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Abstract

Most planets are surrounded by a layer of material in gas phase with varying levels of
physical and chemical properties. The planetary upper atmosphere invariably extend to space
with decreasing levels of density and increasing gas particle velocities the higher we are
in altitude. Some of these particles are so fast that they can unbind from the gravitational
pull of the planet, and eventually escape it. Although seemingly mundane in our lives, this
process of evaporation is precisely what transformed Mars from a world covered by rivers
and oceans into a desolate, uninhabitable planet. More than 4000 exoplanets have been
discovered to date, and most of them orbit closer to their host star than Mercury orbits the
Sun. Their extreme environments drive atmospheric escape rates high enough to strip them
of a large fraction of their primordial envelopes, and we have the tools to observe this process
happening. In this manuscript, I will describe in detail the state-of-the-art hypothesis and
theories to explain atmospheric escape in exoplanets, as well as the leading-edge techniques
to observe it. We shall embark on a journey from gas giants to Earth twins, in which we
search for the faintest signatures of their evolution imprinted in their thin, upper atmospheres.
To this end, we employ transmission spectroscopy, a technique that consists in measuring the
light of their host stars filtered through the thin gaseous limbs of a transiting exoplanet, and
inferring the properties of their atmospheres. Our observations are carried out in ultraviolet
wavelengths using the Hubble Space Telescope and in infrared using ground-based telescopes.
Leveraging what we learned in this journey, we shall also explore the possibility of probing
the presence of water and habitability of Earth-like exoplanets using the future LUVOIR

mission.






Resumé

La plupart des planetes sont entourées d’une couche de matiere en phase gazeuse présentant
une myriade de propriétés physiques et chimiques différentes : 1’atmosphere. La haute atmo-
sphere planétaire s’étend invariablement vers 1’espace, sa densité décroissants et la vitesse de
ses particules gazeuses crossant au fur et a mesure que I’on s’éleve en altitude. Certaines de
ces particules sont si rapides qu’elles peuvent se libérer de 1’attraction gravitationnelle de
la planete, et a terme s’évader. Méme si cela pourrait nous paraitre quelque peu prosaique,
ce processus d’évaporation est précisément ce qui a transformé Mars d’un monde couvert
de rivieres et d’océans en une planete désolée et inhabitable. Plus de 4000 exoplanetes ont
été découvertes a ce jour, et la plupart d’entre elles orbitent plus pres de leur étoile hote que
Mercure ne tourne autour du Soleil. Leurs environnements extrémes entrainent des taux
d’échappement atmosphérique suffisamment élevés pour les dépouiller d’une grande partie
de leurs enveloppes primordiales, et nous disposons des outils nécessaires pour observer
ce mécanisme. Dans ce manuscrit, je décrirai en détail les hypotheses et les théories les
plus récentes pour expliquer 1I’échappement atmosphérique des exoplanetes, ainsi que les
techniques de pointe pour I’observer. Nous embarquerons dans un voyage, des géantes
gazeuses aux jumelles de la Terre, au cours duquel nous partirons a la recherche des plus
faibles signatures de leur évolution au sein de leurs minces hautes atmospheres. A cette fin,
nous employons la spectroscopie de transmission, une technique qui consiste a mesurer la
lumiere de leurs étoiles hotes filtrée a travers les fines couches gazeuses des exoplanetes en
transit, pour en déduire les propriétés de leurs atmospheres. Nos observations sont réalisées
dans les longueurs d’onde ultraviolettes en utilisant le Hubble Space Telescope, ainsi que
dans I’infrarouge en utilisant des télescopes au sol. Tirant parti de ce que nous avons appris
au cours de ce voyage, nous explorerons également la possibilité de sonder la présence d’eau
et étudier 1’habitabilité d’exoplanetes semblables a la Terre en utilisant la future mission
LUVOIR.
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Chapter 1
Atmospheres of distant worlds

« . ”
Can you hear me, Major Tom?

David Bowie

To say that the discovery of the first extra-solar planet around a solar-type star in 1995
by Mayor and Queloz [128] was revolutionary is an understatement. The finding of the
Jupiter-mass planet 51 Peg b through the radial velocities (RV) method [see, e.g., 133]
ushered the development of a whole new sub-field of astrophysics known as Exoplanetary
Science. As of the writing of this manuscript, this new research area produced more than
7.5k refereed publications and almost 240k citations, as tracked by the Astrophysics Data
System'. The feat of discovery notwithstanding, what struck the scientific community at the
time as odd was that this planet orbited too close to its host star, 51 Peg, when compared
to the planets in the Solar System: at a separation of staggering 0.05 au, which is almost 8
times closer than Mercury is to the Sun. However, the skepticism against 51 Peg b started to
crumble away when, by mid-1996, the roster of known exoplanets had already grown to 10
[156]. All of these were massive, Jupiter-sized planets orbiting very close to their host stars,
so the community aptly named them hot Jupiters.

But how hot can these planets actually be? One estimate we can quickly draw is the
equilibrium temperature T¢q, which is a theoretical temperature at which the planet irradiates
all the energy it receives from its host star assuming the planet is a black body. This estimate

is independent from the presence of an atmosphere, and can be calculated as:

R,

];q:Tefﬂ*(l—a)lM 2D7

(1.1)

! Available at https://ui.adsabs.harvard.edu.
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2 Atmospheres of distant worlds

where Tif + 18 the effective temperature of the host star, a is the planetary albedo, R, is the
host star radius, and D is the distance from the host star. For 51 Peg b, eq. 1.1 yields an
equilibrium temperature of 1935 K if we assume an albedo of zero. As of today, the hottest
known exoplanet is KELT-9 b, with an equilibrium temperature of ~4000 K [71], which
would mean this planet is as hot as a K-type star on its day side. On the other hand, there are
also several discovered exoplanets with equilibrium temperatures as mild as the Earth, such
as K2-18 b with 284 K [154]. We can also use the properties of the host star to calculate the
bolometric incident flux Sj, at the location of the planet with the following equation:

Sinc - Tetf + & 2 ( a >_2 (1.2)
Sy \57718K Ry lau/ ’ '
where a is the semi-major axis of the planetary orbit. Sj,. is given in units of bolometric

incident flux at the Earth (Sg).

