS-Nx3 0.09± 0.04 0.04± 0.03 0.12± 0.04 0.05± 0.03
FeII λ5316 Å HARPS-Nx3 0.07± 0.04 0.04± 0.03 0.04± 0.03 0.00± 0.03
FeII Combined (c) HARPS-Nx3 0.08± 0.04 0.04± 0.03 0.06± 0.03 0.01± 0.03

MgI λ5173 Å HARPS-Nx3 HARPS-Nx3 0.07± 0.04 0.02± 0.03 0.09± 0.04 0.04± 0.03

Notes. (a)Combined absorption depth of both NaI D2 and D1 lines. (b)Combined absorption depth of the three CaII lines. (c)Combined absorption
depth of the three FeII lines.
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Appendix C: Individual transmission light curves

We present here the transmission light curves obtained for each
species analysed in this work.

C.1. Hβ
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Fig. C.1. Hβ transmission light curves of HARPS-N Night 1 (first column, left), Night 2 (second column), Night 3 (third column) and join analysis
of all HARPS-N observations (fourth column, right) computed for 1.5 Å passband. First row, top: observed transmission light curve. Second row:
after correcting for the CLV and RME. Third row, bottom: residuals when subtracting the model to the data. The grey dots are the original data,
the black dots is the data binned 0.003 in orbital phase. The red dashed line of the first row is the best-fit model containing the CLV, RME and
absorption. The red dashed line of the second row corresponds to the model containing only absorption. In the third row, the red line is a reference
showing the null flux level.

C.2. Hγ
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Fig. C.2. As Fig. C.1 but for the Hγ line.
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C.3. CaII triplet
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Fig. C.3. CaII transmission light curves obtained with CARMENES data. Left: as Fig. C.1 but for the CaII triplet lines. The analysis of each line is
shown in one column. Right: combined light curve (using the weighted mean) of the three individual light curves of CaII triplet lines observed in
the left panel. These are the results for a 0.75 Å passband analysis. Data binned 0.002 in orbital phase.

C.4. NaI doublet
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Fig. C.4. As Fig. C.1 but for both NaI D2 and D1 lines. This is the result of computing the weighted mean of both individual NaI D lines transmission
light curves for a 0.75 Å passband. Data binned 0.002 in orbital phase.
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C.5. FeII
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Fig. C.5. FeII transmission light curves obtained combining the three nights of HARPS-N data. Left: as Fig. C.3 but for three individual FeII lines
and using a 0.75 Å passband. We note the asymmetry of the observed transmission light curve (first row) of the FeIIλ5169 line, caused by the RM
effect from the closest line crossing the position of the FeII for times close to the egress. Right: transmission light curve after combining the three
individual FeII lines. The data is binned by 0.002 in orbital phase.

C.6. MgI
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Fig. C.6. As Fig. C.5 right but for the MgI λ5173 Å. We note the
asymmetry of the observed transmission light curve (first row) caused
by a second RM effect from the closest line crossing the position (see
Fig. 11).
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Appendix D: Correlation diagrams of the best-fit
models

We present here the correlation diagrams of the best-fit CLV,
RME and absorption model for the different nights and wave-
length regions.
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Fig. D.1. Correlation diagrams of MCMC analysis of the Hα line of CARMENES (left) and HARPS-N data analysis (right).

D.2. Hβ and Hγ
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Fig. D.2. Correlation diagrams of MCMC analysis of the Hβ (left) and Hγ (right) lines obtained with the HARPS-N data analysis.
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D.3. CaII
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Fig. D.3. Correlation diagrams of MCMC analysis of the CaII triplet lines of CARMENES. Top left panel: CaII λ8498 Å, top right: CaII λ8542 Å,
bottom panel: λ8662 Å.
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Fig. D.4. Correlation diagrams of MCMC analysis of the NaI D2 line of CARMENES (left) and HARPS-N data analysis (right).
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Fig. D.5. Correlation diagrams of MCMC analysis of the NaI D1 line of CARMENES (left) and HARPS-N data analysis (right).

A9, page 29 of 32



116 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

A&A 628, A9 (2019)

D.5. FeII
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Fig. D.6. Correlation diagrams of MCMC analysis of the FeII triplet lines. The FeII λ5018 Å diagram is shown on top left and the FeII λ5169 Å
in top right, both result from the HARPS-N combined data analysis. The FeII λ5316 Å diagrams are shown in the bottom panels: the HARPS-N
analysis on the left and CARMENES on the right.
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Fig. D.7. Correlation diagrams of MCMC analysis of the MgI line at
5173 Å.
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Appendix E: Empirical Monte-Carlo distributions
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Fig. E.1. Distributions of the empirical Monte-Carlo analysis of the different lines, for a 1.5 Å passband. Each individual panel corresponds to the
analysis of one line and one instrument, which are detailed in text. In violet we present the “out–out” scenario, in cyan the “in–in” scenario and in
black the “in–out” scenario. The blue dashed vertical line shows the null absorption level. The CARMENES and HARPS-N analysis have different
number of spectra, which means that the distributions will have different number of counts. This is also the case for the three scenarios in which
the number of spectra considered is also different.
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5
Is there sodium in HD 209458b’s

atmosphere?

-Ellie, still waiting for E.T. to call?

–Contact, 1997

HD 209458b was the first transiting exoplanet discovered (Charbonneau
et al., 2000), and it was also the first exoplanet for which the detection of the
atmosphere was claimed (Charbonneau et al., 2002), finding evidence of the
NaI doublet lines at 590 nm. Over the years, there have been several studies of
its atmosphere using low and high resolution spectroscopy facilities, resulting
in the detection of different atomic and molecular species (e.g. Sing et al. 2008;
Snellen et al. 2008; Albrecht et al. 2009; Désert et al. 2008). In this chapter we
revisit the transmission spectrum of this benchmark exoplanet using archival
observations obtained with CARMENES and HARPS-N spectrographs, and
estimate the obliquity of the system. The analysis presented in this chapter
is published in A&A, under the bibcode: 2020A&A...635A.206C (Casasayas-
Barris et al., 2020b).

Taking advantage of the nine transit observations of HD 209458b available
in the archive of HARPS-N and CARMENES, we measure the spin-orbit angle
of the system with traditional velocimetric analysis of the RM effect. To this
aim, we extract the stellar radial-velocity measurements with the SERVAL code
(Zechmeister et al., 2018), and use an MCMC fitting procedure using Ohta
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108 CHAPTER 5. Is there sodium in HD 209458b’s atmosphere?

et al. (2005) models. We estimate an almost aligned system with obliquity
λ = −1.6 ± 0.3 deg, consistent with previous measurements by Winn et al.
(2005) and Albrecht et al. (2012).

Using the five transit observations with higher S/N, we extract the trans-
mission spectrum and light curves of HD 209458b following the methodology
presented in the previous chapters. We focus on the analysis of the NaI lines
and other regions of interest of the transmission spectrum (MgI, Hα, KI, and
CaII). Despite the low S/N, the results of individual and combined nights reveal
no detectable species with planetary origin, but emission-like signals produced
by strong stellar lines profile deformation due to the RM effect and the CLV
during the transit. In this study we present the modelling of these two effects
following Yan et al. (2015) and Yan & Henning (2018). The deformation is able
to describe the features observed in the transmission spectrum of HD 209458b,
where the RM is the main contribution.

We discuss how previous studies of HD 209458b may have missed these ef-
fects. In particular, we compare the transmission spectrum obtained around
the NaI doublet lines using HARPS-N and CARMENES with those obtained
with the Space Telescope Imaging Spectrograph (STIS) aboard the Hubble
Space Telescope (HST) by Sing et al. (2008), and the NaI transmission light
curves obtained with the High Dispersion Spectrograph (HDS) at Subaru tele-
scope (Snellen et al., 2008) and the Ultraviolet and Visual Echelle Spectrograph
(UVES) at VLT (Albrecht et al., 2009).
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Is there Na I in the atmosphere of HD 209458b?
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ABSTRACT

HD 209458b was the first transiting planet discovered, and the first for which an atmosphere, in particular Na I, was detected. With
time, it has become one of the most frequently studied planets, with a large diversity of atmospheric studies using low- and high-
resolution spectroscopy. Here, we present transit spectroscopy observations of HD 209458b using the HARPS-N and CARMENES
spectrographs. We fit the Rossiter-McLaughlin effect by combining radial velocity data from both instruments (nine transits in total),
measuring a projected spin-orbit angle of −1.6 ± 0.3 deg. We also present the analysis of high-resolution transmission spectroscopy
around the Na I region at 590 nm, using a total of five transit observations. In contrast to previous studies where atmospheric Na I
absorption is detected, we find that for all of the nights, whether individually or combined, the transmission spectra can be explained
by the combination of the centre-to-limb variation and the Rossiter-McLaughlin effect. This is also observed in the time-evolution maps
and transmission light curves, but at lower signal-to-noise ratio. Other strong lines such as Hα, Ca II IRT, the Mg I triplet region, and K I
D1 are analysed, and are also consistent with the modelled effects, without considering any contribution from the exoplanet atmosphere.
Thus, the transmission spectrum reveals no detectable Na I absorption in HD 209458b. We discuss how previous pioneering studies
of this benchmark object may have overlooked these effects. While for some star–planet systems these effects are small, for other
planetary atmospheres the results reported in the literature may require revision.

Key words. planetary systems – planets and satellites: individual: HD 209458b – planets and satellites: atmospheres –
methods: observational – techniques: spectroscopic

1. Introduction

HD 209458b was the first exoplanet discovered that transits in
front of its host star (Charbonneau et al. 2000; Henry et al.
2000), and it was also the first exoplanet for which an atmosphere
was detected (Charbonneau et al. 2002). Charbonneau and col-
laborators detected neutral sodium (Na I) in HD 209458b using
data from the Space Telescope Imaging Spectrograph (STIS)
onboard the Hubble Space Telescope (HST). The same data

were used by Sing et al. (2008), who resolved both the Na I D2
and D1 lines. With high-dispersion spectroscopy, Na I absorp-
tion was also detected by Snellen et al. (2008) using the High
Dispersion Spectrograph (HDS) at the Subaru telescope, and
it was tentatively confirmed by Jensen et al. (2011) using the
Hobby–Eberly Telescope. Additionally, Albrecht et al. (2009)
detected Na I in two Ultraviolet and Visual Echelle Spectro-
graph (UVES) data sets taken with the Very Large Telescope
(VLT).

Article published by EDP Sciences A206, page 1 of 18
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Table 1. Observing log of the HD 209458b transit observations.

Night Tel. Instrument Date of texp Nobs S/N (a) S/N (b) Analysis Fibre B
observation [s] Na I order Na I core atmosphere/RM fit

1 TNG HARPS-N 2015-09-26 600 32 162 51 Yes/Yes Na I sky emission
2 TNG HARPS-N 2016-07-25 600 42 63 20 No/Yes Na I sky emission
3 TNG HARPS-N 2016-09-16 600 45 136 43 Yes/Yes Fabry-Pérot observations
4 TNG HARPS-N 2017-07-16 300/600 38 64 20 No/Yes Na I sky emission
5 TNG HARPS-N 2017-09-07 300 61 108 33 Yes/Yes Fabry-Pérot observations
6 CA 3.5 m CARMENES 2016-09-09 180 38 82 37 No/Yes No observable Na I sky emission
7 CA 3.5 m CARMENES 2016-09-16 180 70 87 40 Yes/Yes Na I sky emission
8 CA 3.5 m CARMENES 2016-11-08 180 80 54 22 No/Yes Na I sky emission
9 CA 3.5 m CARMENES 2018-09-05 192 82 84 38 Yes/Yes No observable Na I sky emission

Notes. (a)Averaged S/N per extracted pixel calculated in the Na I order (53 for HARPS-N and 104 for CARMENES) for each night. (b)Averaged
S/N in the Na I D2 and D1 line cores (calculated in ±5 km s−1 centred on the cores). This calculation is performed by dividing the flux of each pixel
by its photon noise.

The Rossiter–McLaughlin (RM) effect (Rossiter 1924;
McLaughlin 1924) is produced when a planet transits in front
of its host star, occulting a part of the stellar disc. When the stel-
lar rotation is assumed to be in the same direction as the orbital
motion of the planet, the most strongly blue-shifted wings of the
stellar disc are partly occulted when the transit starts, yielding
red-shifted lines; similarly, the end of transit yields blue-shifted
lines. The opposite situation (stellar spin opposite to the revo-
lution of the planet) yields red-shifted lines at the beginning of
the transit, and blue-shifted lines at the end. Thus the RM effect
allows us to know the geometry of the stellar rotation as com-
pared to the planetary motion, and even to calculate the projected
spin-orbit angle. This effect is identified in the radial velocity
curve. If this effect is not correctly taken into account, it may
lead to a misidentification of the planetary atmospheric spectral
lines during transits, which are only a manifestation of the RM
effect.

Centre-to-limb variations (CLVs) may also potentially affect
the line profiles during transits. The stellar continuum in the pho-
tosphere has a lower intensity near the stellar limb than at the
centre of the disc. This effect is related to the optical depth of
the photosphere. A more subtle effect arises from Fraunhofer
lines that form at different heights in the stellar atmosphere; the
balance between the lines that form at different heights depends
on the limb angle and stellar latitude (Abetti & Castelli 1935;
Appenzeller & Schröter 1967). The strength of the CLV-induced
effect can be of the same order as signals found from hot-Jupiter
atmospheres (Yan et al. 2017; Czesla et al. 2015; Khalafinejad
et al. 2017).

Here, we report our observations of the benchmark planet
HD 209458b using the high-dispersion spectrographs HARPS-
N and CARMENES. With the combination of several transits
with each instrument and the use of models for the CLV and RM
effects, we revisited the observational evidence for the detection
of Na I in the atmosphere of HD 209458b.

This paper is organised as follows. In Sect. 2 we detail
the observations. In Sect. 3 we estimate the obliquity of the
HD 209458b system. The methods for extracting the high-
resolution transmission spectra and light curves are explained in
Sect. 4. In Sect. 5 we present the results obtained in the analy-
sis of high-resolution transmission spectra around the Na I and
other lines, and the analysis of systematic effects. In Sect. 6 our
results are compared with previous studies of the same planet
around Na I. The discussion and conclusions are presented in
Sect. 7.

2. Observations

We used archival transit observations of HD 209458b obtained
with the HARPS-N and CARMENES spectrographs. A total of
nine transits are available in the archives. However, only five of
them are considered in this atmospheric analysis. The other four
nights are discarded because the signal-to-noise ratio (S/N) of
the observations was low. The information related to the observa-
tions is summarised in Table 1. Nights 3 and 7 are the same night,
observed simultaneously with the HARPS-N and CARMENES
spectrographs.

2.1. HARPS-N observations

A total of five transit observations of HD 209458b are publicly
available in the Telescopio Nazionale Galileo (TNG) archive.
The HARPS-N (High Accuracy Radial velocity Planet Searcher
for the Northern hemisphere) spectrograph (Mayor et al. 2003,
Cosentino et al. 2012) is mounted on the 3.58 m TNG telescope,
located at the Observatorio del Roque de los Muchachos (ORM,
La Palma), and covers the optical range from 383 to 690 nm. The
observations were carried out under programs A32TAC_41 and
A35TAC_14. These observations were performed with continu-
ous exposures during the transit, and some additional exposures
were taken before and after.

The two observations with lower S/N (∼60) in the Na I order
(nights 2 and 4 in Table 1) were discarded for the atmospheric
analysis. For night 1 no data were taken during the ingress, and
only three stellar spectra are observed before the transit. The sky
emission is observed in fibre B in nights 1, 2, and 4. In nights
3 and 5, fibre B was used for Fabry–Pérot observations, which
means that we lack information on possible sky emission dur-
ing the night. The position of the telluric Na I emission lines for
these nights (if existing) is expected to be around 8 and 12 km s−1

from the stellar Na I line cores, respectively. At these separations,
the presence of sky contamination would affect the results. The
sky emission of night 1 was corrected for by subtracting the sky
spectrum in fibre B from the science spectrum in fibre A. Unfor-
tunately, the sensitivity of fibre A and B might not be the same.
In this case, it would result in an imperfect removal of the tel-
luric sky emission, which would be propagated throughout the
process. As this emission is observed inside the Na I line wings
and not in the continuum, we are not able to see it in the stel-
lar spectrum (fibre A), and consequently, the sensitivity of the
two fibres cannot be compared. However, the residuals related to

A206, page 2 of 18
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an imperfect sky emission correction would not reproduce the
results presented here. If existing, however, they could affect the
amplitude of the results. No interstellar Na I is observable in the
spectra.

2.2. CARMENES observations

Four more transits were observed with the CARMENES spec-
trograph (Calar Alto high-Resolution search for M dwarfs with
Exo-earths with Near-infrared and optical Echelle Spectro-
graphs; Quirrenbach et al. 2014, 2018) located on the Calar Alto
Observatory. CARMENES is a two-channel spectrograph that
simultaneously covers the optical range from 520 to 960 nm and
the near-infrared range from 960 to 1710 nm. In this study we
only use the optical observations. The observations were carried
out under programs H16-3.5-24, H16-3.5-22, and H18-3.5-22,
and the infrared data were studied by Sánchez-López et al. (2019)
and Alonso-Floriano et al. (2019). The observing strategy was
the same as for the HARPS-N observations.

We discarded night 8 observations from our atmospheric
study because of their lower S/N (around 50). The observations
of night 6 could not be used because a technical problem of the
telescope led to the loss of the first half of the transit. For this rea-
son, only nights 7 and 9 were used in the atmospheric analysis. In
all CARMENES observations, fibre B was used to monitor the
sky contribution. When the sky spectra were checked, telluric
Na I sky emission was observed in nights 7 and 8.

3. Estimating the obliquity of HD 209458b

The radial velocity anomaly due to the RM effect can
be observed in the stellar radial velocity measurements of
HD 209458 in all transit observations. In order to obtain the
system parameters related to this effect, we performed a joint
analysis of the radial velocity values from HARPS-N and
CARMENES. To this end, we used all five nights observed
with HARPS-N and all four nights observed with CARMENES.
Radial velocities for both instruments were obtained using the
SERVAL programme (Zechmeister et al. 2018), which uses least-
squares fitting with a high S/N template created by co-adding all
available spectra of the star to compute the radial velocities.

The fitting procedure of the RM effect model to the radial
velocity data was performed using the Markov chain Monte
Carlo (MCMC) algorithm implemented in emcee (Foreman-
Mackey et al. 2013). We used the RM effect model presented
in Ohta et al. (2005) together with a circular orbital radial veloc-
ity (both contributions implemented in PyAstronomy (Czesla
et al. 2019) as modelSuite.RmcL and modelSuite.radVel,
respectively). The RM model depends on the orbital period (P),
the transit epoch (Tc), ratio of the planet-to-star radius (Rp/R?),
the angular rotation velocity of the host star (Ω), the linear
limb-darkening coefficient (ε), the inclination of the orbit (i),
the inclination of the stellar rotation axis (i?), the sky-projected
angle between the stellar rotation axis and the normal to the
plane of planetary orbit (λ), and the scaled semi-major axis
(a/R?). The circular orbit radial velocity contribution depends
on P, Tc, the stellar velocity semi-amplitude (K?), and the offset
with respect to the null radial velocity (∆v).

As in Casasayas-Barris et al. (2017), we fixed i? to 90 deg,
and P, a/R?, Rp/R?, R?, and i were taken from the values pre-
sented in Table 2, while the other parameters remained free.
Because we fitted different HARPS-N and CARMENES nights,
we needed to take into account that some free parameters should

be fitted jointly for all nights and instruments, and others that
could change. Ω, λ, and Tc were jointly fitted in all cases, while
for each night we considered different ∆v and K? values. We
note that the offset between the model and the data can vary
from night to night because in addition to the systematic veloc-
ity, the radial velocity information contains possible instrumental
and stellar activity effects that are reflected as additional offsets
to the data. K? could also be affected by activity and become
different for different nights (Oshagh et al. 2018). Finally,
because CARMENES and HARPS-N cover different wavelength
regions, we defined two different linear limb-darkening coeffi-
cient parameters, εC and εH for the CARMENES and HARPS-N
data, respectively.