With the exception of hot Jupiters, which are rare, planets that orbit close to their host

stars, although very different from our Solar System, are actually very common [e.g., 89].
One of the reasons most of our discoveries are of short-period planets owes to the fact that
they are easier to detect than longer-period ones. Since they have short orbital periods, they
produce stronger signals in radial velocities; and since they transit more frequently [190], it is
easier to find them when we serendipitously survey the sky. With more than 4000 exoplanets
discovered to date (Fig. 1.1), there are many open questions that the scientific community
wants to answer: How do their atmospheres look like? Are these planetary configurations
stable through astronomical timescales? How are they formed? How do they evolve? And

ultimately: can they sustain life?

1.1 The structure of hot gas giant atmospheres

Objects like stars and planets exist because the internal, outward pressure balances out
the gravitational force pulling material inward. This phenomenon is called hydrostatic
equilibrium, and it implies that pressure is always decreasing in the direction outward from
the center of the object. At a certain point, the density of material encircling the object of
interest becomes low enough that photons emerge from it unhindered, and can potentially
reach our telescopes on Earth. This interface between our object of interest and space is an
atmosphere. Astronomy has a long history of simultaneously modeling stars and planets and
observing their atmospheres in a virtuous circle of experimentation, aimed at understanding
the structure and evolution of celestial bodies.
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Fig. 1.1 Population of exoplanets with known radius and bolometric irradiation (taken from
the NASA Exoplanets Archive on 01 Feb 2021). The star symbols represent the planets that
will be discussed in this manuscript: WASP-127 b (green), WASP-29 b (purple), GJ 436 b
(orange), and K2-18 b (red); the Earth is represented with the & symbol.

Following the seminal discovery of 51 Peg b, the first attempt at modeling an irradiated
extrasolar giant planet (EGP) was done by Guillot et al. [77]. Using techniques very similar to
those applied in modeling the evolution of brown dwarfs [22] and longer-period EGPs [155],
the objectives of Guillot et al. were: 1) to investigate the relation between the luminosity
and temperature of irradiated EGPs, and ii) to assess if these worlds can survive against the
intense mass loss driven by stellar irradiation. Among their findings, the authors conclude
that not only can irradiated EGPs survive evaporation, but signals of their evolution would
be imprinted in their spectra. Later, Seager and Sasselov [158] would reach a similar
conclusion and predict that the external irradiation produces measurable changes in the
emerging planetary spectrum when compared to an isolated brown dwarf.

Despite being hot, short-period EGPs are sufficiently cool that chemistry plays an impor-
tant role in determining the composition and structure of their photosphere. Furthermore, a
relatively deep radiative zone emerges due to external irradiation from their host stars [77].
In such case, atmospheric heating is not efficiently redistributed by convective motion, but is
instead distributed by zonal winds from the day side to the night side [23].

The outermost layers of a planetary atmosphere above tens or hundreds of km see a
sharp increase in temperature (see Fig. 1.2) at the thermosphere due to the absorption of

high-energy (wavelengths shorter than ultraviolet) photons. This region is also known as the
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Fig. 1.2 Temperature profile of the Earth’s atmosphere and its nomenclature. Adapted from
Catling and Kasting [29]. Despite being at a different regime of physical properties, the
overall behavior and nomenclature also apply for EGPs.

upper atmosphere. Hot gas giants like HD 209458 b orbit so close to their host stars, that they
receive enough irradiation that their upper atmospheres exhibit an expanding outward wind
that reach supersonic velocities (we discuss this phenomenon in more detail in Sect. 1.2).
The densities and wind velocities in the upper atmosphere depend mainly on the composition
and the temperature of the gas, the planetary mass and the atmospheric mass loss rate. One
useful, simplified way to understand the structure of this upper atmosphere is by using an
isothermal Parker wind model driven by gas pressure [146]. This model was originally
designed to explain the solar wind, but it has been adapted to describe winds in EGPs as
well. In this model, a steady-state, spherically-symmetric wind follows the equation of mass

conservation:

M = 4rr?p(r)v(r), (1.3)

where M is the mass loss rate, r is the radial distance (altitude), p is the gas density, and v is

the wind velocity. This model also follows the momentum equation:
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d 1d GM,
Y&y 24P 2pl —
dr pdr r

where G is the gravitational constant, p is the thermal pressure and My is the planetary mass.

0, (1.4)

The isothermal Parker wind model assumes that the sound speed vy is constant in the upper
atmosphere, allowing for a significant simplification of the problem:

Vg = kﬂ, (1.5)
\/ u

where T is the gas temperature (assumed to be constant) and u is the mean molecular weight.
For EGPs, whose outflows are mostly made of atomic and ionized H, typical values of u
are near 1.0 in unit of proton mass. It is convenient to normalize the radii, velocities and
densities to, respectively, the radius at the sonic point? (r;), speed of sound, and density at
the sonic point (ps). The resulting equations describing the radial profiles of velocity and

density are:

52 2
ﬁ(r)exp{ vér) } = (%) exp [—%—f—%] and (1.6)
2 3 2
p(r) =exp {;—5 - %] , (1.7)

where 7, ¥, and p are the normalized radius, velocity, and density, respectively. Eq. 1.6
has many solutions, but we are only interested in the solution that represents an escaping
atmosphere, i.e., the one with velocities increasing asymptotically with radius. As an example,
I calculated the structure of the upper atmosphere of the hot Jupiter HD 209458 b assuming
an escape rate of 8 x 108 g s~! and a temperature of 9000 K [152], and the resulting structure
for the upper atmosphere is shown in Fig. 1.3.

1.2 Atmospheric escape and evolution

Classically, the term atmospheric escape has loosely been used to refer to planetary outflows
at the layers where the atmosphere becomes so thin that the particles can move unhindered
by collisions [140]. This terminology seems to have been coined by Spitzer [171]. But
the first physical description of "atmospheres evaporating into space" using kinetic theory
dates back to an abstract presented in 1846 by Waterston [187] and published much later
in 1892 by Waterston and Rayleigh [188]. The description of flows in and above the upper

2The sonic point is defined as the point where the velocity of the outflow becomes supersonic.
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Fig. 1.3 Structure of the upper atmosphere of HD 209458 b. The circles mark the speed of
sound and density at the sonic point.

atmosphere is called planetary aecronomy. Although the first studies of atmospheric escape
focused on the theoretical implications of kinetic theory, evidence started to emerge showing
that this process could indeed yield observable signatures in the planets of the Solar System.
For example, the excess of helium (He) over hydrogen (H) in the atmospheres of the outer
planets [140] is one of the motivators to explore atmospheric escape and evolution. Changes
in the geochemistry of the Earth and Mars, at astronomical time scales, has been presented
as evidence for atmospheric evolution in rocky planets [e.g., 150].

In planets outside the Solar System, the discovery of a large H cloud around the hot Jupiter
HD 209458 b [182] quickly followed the discovery of sodium (Na) in its atmosphere [33],
both observed with the Hubble Space Telescope (HST)?. Using the transmission spectroscopy
technique (see Section 1.3), Vidal-Madjar et al. [182] observed that the stellar Lyman-o
emission decreases by approximately 15% during the transit of HD 209458 b, in staggering
contrast with the 1.5% transit depth seen in optical wavelengths [56]. Such a large additional
transit absorption can only be caused by an extended cloud of neutral H around the planet,
which would cover much more of the stellar light than the opaque disk of the planet. Since
atomic H cannot be sustained for a long time around a planet without eventually being
ionized or swept away by radiation pressure, there has to be a source of H that feeds the
cloud around the planet with a constant stream of neutral atoms; or, in other words, the planet
must be losing large amounts of H to space. In fact, Bourrier and Lecavelier des Etangs [18]
concluded that the planet loses mass in a total rate of 10° to 10!! g s~!, which is equivalent
to shedding approximately one Deimos (the Martian satellite) per year.

3The detection of Na has since been challenged by high-resolution, ground-based observations reported by
Casasayas-Barris et al. [28], which claim that it was a false positive caused by the Rossiter-McLaughlin effect.
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In the following material of Section 1.2 we shall briefly overview the main processes of
atmospheric escape for planets exposed to stellar wind and radiation. We refer the reader
to the excellent review of Gronoff et al. [74] for a detailed description on these various
processes, as well as their implications for both exoplanets and the Solar System planets. We

show a schematic image depicting the many atmospheric escape processes in Fig. 1.7.

1.2.1 Temperature-driven, thermal escape

One of the earliest descriptions of upper atmospheric escape was presented by Jeans [93],
which assumed an isothermal atmosphere in hydrostatic equilibrium. Such a model assumes
that the velocities of particles in the upper atmosphere follow a Maxwell-Boltzmann dis-
tribution [127], and applies kinetic theory to describe the process. In this scenario, any
particles that possess enough potential energy to escape the gravitational well of the planet
are effectively lost to infinity (see Eq. 1.8) [171]. However, such a model is only applicable
when the kinetic flow is unhindered by collisions. Thus, it is convenient to establish a layer
above which the collisions are less likely to happen than a flow free of particle impacts. This
limit is called the exobase, and is defined as the radius above which the mean free path of
gas particles [ is equal to scale height H of the atmosphere. The atmospheric layer above the
exobase is called the exosphere. The layer below the exobase is known as the thermosphere,
and it plays an important role in escape because that is where the processes of atmospheric
heating and cooling happen [75].

As explained by Chamberlain [32], in reality atmospheres cannot be completely hydro-
static in their nature in order to guarantee that the atmosphere has a finite mass. There must
be an atmospheric expansion, even if just slightly. The larger this velocity of expansion, the
more the flow departs from a hydrostatic description. Thus, in practice, we establish two
regimes for atmospheric escape: i) Jeans regime, where hydrostatic equilibrium is sufficiently
accurate to describe escape, and ii) hydrodynamic regime, in which there is a supersonic or

near transonic bulk motion of gas through the upper atmosphere.

Jeans escape
It is useful to define the escape parameter as:

GMpm
kTJI”J ’

where m is the atomic mass of the gas particle, 73 and ry are, respectively, the temperature

A (1.8)

and radius at the exobase. If the gas particles have relatively small thermal energy compared

to the gravitational potential, then A; = 1, and we have escape in Jeans regime. In the Earth,
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if we assume a thermospheric temperature of 1000 K, we obtain Ay ~ 1 — 10, squarely inside
the Jeans regime. The Earth’s exosphere is mostly made of H [174, see Fig. 1.4], which
escapes from the upper atmosphere through the photodissociation of water vapor molecules.

600,000 km

50 7300
Rayleigh

Fig. 1.4 Direct image of the Earth’s exosphere. The extended cloud of gas scatters solar
Lyman-a photons, which were detected by the LAICA instrument aboard the Procyon
satellite at a distance of 0.1 au from the Earth [adapted from 97].