The system was analysed using 100 walkers with 105 steps.
The first 7000 steps were discarded as burn-in. Each step was
started at a random point near the expected values from the liter-
ature, and λ was constrained to ±180 deg. On the other hand, Ω
was constrained to (0.25, 0.50) rad d−1. The median values of the
posteriors were adopted as the best-fit values, and their error bars
correspond to the 1σ statistical errors at the corresponding per-
centiles. The MCMC results are presented in Table 3 (Case 1)
and the detrended data and best-fit model in Fig. 1. The radial
velocity curves were detrended using the best-fit K? and ∆v val-
ues of each night. The data and best-fit model for each night and
correlation diagrams for the probability distribution are shown
in Figs. A.1 and A.2, respectively. All ∆v and K? best-fit values
are presented in Table A.1.

The best-fit Tc value can be compared to the value mea-
sured by Evans et al. (2015) by propagating over different orbits
using the orbital period from Table 2. We obtain a transit cen-
tre of 2 454 560.8061 ± 0.0002 BJD, which corresponds to a
difference of ∼19 s with the measurement reported by Evans
et al. (2015). Both measurements are consistent considering the
reported uncertainties. The error bar of the propagated transit
centre was calculated by considering the Tc uncertainty from
Table 3 and the orbital period uncertainty from Table 2.

In Table A.1 we observe that K? has different values for dif-
ferent nights. When these values are compared with the value
reported by Bonomo et al. (2017) (see Table 2), nights 5, 7, and 9
do not present consistent results (at 3σ). In addition to the possi-
ble K? variations induced by stellar activity (Oshagh et al. 2018),
telluric contamination is particularly high when radial velocities
are extracted. During the extraction with the SERVAL pipeline,
we realised that telluric lines are not entirely masked during the
process and introduce radial velocity gradients, which leads to
K? variations. Thus, the differences observed in different nights
might be produced by the combination of these two factors.

With one transit of HD 209458b, Winn et al. (2005) mea-
sured an almost aligned system with λ = −4.4±1.4 and v sin i? =
4.70 ± 0.16 km s−1. On the other hand, Albrecht et al. (2012)
found λ = −5 ± 7 deg and v sin i? = 4.4 ± 0.2 km s−1. Here, with
nine transits, we measure a spin-orbit angle of −1.6 ± 0.3 deg
and an angular rotation velocity of 0.540 ± 0.002 rad d−1. We
note that the slight difference (smaller than 2σ) between the pre-
vious results and our λ estimate might arise because λ and Ω are
degenerate (Brown et al. 2017; Albrecht et al. 2012). In addition,
as reported by Bourrier et al. (2017), a traditional velocimetric
analysis of the RM effect could lead to biases in the measured
spin-orbit angle as a result of changes in the local CCF shape.

In order to determine the dependence of the reported results
on the i? value, we fitted the data by leaving this parameter free,
constrained to (0–180) deg, hereafter Case 2. As expected, we
observe a strong correlation between Ω and i?, while the remain-
ing parameters maintain consistency with the results obtained
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Table 2. Physical and orbital parameters of the HD 209458 system from previous studies.

Description Symbol [units] Value

Stellar parameters

Effective temperature (a) Teff [K] 6065 ± 50
Projected rotation speed (b) v sin i? [km s−1] 4.70 ± 0.16
Surface gravity (a) log g [cgs] 4.361+0.007

−0.008
Metallicity (a) [Fe/H] 0.00 ± 0.05
Stellar mass (a) M? [M�] 1.119 ± 0.033
Stellar radius (a) R? [R�] 1.155+0.014

−0.016
Planet parameters

Planet mass (a) Mp [MJup] 0.682+0.015
−0.014

Planet radius (a) Rp [RJup] 1.359+0.016
−0.019

Equilibrium temperature (a) Teq [K] 1449 ± 12
Transit parameters

Epoch (c) Tc [BJDTDB] 2454560.80588 ± 0.00008
Period (d) P [day] 3.52474859 ± 0.00000038
Transit duration (e) T14 [h] 2.978 ± 0.051
Full in-transit duration (e) T23 [h] 2.254 ± 0.058

System parameters

Semi-major axis (a) a [au] 0.04707+0.00046
−0.00047

Scaled semi-major axis (a) a/R? 8.76 ± 0.04
Inclination (a) i [deg] 86.71 ± 0.05
Systemic velocity ( f ) γ [km s−1] −14.741 ± 0.002
Stellar velocity semi-amplitude (d) K? [m s−1] 84.27+0.69

−0.70
Projected obliquity (b) λ [deg] −4.4 ± 1.4

References. (a)Torres et al. (2008). (b)Winn et al. (2005). (c)Evans et al. (2015). (d)Bonomo et al. (2017). (e)Richardson et al. (2006). ( f )Naef et al.
(2004).

assuming i? = 90 deg (i.e. Case 1). This same exercise was per-
formed with the eccentricity (now fixing i? to 90 deg), hereafter
Case 3. We left the eccentricity (e) and the argument of peri-
apsis passage (ω) as free parameters, constrained to (0, 1) and
(0–180) deg, respectively. We observe that the radial velocity off-
set ∆v and K? parameters are strongly correlated with ω and e,
respectively. On the other hand, even the best-fit parameters are
consistent with the values obtained under the assumption of a cir-
cular orbit (i.e. Cases 1 and 2), the projected obliquity λ presents
a small correlation with ω value. The best-fit values obtained in
these two cases are shown in Tables 3 and A.1 as Cases 2 and 3,
respectively. In both cases, the MCMC analysis was performed
using 80 walkers and 104 steps.

4. Methods

4.1. Transmission spectrum and light-curve extraction

The HARPS-N observations were reduced with the HARPS-N
Data reduction Software (DRS), version 3.7 (Cosentino et al.
2014, Smareglia et al. 2014). The DRS extracts the spectra order
by order, and they are then flat-fielded. A blaze correction and
the wavelength calibration are applied to each spectral order, and
finally, all the spectral orders from each two-dimensional échelle
spectrum are combined and resampled with a wavelength step of
0.01 Å into a one-dimensional spectrum. The spectra are refer-
enced to the barycentric rest frame and the wavelengths are given
in air.

CARMENES observations were processed with the
CARMENES pipeline CARACAL (CARMENES Reduction
And Calibration; Caballero et al. 2016), which considers
bias, flat-relative optimal extraction (Zechmeister et al. 2014),
cosmic-ray correction, and the wavelength calibration described
in Bauer et al. (2015). The reduced spectra are referenced to the
terrestrial rest frame and the wavelengths are given in vacuum.

The transmission spectrum of each night was extracted as
presented in Casasayas-Barris et al. (2018, 2019). In summary,
we first corrected the telluric absorption contamination using
Molecfit (Smette et al. 2015 and Kausch et al. 2015). Then,
the spectra were shifted to the stellar rest frame using the stel-
lar radial velocity semi-amplitude K? = 84.27 m s−1 measured
by Bonomo et al. (2017), the barycentric radial velocity infor-
mation, and the system velocity (see the physical and orbital
parameters used in Table 2). The RM radial-velocity anomaly
during the transit was not considered when we moved the
spectra to the stellar rest frame. After the stellar spectra were
aligned, we combined all the data taken when the planet was
not transiting to a high S/N master spectrum (master out-of-
transit spectrum). After this, the ratio of all spectra by the
master spectrum was computed, and these residual spectra were
moved to the planet rest frame. For this, we computed the planet
radial velocity semi-amplitude, Kp = 144.89 km s−1, using the
parameters in Table 2. Finally, the in-transit residuals between
second and third contacts of the transit were combined to deter-
mine the individual transmission spectrum of each night. It
should be noted that these operations were all carried out on
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Table 3. RM effect MCMC best-fit values with 1σ and 3σ uncertainties
using different assumptions.

Symbol Units Value 1σ 3σ

Tc BJD 2 452 826.62980 ±0.00009 +0.00026
−0.00025

εH ... 0.94 ±0.01 ±0.03
εC ... 0.84 ±0.03 ±0.08

Case 1

λ deg −1.6 ±0.3 ±0.8
Ω rad d−1 0.540 ±0.002 ±0.006
i? deg 90 (fixed) ... ...
e ... 0 (fixed) ... ...
ω deg 90 (fixed) ... ...

Case 2

λ deg −1.6 ±0.3 ±0.8
Ω rad d−1 0.63 ±0.04 +0.06

−0.08
i? deg 58.7 +7.9

−5.2
+19.3
−7.5

e ... 0 (fixed) ... ...
ω deg 90 (fixed) ... ...

Case 3

λ deg −1.5 +0.4
−0.3 ±1.0

Ω rad d−1 0.540 ±0.002 +0.007
−0.005

i? deg 90 (fixed) ... ...
e ... 0.05 +0.05

−0.04
+0.09
−0.05

ω deg 89.3 +4.7
−5.7

+13.9
−14.4
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Fig. 1. Radial velocity anomaly due to the RM effect (top panel) and
residuals between the data and model (bottom panel). The detrended
stellar radial velocity values observed with CARMENES (four tran-
sits) are presented as grey stars. HARPS-N data sets (five transits) are
presented as black dots. The blue line shows the model resulting from
the combination of the HARPS-N and CARMENES best-fit models. In
light blue we present the 1σ and 3σ uncertainties of the model.

continuum-normalised spectra. Therefore the transit is not
visible outside the spectral lines.

A small difference with respect to the previous studies is
that here, this master out-of-transit spectrum is computed using
the S/N of the Na I order as weights. The reason of using the
weighted mean to compute this spectrum is that the S/N inside
the Na I line cores is low. In order to determine one transmis-
sion spectrum per instrument, we averaged the results of the
individual nights using the mean S/N of each night as weights.

As presented in Yan & Henning (2018) and Casasayas-Barris
et al. (2019), we measured the transmission light curves after
computing the ratio of the spectra by the master-out spectrum,
moved to the planet rest frame. These light curves were measured
by integrating the flux (using trapezoidal integration) inside two
different bandwidths: 0.4 and 0.75 Å. We strongly note that com-
puting the light curves as detailed here (after computing the ratio
of spectra) produces different results than if we had followed
the method presented in Snellen et al. (2008) and Albrecht et al.
(2009), for example. In these studies, the flux inside a passband
centred on the stellar lines is averaged (using the stellar spec-
tra) and is then compared with adjacent passbands of the same
size. For this reason, the results cannot be directly compared.
The light curves of different nights and instruments were com-
bined by sorting the values measured at different time stamps in
chronological order with respect to the centre of the transit. In
this way, we avoided an interpolation to a common time axis.

In both transmission spectra and light curve analysis we used
the transit centre obtained in the RM fitting presented in Sect. 3
(see Table 3). For the remaining parameters we assumed the
literature values presented in Table 2.

4.2. Modelling the RM and CLV effects

To evaluate the stellar variation during the transit, we mod-
elled the CLV and RM effects in the Na I lines as presented in
recent studies such as Yan & Henning (2018), Yan et al. (2019),
Casasayas-Barris et al. (2019), and Czesla et al. (2015). The
stellar spectra were modelled using MARCS (Gustafsson et al.
2008), assuming solar abundance, local thermodynamic equilib-
rium (LTE), and the stellar parameters presented in Table 2. With
the spectroscopy made easy (SME) tool (Piskunov & Valenti
2017) we were then able to compute the stellar spectra for dif-
ferent limb-darkening angles and instrumental resolutions. We
used the line lists from the VALD database (Ryabchikova et al.
2015). After this, the CLV for different orbital phases of the
planet was modelled following Yan et al. (2017), together with
the RM effect as presented by Yan et al. (2019), assuming the
system parameters obtained in Sect. 3. The differences observed
in the modelled spectra when the obliquity (λ) was assumed to be
zero, the value measured in this work or the measurements from
Winn et al. (2005) and Albrecht et al. (2012) are not significant
when compared with the data.

To observe the variation of the modelled stellar line profiles
during the transit of HD 209458b, we divided each continuum-
normalised stellar spectrum by the modelled out-of-transit spec-
trum, as we did for the data (see Sect. 4.1). The evolution of
these effects with the orbital phase of the planet can be observed
in Fig. 2 in the form of what, hereafter, we call 2D maps. In these
maps, we show the wavelength on the horizontal axis, the orbital
phase of the planet on the vertical axis, and the relative flux is
shown in colour. In this figure, we show the contribution of each
individual effect and their combination, which clearly shows that
the main contribution comes from the RM effect.
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Fig. 2. Two-dimensional map of the modelled CLV and RM effects of
HD 209458 system around the Na I lines after dividing all stellar mod-
els by the out-of-transit spectrum, shown in the stellar rest frame. Top
panel: model containing only the RM effect. Middle panel: model con-
taining only the CLV effect. Bottom panel: model containing both the
RM and CLV effects. The black solid lines show the calculated posi-
tion of the planetary trail extrapolated to the out-of-transit time for
better visualisation of the in-transit residuals. The horizontal dashed
lines show the four contacts of the transit. The colour bar describes the
relative flux (Fin/Fout − 1) in %.

The double feature caused by the RM effect (blue and red
regions in the 2D maps) is easily recognised. This behaviour can
be understood by studying Fig. 3. When the planet crosses the
stellar disc, it blocks the stellar light from different regions of
the disc, which have different radial velocities. In our calcula-
tion, we first computed the integrated stellar disc spectrum when
the planet was not transiting (out-of-transit). Then, we computed
the spectrum of the regions of the disc that were blocked by
the planet at different orbital phases. At a given position of the
planet, the spectrum of the blocked region does not contribute to
the final integrated disc spectrum, for this reason, it was then
subtracted from the integrated stellar spectrum. In Fig. 3 we
show the modelled out-of-transit spectrum profile (black) and
the spectra of the regions that are blocked by the planet (colours)
at different orbital phases (in this case, we only include the RM
effect). As expected, the out-of-transit profile is centred at the
laboratory position because it includes all velocities from the
stellar disc. On the other hand, the coloured spectra are shifted
with respect to the out-of-transit spectrum because they come
from regions of the stellar disc that are described by different
radial velocities. These different shifts and line shapes of the
blocked spectra with respect to the integrated disc spectrum pro-
duce the double feature observed in the modelled RM effect.
We note that in this figure, the spectra have been normalised by
their continuum level for better visualisation of the line profile.
The real contribution of the blocked regions to the out-of-transit
spectrum is, of course, very small compared to the integrated
disc spectrum, which produces the effects depicted in Fig. 2.

When the transmission spectrum and light curve models are
computed, it is very important to follow the same method as
is applied to the data. The CLV and RM effects in the trans-
mission spectrum and light curves strongly depend on how we
perform this calculation. For example, the transmission spec-
trum that was computed including only the spectra between the
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Fig. 3. Modelled stellar spectra around the Na I D2 line of HD 209458
system, containing only the RM effect. The black dashed line shows
the out-of-transit spectrum (integrated stellar disc). The coloured lines
show the spectra of the regions that are blocked by the planet at five
different orbital phases, which are then subtracted from the integrated
stellar disc spectrum to compute the final stellar models. We note that
these spectra are all normalised by their own continuum level for a bet-
ter comparison of the line profile. However, in the real subtraction the
blocked spectra represent only a small part of the light received from the
stellar disc. The approximate position of the planet in each calculation
(colours) is indicated in the subplot located in the bottom right corner
of the main figure.

second and third transit contacts is different from the spectrum
in which the ingress and egress spectra are included, especially
when the modelled spectrum only contains the CLV effect (see
its dependence on orbital phase in Fig. 2). The CLV and RM
effects are also partially compensated for when the in-transit
exposures were moved to the stellar rest frame considering the
RM radial velocity anomaly because of the misalignment that
it introduces with respect to the out-of-transit spectra. On the
other hand, for the transmission light curves, when we follow
the method presented in Snellen et al. (2008) and Albrecht et al.
(2009), where the flux is measured in the Na I stellar lines core
(in the stellar rest frame), the curves are different than when
we use the method presented here (in the planet rest frame and
after computing the ratio between the individual spectra and the
master-out spectrum; see also Sect. 7). This is particularly impor-
tant for small bandwidths because the positive part (in relative
flux) of the RM effect follows the radial velocities of the planet
(see Fig. 2). In Fig. 4 we show some transmission spectra and
light-curve models that were computed using different methods.
As an example, we also show the CLV effect model presented by
Yan et al. (2017), which is computed using non-LTE and in the
stellar rest frame. We note how significant the effects become
(especially the RM effect) in both transmission spectra and light
curves when the spectra are moved to the planetary rest frame.
In this particular case, for example, the CLV contribution in the
transmission spectrum is more than four times smaller than the
RM contribution. The importance of considering the RM effect
for atmospheric studies was noted for the first time by Louden &
Wheatley (2015). In this same paper, the RM effect in the trans-
mission spectrum of HD 189733b was shown in the planet and in
the stellar rest frames, noting how these effects are compensated
for in the stellar rest frame.
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Fig. 4. Modelled transmission spectra (left) and light curves (right)
around the Na I D2 line of the system, containing only the CLV (yellow),
only the RM effect (violet) and both effects together (green). In the top
row we show the results computed in the stellar rest frame, while in the
bottom row they are computed in the planet rest frame. For the modelled
transmission spectra, we show with solid lines the results obtained by
combining the data between the first and fourth transit contacts, while
the dashed lines show only the data between the second and third con-
tacts. For the transmission light curves, the solid lines correspond to
a bandwidth of 0.75 Å, and the dashed lines correspond to 0.4 Å pass-
band. The (black) line shown in the stellar rest frame results corresponds
to the models presented in Yan et al. (2017), which considered non-LTE
effects in the stellar models calculation and measured the light curves
using a different method.

5. Analysis and results

5.1. Na I transmission spectrum

The transmission spectra around the Na I lines of HD 209458b
are presented in Fig. 5 and a zoom-in on the lines in Fig. 6.
The results are the combination of three transits observed with
HARPS-N and two with CARMENES. The individual transmis-
sion spectra obtained for each night are shown in Figs. B.1 and
B.2. The laboratory wavelength of the Na I D2 and D1 lines
used here are 5889.951 and 5895.924 Å (in air), from the NIST
database (Kramida et al. 2019).

For all individual nights and instruments (including the nois-
iest nights, which are not shown here and were excluded from the
analysis), instead of atmospheric absorption from the planet, we
observe a pseudo-emission signal centred on the Na I D2 and D1
line positions. When the data are compared with the model con-
taining CLV and RM contributions (see Fig. 6), we find that the
data and the models are consistent. We point out that we directly
compared the modelled effects with the data, without any fitting
or re-scaling procedure.

Other stellar lines in this wavelength range (at 5884 and
5893 Å for example, consistent with Fe I and Ni I) also follow
the expected modelled effects. We measure an averaged relative
flux of 0.20± 0.05 and 0.12± 0.04% in the Na I D2 and D1 lines,
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Fig. 5. HD 209458b transmission spectrum around the Na I doublet after
combining three nights observed with HARPS-N (top panel) and two
with CARMENES (bottom panel). The light grey dots show the original
data and the black dots the binned data using a bin width of 0.1 Å. The
purple line is the RM+CLV model. In each panel, the lower plot shows
the residuals after the model is subtracted from the data.

respectively, using a passband of 0.4 Å in the transmission spec-
trum obtained using HARPS-N data. For CARMENES, we get
0.31 ± 0.08 and 0.07 ± 0.06%, respectively. If this same mea-
surement is performed in our modelled transmission spectrum,
which contains no planetary atmosphere, we obtain 0.22% in
both lines. When subtracting the model from the transmission
spectrum, some absorption-like residuals remain. This probably
results from the combination of the limited model accuracy and
the smaller S/N in the line cores.