In kinetic theory, a parcel of gas just below the exobase will have particles whose
velocities follow a Maxwellian distribution in which their most probable speed is U =
\/2kTy/m. 1t is possible to rewrite Eq. 1.8 in terms of velocities:

2

1%
=25, (1.9)

where vege = \/ZGT/rJ is the escape velocity at the exobase. Assuming an exobase altitude
of 500 km for the Earth, the escape velocity at that location is 40 km s~!. In the Jeans regime,
most particles that reach the exobase with a speed above v will find themselves unhindered
by collisions against other particles, and will effectively leave the planet. On the Earth, the

0%% atoms s~ !, or approximately 1 x 103 g s~ [174]. On Mars,

Jeans escape rate of His 6 x 1
this rate is approximately one third of that observed on the Earth [91], and on Venus it is

eight orders of magnitude lower [107].
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Hydrodynamic escape

Gross [75] argued that, in their youth, the thermospheres of terrestrial planets in the Solar
System were rich in hydrogen (mixing ratios exceeding a few percent), and that consequently
hydrodynamic escape dominated their early atmospheric evolution. Gross’ insight was that,
in these cases, the exospheric temperatures would be so high (73 > 10000 K), that a selective
escape of gases would be impossible, and instead they would have a bulk motion of gas in
the upper atmosphere, or a so-called planetary wind. Since the escape is not selective in such
a case, not only lighter species such as H and He will escape to the exosphere at a large rate,
but also heavy metals such as O, Mg, Si, and Fe — this point will be important when I discuss
observational techniques in Section 1.3.

The physical description of a hydrodynamically expanding wind can become encumber-
ing, so I refer the reader to the seminal work of Watson et al. [189] for the first simplified
formulation of hydrodynamic escape in planets with H-He dominated atmospheres. This
so called energy-limited formalism has a semi-arbitrary limit of validity in which the high-
energy-photons deposition radius must not be causally connected to the exosphere. In other
words, the formulation of Watson et al. [189] applies when the exobase is located above the
sonic point. More recently, Garcia Mufioz [67] pointed out that planetary winds from hot
exoplanets may not necessarily be transonic, since stellar wind can confine the planetary
outflow to a so called subsonic breeze. In extreme cases, such as those of close-in hot
Jupiters, the exobase can be located beyond the Roche lobe, leading to copious escape rates
in a process known as "geometric blow-off" [113].

Based on the solar wind model of Parker [146], Murray-Clay et al. [134] presented a
simplified one-dimensional hydrodynamic escape model for hot Jupiters. This treatment
starts from the three basic equations of mass continuity, momentum and energy conservation.
The latter includes heating by photoionization, cooling due to work done by the expanding
gas, and cooling from radiation and conduction. In the case of hot Jupiter orbiting a solar-type
star, Murray-Clay et al. [134] conclude that as much as 83% of heating goes into work to
expand the upper atmosphere, implying that the mass loss rate is energy limited (this is not
the case for planets with extremely high levels of ionizing irradiation). Accordingly, the

energy-limited mass loss rate is given by:

. _ E R 3 O.7MJ FEUV
Me tim ~6x10° gs™' (— P 1.1
e—tim ~ 6107 g s <0.3> (1010 cm) ( M, ) <450 ergs~lem2 )’ (1-10)

where € is the fraction of photon energy deposited as heat (analogous to the efficiency factor

used in other formulations; see, e.g., [152, 55]) and Fgyy is incoming flux of EUV (extreme
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Fig. 1.5 One-dimensional structure of the upper atmosphere of the hot Jupiter HD 209458 b
using a self-consistent hydrodynamic escape model similar to that of Murray-Clay et al.
[134] and Allan and Vidotto [3]. The results of the model were provided as courtesy of A.
Vidotto.

ultraviolet) irradiation. For HD 209458 b, it yields a maximum mass loss rate of ~10'0 g s~
Erkaev et al. [55] presented a hydrodynamic model for this planet that takes into account the
effect of the Roche lobe in escape and is also widely used by the community [e.g., 104, 137].
The advantage of the model of Salz et al. [152] is that it maintains the formulation analogous
to the energy-limited case, even when the regime is not energy limited. The aforementioned
forward modelling approaches yield mass loss rates consistent with that inferred by Bourrier
and Lecavelier des Etangs [18] using a data-driven particle model. The energy-limited
formulation for evaporation, however, yield inaccurate mass loss for rates for extremely
irradiated and low-density planets, as well as those with hydrostatic exospheres; for such
cases, Kubyshkina et al. [103] presented an updated description called the "hydro-based
approximation" that results in more accurate escape rates.

As we shall see in Section 1.3.1, such a high escape rate for HD 209458 b has the potential
to produce deep absorption signals in transmission spectroscopy, in particular in the core
of the H1 Lyman-c line at 1215.6702 A. The problem is that the core of the line is mostly
absorbed by the interstellar medium (ISM), which is rich in H1, so only the wings of the
Lyman-« line are observable for stars that are not the Sun. The hydrodynamical model of
Murray-Clay et al. [134] predicts an absorption of approximately 5% in the wings of the
Lyman-o line, which is inconsistent with the 15% absorption first reported by Vidal-Madjar
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et al. [182] and later by Ehrenreich et al. [54]. As we will see in Section 1.2.2, other non-
thermal mechanisms, such as radiation pressure, interactions with the stellar wind and charge
exchange, can accelerate H 1 particles to higher velocities [18] and thus explain the signature
observed by HD 209458 b and other planets [20, 185].

1.2.2 Non-thermal processes

Some processes of atmospheric escape are not directly due to the thermal motion of gas
particles. They are usually related to chemical reactions, particle impacts, interactions with
the stellar wind or a gravitational potential, and ion flows through magnetic fields. For planets
that already lost their primary atmosphere, some of these processes contribute to a significant

fraction of their mass loss rate.

Roche lobe overflow

When planets orbit extremely close to their host star, part of their atmosphere may also escape
due to the stellar gravitational potential. In such a configuration, the gas passes through the
inner Lagrangian point of the system, is accelerated to a few hundred km s~! (subsonic), and
forms an accretion disk. Lai et al. [106] discusses the application of a formalism to describe
Roche lobe overflow in the WASP-12 system, and suggests that the accretion stream formed
between and planet and star can produce an earlier transit signature [see also 13, 176]. Li
et al. [116] further predicted that, due to intense tidal forces, the surface of WASP-12 b is
distorted into an oblate shape, and that it loses its atmosphere at a rate of 10~/ Mjup yr=!, or

6 x 1015 g s~! (see Fig. 1.6).

Photochemical loss

Some exothermic chemical reactions in the upper atmosphere can provide enough kinetic
energy to atoms that they escape the planet at high velocities. These particles are also known

as energetic neutral atoms, or ENAs. The most relevant reactions are:

1. Ion recombination: It can lead to the escape of heavy atoms from rocky planets, such
as N and O in Mars and the Earth [e.g., 163, 197].

2. Photodissociation: Caused by impacts of photons, electrons, and protons, which has

been proposed to explain the hot oxygen geocorona [161].
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Fig. 1.6 Model of the oblate envelope and atmospheric escape of WASP-12 b (purple surface).
Adapted from Li et al. [116]. Stellar photons are represented by the orange arrows, L is the
inner Lagrangian point of the system, and the flow of escaping material is shown as purple
arrows. The black dot is a hypothetical inner planet suggested by Li et al. [116].

Charge exchange

Charge exchange contribute to atmospheric escape in planets in two different ways. In the
first, also know as charge exchange in trapped particles, fast energetic ions trapped in the
magnetic field of a planet may exchange charges with slow neutrals in the environment,
creating ENAs. Since they are now neutral, these fast particles are able to escape the magnetic
field. This process is ubiquitous in the magnetized planets of the Solar System [e.g., 163].
The second avenue consists on interactions between atmospheric or exospheric neutrals with
the stellar wind, which is rich in fast energetic ions. These ions then become ENAs by
exchanging charges, and access the thermosphere, where it increases the heating, thereby
contributing to atmospheric escape [35]. Holmstrom et al. [87] has further suggested that
some of these newly-produced ENAs originating from charge exchange contribute to the
in-transit absorption seen in the hot Jupiter HD 209458 b, but this conclusion has been a
matter of intense debate since then [e.g., 88, 112, 134, 18, 42].

Impacts

When energetic particles or large bodies collide with the atmosphere or the surface of a

planet, the exchange of kinetic energy may knock off planetary particles, which in turn
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Fig. 1.7 Summary of the various processes of atmospheric escape in planets exposed to
high-energy irradiation and stellar wind. Adapted from Gronoff et al. [74].

are susceptible to escape the planet. When the collision is between an incoming ion and a
planetary particle, this process is known as sputtering [e.g., 81, 92]. Impacts of larger bodies,
such as collisions with planetesimals, can knock off planetary particles and even induce

hydrodynamic escape loss via deposition of thermal energy [157].

Ion outflow

For magnetized planets, the heating of electrons and ions can result in their escape through
open magnetic field lines, where they join the stellar wind flow. If these particles follow
closed field lines, they will be trapped in the magnetosphere. This process is also known
as polar wind or polar escape in the literature. In the Earth, polar escape accounts for
approximately 10% of H escape in the form of ions [79], and Garcia-Sage et al. [70] have
suggested that ion loss may be a threat to the survival of atmospheres of Earth-like planets

orbiting M dwarfs in their habitability zone.

Ion pickup

When neutral atoms in non-magnetized planets are ionized by stellar UV irradiation, charge
exchange, or electron impact, they can be picked by stellar wind and achieve high velocities,
effectively escaping the planet [e.g., 38].
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1.3 Spectroscopic techniques to measure atmospheric es-

cape in exoplanets

The first observation of an exoplanetary atmosphere was reported in Charbonneau et al. [33],
with the detection of Na in the hot Jupiter HD 209458 b, a signal that had previously been
predicted by Seager and Sasselov [159]. The technique utilized by the authors is called
transmission spectroscopy. In summary, this technique searches for changes in the host
star spectrum during the planetary transit that could be attributed to absorption by the thin,
transparent lower-atmosphere present at the limbs of the planet. Put simply, the transmission
spectrum @ is given by:

Fin(2)
Fou(4)’

where Fg, is the out-of-transit spectrum of the host star and F;;, is the observed in-transit

PA)=1- (1.11)

spectrum. However, at high spectral resolution, the wavelength of the excess absorption of
a planetary atmosphere follows the Doppler velocities of the planet or, in other words, its
phase. In such a case, the formal definition of an exoplanet transmission spectrum ¢* in
function of the planetary phase 6 and wavelength A is the following:

fin(6,4)

It is also convenient to define the transmission spectrum in the rest frame of the planet by
Doppler shifting the spectrum according to:

Ay(6) = A (AVE(;) +1), (1.13)

where Av is the difference between radial velocity of the planet at a particular phase 6 and
the reference velocity of the observer, and A, will be the resulting wavelength in the rest
frame of the planet. Finally, we can define the transmission spectrum ¢ independent from
the planetary phase by taking the mean of ¢ (6, ;) over the range of 6 observed in transit:

B(Ay) = i/q)(e,xp)de. (1.14)

As we will see in Sect. 1.3.1, and Chapters 2 and 3, light curves are also routinely used
to study transit spectra and search for in-transit excess absorption that could indicate the

presence of an atmosphere.

4We use lower-case to denote the dependence of the in-transit spectra to the orbital phase 6.
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The ratio of the lower-atmosphere area to the disk of the star is in the order of 1073 to
10~ in the optical and near-infrared [159], thus requiring very strong spectroscopic features
to be detectable [e.g., 192, 165]. That is not the case, however, for the exosphere, which can
extend to several planetary radii. In fact, Coustenis et al. [37] predicted that some ionized
species in the exosphere of the hot Jupiter 51 Peg b have transitions in the optical that could
reach 1% to 2% in-transit absorption.

The first successful observation to detect an exoplanet exosphere and its atmospheric
escape was achieved by Vidal-Madjar et al. [182], not at optical wavelengths, but in the
ultraviolet with HST. Shortly after that, hydrodynamically escaping metals were also detected
using UV spectroscopy [180]. More recently, the helium (He) triplet in infrared (1.083 pm)
was also confirmed to be a tracer of atmospheric escape [170]. In the optical wavelengths,

the Ha line has also been used to study escaping atmospheres in ultra-hot Jupiters [94].