The 2D maps around the Na I doublet combining the differ-
ent nights are presented in Fig. 6. The S/N achieved around the
Na I line cores is relatively low (see values in Table 1). Even with
this low S/N, we are able to visually distinguish the behaviour
observed in the modelled CLV+RM effects from Fig. 2 in the
in-transit time region when the different nights are combined,
however. We note that we did not consider any correction related
to the different exposure times of the different nights when the
individual results were combined. For CARMENES, a similar
exposure time was used in both nights, while for HARPS-N one
of the nights has a very different exposure time (300 s less than
the others). This produces different smoothing of the signals
because in 300 s the projected planetary radial velocity changes
by around 0.9 km s−1 during the transit, although 0.9 km s−1 in
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Fig. 6. Same transmission spectra as shown in Fig. 5, but zooming into each line of the Na I doublet. The blue vertical dashed lines show the
laboratory value of the Na I D2 or D1 line. In addition to the transmission spectrum of each line, we show the observed 2D maps around each
particular line in the stellar rest frame. In these maps the spectra have been binned in orbital phase with a bin size of 0.002. In colour we show the
relative flux (blue and red correspond to negative and positive flux, respectively). The horizontal black dashed lines mark the four transit contacts.

HARPS-N correspond to around one pixel, that is, the effect is
expected to be small.

5.2. Na I transmission light curves

The combined transmission light curves of the Na I D2 and
D1 lines from both instruments are presented in Fig. 7. In
Appendix C we present the individual transmission light curves
of each instrument and line.

Because we measured the transmission light curves in the
planet rest frame, the modelled light curves were computed in the
same way. For small passbands (smaller than 0.4 Å) we mainly
included the positive (in relative flux) contribution of the RM
effect in the light curves, while for larger passbands the nega-
tive contribution was also included, which decreased the overall
effect (see Fig. 2) because they cancel each other out. This is the
case when a passband of 0.75 Å is used, for example.

Both instruments and individual lines show similar results.
For the small 0.4 Å passband, the light curves do not show
a transit-like shape, but follow the model describing the RM
effect. For broader passbands, the CLV+RM model curve shows
very small change in amplitude, which is difficult to observe at
the S/N of our data, and indeed, the light curves observed in a
0.75 Å passband are mainly flat, with large scatter. In terms of
the absorption depth, we measure 0.25 and 0.07% in the mod-
elled light RM and CLV curves during the transit (T2-T3) for the
0.4 and 0.75 Å passbands, respectively. In the observed trans-
mission light curves we measure absorption depths of ∼0.15 and
approximately − 0.02%, respectively.

Near the central time of transit, the observed transmission
light curves show a drop in the relative flux. This might be caused
by the fact that the S/N of the stellar Na I lines is very low in the
central cores. At zero orbital phase we measure the flux blocked
by the planet in the line core, while for shorter and longer orbital
phases, this measurement is performed in the wings of the stel-
lar lines, with a higher S/N (because of the orbital motion of the
planet). However, this is not reflected in the error bars because
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Fig. 7. Na I observed transmission light curves calculated using the
passbands of 0.40 Å (top panel) and 0.75 Å (bottom panel). In light
grey we show the original data containing the combined HARPS-N and
CARMENES results. The black dots are the data binned by 0.002 in
orbital phase. In purple we present the transmission light curve mod-
elled considering the CLV and RM effects. In light blue we mark the
region around zero orbital phase where the data present an unexpected
behaviour.

they are calculated using the error propagation from the photon
noise level of the observed spectra. In the 2D maps from Fig. 6
the noise in the central regions of the lines (around 0 km s−1) is
clearly observed. These maps are shown in the stellar rest frame,
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but if they are shifted to the planet rest frame (i.e. in the frame
we work in), the noisier region moves to different velocities
depending on the orbital phases. At zero orbital phase, however,
this noise remains at 0 km s−1 (i.e. where the measurement is
performed).

5.3. Other lines

Following the same method, we explored other strong lines in
the spectrum of HD 209458. Specifically, we analysed the Hα
line (6562.81 Å) using CARMENES and HARPS-N data sets,
the Mg I triplet region (5167.32, 5172.68 and 5183.60 Å) using
HARPS-N, and K I D1 (7698.96 Å) and Ca II IRT (8498.02,
8542.09 and 8662.14 Å) using CARMENES data sets.

The effects studied here are especially noticeable around the
Mg I region, from around 5165–5190 Å. In addition to Mg I,
other strong lines are present in this region, such as Fe I, Fe II,
Ti I, and Ti II. The stellar line cores in this region have higher
S/N than in the Na I cores and are not affected by contamination
from the Earth atmosphere. Consequently, the combined effects
(dominated by the RM effect), which are strong for these lines,
are clearly observed (see Fig. 8). In this same figure, we show the
observed and modelled 2D maps in the Mg I region. The effects
can be observed in the position shown in the models, and are
recovered in the transmission spectrum. For the strongest lines
(Fe II at 5172, Mg I at 5173, and Mg I at 5183 Å), we computed
the transmission light curves, which are presented in Fig. D.1.

For Hα, the transmission spectrum does not show any sig-
nificant feature. The predicted CLV and RM effects of Hα are
weak. The measured contrast is around 0.1% at the line centre.
Using CARMENES, we also measured the transmission spectra
around the Ca II IRT and K I D1 lines. These transmission spec-
tra are presented in Figs. E.1–E.3. In all cases the transmission
spectrum shows emission-like features that can be explained by
the RM effect. For the Ca II IRT lines, the estimated effects do
not describe the observations as well as for other lines. One of

the reasons, and which would similarly affect Hα, is that these
lines are created in the upper chromosphere and might therefore
be affected differently.

5.4. Systematic effects

The error estimates of our measurements come from the prop-
agation of the photon noise through the full analysis, and sys-
tematic effects are therefore not taken into account. One way of
quantifying the systematic effects is the empirical Monte Carlo
(EMC) analysis, presented by Redfield et al. (2008). The EMC is
based on the random selection of individual exposures to build
the in-transit and the out-of-transit samples. These samples are
then used to compute the transmission spectrum, for which the
absorption depth is then measured. In order to have statistical
significance, this process was applied 20 000 times with differ-
ent random samples. With this, we determined the probability
that the measured signal is of planetary origin or is caused by a
random combination of the data. This method has been applied
in several atmospheric studies such as Wyttenbach et al. (2017,
2015) and Jensen et al. (2012, 2011).

We investigated four different scenarios, three of them
described in Redfield et al. (2008). In summary, the first sce-
nario, called “in–in”, takes half of the spectra taken during the
transit as the in-transit sample, and the other half as the out-
of-transit sample. The second scenario is called “out–out” and
takes half of the spectra taken when the planet is not transiting
as the in-transit sample and the other half as the out-of-transit
sample. At each iteration we randomly selected the spectra that
form each sample. The “in–out” scenario is the real case, where
the in- and out-of-transit samples correspond to the data taken
when the planet is transiting and when it is not, respectively.
In this case, the number of spectra in each sample changes in
each iteration, but it is always ensured that the number ratio is
the same as in the observations and that the smallest number is
half the observed in-transit sample. The fourth scenario is called
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Fig. 9. Distributions of the EMC analysis of the Na I lines for the 0.4 Å passband. Each individual panel corresponds to the analysis of one night.
In green we present the out-out scenario, in red the in-in, in blue the mix-mix, and in grey the in-out. The blue dashed vertical lines show the zero
absorption level. We show the Gaussian fit to the histograms as coloured dashed lines.

“mix–mix”. In this case, the in- and out-of-transit samples con-
tain randomly mixed exposures taken when the planet is and is
not transiting. For each scenario, we measured the absorption
depth in each of the 20 000 results. This absorption was mea-
sured as the averaged flux inside a passband of 0.4 Å centred
on the Na I D2 and D1 lines, respectively. For comparison, the
EMC was also applied to the modelled spectra containing both
the CLV and RM effects. We added random noise to the model
considering a standard deviation of 0.010, measured in the con-
tinuum of HARPS-N normalised data of night 5, and we used the
same number of in- and out-of-transit exposures as in this partic-
ular night. The histograms with the absorption depth measured
for the 20 000 cases are shown in Fig. 9.

In all cases, the three control scenarios (in–in, out–out, and
mix–mix) present distributions that are centred around 0% of
absorption. The in-out scenario presents distributions centred at
0.19± 0.04, 0.15± 0.05, and 0.13± 0.04% for the three HARPS-
N nights. For the two nights observed with CARMENES, these
distributions are centred at 0.39 ± 0.05 and −0.04 ± 0.06%. On
the other hand, the model shows an in-out distribution centred
at 0.17 ± 0.04%. The error bars of the values correspond to the
standard deviation of the distributions (see the absorption depth
values summarised in Table 4).

Although we observe that the S/N in the line cores is very
low as a result of the deep stellar lines, in contrast with the
control distributions (which are centred at 0%), the in-out distri-
butions are centred at a positive absorption depth, as measured
in the transmission spectra. This does not occur in the case of
the CARMENES night 9 observation, for which the in-out dis-
tribution is centred near ∼0%. In the individual transmission
spectrum (see right panel of Fig. B.2) a drop in flux can be
observed at the left side of the laboratory position for both Na I

D2 and D1 lines because the spectra are noisier. In the 0.4 Å
passband, this region is partially included and decreases the
absorption depth.

Table 4. Absorption depth (in %) measured on the EMC distributions
computed using the 0.4 Å passband.

In–out In–in Out–out Mix–mix
Night 1 0.19 ± 0.04 −0.01 ± 0.14 0.03 ± 0.10 0.01 ± 0.10
Night 3 0.15 ± 0.05 0.04 ± 0.16 0.11 ± 0.13 0.08 ± 0.13
Night 5 0.13 ± 0.04 0.00 ± 0.09 0.01 ± 0.12 0.01 ± 0.09
Night 7 0.39 ± 0.05 −0.03 ± 0.14 −0.06 ± 0.17 −0.05 ± 0.15
Night 9 −0.04 ± 0.06 −0.06 ± 0.21 −0.03 ± 0.14 −0.05 ± 0.14
Model 0.17 ± 0.04 0.01 ± 0.15 0.00 ± 0.14 0.00 ± 0.12

6. Comparison with previous results

HD 209458b is one of the most frequently studied planets, with
several detections of the Na I doublet using different facilities.
Here, we compare our results around these spectral lines with
those presented in Sing et al. (2008), Snellen et al. (2008), and
Albrecht et al. (2009).

We compared our results with the transmission spectrum
obtained by Sing et al. (2008) using mid-resolution (< = 5540)
observations with the STIS at HST (see Fig. 10). For this compar-
ison, we binned the transmission spectra from Fig. 5 in 0.55 Å
intervals, which is the STIS pixel size. The centre of each bin
was located at the positions presented in Sing et al. (2008). The
modelled spectrum was computed using only the orbital phases
covered by HST, and was then binned at the same intervals as
the data. Our high-resolution binned data and our model are con-
sistent with the HST observations. Sing et al. (2008) discarded
the two points falling on the Na I line cores from their analy-
sis because of possible telluric contamination: their wavelength
positions were consistent with the Earth’s radial velocities during
the observations. However, our results reveal that an alternative
explanation is the combination of the RM+CLV effects, which
is also valid for other wavelengths such as the Ni I position at
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transmission spectra with the result presented in Sing et al. (2008).
The CARMENES and HARPS-N results are presented using a bin-
ning width of 0.55 Å. Bottom panel: HD 209458b transmission light
curves from Snellen et al. (2008), Albrecht et al. (2009), and this work
(binned by 0.002 in orbital phase). The dashed line shows the trans-
mission model as presented in those studies, while the solid line is the
expected CLV and RM effects obtained with the same method.

5893 Å, which is also visible in the figure. In HST observa-
tions, this telluric contamination is absent in other strong lines
such as Fe I, while the CLV and RM effects should remain (see
Fig. 8), although they are perhaps not detectable by STIS. When
we compared the results, we noted an offset of −0.2 Å (half
of the STIS pixel size) between HST and the results presented
here.

Snellen et al. (2008) and Albrecht et al. (2009) measured the
transmission light curves by integrating the flux inside the stellar
line cores, in the stellar rest frame, and compared the flux with
the one measured inside two reference passbands. They mea-
sured a Na I absorption of 0.135 ± 0.017% with a passband of
0.75 Å. Following this same method, we built a transmission
light curve with the HARPS-N data. In Fig. 10 we compare our
own light curve with those presented in Snellen et al. (2008)
and Albrecht et al. (2009). None of the results agrees with the
modelled CLV and RM effects light curve. On the other hand,
although we are not able to reproduce the full transmission light
curve from their results with our data, most of the points are
consistent considering the error bars. Light curve observations
with higher S/N might help solve these issues. Nevertheless, the
agreement between our models and the transmission spectrum
results obtained in Sect. 5 (Figs. 5, 6, and 8) gives us confidence

that the signals seen in our analysis can be explained without
invoking planetary absorption.

Finally, Keles et al. (2019) studied the presence of K I in
the atmosphere of HD 209458b. Interestingly, they reported an
emission-like behaviour at low bandwidths, which would be con-
sistent with the RM effect and non-detection of K I line at 7699 Å
reported in this work.

7. Discussion and conclusions

We combined nine transit observations (five with HARPS-N and
four with CARMENES) to measure the RM effect using the
radial velocity measurements obtained from SERVAL. The best-
fit model shows a projected spin-orbit angle of λ = −1.6 ± 0.3,
indicating a well-aligned orbit, as presented by Winn et al.
(2005) and Albrecht et al. (2012). Because of its brightness and
the RM amplitude, HD 209458b is an excellent planet for chro-
matic RM studies (Snellen 2004, Di Gloria et al. 2015, and Yan
et al. 2015), especially using ESPRESSO-like observations with
high S/N.

We also computed the transmission spectrum of
HD 209458b around the Na I using three archival nights
observed with HARPS-N, and two with CARMENES. The
importance of considering the CLV and RM effect in atmo-
spheric studies has previously been pointed out. Yan et al. (2017)
predicted the significance of the CLV effect in atmospheric
studies of HD 209458b around Na I. In particular, we observe
that this effect becomes significant in the transmission light
curves (∼0.1% of contrast, see Fig. 4). Here, in addition to this
effect, we also considered the RM effect contribution, which is
found to strongly increase the residual effects in the line cores
of the transmission spectrum by a factor of about four when
computed in the planet rest frame. For all individual nights, the
resulted transmission spectra of the exoplanetary atmosphere
show an emission-like signal instead of an expected absorption
signal, as has been found in previous studies by Albrecht
et al. (2009), Snellen et al. (2008), Sing et al. (2008), and
Charbonneau et al. (2002). The transmission spectra presented
here are consistent with the modelled CLV and RM effects on
the stellar line profiles without considering any contribution
from the exoplanet atmosphere.

The same is observed in the transmission light curves that
are computed using narrow passbands, where the positive con-
tribution of the RM effect is the dominating factor. For wide
passbands, however, the effects are diluted and the transmis-
sion light curves do not present enough S/N to observe any clear
behaviour. Further observations are needed at higher S/N to build
reliable light curves that can be compared to our models.

Finally, we compared our measurements and models to pre-
vious studies of the presence of Na I in the atmosphere of
HD 209458b. Our results reveal that an alternative explanation
for the transmission spectrum derived from HST observations is
the combination of the RM and CLV effects. When we compared
this to High-Dispersion Spectrograph/Subaru observations, we
were unable to reproduce the full transmission light curve from
their results with our data, but most of the points are consis-
tent considering the error bars. Moreover, none of the light
curves are consistent with the modelled effects. Light curve
observations with higher S/N are needed to solve this issue.
Nevertheless, the agreement between our models and the trans-
mission spectrum results obtained in Sect. 5 (Figs. 5, 6 and 8)
gives us confidence that the signals seen in all data sets can
be explained without invoking planetary absorption by Na I in
the atmosphere of HD 209458b. Our results also imply that the
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detection of atmospheric features needs to account for these
effects. Detailed modelling of both RM and CLV effects like
this is mandatory when the characterisation of small Earth-like
planets around low-mass stars is attempted with the ELTs in the
coming decades.
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Appendix A: MCMC results and probability distributions
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Fig. A.1. Measured stellar radial velocities of HD 209458 during the transit (black) for different nights and instruments. In blue we show the best-fit
model obtained with the MCMC procedure.
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Table A.1. Extension of Table 3.

Case 1 Case 2 Case 3

Parameter Units Value 1σ 3σ Value 1σ 3σ Value 1σ 3σ

∆vH1 m s−1 26.4 ±0.2 ±0.6 26.4 ±0.2 +0.6
−0.7 25.4 +6.0

−7.5
+17.8
−18.8

∆vH2 m s−1 21.4 ±0.3 ±0.9 21.4 ±0.3 +1.0
−0.8 20.4 +6.4

−8.0
+18.3
−19.9

∆vH3 m s−1 22.9 ±0.2 +0.5
−0.4 22.9 ±0.2 ±0.4 21.9 +6.4

−8.0
+19.0
−20.1

∆vH4 m s−1 −12.9 ±0.3 ±1.0 −12.9 ±0.4 ±1.0 −13.8 +6.3
−8.1

+18.9
−20.0

∆vH5 m s−1 20.0 ±0.2 ±0.5 20.0 ±0.2 ±0.5 18.9 +7.2
−9.1

+20.7
−22.5

∆vC1 m s−1 27.9 ±0.6 +1.7
−1.8 27.9 ±0.6 +1.8

−1.7 26.8 +6.5
−8.1

+18.1
−20.2

∆vC2 m s−1 24.9 ±0.4 ±1.2 24.9 ±0.4 +1.3
−1.1 23.5 +8.7

−10.9
+24.9
−27.7

∆vC3 m s−1 31.2 ±0.7 +2.0
−1.9 31.1 ±0.6 +1.9

−1.7 30.4 +6.6
−8.2

+19.2
−21.7

∆vC4 m s−1 24.0 ±0.4 ±1.2 24.0 ±0.4 ±1.1 22.7 +8.1
−10.1

+24.2
−25.9

KH1
? m s−1 79.6 ±1.3 +3.8

−3.6 79.8 +1.2
−1.3

+3.7
−3.8 71.9 +5.5

−6.5
+9.9
−11.6

KH2
? m s−1 84.9 ±2.1 +6.0

−6.1 84.0 +2.1
−2.2

+5.3
−6.7 77.1 +5.7

−7.1
+11.1
−14.8

KH3
? m s−1 85.2 ±0.8 ±2.4 85.4 +0.8

−0.9
+2.4
−2.6 77.2 +5.8

−7.0
+10.3
−13.0

KH4
? m s−1 85.5 +3.5

−3.4
+10.2
−9.8 84.5 +3.7

−3.4
+10.0
−9.5 77.2 +6.4

−7.6
+14.0
−15.5

KH5
? m s−1 95.9 ±1.4 +3.7

−4.1 95.5 +1.4
−1.3

+4.0
−3.9 86.7 +7.0

−7.9
+11.8
−15.5

KC1
? m s−1 83.1 +5.5

−5.2
+14.9
−15.0 85.9 ±5.2 +15.0

−15.5 75.3 +7.8
−7.9

+20.4
−15.1

KC2
? m s−1 114.5 ±2.9 +8.5

−8.0 113.9 ±2.9 +6.0
−8.6 103.4 +8.4

−9.5
+15.8
−20.3

KC3
? m s−1 85.8 +6.0

−6.2
+13.7
−18.2 79.5 ±4.9 +19.7

−13.7 78.1 +8.6
−8.2

+22.7
−17.0

KC4
? m s−1 108.0 +3.1

−3.0
+8.7
−8.9 109.1 +3.0

−3.1
+8.4
−8.9 97.4 +7.3

−8.9
+15.8
−18.6

Notes. MCMC best-fit ∆v and K? values with 1σ, and 3σ error bars for different assumptions: i? = 90 deg and circular orbit (Case 1), i? free and
circular orbit (Case 2), and i? = 90 deg and free eccentricity (Case 3).
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Fig. A.2. Correlation diagrams for the probability distribution of the RM model parameters for HD 209458b, obtained assuming i? = 90 deg and
circular orbit (Case 1). The dashed lines overimposed on the histograms correspond to the 16 and 84 percentiles used to obtain the 1σ statistical
errors. One hundred walkers and 105 steps are used in this analysis.
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Appendix B: Individual transmission spectra

B.1. HARPS-N data
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Fig. B.1. HD 209458b transmission spectra around the Na I doublet for three different HARPS-N data sets. In light grey we show the original data,
and as black dots the data binned by 0.1 Å. In purple we show the RME+CLV model for each data set.