1.3.1 Neutral hydrogen in Lyman-x

The main spectroscopic channel to probe atomic H in exoplanet atmospheres is the Lyman-o
line in the far-ultraviolet (central wavelength 1215.6702 A). Currently, the only telescope
able to observe at this wavelength is HST. The technique consists in performing a time-series
observation of the Lyman- line of the host star before, during and after the planetary transit.
Since the observable Lyman-o profile of stars beyond the Solar System is heavily affected by
interstellar medium absorption, we do not have access to the emission line core’, and the flux
in the wings are significantly attenuated. The classical approach used in Lyman-o transit
spectroscopy is to separate the profile in different channels that probe specific velocities:
the blue wing traces material being driven away from the star, and the red wing traces gas
inflowing into the host star. The profile can further be divided into ranges of interest where
we do not expect planetary signals to appear (i.e., flux-stable ranges), or where there is strong
contamination by the Earth’s geocoronal emission.

Since an exosphere can extend to many planetary radii, its properties are strongly affected
by the environment in the vicinity of the planet. While the vertical outflow near the surface
can accelerate the upper atmosphere up to velocities of only a few tens of km s~!, radiation
pressure and interactions with the stellar wind can drive velocities of more than 100 km s~ .
Because of these properties, exospheres usually assume a cometary shape [see, e.g., 132],
thus observable exospheric Lyman-« signatures usually display asymmetries when compared

to a traditional transit light curve at longer wavelengths [111, 109, 19].

SExcept for specific cases of stars with high radial velocity; see, e.g., the case of Kepler-444 [17] and
Barnard’s Star [59].
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Fig. 1.8 Lyman-« transit spectroscopy of the hot Jupiter HD 209458 b. Left panel: In- and
out-of-transit Lyman- profiles of the host star (a) and its uncertainties (b); the ratio between
the in- and out-of-transit spectra are shown in the inset (c). Right panel: Light curve of the
Lyman-o band pass phase-folded to the orbital period of the planet. The vertical dashed lines
delimit the transit contact times. Adapted from Vidal-Madjar et al. [182].

A characteristic exospheric signature consists in a decrease of flux in the stellar Lyman-«
line during the planetary transit, and can be accompanied by a long egress, as well as a
pre-transit absorption (see Fig. 1.8). This flux variation occurs more prominently in the
blue wing, since most of the material is driven away from the star to high velocities by a
combination of radiation pressure and stellar wind, but can also be present in the red wing
too, but less prominently than the blue wing [19, 47]. The precision with which we can
measure these signatures with the most cutting edge instruments and techniques is in the
order of a few percent. Thus, currently, we can only measure signatures of planets with large
atmospheric escape rates (see Chapter 4).

Observing exoplanet signals in the ultraviolet has some specific challenges that we do

not encounter at longer wavelengths:

* Inactive stars less massive than the Sun do not have enough continuum flux, meaning

that planetary signals can only be detected in emission lines where we have flux.

* The Lyman-« line is formed across a wide range of temperatures in the stellar atmo-
sphere, and is difficult to model.

* The interstellar medium does not only absorb in Lyman-, but also in other emission

lines and the extreme ultraviolet wavelengths.
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Fig. 1.9 Simulated transmission spectrum of the ultra-hot Jupiter WASP-76 b near the Mg
doublet in NUV using the STIS spectrograph on HST. The simulation is based on a self-
consistent hydrodynamic escape model courtesy of A. Vidotto.

» This wavelength range is extremely susceptible to variability due to stellar activity (see
Sect. 1.4).

These observations can be used to assess the high-energy environment around exoplanets
and to estimate maximum atmospheric escape rates. The latter depends on the amount of
EUYV irradiation that reaches the planet (see Eq. 1.10 and the energy-limited formulation of
Lecavelier Des Etangs [110]). The challenge in this estimate lies on the fact that the EUV
emission of stars that are not the Sun is mostly absorbed by the interstellar medium, similar
to the Lyman-o line. However, both can be reconstructed using different techniques [see,
e.g., 191, 195, 121, 19, 49].

1.3.2 Maetallic species in the ultraviolet

Exospheres of planets whose atmospheric escape happens hydrodynamically may also
be populated by heavier species than H, such as carbon (C), nitrogen (N), oxygen (O),
silicon (Si), magnesium (Mg; see Fig. 1.9), and even iron (Fe). There are several lines in
ultraviolet wavelengths accessible to HST that trace such species. Metals can also contribute
to absorption in the stellar continuum at near-ultraviolet (NUV) wavelengths [e.g., 58, 120,
126].

Despite the lack of a continuum emission for cool stars, the STIS and COS spectrographs
on HST have the capabilities to detect the strongest metallic UV emission lines. Thus, the
transit spectroscopy technique used in Lyman-o can be similarly applied for metals, with
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the advantage that they have less to no ISM absorption. The drawback is that these lines are
much weaker and narrower than Lyman-c, limiting the precision with which we can measure
transit depths and outflow velocities.

To this date, hydrodynamic escape of metals has only been confidently observed in hot
Jupiters [180, 58, 117, 11, 181, 166], and a tentative detection was made for the super-Earth
7 Men c [68]. A characteristic signal of escaping metals in hot Jupiters produces an excess
transit depth of a few to several percent. Usually, these heavier species are carried to the
Roche lobe at high velocities, essentially forming a metal-rich exosphere [166]. Ionized
metal species can be sensitive to planetary magnetic fields, forming controlled outflows
and producing asymmetric transits if the field is strong enough [1]. Transit asymmetries
for escaping metals are a matter of debate in the literature; early results pointed out to the
presence of a magnetospheric bow shock around WASP-12 b [e.g., 106], but additional
observations ruled out a stable early ingress [136], and the possibility of a variable bow shock

remains open [184].

1.3.3 Metastable neutral helium in the infrared

Initially theorized by Seager and Sasselov [159], transmission spectroscopy of the metastable
He triplet at 1.083 um has recently been shown to be a reliable technique to estimate
atmospheric escape rates and study planetary outflows [139]. The spin of electrons in atomic
He can exist in two states: singlet (parallel) and triplet (anti-parallel). Since the radiative
decay of He triplet has a lifetime of 2.2 h, the de-population of He in this state is relatively
slow, hence the moniker metastable (see Fig. 1.11). As the name implies, the triplet possesses
three transitions (spectral lines), of which two are blended, and they are routinely observed
in the atmospheres of stars [e.g., 50] and galactic centers [e.g., 115].

Among the advantages of the He triplet over the UV tracers, two of them are that it can
be observed from the ground and, in some cases, at higher spectral resolution [e.g., 4, see
Fig. 1.10]. This allows the study of bulk velocities of planetary winds in transmission. By
fitting metastable He winds to observed transmission spectra, we can infer model-dependent
atmospheric escape rates and upper atmospheric temperatures. In Appendix A I present
a Python implementation of such a model that can be fit to observations. Furthermore, in
Chapter 2, I will discuss the observation of metastable He in the hot Jupiter WASP-127 b
carried out with the Gemini/Phoenix spectrograph.

The drawback of transmission spectroscopy with the He triplet over other tracers is that it
seems to occur for a limited range of stellar types. Oklopci¢ [138] points out that populating
the metastable He triplet requires a relatively hard high-energy spectrum, with strong EUV
fluxes (which ionizes the He ground-state) and weak mid-UV irradiation (which ionizes the



1.3 Spectroscopic techniques to measure atmospheric escape in exoplanets 19

1.0050+

1.0025+

””W 'M H”HHNH'

T a
uf Y.
M % NWMNW M||H||H |]H| ||

0.99001 i

Normalized flux
o o o
(e} (e} (e}
(e} (e} (o)
N ul ~
(6] o wm

0.98751

0.9850+

10827 10828 10829 10830 10831
Wavelength (A)

Fig. 1.10 Metastable He transmission spectrum of the warm Neptune HAT-P-11 b obtained
with the CARMENES spectrograph [4]. The dashed vertical lines represent the rest wave-
lengths of the triplet.

He triplet). This ideal condition seems to arise around K-type stars, but detections have been

found for planets orbiting other stellar types as well [5, 145], albeit more rarely.

1.3.4 Other hydrogen features in the optical

Since H is the most abundant element in the atmospheres of gas giants, and it is also the
lightest element, it comes to no surprise that other H spectral lines can exhibit signatures of
atmospheric absorption at high altitudes during a planetary transit. Ballester et al. [7] reported
on the discovery of an excess absorption of 0.03% + 0.006% absorption in HD 209458 b
by atomic H in the Balmer jump and continuum using the 1st-order CCD observations
with HST and the G430M grating. They conclude that a large population of hot H in the
upper atmosphere is needed to explain this excess absorption. The technique they used is
not spectroscopically resolved, and instead they use broadband, high-precision photometry
corrected for instrumental systematics to achieve these results.

The first detection of excited H in an exoplanet’s atmospheres was reported by Jensen
et al. [94] for the archetypal hot Jupiters HD 209458 b and HD 189733 b. Jensen et al. applied
transmission spectroscopy (very similar to the technique described in Sect. 1.3.3) of the Ho
line to data obtained with the High-Resolution Spectrograph in the Hobby-Eberly Telescope
between 2006 and 2008. In the case of HD 189733 b, the authors combined both the Ho

and Lyman-o detections to estimate the necessary temperature to excite enough atomic H to
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relevant for the population of the metastable He spectral lines (shown in red) [adapted from
139].

produce the observed in-transit Ha absorption, inferring an upper limit of 26 000 K. Jensen
et al. argue that such temperatures can only be found in the upper atmosphere, and conclude
that the Ha absorption must be produced at very low-densities, likely near the exosphere.
Although the host star HD 189733 is very active and atmospheric signals must be analyzed
with caution, Cauley et al. [30] provides further evidence that the observed Hor absorption is
likely planetary and not only due to activity.

Using the high-resolution, ground-based spectrograph CARMENES, Yan and Henning
[194] reported the detection of H in the atmosphere of the hottest planet known to date, KELT-
9 b. This result was later replicated with HARPS spectrograph and reported in Wyttenbach
et al. [193]. KELT-9 b shows in-transit absorption in the Ha, HB3, and Hy with velocities
reaching up to 50 km s~! (see Fig. 1.12); Wyttenbach et al. argue that the best explanation
for the observed transmission spectrum of KELT-9 b requires that the thermosphere is
expanding hydrodynamically, and they retrieve a mass loss rate of iz = 10128403 g s=1 ipn
local thermodynamic equilibrium (LTE) conditions, and m = 10143513 g s~ ! for the non-LTE

case.

1.4 Effects of stellar activity on planets and observations

Stellar activity is an umbrella term that refers to the changes in the stellar surface flux arising
from the bulk motion of plasma in the chromosphere [82]. This phenomenon is closely tied

to the stellar magnetic fields, hence sometimes referred to as magnetic activity. The reason
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Fig. 1.12 Ho, HB, and Hy transmission spectra of KELT-9 b measured with the HARPS
spectrograph [193].

why this subject warrants a whole section of this manuscript is because the observation of
atmospheric escape is performed in wavelengths that also trace stellar chromospheric activity.
Since planetary signals are not always as deep as the Lyman-o absorption of GJ 436 b [51],
their amplitudes can be of similar size as stellar activity modulations. We, therefore, need a
framework that allow us to disentangle planetary signals from stellar activity.