B.2. CARMENES data
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Fig. B.2. Same as Fig. B.1, but for CARMENES data.
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Appendix C: Individual instrument and Na I lines transmission light curves
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Fig. C.1. Observed transmission light curves for the Na I doublet computed using HARPS-N (top row panels) and CARMENES (bottom row
panels) data sets. In each panel we show the light curves for two different passbands: 0.4 Å (top row) and 0.75 Å (bottom row). Each column
corresponds to a different computation: the Na I D2 and D1 lines combined (left column), only Na I D2 (middle column), and only Na I D1 (right
column). In all cases, the light grey data correspond to the original data, while the black dots are the data binned by 0.002 in orbital phase. In purple
we show the modelled light curves containing the CLV and RM effects.
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Appendix D: Transmission light curves around Fe II λ5169, Mg I λ5173, and Mg I λ5183
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Fig. D.1. Same as Fig. C.1, but for the Fe II line at 5169 Å (left), the Mg I line at 5173 Å (middle), and for Mg I 5183 Å (right).

Appendix E: Transmission spectra around Hα, K I D1, and Ca II IRT
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Fig. E.1. Same as Fig. B.1, but around the Hα line. In the top panel we show the results combining three HARPS-N transits, and in the bottom
panel the results after combining two CARMENES observations.
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Fig. E.2. Same as Fig. B.1, but around the K I D1 line at 7698.96 Å. This result is the combination of two CARMENES observations (HARPS-N
does not cover this wavelength region).
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Fig. E.3. Same as Fig. B.1, but around the Ca II IRT triplet. This result is the combination of two CARMENES observations (HARPS-N does not
cover this wavelength region). In each panel we show the transmission spectrum around one of the Ca II IRT lines. Each line is specified inside the
panel. We note that for these lines the model seems to be less intense than the data.
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6
HD 209458b’s atmosphere seen by

ESPRESSO

If we’re both going crazy,
then we’ll go crazy together, right?

–Stranger Things, 2016

In this chapter we present the confirmation of the results presented in Chap-
ter 5 using two high quality transit observations of HD 209458b obtained with
the ESPRESSO spectrograph (< ∼ 140 000). These observations are based on
Guaranteed Time Observations collected at the European Southern Observa-
tory by the ESPRESSO Consortium. Following the same methodology used in
chapter 5 we extract the transmission spectrum and light curves of HD 209458b
in different wavelength regions covered by ESPRESSO. In particular, we focus
on the NaI doublet, Hα, MgI, FeI, and KI individual lines. Additionally, we
apply the cross-correlation technique in order to search for atoms and molecules
that may originate tens to thousands of individual absorption lines in the trans-
mission spectrum. Using this technique we search for FeI, FeII, CaI, TiO, VO
and VI signatures produced by the exoplanet atmosphere. The results pre-
sented in this chapter are accepted for publication in A&A (Casasayas-Barris
et al., 2020a).

As observed in the HARPS-N and CARMENES results, ESPRESSO obser-
vations clearly show strong emission-like features in the transmission spectra
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128 CHAPTER 6. HD 209458b’s atmosphere seen by ESPRESSO

located at the position of all stellar lines. These features are consistent with
the modelled RM and CLV deformation of the stellar lines profile. For the
HD 209458b system, the velocity of the planet during the transit and the RM
deformation overlap, making the detection of atmospheric features that are also
present in the stellar spectrum extremely challenging. TiO and VO molecules
are not expected to be present in the stellar atmosphere, and we find no evi-
dence of these species in HD 209458b, potentially caused by the inaccurate line
lists available for these molecules at high spectral resolution.

Here, given the high S/N of ESPRESSO data, we are able to compare
the modelled CLV and RM effects when assuming different stellar atmospheric
models. We observe that using the local thermodynamic equilibrium (LTE)
approximation, the effects remain underestimated in comparison with the ob-
servations. When the non-LTE is assumed, the modelled effects describe the
transmission spectrum better. When exploring the time-variations of these
effects and comparing with the data, we observe that the results are better
explained when the models include only the RM deformation, probably indi-
cating an overestimation of the CLV. This is also suggested by the extracted
local stellar spectra.
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The atmosphere of HD 209458b seen with ESPRESSO∗

No detectable planetary absorptions at high resolution
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ABSTRACT

We observed two transits of the iconic gas giant HD 209458b between 380 and 780 nm using the high-resolution ESPRESSO spec-
trograph. The derived planetary transmission spectrum has features at all wavelengths where the parent star shows strong absorption
lines, for example, Na i, Mg i, Fe i, Fe ii, Ca i, V i, Hα, and K i. We interpreted these features as the signature of the deformation of
the stellar lines profiles due to the Rossiter-McLaughlin effect, combined with the centre-to-limb effects on the stellar surface, which
agrees with recent similar reports in the literature. We also searched for species that might be present in the planetary atmosphere,
but not in the stellar spectra, for example, TiO and VO, with negative results. Thus, we find no evidence of any planetary absorption,
including previously reported Na i, in HD 209458b’s atmosphere. The high signal-to-noise ratio in the transmission spectrum (∼ 1700
at 590 nm) allows us to compare the modelled deformation of the stellar lines assuming different one-dimensional stellar atmospheric
models. We conclude that the differences between various models and observations remain within the precision of data. However,
the transmission light curves are better explained when the centre-to-limb variation is not included in the computation, and only the
Rossiter-McLaughlin deformation is considered. This demonstrates that ESPRESSO is currently the best facility to spatially resolve
the stellar surface spectrum in the optical range using transit observations, and to empirically validate stellar models.

Key words. planetary systems – planets and satellites: individual: HD 209458b – planets and satellites: atmospheres – methods:
observational – techniques: spectroscopic

∗ Based on Guaranteed Time Observations collected at the Euro-
pean Southern Observatory under ESO programme 1102.C-0744 by the
ESPRESSO Consortium.

1. Introduction

High dispersion spectroscopy has become one of the most pow-
erful tools for the atmospheric characterisation of exoplanets.

Article number, page 1 of 21
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The technique relies on the wavelength separation of the plane-
tary, stellar, and telluric spectral lines due to their differential ve-
locities (Snellen et al. 2010). So far high dispersion spectroscopy
has been applied to both transiting (e.g. Sánchez-López et al.
2019; Brogi et al. 2018) and non-transiting planets (e.g. Brogi
et al. 2014; Guilluy et al. 2019) and has led to the detection
of several species in exoplanetary atmospheres, including: alkali
lines and molecules in hot Jupiter atmospheres (Redfield et al.
2008; Wyttenbach et al. 2015, 2017; Chen et al. 2020; Birkby
et al. 2017), tracing evaporation and escape processes (Yan &
Henning 2018; Nortmann et al. 2018; Allart et al. 2018), and
ionospheric species in ultra hot Jupiter atmospheres (Hoeijmak-
ers et al. 2018; Casasayas-Barris et al. 2019; Seidel et al. 2019;
Pino et al. 2020).

With the start of operation of ESPRESSO (Echelle SPec-
trograph for Rocky Exoplanets and Stable Spectroscopic Obser-
vations; Pepe et al. 2010, 2014, 2020), our capabilities for this
type of studies are enhanced at optical wavelengths. ESPRESSO
is already delivering ground-breaking measurements of time-
resolved transmission spectra (Ehrenreich et al. 2020; Borsa
et al. 2020), accurate Rossiter-McLaughlin (RM) measurements
(Santos et al. 2020) and high-precision characterisation measure-
ments of multiple-planet systems (Damasso et al. 2020; Suárez
Mascareño et al. 2020). Moreover, relatively small effects such
as the impact of the stellar centre-to-limb variation (CLV) and
the RM effect on the transmission spectra, which fell within the
signal-to-noise ratio (S/N) of previous studies, can now be mea-
sured and taken into account given the very high S/N and ex-
treme quality of the ESPRESSO data. The impact of the RM ef-
fect in atmospheric studies was already described by Louden &
Wheatley (2015) and similarly, other studies (Czesla et al. 2015;
Khalafinejad et al. 2017) pointed out the importance of the CLV.
The detailed understanding of these effects is crucial for the suc-
cess of future observations of small rocky planet atmospheres
with the ELTs (Snellen 2013).

Here, we revisit the atmosphere of the benchmark exoplanet
HD 209458b using two transit observations with ESPRESSO. It
was the first planet to be observed transiting its host star (Char-
bonneau et al. 2000; Henry et al. 2000) and the first for which
the detection of an atmosphere was claimed (Charbonneau et al.
2002) using the Hubble Space Telescope (HST) observations.
HD 209458b is one of the most studied planets to date. This hot
Jupiter orbits an F9-type star, and has a mass of 0.682 MJ , radius
of 1.39 RJ , and equilibrium temperature of 1449 K (see more
parameters in Table 2). Over the years, there have been several
studies of its atmosphere using low and high-resolution spec-
troscopy facilities. At low resolution, several detections have
been performed using the HST observations. For example, Char-
bonneau et al. (2002) and Sing et al. (2008) reported Na i absorp-
tion, Deming et al. (2013) found water in the atmosphere of the
planet, and Désert et al. (2008) found tentative features of TiO
and VO.

High-resolution spectroscopy studies have shown the detec-
tion of different atomic and molecular species. Using the High
Dispersion Spectrograph (HDS) on the Subaru telescope, Narita
et al. (2005) reported upper limits of several lines, including
the Na i doublet. With the same data sets, Snellen et al. 2008
found absorption of Na i in the transmission light curves, and
Astudillo-Defru & Rojo (2013) detected calcium, possibly scan-
dium and hydrogen (Hα) in the atmosphere of the planet, and
reconfirmed the Na i detection. Similarly, Na i absorption was
reported by Albrecht et al. (2009) using the Ultraviolet and Vi-
sual Echelle Spectrograph (UVES) at the Very Large Telescope
(VLT), and tentative features were shown by Langland-Shula

et al. (2009) and Jensen et al. (2011) using the High Resolution
Echelle Spectrometer (HIRES) at Keck and the High-Resolution
Spectrograph (HRS) at Hobby-Eberly Telescope (HET), respec-
tively. On the other hand, Winn et al. (2004) were unable to
detect Hα absorption using observations with HDS at Subaru,
while Jensen et al. (2012) found a broad feature correlated with
orbital phase centred at the Hα position using observations with
the HET.

More recently Yan et al. (2017) studied the impact of the
CLV when attempting to study the atmosphere of this planet us-
ing high resolution spectroscopy. Casasayas-Barris et al. (2020),
on the other hand, analysed transit observations of HD 209458b
with the HARPS-N (High Accuracy Radial velocity Planet
Searcher in North hemisphere; Cosentino et al. 2012) and
CARMENES (Calar Alto high-Resolution search for M dwarfs
with Exoearths with Near-infrared and optical Echelle Spectro-
graphs; Quirrenbach et al. 2014, 2018) spectrographs, suggest-
ing that the features observed in the high-resolution transmission
spectrum could be explained by the combination of the RM ef-
fect and the CLV. With the current ESPRESSO observations, we
aim at a better characterisation of the signals in the transmission
spectra and at exploring the presence of species in the planetary
spectrum that are not present in the stellar spectrum.

This paper is organised as follows. In Sect. 2 we present the
observations. The methods for extracting the stellar parameters,
the reloaded-RM technique, the atmospheric analysis and stel-
lar contamination modelling are presented in Sect. 3. In Sect. 4
we present the results obtained in the atmospheric analysis of
HD 209458b around individual lines and using cross-correlation
techniques. In Sect. 5 we discuss the systematic effects and ac-
curacy of the modelled stellar contamination. The conclusions
are presented in Sect. 6.

2. Observations and data reduction

Two transits of HD 209458b were observed with ESPRESSO,
a fiber-fed spectrograph located at the Very Large Telecope
(VLT) that covers the optical wavelength range between 3800
and 7880 Å, the nights of 2019-07-20 and 2019-09-11. Both ob-
servations were performed at the UT3 Melipal telescope, as part
of the Guaranteed Time Observation under programme 1102.C-
0744, using the HR21 observing mode which considers 1-arcsec
fiber, a binning of a factor of 2 along the spatial direction, achiev-
ing a resolving power< ∼ 140 000 (Pepe et al. 2020).

The observations were performed following the typical ob-
serving strategy for transmission spectroscopy studies of exo-
planets: monitoring the star with consecutive exposures before,
during, and after the transit of the exoplanet. During the first
night, one hour was dedicated to observe before and after the
transit. For the second night, one hour was used before the tran-
sit and one hour and a half after the transit. We used fiber A
observing the target and fiber B to monitor and subtract the sky
signature. We used the same exposure time on both occasions
(175 s) obtaining a total of 89 and 85 exposures with an averaged
S/N of 234 and 193 at 588 nm (physical order 104) during the
two nights, respectively. The observations are summarised in Ta-
ble 1. Due to limitations in the atmospheric dispersion compen-
sator, the exposures with airmass larger than 2 are excluded from
the analysis. This affects the six first exposures of the first night
(2019-07-20). Therefore, a total of 83 spectra are used from that
night, achieving an averaged S/N of 239.

Here, we use the one-dimensional spectra (s1d sky sub-
tracted products) extracted by the Data Reduction Software
(DRS) pipeline version 2.0. When inspecting the sky spectra we
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notice that telluric Na i emission is present in both nights, but
corrected in the target spectra by the pipeline when the sky sub-
traction is applied. We also observe and correct for telluric Na i
absorption, which can not be monitored by fiber B (see Sect. 3).

3. Analysis

3.1. Stellar parameters

Based on the ESPRESSO spectra, we derive the stellar atmo-
spheric parameters of HD 209458 using the Equivalent Width
method by means of the StePar1 code (Tabernero et al. 2019),
following the same methodology applied in recent ESPRESSO
observations (Tabernero et al. 2020; Ehrenreich et al. 2020). In
summary, StePar relies on the 2017 version of the MOOG code
(Sneden 1973) and a grid of MARCS stellar atmospheric models
(Gustafsson et al. 2008). We use the Fe i and Fe ii line list from
(Tabernero et al. 2019) for metal rich main sequence stars.

For comparison, we also used ARES+MOOG (Sousa 2014;
Santos et al. 2013) to derive the stellar atmospheric parameters
and respective uncertainties. We used the usual line list from
Sousa et al. (2008) where the equivalent widths were measured
with the ARES code2 (Sousa et al. 2007, 2015). In the minimisa-
tion process we find the ionisation and excitation equilibrium to
converge in the best set of spectroscopic parameters. This pro-
cess uses a grid of Kurucz model atmospheres (Kurucz 1993)
and the radiative transfer code MOOG (Sneden 1973).

Using StePar, we measure an effective temperature (Teff)
of 6069 ± 54 K, gravity (log g) of 4.41 ± 0.13 cgs, metallic-
ity ([Fe/H]) of 0.02 ± 0.04, and microturbulence velocity (ξ) of
1.03 ± 0.08 km s−1. On the other hand, using ARES+MOOG,
Teff = 6139±62 K, log g = 4.46±0.10 cgs, [Fe/H]= 0.05±0.04,
and ξ = 1.221 ± 0.025 km s−1. Using these previous spectro-
scopic values and PARAM1.33 (da Silva et al. 2006), we de-
rive a stellar radius and mass of R? = 1.136 ± 0.027 R� and
M? = 1.153±0.029 M� for StePar parameters, and R? = 1.160±
0.027 R� and M? = 1.116 ± 0.029 M� using ARES+MOOG re-
sults. These values are consistent with most of the previous stud-
ies (Torres et al. 2008; Bonomo et al. 2017; Stassun et al. 2017;
Sousa et al. 2008; del Burgo & Allende Prieto 2016, among oth-
ers). The stellar parameters derived here are summarised in Ta-
ble 2.

3.2. Reloaded Rossiter-McLaughlin technique

The CCFs generated by the ESPRESSO DRS (here after CCFDI,
for disk-integrated) originate from starlight integrated over
the disk of HD 209458. We used the reloaded RM technique
(Cegla et al. 2016a, see also Bourrier et al. 2017, 2018, 2020;
Ehrenreich et al. 2020) to isolate the local CCFs (heareafter
CCFloc) from the regions of the photosphere that are occulted by
HD 209458 b during its transit. The CCFDI were first aligned by
removing the Doppler-reflex motion of the star induced by the
planet, calculated with the orbital properties in Table 2. Since
the ESPRESSO observations are not calibrated photometrically,
each CCFDI has to be continuum-scaled to reflect the planetary
disk absorption. This was done using a light curve computed
with the batman package (Kreidberg 2015) and the properties
from Table 2. CCFDI outside of the transit were co-added to

1https://github.com/hmtabernero/StePar
2The last version of ARES code (ARES v2 - http://www.astro.

up.pt/~sousasag/ares; https://github.com/sousasag/ARES
3http://stev.oapd.inaf.it/cgi-bin/param_1.3

Fig. 1: Map of the CCFloc series in the first (top panel) and sec-
ond (bottom panel) night, as a function of orbital phase (in or-
dinate) and radial velocity in the stellar rest frame (in abscissa).
Maps were obtained for the adjusted transit parameters (see text).
Colors indicate flux values. The four horizontal dashed white
lines show the times of transit contacts. In-transit CCFloc show
the average stellar line profiles from the regions occulted by
HD 209458 b across the stellar disk. The magenta crosses are
the measured centroids of the average stellar line profiles, corre-
sponding to the local RVs of the planet-occulted regions.

build a master-out CCFDI representative of the unocculted star.
We then aligned all CCFDI in the star rest frame using the
systemic velocity measured via a Gaussian fit to the master-out
in each visit, to account for possible nightly offsets in the
instrumental, atmospheric, and astrophysical noise. Residual
CCFloc were then obtained by subtracting the scaled CCFDI from
the master-out in each visit (Fig. 1). Errors were propagated at
each step from the CCFDI to the CCFloc.

The CCFloc spectrally and spatially resolve the photosphere
of the star along the transit chord. The average stellar lines
from the planet-occulted regions were fitted with independent
Gaussian profiles and Levenberg-Marquardt least-squares
minimization to derive the local RVs of the stellar surface. The
average local stellar lines are well fitted with Gaussian profiles,
and are detected in all exposures except the first and last ones
of ingress and egress in each night (the detection criterion is
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Table 1: Observing log of the HD 209458b transit observations.

Night Telescope Date of Start End Airmassa Texp Nobs S/Nb

observation [UT] [UT] change [s] Na i order
1 VLT-UT3 2019-07-20 03:43 09:30 2.23–1.38–1.89 175 89 122-261
2 VLT-UT3 2019-09-11 00:35 06:06 2.00–1.38–1.93 175 85 132-228

Notes.a Airmass change during the observation. (b) Minimum and maximum S/N for each night, calculated in the Na i echelle order.

Table 2: Physical and orbital parameters of the HD 209458 sys-
tem.

Parameter Value Reference
. . . . . . . . . . . . . . . . . . . . . . . . . . . Stellar parameters . . . . . . . . . . . . . . . . . . . . . . . . . . .

Teff [K] 6069 ± 54 This work (StePar)
6139 ± 62 This work (ARES+MOOG)

ξ [km s−1] 1.03 ± 0.08 This work (StePar)
1.221 ± 0.025 This work (ARES+MOOG)

log g [cgs] 4.41 ± 0.13 This work (StePar)
4.45 ± 0.10 This work (ARES+MOOG)

[Fe/H] 0.02 ± 0.04 This work (StePar)
0.05 ± 0.04 This work (ARES+MOOG)

M? [M�] 1.116 ± 0.029 This work (StePar)
1.153 ± 0.029 This work (ARES+MOOG)

R? [R�] 1.160 ± 0.027 This work (StePar)
1.136 ± 0.027 This work (ARES+MOOG)

v sin i? [km s−1] 4.228 ± 0.007 This work (reloaded-RM)
. . . . . . . . . . . . . . . . . . . . . . . . . . . Planet parameters . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mp [MJup] 0.682+0.015
−0.014 Torres et al. (2008)

Rp/R? 0.12086 ± 0.00010 Torres et al. (2008)
Kp [km s−1] 145.0 ± 1.6 This worka

. . . . . . . . . . . . . . . . . . . . . . . . . . . Transit parameters . . . . . . . . . . . . . . . . . . . . . . . . . . .

T0 [BJDTDB] 2454560.80588 ± 0.00008 Evans et al. (2015)
P [day] 3.52474859 ± 0.00000038 Bonomo et al. (2017)
T14 [h] 2.978 ± 0.051 Richardson et al. (2006)
T23 [h] 2.254 ± 0.058 Richardson et al. (2006)

. . . . . . . . . . . . . . . . . . . . . . . . . . . System parameters . . . . . . . . . . . . . . . . . . . . . . . . . . .

a/R? 8.87 ± 0.05 Evans et al. (2015)
i [deg] 86.78 ± 0.07 Evans et al. (2015)
a [au] 0.04707+0.00045

−0.00047 Bonomo et al. (2017)
e 0 Bonomo et al. (2017)
ω [deg] 90 Bonomo et al. (2017)
K? [m s−1] 84.27+0.69

−0.70 Bonomo et al. (2017)
γ [km s−1] −14.741 ± 0.002 Naef et al. (2004)
λ [deg] 1.58 ± 0.08 This work (reloaded-RM)
b 0.511 This work (reloaded-RM)

Notes. (a) Derived assuming zero eccentricity (e = 0): Kp = 2πa sin(i)/P

that the amplitude of the model CCFloc is four times larger than
the dispersion in the measured CCFloc continuum). ESPRESSO
thus allows us to sample with a high temporal resolution the full
transit window, which translates into a fine spatial sampling of
the full transit chord out to the limbs of the star (Fig. 2). This
led us to identify an abnormal deviation of the local RVs during
ingress. We found that the local RVs series, in particular at the
limbs, is highly sensitive to minute variations in the assumed
mid-transit time and impact parameter. The efficiency of the
reloaded RM technique relies on the possibility to analyze
spectrocopic data using photometry of similar quality, so that
the shape of the transit light curve and the orbital phase of
the exposures are known to a sufficient precision. Deviations
from the true photometric scaling and phasing of the CCFDI

can otherwise bias the extracted CCFloc and their measured
centroid. Here, the high quality of HD 209458 b observations
with ESPRESSO is not matched by our knowledge of its transit
properties, derived from photometry obtained several years ago
and resulting in a present-day uncertainty on T0 of about 40 s.

In order to estimate the precision required on the transit prop-
erties and their impact on the derived obliquity λ and projected
stellar rotational velocity v sin i?, we assumed that HD 209458
rotates as a solid body and performed the extraction of the local
RVs over a grid of T0 and b values. Different values for these
properties can change which exposures are considered in-transit,
and which ingress/egress exposures yield a detection for the av-
erage local stellar line. Thus different extractions can yields dif-
ferent series of local RVs, preventing us from using χ2 minimiza-
tion. We searched instead for the approximate T0 and b values
that minimize the dispersion of the residuals between a given
local RVs series and its best-fit solid-body model (described in
Cegla et al. 2016a, Bourrier et al. 2017). We found that the lo-
cal RVs best agree with solid-body rotation when the mid-transit
time is shifted by 76 s (2454560.80676 BJD), and the impact pa-
rameter equals 0.511 (Fig. 2). Provided that those properties are
correct and HD 209458 rotates as a solid-body, we then derive
λ = 1.58±0.08◦ and v sin i? = 4.228±0.007 km s−1. We caution
that these uncertainties are underestimated, as they do not ac-
count for the additional uncertainty on the transit depth (Table
2) and limb-darkening coefficients (set using the code provided
by Espinoza & Jordán 2015). Nonetheless, varying those prop-
erties changes the derived v sin i? by less than 50 m s−1 and has
a negligible impact on λ. Even fitting the biased local RVs asso-
ciated with Evans et al. (2015) transit properties only changes λ
by∼1◦ (0.48◦) and v sin i? by 44 m s−1 (4.184 km s−1). Therefore,
while our adjusted values for T0 and b should be considered with
caution, the derived obliquity is likely precise within a degree
and the projected stellar rotational velocity within 100 m s−1. We
note that the analysis of the HD 209458b data by Santos et al.
(2020), based on the classical RM approach, similarly yields a
mid-transit time shifted to later values. We also note the high
repeatability of the local RV series, despite them being sep-
arated by about two months, which highlights the stability of
ESPRESSO.

Despite the strong influence of T0 and b on the RM analy-
sis of HD 209458 b, our adjusted values differ by less than 2σ
from the nominal values of Evans et al. (2015). Reaching a high
accuracy on λ and v sin i? in the HD 209458 system, and search-
ing for fine RV variations associated with the stellar surface mo-
tion (e.g., differential rotation, convective blueshift), will require
an extreme precision of the transit properties that only a space-
based facility like CHEOPS or TESS can provide.
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Nominal properties

Adjusted properties

Fig. 2: RVs of the stellar surface regions occulted by HD 209458
b in the first (blue points) and second (red points) night. Their
extraction was performed for the nominal transit properties from
Evans et al. (2015) in the top panel, and for the adjusted prop-
erties in the bottom panel. The solid black line is the best-fit
solid-body model to the RVs obtained for the adjusted proper-
ties. Vertical dotted lines show the times of transit contacts.

3.3. Telluric correction

As in other recent studies using ESPRESSO observations (Chen
et al. 2020; Tabernero et al. 2020; Allart et al. 2020), we use
molecfit (Smette et al. 2015 and Kausch et al. 2015) to correct
for the telluric absorption contamination (O2 and H2O) from the
Earth’s atmosphere as presented in Allart et al. (2017). In this
first correction, other telluric contamination such as emission
and/or absorption of Na i, for example, are not considered.

In the ESPRESSO observations used here, we observe both
telluric Na i emission and absorption contamination. The telluric
emission is monitored with fiber B and is already corrected by
the DRS during the sky subtraction, but this is not the case of the
telluric absorption. The mean Earth radial-velocity is 17.6 km−1

and −3.8 km−1 for the first and second night, respectively. Con-
sidering the systemic velocity of HD 209458 (γ = −14.7 km−1),
the telluric absorption is located at 32.3 km s−1 (0.6 Å) and
10.9 km s−1 (0.2 Å) from the Na i lines core. Although its pres-
ence does not impact the results of the first night because of the
distance with respect the stellar Na i lines core, it is indeed im-
portant for the second night and needs to be corrected.

It is known that the telluric Na i absorption can show strong
seasonable variability (Snellen et al. 2008). However, in order
to correct for this contamination we assume that, within a night,
the telluric Na i can be corrected as presented, for example, in
Borsa et al. (2020), Wyttenbach et al. (2015), Zhou & Bayliss
(2012), and Vidal-Madjar et al. (2010). This is, assuming that
the contrast variation of these lines during the observations is
correlated with the airmass. This correction is only applied in a
small region of ±5 km s−1 centred at the position of the telluric
Na i absorption lines in order to not influence other regions. In
Figure 3 we show the flux variation of this region with time. For
the first night, the absorption lines follow the airmass change for
the full observation while for the second night this only happens
in the out-of-transit exposures. This is because the telluric Na i
of the second night is very close to the lines core and thus influ-
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Fig. 3: Integrated flux in a ±5 km s−1 passband centred on the
telluric Na i absorption lines of the first night (top panel) and
second night (bottom panel). The integrated flux is normalised
to its maximum value. In dots we show the results for the Na i
D2 line, and in crosses the results of the Na iD1 line. The vertical
dashed lines mark the origin and end of the transit.

enced by the line profile changes produced by the planet during
the transit. For the first night, telluric Na i is far from the lines
core.

3.4. Transmission spectrum and light curves extraction

After correcting for the telluric contamination we extract the
transmission spectrum as presented in previous studies (such as
Wyttenbach et al. 2015; Casasayas-Barris et al. 2017; Yan &
Henning 2018; Borsa et al. 2020; Allart et al. 2017). First the
spectra are normalised and then moved to the stellar rest frame.
To do this, we use the Keplerian model computed with the pa-
rameters presented in Table 2 using the SinRadVel model from
PyAstronomy (Czesla et al. 2019). Then, we compute the mas-
ter stellar spectrum resulting from the combination of all out-
of-transit spectra, and divide each individual spectrum by this
master spectrum.

After computing the ratio of each stellar spectrum by the
master stellar spectrum, we could notice a clear wiggle (sinu-
soidal) pattern already observed in recent ESPRESSO observa-
tions (Tabernero et al. 2020; Borsa et al. 2020), with amplitudes
around 1 % and periods ∼ 30 − 40 Å. In order to correct for this
pattern, we follow the methodology presented by Borsa et al.
(2020): we fit a sinusoidal curve with varying period, amplitude,
and phase at each individual spectrum after being divided by
the master spectrum. The data is normalised using the result-
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ing best fit model. We then move all the residuals to the planet
rest frame by using the planet radial-velocity semi-amplitude
Kp = 145.0 ± 1.6 km s−1, calculated assuming zero eccentric-
ity (Kp = 2πa sin(i)/P). Finally, the in-transit residuals are com-
bined to compute the transmission spectrum. The combination
of the in-transit residuals is performed using the simple average,
as the residuals change at different orbital phases. The weighted
average gives more importance to the orbital phases with higher
S/N and, consequently, modifies the shape of the transmission
spectrum features.

In the final transmission spectra we can observe a second
sinusoidal pattern, which is particularly clear in the pseudo-
continuum (see Figure 4) due to the high S/N of the data. The
origin of these patterns lies in non-flatfielded interference pat-
terns that occur in some optical elements of the Coudé Train
(CT), i.e. in the system that routes the light from the telescope to
the instrument. This system is not spectrally flat-fielded by the
calibration sources, which are injected downstream. Due to the
(small) changes of the light path through the optical elements
during the observations, the fringe pattern will evolve spectrally,
and will eventually pop up in transmission spectroscopy when
dividing by each other spectra taken at different moments of the
night 4. In order to remove the pattern from the final transmis-
sion spectrum, we fit a sinusoidal curve to the data, masking the
strong features observed in the Na i position, and we then use
the solution to normalise the full wavelength range of the trans-
mission spectrum. As it can be observed in the top spectrum of
Figure 4, although the period of the oscillations is almost con-
stant, their amplitude changes in wavelength (∼ ±0.1 % at bluer
wavelengths for the first night). For this reason, we let the ampli-
tude of the sinusoidal change linearly in wavelength, while the
remaining free parameters (period and phase of the origin) only
have one value in a particular wavelength range.

On the other hand, the period of the oscillations is first esti-
mated by applying a Fourier transform on the combination of all
in- and out-of-transit residuals and it is then fitted. The period we
derive in both Fourier transform and the sinusoidal fit is 0.75 Å
around the Na i and it slightly varies in wavelength. This correc-
tion is applied to all transmission spectra presented here, fitting
the pattern in each case in a wavelength region centred around
the line of interest.

In order to calculate the transmission light curves, once the
residuals are moved to the planet rest frame, we fix a passband
of a given width centred on the specific line we want to analyse.
Then, we integrate the flux inside this passband using trapezoidal
integration. The method is the same as presented in Casasayas-
Barris et al. (2020). The transmission light curves are presented
in Section 4, in particular, in Figures 6 and 9.

3.5. Cross-correlation

In addition to the analysis of individual lines we apply the cross-
correlation technique in order to search for atoms and molecules
that may originate from hundreds to thousands of individual ab-
sorption lines in the transmission spectrum, if present in the
atmosphere of the planet. Using the cross-correlation method,
the contribution of all these lines is combined, reducing the
photon noise and reaching the detection of particular atoms
and molecules hidden in the noise when analysed individually
(Snellen et al. 2010).

4A forthcoming paper will explain in details the origin of those wig-
gles.
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Fig. 4: Correction of the interference pattern in the final mid-
transit transmission spectrum of the first night (2019 July 20).
The original transmission spectrum in shown in black, and the
corrected transmission spectrum is shown in blue. In red and on-
top of the uncorrected spectrum we show the best fit sinusoidal
curve. An offset between the two spectra is added for a better
visualisation.

Here, we use the one-dimensional molecfit-corrected spec-
tra, which are then normalised and moved to the stellar rest
frame. We divide each spectrum by the master stellar spectrum
(computed using only the out-of-transit data), remove the wiggle
pattern as presented in Section 3.4, and cross-correlate the result
with atmospheric models, as presented in Sánchez-López et al.
(2019) and Stangret et al. (2020). We discard the strong telluric
contaminated regions around 690 nm and 760 nm where the tel-
luric correction is not accurate, and the first few blue bins from
380 to 450 nm due to their lower S/N. With this, all spectra of
the two nights have a S/N larger than 90 in each order.

The atmospheric models used to cross-correlate with the
residuals are computed using the petitRADTRANS code (Mol-
lière et al. 2019) which allows generating high-resolution mod-
els of atoms and molecules for exoplanet atmospheres. Here
we generate Fe i, Fe ii, and Ca i models assuming the param-
eters presented in Table 2, isothermal temperature profile of
1459 K, a continuum level of 1 mbar, and the volume mixing
ratio (VMR) set to solar abundance. For these atomic species the
Kurucz line lists are used (Kurucz 1993). The resulting models
are convolved to match the ESPRESSO spectral resolution. On
the other hand, we generate the atmospheric models of TiO and
VO molecules using two different methodologies. First, we use
petitRADTRANS as described above and considering VMRTiO =
10−7 and VMRVO = 10−8 (solar abundance), and the line lists
presented in Plez (1998). Second, as presented in Tabernero et al.
(2020), we use HELIOS code5 (Malik et al. 2017, 2019) to cal-
culate the atmospheric structure of HD 209458b. Then, the ra-
diative transfer problem is solved using turbospectrum6 (Plez
2012). We use the TiO line list from Plez (1998) and the VO list
from exomol (McKemmish et al. 2016). The cross-correlation
results are presented in Section 4.

5https://github.com/exoclime/HELIOS
6https://github.com/bertrandplez/Turbospectrum2019
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3.6. Transit effects on the stellar lines

Following Yan et al. (2017) and Yan & Henning (2018), we
model the CLV and RM effects in the stellar lines profile. This
method involves the Spectroscopy Made Easy Tool (SME;
Valenti & Piskunov 1996) and the line list from VALD7 database
(Piskunov et al. 1995; Kupka et al. 1999). Using SME we
are able to compute synthetic stellar spectra at different limb-
darkening angles. With this information it is possible to compute
the disc integrated stellar spectrum considering the stellar rota-
tion (v sin i?), but also to exclude the spectrum of those regions
blocked by the planet at each exposure when the integrated disc
spectrum is built, producing the RM and CLV deformation.

This has already been applied to different high resolution at-
mospheric studies such as Casasayas-Barris et al. (2019), Yan
et al. (2019), Chen et al. (2020), and Borsa et al. (2020). For this
computation we need accurate measurements of the system and
stellar parameters. Here, we take advantage of the high precision
achieved with the reloaded RM technique in the v sin i? and λ
measurements (see Sect. 3.2). These parameters are presented in
Table 2. In Sect. 5, we examine the resulting modelled effects
depending on the stellar atmospheric models that are used for
their computation.

Although for some planets these effects are not important, it
has been observed that they can become important for particular
planets (Czesla et al. 2015; Khalafinejad et al. 2017; Louden &
Wheatley 2015), and specially when using very high S/N obser-
vations (see Borsa et al. 2020). In most cases, the RM effect can
influence the final absorption from the planet atmosphere if both
contributions (RM and atmosphere) overlap at some point dur-
ing the transit (Yan & Henning 2018; Hoeijmakers et al. 2018).
Here, as observed by Casasayas-Barris et al. (2020), we are in an
extreme case where the RM (almost) fully overlaps with the ex-
pected planetary atmosphere track. This deformation is not con-
stant along the planet transit, hence, it is particularly important
to use the same steps when processing the models and the data
for useful comparisons.

4. Results

In this section we present the results obtained in the analysis of
individual atomic lines (Na i, Fe i, Mg i, Hα, and K i D1), and
forests of atomic lines (Fe i, Fe ii, Ca i, and V i) using the cross-
correlation technique. For comparison, we show the results to-
gether with the RM and CLV models computed using MARCS
(Gustafsson et al. 2008) stellar atmospheric models and assum-
ing LTE approximation. The models containing both CLV and
RM effects combined and only RM are shown. Using the cross-
correlation technique we search for relevant molecules such as
TiO and VO.

4.1. Na i doublet

The transmission spectrum and tomography maps around the
Na i of both nights combined are presented in Figure 5, and the
results of the individual nights are shown in Figure A.1 in the
Appendix. In all cases, as presented in Casasayas-Barris et al.
(2020), at the Na i line positions in the transmission spectrum
we observe emission-like features consistent with the deforma-
tion of the stellar lines profile during the transit of HD 209458b,
which are due to the RM and CLV effects. The particularity of
HD 209458 system is that the expected exoplanet atmosphere

7http://vald.astro.uu.se

and the RM effect deformation (which is the main contribution
of the final transmission spectrum shape) fall at almost the same
radial velocities (see tomography maps of Figure 5). For this rea-
son, when the individual transmission spectra are moved to the
planet rest frame before being combined, the positive part of the
RM effect is almost aligned with the Na i position and creates an
emission-like feature in the transmission spectrum.

Due to the system geometry, the stellar lines deformation is
asymmetric along the transit. With the high S/N of ESPRESSO
data, these asymmetries can be explored by computing the trans-
mission spectrum during different transit times. In Figure 5, we
present the transmission spectrum computed using the spectra
obtained during the ingress (T1-T2), the egress (T3-T4), be-
tween the first and last contacts of the transit (T1-T4), and be-
tween the second and third contacts (T2-T3). For the ingress and
egress transmission spectra we use around 6 spectra per night.
The asymmetries of the ingress and egress regions can be clearly
observed, and are predicted by the CLV and RM modelled ef-
fects. In the time-regions of orbital phases [−0.0175,−0.0100]
and [+0.0100,+0.0175] the planet radial-velocities do not fully
overlap with the RM effect. However, we are not able to distin-
guish absorption due to the exoplanet atmosphere.

The asymmetries of the stellar line shapes during the tran-
sit are particularly important, specially if some orbital phases of
the planet are not covered during the observations, as they could
result in false absorption-like signals depending on the geome-
try of the system (see Chen et al. 2020). In Figure 5, we also
see how the transmission spectra of the ingress and egress show
absorption-like features shifted from the laboratory Na i lines po-
sition, which result from the deformation of the lines and are not
from atmospheric origin. Although the impact of the effects is
smaller in the mid-transit times when the RM radial-velocities
are used to move the spectra to the stellar rest frame, these asym-
metries increase, specially during the ingress and egress.

In addition, we compute the transmission light curves for
two different bandwidths (0.4 Å and 0.75 Å). The small pass-
band size is selected to only include the positive RM effect
(∼ 10 km s−1), while the larger passband includes the overall RM
effect and has also been used in previous studies (Snellen et al.
2008; Albrecht et al. 2009). In Figure 6 we present the results
after combining both nights, and in Figure A.2 of the Appendix
we show the results of each individual night. In all cases both
Na i lines of the doublet are combined. We note that the second
night (2019 September 11) could be partially affected by telluric
Na i absorption residuals. As they are calculated in the planet
rest frame, for the narrower passband we are mainly combining
the positive part of the RM deformation, while with the wider
passband both contributions are included, resulting in a compen-
sation of the final effects. The transmission light curves follow
the general shape predicted by the model containing only RM
deformation, especially clear for the 0.4 Å passband where the
differences with the out-of-transit are more intense. In this case,
in the centre of the transit, the transmission light curve clearly
deviates from the model containing the CLV (see discussion in
Sect. 5).

4.2. Other atomic lines

The deformation of the lines profile caused by the RM presented
in Sect. 4.1 is expected to have an impact in all the stellar spec-
tral lines, although at different amplitudes depending on the tran-
sition. In order to check this, we analyse the cross-correlation
function (CCF) from the DRS as presented in Borsa et al. (2020).
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Fig. 5: First panel (top): two-dimensional map of the individual transmission spectra around the Na i doublet lines of HD 209458b.
Second panel: two-dimensional map of the modelled CLV and RM effects around the Na i doublet. In both panels the results are
presented in the stellar rest frame and the color bar shows the relative flux (Fin/Fout-1) in %. The black horizontal dashed lines indicate
the four contacts of the transit and the dotted white line marks the expected position of the planet trail during the observations. Third
panel: transmission spectrum computed combining the data between the second and third contacts of the transit, in the . Fourth
panel: combination of the in-transit exposures from the first to fourth contacts. Fifth panel: combination of ingress exposures. Sixth
panel (bottom): combination of egress exposures. The transmission spectra are computed combining the data in the planet rest
frame. The original data error bars are shown in light grey, and the data binned by 0.03 Å is shown in black.

We note the different y-scale in the different panels. In red we show the CLV and RM effects in the final transmission spectrum,
and in blue the deformation due to the RM alone.

In this case, the CCF values are generated with a F9 stellar mask
using the DRS ESO version 2.0, with a step of 0.5 km s−1. In or-
der to extract the deformation of the lines profile propagated in
the CCFs we use the same process as for the transmission spec-
trum (see Sect. 3.4): we move each CCF in the stellar rest frame,
and divide each of them by the averaged out-of-transit CCF. The
result is presented in Figure 7, where the RM effect is clearly ob-
served in the CCF values. As Fe i lines are the major contributor
to the stellar mask used to compute the CCFs (Ehrenreich et al.
2020), the RM deformation observed in the CCF tomography is
dominated by the Fe i lines. In contrast with Borsa et al. (2020)
where the atmospheric trail of the planet is clearly intercepted by
the mask, we are not able to observe any feature with possible
atmospheric origin in the HD 209458b CCFs.

In addition, we search for Fe i, Fe ii, Ca i, and V i absorp-
tion cross-correlating the residuals spectra with the atmospheric
templates described in Sect. 3.5. The results can be observed in
Figure 8. For Fe i, Fe ii, and Ca i the deformation of the stellar
line profiles is visible at high S/N, without any clear feature of
atmospheric origin in the ingress and egress regions where the
planet atmosphere could be disentangled from the stellar con-
tamination. For V i the strength of the deformation is fainter,
probably indicating that this specie is poorly (or not) present in
the stellar spectrum, given the spectral type of the star. The S/N
of the bottom row panels from Figure 8 is calculated dividing
the cross-correlation values by the standard deviation calculated
far from the position of the signal, as presented in Birkby et al.
(2017), Brogi et al. (2018), and Sánchez-López et al. (2019).
Here, we use the ranges from −150 to −50 km s−1, and from
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Fig. 6: Transmission light curves calculated in Na i doublet after
combining both nights, using a 0.4 Å (top) and 0.75 Å (bottom)
passbands. In light grey we show the original data. In black, we
show the data binned by 0.001 in orbital phase. In red we show
the impact of the CLV and RM effects in the transmission light
curve. In blue only the RM effect is considered.

+50 to +150 km s−1. In these units, a positive S/N means cor-
relation with the atmospheric absorption template, and negative
S/N means anti-correlation. We note that increasing the temper-
ature of the isothermal models to 2000 K for Fe i, Fe ii and Ca i,
and to 3000 K for V i, the results do not change significantly.

The scenario observed in Na i, Fe i, Fe ii and Ca i is repeated
for the spectral lines observed in the full stellar spectrum when
we attempt to detect the exoplanet atmosphere. As example,
we compute the transmission spectrum for particular individ-
ual lines such as Mg i at 5183.60 Å, Fe i at 5270.36 Å, Hα at
6562.81 Å, and K i D1 line at 7698.96 Å. The results are pre-
sented in Figure 9. As in the case of Na i, in all cases, the trans-
mission spectra are consistent with the modelled RM effect, with
and without considering the CLV effect due to the small (within
the measurements error bars) difference this last one introduces.
However, the light curves seem to be better explained when con-
sidering only the RM effect, even at lower S/N. The estimated
effects on the Hα transmission spectrum do not describe the ob-
servations as well as for the other lines. In Figure A.4 the mod-
elled stellar lines profile, computed using the MARCS stellar
models and LTE, are shown together with the observations. It
is clear that the Mg i and Fe i lines, for example, are better re-
produced by the stellar models than Hα. This is probably due
to its chromospheric origin, as also observed for the Ca ii IRT in
Casasayas-Barris et al. (2020). These lines require more accurate
stellar modelling.
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Fig. 7: Top panel: Average out-of-transit stellar CCF. Middle
panel: Tomography of the CCFs deformation for the two tran-
sits combined in the stellar rest frame. The dotted white line
indicates the planet radial velocities and the black horizontal
dashed lines show the four contacts of the transit. The colour
bar shows the relative variation of the CCFs with respect the
combined out-of-transit CCF in %. Bottom panel: Combination
of the CCF residuals from middle panel in the stellar rest frame
(dashed line) and in the planet rest frame (solid line) between the
first and fourth contact.

4.3. Systematic effects analysis

The error bars of the measurements come from the propagation
of the random photon noise. Following Redfield et al. (2008),
we can statistically quantify the systematic effects of our data
using the Empirical Monte Carlo (EMC) analysis. This method
has already been applied in several atmospheric studies such as
Wyttenbach et al. (2015, 2017), Jensen et al. (2011, 2012), Chen
et al. (2020). It consists in measuring the absorption depth of a
transmission spectrum calculated using different in- and out-of-
transit samples (scenarios), which do not need to match the real
in- and out-of-transit data. With this, if a feature appears only
during the transit, we would expect it to be only measured when
the real in- and out-of-transit data are considered in the samples.

Here, we assume the four different scenarios described in
Casasayas-Barris et al. (2020), called "out-out", "in-in", "mix-
mix" and "in-out" depending on the data considered as in- and
out-of-transit samples, respectively. For each scenario we run the
EMC 20 000 times, measuring the absorption depth in the ex-
pected position of the line using a 0.4 Å passband. In Figure B.1
of the Appendix we show the absorption depth distributions. For
the Na i, it is clear that the "in-out" samples of both nights are
centred at a different position in comparison with the control
distributions. Their position are 0.19% in average for the two
nights. The control distributions are all centred at 0%, and the
standard deviation of the Gaussian profiles from the "out-out"

Article number, page 9 of 21



150 / 188

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3122849				Código de verificación: 2U6c61ek

Firmado por: NURIA CASASAYAS BARRIS Fecha: 20/12/2020 17:09:14
UNIVERSIDAD DE LA LAGUNA

ENRIC PALLE BAGO 20/12/2020 19:59:14
UNIVERSIDAD DE LA LAGUNA

GUO CHEN 21/12/2020 01:04:29
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 11/03/2021 09:03:49
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/2697

Nº reg. oficina:  OF002/2021/2672
Fecha:  13/01/2021 09:26:00

A&A proofs: manuscript no. output

0.02

0.00

0.02

O
rb

ita
l p

ha
se

CaI

50 0 50
Radial velocity [km/s]

20

10

0

10

S/
N

FeI

0.015 0.000 0.015

50 0 50
Radial velocity [km/s]

FeII

50 0 50
Radial velocity [km/s]

VI

50 0 50
Radial velocity [km/s]

Fig. 8: Cross-correlation results of both nights combined for Ca i, Fe i, Fe ii, and V i (from left to right, respectively). Top panel:
cross-correlation maps of the three different species. Bottom panel: average of the in-transit cross-correlation values in the planet
rest frame between the first and fourth contacts. The y-axis is shown in S/N units, where negative values mean anti-correlation (see
the cross-correlation coefficients in the colour bar).

distribution are 0.04% and 0.05% (for the first and second night,
in the same order), which give us an idea of the noise level of the
data.

This exercise is also applied to the other lines analysed here
(Mg i λ5184, Fe i λ5270, Hα, and K iD1). As for the Na i case, in
all these lines, the absorption scenario shows distributions cen-
tred at positive absorption depth values (0.12%, 0.15% 0.03%,
and 0.12%, respectively) while the control distributions remain
centred at 0%. We note that for Hα, as the line is broader, we use
a larger passband of 0.5 Å, and the expected effects in this line
are fainter (see Figure 9). The EMC histograms of these lines are
presented in Figure B.1 in the Appendix.

4.4. Searching for molecules

In contrast with the atomic lines analysed in the previous sec-
tions, CLV and RM effects are not expected to impact the search
for those atoms and molecules in the exoplanet atmosphere
which are not present in the stellar spectrum, in case there is
no overlap with other stellar lines. For this reason, we attempt
to search for the presence of molecules such as TiO and VO.
Spectral features possibly associated to these same molecules
were tentatively observed in HD 209458b atmosphere around
6 000 − 8000 Å by Désert et al. (2008) using HST-STIS obser-
vations. However, other studies at high resolution spectroscopy
such as Hoeijmakers et al. (2015) found no evidence of TiO in
this same planet.

Here, in the wavelength region covered by ESPRESSO and
using the different TiO and VO models generated as described
in Sect. 3.5, we find no evidence of these species in the atmo-
sphere of HD 209458b. In the final cross-correlation residuals
(see Figure C.1) we observe several faint structures produced by
the RM effect of closer stellar lines that are introduced in the
radial-velocity space explored in the cross-correlation, but not at

the expected planet position (∼ 0 km s−1). It is known that the
TiO and VO line lists are not very accurate at high spectral reso-
lution (Merritt et al. 2020; McKemmish et al. 2019). As already
studied by Hoeijmakers et al. (2015), the lack of an accurate line
list can become a critical aspect when attempting to detect atmo-
spheric features using the cross-correlation technique.

5. Accuracy of the modelled transit effects

In Sect. 4.1, 4.2 we observe that the transmission spectra can
be explained by the combination of both CLV and RM effects,
but also when only the dominant effect (the RM) is included in
the calculations, considering the error bars of the data. The dif-
ferences between both assumptions are small when the in-transit
residuals are combined in the planet rest frame, as the CLV effect
at the Na i D2 line position is more than four times smaller than
the RM when calculated using the MARCS LTE stellar models.
However, in the transmission light curves (Figures 6 and 9) we
are sensitive to time variations of a particular spectral region. In
this case, we observe that the results are better described when
only the RM effect in the stellar lines is considered, probably
indicating an overestimation of the CLV effect.

Casasayas-Barris et al. (2020) and previous sections of this
work use the MARCS stellar atmospheric models (Gustafsson
et al. 2008) assuming local thermodynamic equilibrium (LTE).
We use solar abundances, as from Adibekyan et al. (2012) we
know that HD 209458 has [Na/H]= 0.010 ± 0.057. Here, thanks
to the unprecedented S/N achieved by the ESPRESSO observa-
tions, we analyse the differences in the modelled effects when
considering different stellar atmospheric models. In particular,
we compare the results around the Na i when assuming MARCS
stellar models calculated with LTE and non-LTE approximations
(Mashonkina et al. 2008). We also use ATLAS9 (Castelli & Ku-
rucz 2003) and ATLAS12 (Kurucz 2013) models assuming LTE.
We note that non-LTE grids are only offered for MARCS mod-
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Fig. 9: Results around the Mg i λ5184 (first column), Fe i λ5270 (second column), Hα (third column) and K i D1 (fourth column)
spectral lines. Top panel, first row: two-dimensional map of the transmission residuals of HD 209458b around different spectral
lines. Second row: two-dimensional map of the modelled CLV and RM effects. In both panels the residuals are presented in the
stellar rest frame. The black horizontal dashed lines indicate the four contacts of the transit. Third row: transmission spectrum
computed in the planet rest frame considering the data between the first and fourth contacts of the transit. The original data is shown
in light gray and the data binned by 0.03 Å is shown in black. The blue-dashed vertical lines show the laboratory position of the
lines. The colour bar shows the relative flux (Fin/Fout-1) in %. Bottom panel: transmission light curves calculated for each line using
0.4 Å bandwidth and 0.5 Å for Hα. In light grey we show the original data and in black the data binned by 0.0015 in orbital phase.
In both panels the red and blue lines correspond to the RM model with and without considering the CLV effect, respectively.

els (Piskunov & Valenti 2017). The results are presented in Fig-
ure 10. In Figure A.3 the modelled stellar spectra in the Na i
region can be compared with the observed stellar spectrum.

In the transmission spectrum we observe that the different
models and assumptions produce different intensities of the line
deformations (left panel of Figure 10). The different models as-
suming LTE approximation produce very similar results, while
the models assuming non-LTE differ by ∼ 0.2% in relative flux
at the Na i lines centre. Around the Na i, LTE models remain un-
derestimated in comparison with the data and the non-LTE mod-
els seem to reproduce the results much better. We observe that
the CLV impact at the Na i lines core of the transmission spec-

trum changes of a factor of two depending on the stellar model
selection. When we model the transmission light curves in the
planetary rest frame (third panel of Figure 10), we clearly see
that the observations are better reproduced when only the RM
deformation is considered, specially at the centre of the transit.
As presented in Louden & Wheatley (2015) and Borsa & Zan-
noni (2018), in the planet rest frame the RM symmetry is broken,
resulting in spurious residuals in the stellar line position. For
the transmission light curve calculated in the stellar rest frame
(right panel of Figure 10), where we are actually tracking the
stellar line deformations in their own frame, the RM symmetry
is maintained and thus averaged out when integrating the full ef-
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Fig. 10: Top panel, from left to right: modelled CLV and RM effects of the Na i doublet lines assuming different stellar atmospheric
models compared with the transmission spectrum around Na i D2 (left panel) and D1 (right panel). Bottom panel: transmission
light curve of both lines combined calculated in the planet rest frame (left panel), and the transmission light curve in the stellar rest
frame (right panel). In solid lines we show the models containing the CLV and RM deformation. In dashed lines only the RM is
considered. In light grey we show the original data and in black error bars the data binned by 0.03 Å (top panels), and 0.001 in
orbital phase (bottom panels). The different stellar models are shown in different colours and indicated in the legends. Bottom row:
residuals between the data and the models. The colours indicate the residuals between the data and the model shown with the same
colour. In stars we indicate the residuals with the models computed considering only the RM deformation, and in dots the residuals
with the models containing the CLV and RM deformation.

fect inside the 0.4 Å passband. In this frame, the CLV is the main
contribution of the transmission light curve. As can be observed
in the figure, the ingress and egress regions are better described
considering the CLV contribution, as expected, but the overall
effect in the mid-transit time region remains slightly overesti-
mated.

When the residuals between the models and the data are
computed (see bottom row of Figure 10), we observe a large
scatter expanding approximately ±0.2 % depending on the
model used. Therefore, attempting to measure features at these
atmospheric absorption levels can become very challenging for
HD 209458b. Using a 0.75 Å passband centred at the Na i lines
position in the residuals, we measure a mean excess ranging

from −0.05 % to −0.02 %, depending on the stellar model con-
sidered in the subtraction. In the transmission light curves, the
in-transit residuals show an excess change between −0.09 % and
+0.04 %.

With the S/N achieved with ESPRESSO observations, we are
able to obtain the local stellar spectrum following the methodol-
ogy presented in Section 3.2. The local stellar spectrum is the
spectrum of those regions in the stellar surface that are blocked
by the planet at each exposure during the transit, and which are
therefore missing in the integrated disc spectrum observations.
In Figure 11 we show the local spectrum around the Na i doublet
lines at different orbital phases of the planet. A similar analysis is
shown in Dravins et al. (2017) for this same planet using several
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Fe i lines. Here, we observe that, during the transit, the exoplanet
obscures blue-shifted regions of the stellar disc and continues to
the red-shifted stellar surface, producing the RM effect that is
propagated to the transmission spectrum. We also observe that
the predicted models are able to reproduce the observations, al-
though the lines core remain slightly underestimated. If the local
stellar spectra are normalised to their continuum level and the
two lines of the doublet are combined to get higher S/N profiles,
we observe the expected wavelength shift of the lines produced
by RM effect, but the CLV is not clearly seen in the data, al-
though predicted by the stellar models (see Figure A.5). This is
one more indication of the CLV overestimation for this particular
star.

The importance of the CLV for atmospheric characterisation
of exoplanets has been pointed out in several studies (e.g. Czesla
et al. 2015; Yan et al. 2017; Khalafinejad et al. 2017; Casasayas-
Barris et al. 2017). The CLV in the stellar atmosphere strongly
depends on wavelength, and it is expected to be more intense
for cooler stars. In the optical, it is strong in the deep stellar ab-
sorption lines profile such as Na i D and Ca ii H&K lines (Czesla
et al. 2015). In the study of exoplanet transit light-curves, the
CLV is one of the critical parameters (Müller et al. 2013). Using
HD 209458b transit light curves, Hayek et al. (2012) compared
the CLV predictions resulting from MARCS one-dimensional
(1D) atmospheric models and three-dimensional (3D) models,
concluding that the 3D model provides a considerably bet-
ter description of the atmospheric temperature structure of HD
209458. Chiavassa & Brogi (2019) also show that, in general,
1D stellar models can differ significantly from 3D models.

On the other hand, the differences could be also produced by
the combination of different stellar phenomena that are not con-
templated in the stellar spectra and/or due to a misinterpretation
of the stellar atmospheric structure. For example, the RM could
be affected by convective shifts (Cegla et al. 2016a; Dravins
et al. 2017). The convective shifts are a consequence of the stel-
lar granulation and occurs because the emerging granules are
brighter than the surroundings and cover a greater fraction of the
stellar surface (Dravins 1982). It typically results in an additional
blue shift between the position of the stellar lines and their lab-
oratory position, with expected amplitudes of 0 − 500 m s−1 for
G-type stars (Meunier et al. 2017), and it is less intense in those
deep lines formed higher in the stellar atmosphere (Allende Pri-
eto & Garcia Lopez 1998; Reiners et al. 2016), such as Na i.
Moreover, it is known that granulation and star-spots can pro-
duce asymmetric line profiles on the stellar disc, which could be
considered using 3D magneto-hydrodynamic solar simulations
as presented in Cegla et al. (2016b). On the other hand, solar-
like differential rotation can become important in main sequence
stars (Karoff et al. 2018), and it is expected to be stronger in F-G
stars (Balona & Abedigamba 2016). In our calculations we as-
sume solid-body rotation, meaning that we are not considering
the amplitude variation of the RM signal that could be introduced
by this effect (Serrano et al. 2020).

Currently, ESPRESSO is the best facility to spatially resolve
the stellar surface by means of transit spectroscopy observations.
This will help to empirically validate the stellar models, and
constrain the 3D hydrodynamic models of stellar photosphere
(Dravins et al. 2015, 2017).

6. Summary and conclusions

Using two transit observations with ESPRESSO we revisit the
transmission spectrum of HD 209458b and the system archi-
tecture using the reloaded-RM technique. We analyse individual

atomic lines (Na i doublet, Mg i λ5184, Fe i λ5270, Hα, and K i
D1), and we also use the cross-correlation technique to search
for atomic lines (Fe i, Ca i, Fe ii, and V i) and molecules (TiO
and VO).

The ESPRESSO observations confirm the results obtained in
Casasayas-Barris et al. (2020), where the Na i features observed
in the transmission spectrum can be explained by the deforma-
tion of the stellar lines profile due to the transit of HD 209458b,
mainly produced by the RM effect, and without the need of ab-
sorption from the exoplanet atmosphere. This is also observed in
the transmission spectra around other atomic lines and in the re-
sults obtained using the cross-correlation techniques. Moreover,
we examine the CCF values computed by the DRS as presented
in Borsa et al. (2020), where the deformation of the lines profile
is clearly visible. This effect is present for all stellar lines, and
it is thus propagated through the method when attempting to ex-
tract any exoplanet atmospheric signals. Similarly, this change
in the stellar lines profile is imprinted in the CCF values when a
stellar template is cross-correlated with the stellar spectra (Borsa
& Zannoni 2018). The radial-velocity change of the planet dur-
ing the transit is very similar to the velocity range affected by
the RM deformation, and only a small time-region in the ingress
and egress regions could be used to disentangle the exoplanet
atmospheric signals by the stellar contamination.

Several atomic lines, including the Na i, have been previ-
ously detected in the atmosphere of HD 209458b using high-
resolution spectroscopy observations. This is the case of the
0.135 ± 0.017 % Na i absorption detected in the transmission
light curves by Snellen et al. (2008) and Albrecht et al. (2009),
for example. The Na i transmission light curve obtained with
ESPRESSO observations and following the methodology pre-
sented in these previous studies (see Figure A.6) does not repro-
duce the absorption and, in contrast, shows a better agreement
with the modelled RM light curve. On the other hand, Langland-
Shula et al. (2009) found > 3σNa i absorption and also > 2σ ab-
sorption in Fe i and Ni i lines. Jensen et al. (2011) tentatively de-
tected Na i absorption, and Astudillo-Defru & Rojo (2013) found
significant absorption excess due to Ca i, Hα, Na i, and possibly
Sc ii. All these lines are present in the stellar atmosphere and
we can detect the RM deformation at high S/N in our analysis,
however, we do not find evidences of absorption due to the exo-
planet atmosphere. Focusing on Hα, Jensen et al. (2012) detected
a feature with reflectional symmetry correlated in orbital phase
and expanding ∼ 15 Å. This broad feature can not be reproduced
with the methodology presented here.

The S/N of the observations used in these previous stud-
ies is similar to the observations used in this work. This is the
case of the Subaru observations used by Narita et al. (2005),
Snellen et al. (2008) and Astudillo-Defru & Rojo (2013), for ex-
ample, which achieved a S/N∼ 350 per pixel in the continuum
using 500 s exposures. The observations used here show a mean
S/N of ∼ 220 in the Na i order, but using exposures of 175 s
which results in a larger number of spectra. However, most of
these studies used a different methodology. Thanks to the differ-
ent high-resolution studies, the method to extract the transmis-
sion spectrum of the exoplanets has rapidly improved, including
some steps that were not considered before, such as the planet
radial-velocity correction. In the particular case of HD 209458b,
using different methodology or partial transit observations leads
to significantly different transmission spectra (see Figures 5 and
10) due to the RM deformation, and which could be easily mis-
interpreted.

At high resolution, the RM contamination could be avoided
by searching for molecules not present in the stellar atmosphere
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Fig. 11: Left panel: local stellar spectrum of HD 209458 around the Na i doublet lines. In the top-left panel we show the local
stellar spectrum following the same format presented in Figure 1, but around the Na i doublet. The bottom-left panel shows the
time-evolution of the local stellar spectrum presented in the top panel but, in this case, the flux information is shown in the vertical
axis. The spectra are not normalised to their own continuum level, so they still contain the flux information (the normalised profiles
are shown in Figure A.5). For a clear visualisation, we have modified the continuum flux including an offset so the spectra are shown
ordered in orbital phase. The colours are indicative of the orbital phase of the planet and, therefore, the radial-velocity of the stellar
disc surface. The observations are shown with solid lines and the stellar models with dashed lines of the same colour. The stellar
models are computed using MARCS in LTE. The out-of-transit results are shown in black. The spectra are shown binned by 0.02 Å
and 0.0025 in orbital phase. The black-dashed vertical lines indicate the position of the Na i doublet lines. Right panel: residuals
between the observed and modelled local spectra presented in the left panel.

(if they fall far from other deep stellar lines). Here, we explore
the presence of TiO and VO, as it was tentatively observed in
Désert et al. (2008). These molecules are expected at tempera-
tures above 1800 K, in strongly irradiated hot Jupiters (Seager
& Sasselov 1998; Fortney et al. 2008). Indeed, TiO has already
been tentatively detected in ultra hot planets (Teq > 2000 K) such
as WASP-19b (Sedaghati et al. 2017) and WASP-121b (Evans
et al. 2016). However, one of the main difficulties when at-
tempting to detect these molecules using the cross-correlation
techniques is the lack of accurate line lists (Hoeijmakers et al.
2015). HD 209458b has an equilibrium temperature (Teq) around
1400 K (Torres et al. 2008), and it is probably too cold for these
species to be present in its atmosphere. Despite the high S/N of
our data, we are not able to identify in the residuals any clear
feature that could be generated by these molecules.

In atmospheric analysis performed at high resolution, a rela-
tively small region around the lines core is probed and the con-

tinuum information is lost, while at low resolution the wings of
the atmospheric lines are probed, which may present widths as
large as 100 nm (see Sing et al. 2016, for example). The RM
contamination seen in the Na i lines occupies ∼ 1 Å in the
high-resolution transmission spectrum. At low resolution, this
contamination would be completely included in the wavelength
bin centred on the Na i doublet lines. For this reason, with our
ESPRESSO data we can not exclude the atmospheric detections
reported using broad-band transmission spectroscopy methods
(e.g. Charbonneau et al. 2002). However, this particular scenario,
where the broad wings of Na i are detected but not the cores of
the lines is difficult to explain in terms of atmospheric physics.

Here, thanks to the S/N achieved with ESPRESSO observa-
tions, we are able to observe that the resulting transmission light
curves can be better explained when only the RM contribution is
considered, specially at the centre of the transit. However, dur-
ing the ingress and egress, the contribution of the CLV is needed
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to fit the observations. We additionally explore the differences of
the modelled RM and CLV effects when assuming different 1D
stellar atmospheric models. It is clear, however, that the mod-
elled CLV and RM effects do not fully reproduce the results
around the Na i, probably due to the approximations that their
computation assumes and stellar phenomena that are not consid-
ered (1D, solid-body rotation, no convective blue shift, among
others), although the non-LTE models describe the transmission
spectrum better. Resolving the stellar surface using transit ob-
servations of the exoplanets (Dravins et al. 2015) would help to
empirically validate and constrain the stellar atmospheric models
and, consequently, improve the characterisation of the exoplanet
atmospheres. Currently, ESPRESSO is the best opportunity to
perform these observations.
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Appendix A: Additional results around the Na i
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Fig. A.1: Same as Figure 5 but for the individual nights. The first night (2019-07-20) is presented in the top panel, and the second
night (2019-09-11) is show in the bottom panel.
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Fig. A.2: Same as Figure 6 but for the individual nights: first night (2019-07-20) in the left column, and second night (2019-09-11)
in the right column. We note that the second night results could be partially affected by telluric Na i absorption residuals.
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Fig. A.3: Master stellar spectrum in the Na i region of HD 209458 (black) computed as the combination of all out-of-transit spectra
of the first night (2019-07-20). For comparison, in different colours we show the synthetic stellar spectrum computed with the
different stellar models used in this work.
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Fig. A.4: Master stellar spectrum of HD 209458 (black) computed as the combination of all out-of-transit spectra of the first night
(2019-07-20) in different wavelength regions. For comparison, we show in red colour the synthetic stellar spectrum computed with
the MARCS stellar models assuming the stellar parameters from Table 2, solar abundance, and LTE.
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Fig. A.5: Observed (solid lines) and modelled (dashed lines) local stellar sodium Na i profiles at different orbital phases during the
transit. The profiles are shown normalised to their continuum level, and result from the combination of both Na i D lines of the
two nights of observation. The data is shown binned by 2.5 km s−1 and each profile is the result of combining the individual local
stellar lines every 0.0025 in orbital phase. The models are shown with an offset to the vertical axis for better visualisation, and are
computed using the MARCS stellar models in LTE. The colours indicate the orbital phase of the planet (see colour bar). The vertical
black-dashed line is a reference at 0 km s−1.
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Fig. A.6: Transmission light curves around the Na i computed as presented in Snellen et al. (2008) and Albrecht et al. (2009). Left
panel: stellar spectrum around the Na i showing the central (grey) and reference (blue and red) passbands of each line of the doublet,
all of them with a bandwidth of 0.75 Å. The vertical dashed lines show the position of the telluric Na i absorption residuals for the
night of 2019-07-20 (red) and 2019-09-11 (blue). Right panel: Na i transmission light curve of each night (in colours) and the
combination of the two nights (black dots). The combined result is binned by 0.002 in orbital phase, similar to the results presented
in the previous literature. The blue-dashed line corresponds to the modelled transmission light curve considering the RM and CLV
effects in the stellar spectrum. The red-dashed line considers only the RM effect.
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Appendix B: Empirical Monte Carlo distributions
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Fig. B.1: Distributions of the EMC analysis of each individual night for different spectral lines: Na i D1 and D2, Mg i λ5184, Fe i
λ5270, Hα, and K i D1. The absorption depth calculations are performed using 0.4 Å bandwidth except for the Hα for which we
use 0.5 Å. In green we present the "out-out" scenario, in red the "in-in", in blue the "mix-mix", and in grey the "in-out". The blue
dashed vertical lines show the zero absorption level. In coloured dashed lines we show the Gaussian fit to the histograms.
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Appendix C: TiO and VO cross-correlation maps
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Fig. C.1: Cross-correlation results of both nights combined for TiO and VO, obtained assuming different atmospheric models
(HELIOS+turbospectrum and PetitRADTRANS). Top panel: cross-correlation maps of the TiO (first and second columns) and
VO (third and fourth columns). Bottom panel: average of the in-transit cross-correlation values in the planet rest frame between
the first and fourth contacts. The vertical axis is shown in S/N units for a better visualisation of the features strength, computed as
described in Section 4.2. Positive S/N means correlation (see CCF values in the colour bar).
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7
Summary, conclusions and future

work

Alright the way I see it, there’s only two possible outcomes. Either I make it
down there in one piece and I have one hell of a story to tell, or I burn up in

the next ten minutes. Either way whichever way, no harm no foul. Cause
either way, it’ll be one hell of a ride. I’m ready.

– Gravity, 2013

In this thesis, we have analysed transit observations of four exoplanets obtained

with several high-resolution spectrographs, paying special attention to the methodology

and other phenomena that could influence the atmospheric detections. This chapter

summarises the main results and conclusions of this work, and describes complementary

studies that could be carried out in the near future in line with the ones presented here.

7.1 Summary of the main results

High resolution spectroscopy observations are currently one of the most pow-
erful tools to study the atmosphere of exoplanets. After the first atmospheric
study using a high-dispersion spectrograph by Redfield et al. (2008), the number
of studies rapidly increased, leading to the characterisation of tens of exoplanets
at the moment of writing this thesis. During the last few years, the commu-
nity has gained strong experience in high-resolution spectroscopy observations,
leading to a considerable improvement of the methodologies and of the observa-
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152 CHAPTER 7. Summary, conclusions and future work

tional discovery and understanding of theoretically predicted phenomena that
can make the atmospheric characterisation more challenging, but also more
interesting at the same time.

Table 7.1— Summary of my publications related to the characterisation of exo-
planet atmospheres by means of high resolution spectroscopy. The publications
included in this thesis are in bold.

Exoplanet Spectrograph Detected(a) Reference

HD 189733 b HARPS NaI Casasayas-Barris et al. (2017)

CARMENES HeI Salz et al. (2018)

WASP-69 b HARPS-N NaI Casasayas-Barris et al. (2017)

CARMENES HeI Nortmann et al. (2018)

MASCARA-2 b HARPS-N NaI, HI Casasayas-Barris et al. (2018)

HARPS-N/CARMENES NaI, HI, FeII, CaII Casasayas-Barris et al. (2019)

HARPS-N FeI, FeII Stangret et al. (2020)

WASP-33 b HARPS-N/CARMENES CaII Yan et al. (2019)

WASP-33 b HARPS-N/CARMENES HI Yan et al. (2020b; submitted)

KELT-9 b HARPS-N/CARMENES CaII Yan et al. (2019)

WASP-52 b ESPRESSO NaI, KI, HI Chen et al. (2020b)

HD 209458 b CARMENES H2O Sánchez-López et al. (2019)

HARPS-N/CARMENES – Casasayas-Barris et al. (2020b)

ESPRESSO – Casasayas-Barris et al. (2020a)

WASP-76 b ESPRESSO FeI Ehrenreich et al. (2020)

ESPRESSO LiI, NaI, MgI, CaII, MnI, Tabernero et al. (2020; submitted)
FeI, KI,���XXXTiO,��HHVO,���XXXZrO

GJ 3470 b CARMENES HeI Palle et al. (2020a)

Au Mic b ESPRESSO – Palle et al. (2020b)

WASP-74 b HARPS-N ��ZZHI Luque et al. (2020)

WASP-21 b HARPS/-N NaI Chen et al. (2020a)

WASP-189 b HARPS-N FeI Yan et al. (2020)

WASP-121 b ESPRESSO NaI, HI, KI, Li, CaII Borsa et al. (2020)
MgI, FeI, FeII, CrI, VI

WASP-127 b ESPRESSO NaI,��ZZLi,��HHKI,��ZZHI Allart et al. (2020)

GJ 9827 b CARMENES ��HHHeI Carleo et al. (2020; submitted)

TOI-1431 b HARPS-N ��HHFeI,���XXXFeII,��HHCaI,���XXXTiO,��HHVO,��HHHα Stangret et al. (2020b; in prep.)

(a) ‘–’ means that the transmission spectrum could not be characterised for some reason. A

crossed specie means a negative result on the search for that particular specie (non-detection),

which was a priori expected.

This thesis is based on the atmospheric characterisation of four different ex-
oplanets using observations performed with several high resolution spectroscopy
facilities, which resulted in five publications (Casasayas-Barris et al. 2017, 2018,
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7.1. Summary of the main results 153

2019, 2020a, 2020b) presented in Chapters 2 to 6. In parallel with the main
results of this thesis, I have established several collaborations, resulting in sev-
eral publications in this same field. Table 7.1 summarises the results of these
publications where I am coauthor, and the studies included in this thesis.

The first exoplanet studied here is HD 189733b. Following the method-
ology and using the same observations as did Wyttenbach et al. (2015), the
NaI detection in HD 189733b atmosphere is reproduced. At the same time,
following the same exact methodology, new WASP-69b HARPS-N observations
are analysed, showing the presence of NaI in the atmosphere of this planet,
but only resolving one line of the doublet (see Chapter 2). In contrast with
Wyttenbach et al. (2015), the methodology used to correct the imprints from
the Earth atmosphere is based on atmospheric models and considers the Earth
movement during the observations. Moreover, the analysis presented here takes
into account, for the first time, the presence of two effects that occur during
the transit of an exoplanet and have an impact on the transmission spectrum:
the Rossiter-McLaughlin (RM) and the centre-to-limb variation (CLV).

In Chapters 3 and 4, HARPS-N and CARMENES transit observations of
the ultra hot Jupiter MASCARA-2b are analysed. The methodology used to
extract the transmission spectrum corrects the RM and CLV deformation of
the stellar lines, which can be easily distinguished from the atmospheric ab-
sorption produced by the exoplanet atmosphere. The two-dimensional analysis
of the spectral time series clearly show the stellar CLV and RM effects, but also
the exoplanet atmosphere, which changes its position in time at the expected
radial-velocity of the exoplanet during the transit. The resulting transmission
spectrum shows absorption lines centred at the Hα, Hβ, NaI, CaII triplet and
the FeII position. These results are consistent with the theoretical predictions
for ultra-hot Jupiters presented in Helling et al. (2019), among others. Due to
the large amount of irradiation received from the host star and their tidally
locked orbit, the molecules are dissociated and the permanent extremely hot
day-side atmosphere is mainly composed by ions.

Chapters 5 and 6 show the analysis of HD 209458b, one of the most famous
and well-studied exoplanets. Using several archival observations with HARPS-
N and CARMENES, the results show that the high resolution transmission
spectrum of the exoplanet is consistent with the modelled CLV and RM effects
on the stellar line profiles, but at low S/N. When comparing with previous
measurements, our results reveal that previous HST NaI detections by Sing
et al. (2008) can alternatively be explained as the combination of both effects.
On the other hand, the NaI transmission light curves by Snellen et al. (2008)
and Albrecht et al. (2009) seem to be consistent with the results obtained with
HARPS-N and CARMENES, which show relatively low S/N and can not be
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easily interpreted. With new ESPRESSO observations, the results obtained
with HARPS-N and CARMENES are confirmed at high S/N. The RM effect
is clearly visible in the observations, which overlaps with the position where
the planet atmospheric features are expected in the transmission spectrum. At
the precision of ESPRESSO observations, the results are better explained when
only the most intense effect, the RM, is considered in the modelling, suggesting
an overestimation of the CLV. On the other hand, the strengths of the modelled
CLV and RM effects are compared when assuming different stellar atmospheric
models, showing a better agreement with those NaI models that consider non-
local thermodynamic equilibrium. However, due to the intrinsic uncertainties
of the modelled effects, we are not able to prove whether a 0.1% of absorption
derived from Snellen et al. (2008) is hidden under the RM deformation of our
observations. We conclude that the detection of Na in HD 209458b by the
current set of high-resolution spectroscopic observational data is not supported.
However, at low resolution where the broad wings of the spectral lines are
probed, the situation could be different.

7.2 Conclusions

This thesis has grown up with the fast improvement of high resolution spec-
troscopy methodologies and the increasing knowledge of particular phenomena
that should be considered in these kind of atmospheric studies. It starts with
Chapter 2, mainly based on finding the methodology to extract the transmis-
sion spectrum when only a couple of results existed in the literature and ends
with high precision ESPRESSO observations dealing with stellar surface varia-
tions (Chapter 6), made when atmospheric studies using high resolution spec-
troscopy have become relatively common. This thesis improves some aspects of
the methodology to extract the transmission spectrum of exoplanets, but also
contributes with several discoveries.

Conclusions related to the methodology

The excess of absorption produced by the exoplanet atmosphere in the stellar
spectrum is usually of the order of 1 %. This means that small variations in
the observations can easily lead to a wrong interpretation of the results. Below,
we summarise the points related to the methodology addressed in this thesis.

• Removing the contamination from the Earth atmosphere (telluric lines)
is one of the first challenges of the search for faint atmospheric features
from the exoplanet atmosphere using high resolution spectroscopy obser-
vations. One of the main techniques to correct this contamination was
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based on the telluric lines dependence with airmass, in order to scale the
telluric absorption lines of all time series to the same airmass, that is,
to the same absorption level (e.g. Wyttenbach et al. 2015). However,
during the observations, the telluric lines change their position due to the
Earth’s movement with respect the Solar System’s barycentre. Although
this change is usually sub-pixel sized, after dividing each exposure by
the averaged stellar spectrum, small spurious signals appear in the tel-
luric lines’ positions. In Chapter 2 we stress this issue and suggest an
alternative method based on scaling a telluric model, which takes into
account the Earth radial-velocity at each exposure. Lately, an ESO tool
called Molecfit (Smette et al., 2015; Kausch et al., 2015) has become
one of the most used ones to remove the O2 and H2O telluric absorption
contamination, due to its ability to achieve photon noise precision. The
accuracy of the telluric lines removal is a key factor to determine the sig-
nals from the exoplanet atmosphere. The exoplanet atmosphere imprints
extremely faint features in the stellar spectrum, which can be easily mim-
icked or erased by telluric residuals. This becomes extremely important
in the search for water vapour, for example, where the contamination
introduced by the Earth atmosphere becomes critical.

• The Earth atmosphere imprints absorption and emission lines in the ob-
served spectra. The emission lines are not corrected with the common
model-based methodologies described in the previous point, which only
consider O2 and H2O telluric absorption lines. This is the case, for exam-
ple, of the NaI sky emission detected in some of the observations presented
in Chapter 2 and Chapter 5. When the observations are performed with
fibre-fed spectrographs, the sky emission can be monitored simultaneously
to the science object using a second fibre. Although the efficiency of both
fibres is not exactly the same, one can use the sky spectrum to check
the existence and find the position of these emission lines. Similarly to
the telluric absorption lines, the emission lines change with the airmass
during the observations. Small uncorrected variations could introduce
features in the transmission spectrum which can be easily interpreted as
signals from the exoplanet atmosphere. The importance of simultaneous
sky observations is firstly pointed out in Chapter 2, where the telluric NaI
emission is directly corrected with the sky observations. In consequence,
current observing strategies for atmospheric studies of exoplanets using
high dispersion spectrographs include simultaneous sky observations.

• Using high resolution spectroscopy, the observations are sensitive to the
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exoplanet’s movement. This means that, if the planet imprints a de-
tectable transmission spectrum in the observations, the atmospheric fea-
tures will change their position in the spectrum with time. The evolution
of these features can be observed using two-dimensional (2D) maps, show-
ing the results of each exposure. Although these analysis are relatively
common when using cross-correlation techniques due to the higher S/N
achieved in the results, this is not the case in the analysis of single lines.
In Chapter 3, the first 2D analysis of the time series around several single
lines is performed, where the RM effect and absorption from the exoplanet
atmosphere can be tentatively observed during the transit. In Chapter 4,
after combining more observations, the RM, CLV, and absorption of dif-
ferent spectral lines are clearly observed in the data, showing the expected
evolution in time during the transit. These 2D analysis can also help to
distinguish stellar activity (e.g. Palle et al. 2020b) and pulsations (e.g.
Yan et al. 2019). The features that the planet imprints in the stellar spec-
trum are usually masked by the noise, and different phenomena can easily
reproduce an absorption-like feature. However, if this absorption signal
only appears during the transit, and if it changes its position in time fol-
lowing the radial-velocity of the exoplanet, it has a large probability to
have an atmospheric origin. 2D maps, together with other tests, are now
used in almost all atmospheric studies as a verification of the nature of
the features observed in the transmission spectrum, adding robustness to
the detections.

Conclusions related to the science

This work shows the discovery of several species in the atmosphere of
particular exoplanets and important stellar phenomena that may affect
their transmission spectra. The following points describe the conclusions
of these discoveries.

• Ultra hot Jupiter planets are located very close to their host stars receiv-
ing a large amount of irradiation on the day-side atmosphere, expecting
them to present close to stellar-like atmospheric temperatures (Parmen-
tier et al., 2018; Arcangeli et al., 2018). KELT-9b was the first ultra
hot Jupiter studied at high-resolution spectroscopy, which ended up with
the detection of several atomic and ionised metals by Hoeijmakers et al.
(2018, 2019) in its atmosphere. In Chapter 3 and 4, we present the trans-
mission spectrum of MASCARA-2b, the second ultra hot Jupiter whose
atmosphere has been analysed at high resolution. We show the detection
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of metals: NaI, the first ever detections of CaII triplet and individual FeII
single lines, and the tentative detection of MgI. These results are consis-
tent with theoretical simulations by Helling & Rimmer (2019), which pre-
dict an upper day-side atmosphere with a temperature higher than 3000 K
due to the stellar radiation, causing these atmospheres to be composed of
atoms and ions rather than molecules, which become dissociated at those
temperatures. Moreover, Helling et al. (2019) show that two very differ-
ent hemispheres are expected in the atmospheres of ultra hot Jupiters,
due to their proximity to the host star and their tidally locked orbits:
a cloudy night-side and a cloud-free day-side that forms a thermal iono-
sphere. Transmission spectroscopy observations explore the terminator of
the exoplanet atmosphere where both day- and night-sides are mixed up.
The relatively large diversity of ions and atoms detected in MASCARA-
2b (HI, NaI, MgI, CaII and FeII) suggests the presence of an ionosphere in
the day-side atmosphere of ultra hot Jupiters as theoretically predicted,
and shows that these exoplanets are excellent laboratories to study the
atmospheric chemistry. Recently, the presence of these species has been
confirmed in MASCARA-2b by Stangret et al. (2020), Nugroho et al.
(2020) and Hoeijmakers et al. (2020a) using the cross-correlation tech-
nique, together with the new detection of FeI. Other atmospheric studies
have also shown the presence of metals in the atmosphere of ultra hot
Jupiters (e.g Yan et al. 2019; Seidel et al. 2019; Borsa et al. 2020). In the
near future, high-resolution spectrographs such as HIRES for the ELT,
will be able to disentangle the complex picture of ultra hot Jupiters at-
mospheres through the detailed sampling of the composition at different
altitudes and hemispheres (e.g. Ehrenreich et al. 2020).

• In Chapter 3, we present the first (tentative) detection of Hα in an ul-
tra hot Jupiter, which is confirmed in Chapter 4, after combining several
nights of observations. These planets typically receive a large amount
of extreme ultraviolet radiation from the host star, which produces the
expansion of their atmosphere and excites the atomic hydrogen to pro-
duce Hα absorption (Bourrier et al., 2016). In extreme cases, photo-
evaporation causes a transonic planetary wind, and the mass loss rate
could affect the planetary evolution (Salz et al., 2015). The Hα detection
in MASCARA-2b corresponds to a hydrogen exosphere (Gebek & Oza,
2020) extending to 1.2 times the radius of the planet, far from its Roche
Lobe radius. However, Yan & Henning (2018) present the detection of Hα
around KELT-9b, the ultra hot Jupiter with highest day-side temperature
(4600 K), measuring a hydrogen exosphere around 1.64 times the radius
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of the planet, close to its Roche Lobe. Cauley et al. (2019) reproduced
the Hα detection in KELT-9b and reported significant absorption in Hβ.
On the other hand, Wyttenbach et al. (2020) recently reported the Hγ
and Hδ measurements in this same planet. The transmission spectrum
of MASCARA-2b presented in Chapter 4 shows the Hβ detection and
a tentative feature of Hγ. These results show that ultra hot Jupiters
present an exciting opportunity to study photoevaporation and mass loss
processes with state-of-the-art spectrographs such as ESPRESSO, which
will be able to characterise the Hγ features observed in MASCARA-2b,
and provide constrains for planetary theories of formation and evolution.

• Although Louden & Wheatley (2015) and Yan et al. (2017) were the
first studies pointing out the importance of the RM and CLV effects in
atmospheric studies, their initial importance remained limited. With the
discovery of new exoplanets around bright stars with potential interest
for atmospheric studies, the CLV and RM effects have gained importance
when their impact became clear in higher S/N observations. Their impact
on the transmission spectra depends, basically, on the system geometry.
For some systems, they do not prevent the detection of the atmosphere
but modify the measured absorption (see Chapters 3 and 4). However,
for other systems, as observed for HD 209458b in Chapters 5 and 6,
their impact on the transmission spectrum makes the detection of the
atmosphere particularly challenging. The studies presented in this thesis
point out the necessity of accounting for the CLV and RM effects for a
correct interpretation of the features observed in the transmission spectra
of exoplanets, and stress the importance of detailed modelling of both
effects when the characterisation of small Earth-like planets around low-
mass stars is attempted with the ELTs in the coming decades. Moreover,
we show that previous atmospheric studies have overlooked these effects
and may need to be revised.

7.3 Future work

In this thesis, we have studied the transmission spectrum of several exoplan-
ets, including hot and ultra hot Jupiters. These analysis have contributed to
a better characterisation and understanding of their atmospheres. However,
complementary research in this line could be done in the near future in order
to understand other aspects of these atmospheres and refine the high resolution
methodologies.
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Understanding the chemistry and dynamics of ultra hot Jupiter atmospheres

Brown dwarfs are defined as the intermediate objects between low-mass stars
and gas giant planets, ranging from 11-16 MJ , the approximate mass for the
deuterium fusion, to 75-80 MJ , the approximate mass for the hydrogen fusion,
depending on the chemical composition of the objects (Baraffe et al., 2002;
Spiegel et al., 2011). Although brown dwarfs have been studied as analogues of
giant planets because their spectral observations are more feasible than for ex-
trasolar planets, the differences and/or similarities between brown dwarfs and
giant planets are still under debate. A class of massive exoplanets with equilib-
rium temperatures comparable to stellar objects has recently been uncovered:
the ultra hot Jupiters (UHJ, Parmentier et al. 2018).

One of the most massive UHJ known to date is WASP-18b, which has a mass
of 10 MJ , a period shorter than 1 day and an equilibrium temperature of 2400 K
(Hellier et al., 2009). The theoretical simulations made by Helling et al. (2019)
show that the high temperatures of the day-side do not allow condensation
and, in consequence, clouds are not formed. These high temperatures in the
upper atmosphere imply that the day-side is mainly composed of atoms and
ions (Helling & Rimmer, 2019) and, in extreme conditions, emission from Hα,
O, C, Si, AlII, TiII, FeII could also be present in their spectrum. Using eclipse
observations of brown dwarfs and UHJ, it is possible to probe the day-side
atmosphere of these objects, and compare their composition and dynamics.
Using HST observations of planet secondary eclipses, the temperature inversion
in the day-side of WASP-18b was already proven by Sheppard et al. (2017),
which seems to be a recurrent scenario for other less massive UHJ, such as
WASP-33b (Haynes et al., 2015; Nugroho et al., 2017), WASP-121b (Evans
et al., 2017), and WASP-103b (Kreidberg et al., 2018), for example. Similarly,
brown dwarfs irradiated by white dwarfs show emission lines at high altitudes,
which originate at the hot upper atmospheric regions (Longstaff et al., 2017).
Also, it has been shown that the ionisation of the atmospheric gas in the upper
high-altitude regions of brown dwarfs is increased by the external radiation, as
observed in the day-side of UHJ. Recently, FeI emission from the day-side has
been detected in two different UHJ by Pino et al. (2020) and Yan et al. (2020)
using eclipse observations with HARPS-N, which proves the thermal inversion
of the day-side. These studies, if also applied to brown dwarfs, will lead to a
better understanding of the transition between gas giants and brown dwarfs,
which remains unclear, and also to an improved characterisation of the day-side
atmosphere of these extreme objects.

On the other hand, the large temperature differences between day- and
night-side hemispheres of UHJs lead to different composition and circulation
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from day-side to night-side. Using high resolution transit spectroscopy obser-
vations, there have been several atmospheric studies of these planets showing
the presence of a large diversity of species in their terminator (see Chapter 4).
Ehrenreich et al. (2020) detected, for the first time, FeI variations between the
morning and evening terminators of WASP-76b, suggesting that FeI atoms may
be condensing on the night-side of the planet. A similar study was performed
by Salz et al. (2018) but in the near infrared region (HeI) using CARMENES
observations. These chemical and dynamical differences can be studied by fo-
cusing on the variations of the transmission spectrum extracted during in the
ingress, mid-transit and egress of the planet during the transit. As some of these
UHJ orbit around very bright stars and have already been observed with dif-
ferent facilities, a first preliminary study would be possible using archival data
from 3.5m telescopes such as HARPS, HARPS-N, and CARMENES. With the
precision of high resolution spectrographs located at larger telescopes such as
ESPRESSO at VLT, we would be able to check the transmission spectrum of
the potential candidates, and study the wind speed, equivalent width values
and temperature profile differences in the exoplanet hemispheres.

Obliquity measurements of ultra hot Jupiters

During this thesis, a relative large number of transits have been observed using
high resolution spectroscopy. Although only the analysis of MASCARA-2b is
included here, a total of eight UHJ have been observed with the time awarded to
this thesis. Because of weather conditions, not all data sets have been useful for
atmospheric studies due to the signal-to-noise ratio achieved, but they are still
useful for other scientific purposes. This is the case, for example, of measuring
the obliquity (or spin-orbit alignment) of the systems.

Most UHJ orbit around fast rotating early type stars, whose spectra present
only a few broad lines, resulting in low precision radial-velocity measurements.
Fortunately, the expected RM amplitude for these planets is relatively large
(see equation 1.1). Although some of these exoplanets already have obliquity
measurements in the literature, most of them have been performed using obser-
vations with lower precision. The observations performed with HARPS-N and
CARMENES show more accurate radial-velocity measurements that could be
used to better constrain their spin-orbit alignments.

Going one step further, this study could be homogeneously applied to exist-
ing high-resolution transit spectroscopy observations of other UHJ, which have
not been analysed for this kind of studies. These measurements would help to
populate the λ-Teff diagram from Winn et al. (2010) (see Figure 1.3), which
suggests a transition around an effective temperature of 6250 K between those
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systems showing aligned and misaligned orbits, and to better understand their
evolution histories. Moreover, it would help constrain the system parameters
to better characterise the exoplanet atmospheres.

Rossiter-McLaughlin and centre-to-limb variation modelling improvement

As shown in the different analysis presented in this thesis, the RM and CLV
effects on the stellar line profiles are one of the challenges when attempting to
characterise the signals from an exoplanet’s atmosphere using high resolution
spectroscopy observations. The impact of the RM effect in the transmission
spectrum of an exoplanet depends on the geometry of the system and the ro-
tation velocity of the star. For MASCARA-2b (see Chapters 3 and 4), for
example, although the impact of the RM is not critical in order to claim or not
a detection, the absorption depth measurements differ if this effect is not cor-
rected. In other cases, the RM effect falls exactly where we expect the planetary
atmospheric signature (at the same radial-velocities) making it very difficult to
disentangle the different contributions. This is the case of the hot Jupiter
HD 209458b (see Chapters 5 and 6). The CLV, on the other hand, strongly
depends on the stellar spectral type. For the exoplanets studied in this thesis,
the CLV is not the main contribution, but it could become important for cooler
stars. The impact of these effects in the transmission spectrum of exoplanets is
now starting to be considered in most of the atmospheric analysis presented by
the community. However, several previous atmospheric studies missed them,
and the interpretation of the transmission spectrum may need to be revised.

In this thesis, both RM and CLV effects are modelled as presented in Yan &
Henning (2018) and Yan et al. (2017). Currently, this computation depends on
one-dimensional (1D) stellar atmospheric models usually computed under the
local thermodynamic equilibrium assumption, and assume solid body rotation
in the RM effect computation, which is not necessarily correct for all systems.
For those systems where the effects and the atmospheric absorption can be
easily (and visually) disentangled, such as MASCARA-2b, the models can be
scaled to the intensity of the observations and be removed (see for example
Yan & Henning 2018). This is not the case for planets like HD 209458b where
the different contributions overlap. In these cases, accurate models are needed
to be sure that the resulting transmission spectrum does or does not contain
contributions from the exoplanet atmosphere.

There are different phenomena that could be incorporated to the compu-
tation in order to improve the accuracy of the modelled CLV and RM effects.
The RM could be affected by convective blue shift (Dravins et al., 2017), a
consequence of the stellar granulation that occurs because the emerging gran-
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ules are brighter than the surroundings (Dravins, 1982). This produces a blue
shift of the stellar lines that becomes less intense in deep lines formed higher in
the stellar atmosphere (Reiners et al., 2016). Granulation and star-spots can
produce asymmetric line profiles, and could be considered using 3D magneto-
hydrodynamic simulations (Cegla et al., 2016b). Similarly, it has been observed
that the CLV predictions are better described using 3D stellar atmospheric mod-
els than using the 1D approximation (Hayek et al., 2012), due to the description
of the atmospheric temperature structure. In addition, differential rotation can
become important in main sequence stars (Karoff et al., 2018), producing an
amplitude variation of the RM signal during the transit, and could be consid-
ered as presented in Serrano et al. (2020).

Exploration of the near-infrared wavelengths

At high resolution spectroscopy, the near-infrared wavelength region has mainly
been explored using the cross-correlation technique, looking for molecules such
as H2O (Birkby et al., 2013), CO (Snellen et al., 2010), and CH4 (Guilluy
et al., 2019). The analysis of single lines, however, has been focused on the
search for metastable helium (HeI) at 10830 Å, after its discovery by Nortmann
et al. (2018) and Allart et al. (2018) in the atmosphere of two exoplanets using
observations performed with the CARMENES spectrograph. Thanks to the
wide wavelength coverage of the CARMENES visible channel, the first detection
of the CaII IRT at 8500 Å has also been possible (see Chapter 4).

Contrarily to the visible range, the near-infrared exploration is still limited,
mainly due to the limited number of high-resolution spectrographs covering
those regions, and the strong telluric contamination. Currently, CARMENES at
a 3.5m telescope is one of the best instruments for high resolution spectroscopy
near-infrared studies. On the other hand, the high-resolution near-infrared
spectrograph GIANO-B on the 3.6 m TNG has recently shown its feasibility for
atmospheric studies in Brogi et al. (2018) and Guilluy et al. (2019, 2020). Both
instruments have several data sets publicly available that could be examined.
For example, Kesseli et al. (2020) recently applied a massive search of FeH in
the CARMENES near-infrared observations of twelve exoplanets, showing some
tentative detections.

A search for high opacity molecules and atoms in the near infrared wave-
lengths for very different exoplanets in terms of the irradiation received from
their host star, for example, could be theoretically performed using atmospheric
simulations with tools such as petitRADTRANS (Mollière et al., 2019). With
this information, an homogeneous observational search for the most promis-
ing species could be carried out using archival near-infrared data from 3.5m
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telescopes of different exoplanets. With the upcoming CRIRES+ near-infrared
spectrograph at VLT (planned to be offered to the community on February-
March 2021) it would be possible to confirm some potential prior results, that
were limited by signal-to-noise. This study would help to statistically under-
stand the composition of the exoplanets depending on their system properties
and how the atmospheric constituents correlate with particular parameters.
Last but not least, for a better understanding of the results, such a study would
require an accurate study of the RM and CLV effects on the near-infrared spec-
tral lines, not contemplated in most of the previous atmospheric studies, but
shown to be important in the near-infrared wavelengths (Brogi et al., 2016).

Characterising exoplanet atmospheres with the ELTs

The ultimate objective of the exoplanet research is the detection of extrater-
restrial life evidence using biomarkers. The next generation of extremely large
ground-based telescopes, the so-called ELTs, will push the exoplanet commu-
nity one step further towards this goal. The ELTs are a group of three tele-
scopes that are planed to be offered to the community in a decade. This is
the case of the 25 m diameter Giant Magellan Telescope (GMT; Johns 2008),
the 30 m Thirty Meter Telescope (TMT; Nelson & Sanders 2008), and the 39 m
European-Extremely Large Telescope (E-ELT; Gilmozzi & Spyromilio 2007).
All three telescopes will be equipped with high resolution spectrographs, being
able to discover and characterise smaller planets. With an aperture of around
40 meters, for example, the E-ELT will collect 24 times more photons than one
VLT (whose aperture is 8 m), corresponding to objects with 3.5 magnitudes
fainter. This particular telescope will be equipped with two high resolution
spectrographs (< ∼ 100 000): the Mid-infrared E-ELT Imager and Spectro-
graph (METIS; Brandl et al. 2008), covering from 2.9 to 5.0µm, and the High
Resolution Spectrograph (HIRES; Marconi et al. 2016), with a wavelength cov-
erage from 0.37 to 2.5µm.

Using high dispersion spectroscopy observations with ELTs it will be possi-
ble to detect individual spectral lines from the atmosphere of gas giants at high
precision, constructing the real spectrum of the planet at high resolution instead
of needing the combined lines’ signal, obtained by using the cross-correlation
technique. This will permit an accurate study of the strength of individual
molecular and atomic lines. As different spectral lines are formed at different
altitudes, this will prove the temperature-pressure profiles of the atmospheres.
Also, the study of the lines’ broadening and the velocity shifts that the spectral
lines experience during the ingress and egress of a transit will reveal informa-
tion about circulation and planet rotation, as tentatively observed by Showman
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et al. (2010). This would help understanding the global circulation on an ex-
oplanet and, consequently, describe the physics of their atmospheres. Besides
transmission spectroscopy, due to the larger apertures, with the ELTs it will be
possible to sample the exoplanet spectrum at different orbital phases, observ-
ing variations of the molecular signals as function of the planet longitude and,
therefore, we may observe the changes in the temperature structure of their
atmosphere (Cho et al., 2003).

Despite that several transit observations will be required, the ELTs will en-
able the atmospheric characterisation of smaller planets, such as super-Earths.
In addition to the detailed study of their atmospheric composition, the mea-
surement of ratios of isotopes will provide important insights in the atmospheric
evolution of these exoplanets (Mollière & Snellen, 2019). The ELTs will also
be able to characterise Earth-like planets and to detect oxygen after combining
the observations of a few dozens of transits (Snellen et al., 2013). Although
the detection of oxygen will not be sufficient to claim the existence of extrater-
restrial life, its discovery in a rocky planet located in the habitable zone will
be a huge progress and a motivation to continue the search for an inhabited
Earth-like twin.
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