This is also a long-standing problem in the detection of exoplanets with the radial
velocities method, where planet-induced signals have amplitudes with the same size or even
smaller than activity signals (which sometimes are also called stellar noise or jitter). Although
to a lesser extent, stellar activity also poses an obstruction to the detection of exoplanets with
the transit method, however it is not uncommon to find transiting worlds around very young
and active stars [e.g., 118, 40, 135, 147].

The stellar activity effects relevant for the study atmospheric escape and evolution of
exoplanets are three: high-energy irradiation environment around exoplanets, flares, and
modulation due to the emergence of magnetically active regions.

1.4.1 High-energy environment around exoplanets

As we briefly discussed in Section 1.2.1, the X-rays and extreme ultraviolet (XUV) irradiation
arriving at a planet plays an important role in controlling the physical and chemical properties
of their atmospheres. For late-type stars, the Lyman-o line constitutes the bulk of their far-
UV irradiation budget [62], and it can be used to estimate the ISM-absorbed EUV fluxes of

stars in the solar neighborhood. Such observations are essential to study the photochemistry
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Fig. 1.13 Transit of Venus observed in 171 A by the Atmospheric Imaging Assembly (AIA)
instrument of the Solar Dynamics Observatory (SDO). This wavelength corresponds to the
Fe IX spectral line formed between the upper transition region and corona of the Sun, and
is very sensitive to stellar activity. Courtesy of NASA/SDO and the AIA, EVE, and HMI
science teams.

in the upper atmospheres and habitability of these small planets [e.g., 160, 130, 96, 2, 169],
regardless of whether or not these planets are ever probed with UV transits.

In particular, XUV irradiation is proposed as one of the main drivers for the expansion
and evaporation of hot exoplanet atmospheres. Since low-mass stars (G-type and later) are
more active in their early lives than at solar age [e.g., 167, 168, 149, 178, 48, 105], it is
expected that atmospheric escape is the most intense in the first ~100 Myr of a planet’s life
(see Chapter 3). So, in principle, one could expect that high chromospheric-activity levels
should be correlated with large escape rates and thus strong atmospheric escape signals. But,
in reality, the observability of escape signatures is more complicated. Recent observational
and theoretical studies show that some planets orbiting active stars may have undetectable
Lyman-o or metastable He in-transit absorption [e.g., 66, 98, 26, 196]. We further discuss
this aspect in Chapters 2 and 3.

1.4.2 Flaring activity

Flares have been observed in the Sun since the antiquity. However, one event reported by

Carrington [27] and Hodgson [86] is of particular interest because the authors described
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what is, to date, the strongest solar magnetic storm in scientific record. The authors go
on to narrate their observations of large spots in the solar surface, their quick evolution in
timescales of a few minutes, which are followed by an increase in solar brightness unlike
any other astronomical event on record. Flares and eruptions like this are caused by the
reconnection of magnetic fields near activity regions, which leads to the release of copious
amounts of energy and the acceleration of charged particles.

Events like the one described by Carrington [27] and Hodgson [86] are extremely rare:
the last one of similar scale occurred in 2012, but it did not hit the Earth [6]. But smaller
solar flares occur more frequently and are habitually observed in the Sun. Their occurrence
follows a predictable power-law where the cumulative distribution y of flares more energetic

than a reference energy of El.r is:

E

W(E):K(E—f) , (1.15)

where K is a proportionality factor and « is the index of the power-law (always positive).
While flares and eruptions were initially observed in our own star, we can routinely apply
what we learned from the Sun to other stars. A characteristic flare light curve displays an
fast, impulsive increase in brightness followed by a slower, exponential decrease in flux. For
example, Gryciuk et al. [76] report on a phenomenological model of X-ray solar flares using
two temporal profiles: one Gaussian deposition function to describe the energy release, and
an exponential decay function representing the energy loss. In equation form, the flare flux

in function of time f(¢) is the following:

76) = [ gl —x)ax, (1.16)
0
where
—(t—B)?
g(t) =Aexp (tcz ) , (1.17)
and
h(t) = exp (—Dt), (1.18)

where A, B, C, and D and the shape parameters that reflect the following five free parameters:
the amplitude of the flare, the time of peak flux, the rise time to reach peak flux, the decay
time, and the baseline flux, respectively. We use this formulation to describe the large scale
flare observed in the quiet M dwarf GJ 3470 in Bourrier et al. [16] (see also Fig. 1.14).
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Fig. 1.14 Ultraviolet flare light curve of the quiet M dwarf GJ 3470 (black data points) and a
family of models (orange) fit to the data [16].

As we shall see in Section 3.1, even magnetically quiet M dwarf stars show flaring
activity, particularly in UV. Since short wavelengths trace the stellar chromosphere, it is
only natural that they display more variability to flares than longer wavelengths. In some
cases, flares are observed only in UV wavelengths; Loyd et al. [122] argue that UV-only
flares are the result of small-scale magnetic reconnections that are only capable of heating
the transition region and the chromosphere. Loyd et al. [122] found that the inactive M dwarf
GJ 876 displays transition-region flares at a rate ~1000 times that of the Sun. Furthermore,
its flares can reach fluxes at least ten times stronger than the quiescent flux in the timescales
of hours to days [61].

The increase in XUV flux caused by flares can potentially affect the atmospheric escape
rate of exoplanets. For the case of GJ 3470 b, the energy released in the largest flare reported
by Bourrier et al. [16] could have increased the mass loss rate of the planet by up to 320%
at its highest and decreased the photoionization lifetime of H by half. However, numerical
simulations suggest that the mass loss rates do not increase in proportion to the flare energy
[31, 137]. In addition, the response time of the upper atmosphere to flares may be longer than
the flare duration [14]. Thus, in practice, it may be challenging to observe the escape response
to flares in exoplanets. To date, the only planet for which there are pieces of evidence for
such an interaction is HD 189733 b, as reported in, e.g., Lecavelier des Etangs et al. [111]
and Bourrier et al. [21].
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Fig. 1.15 Wide-band, red-optical light curve of the young planet-hosting star DS Tuc A
obtained with the TESS satellite. The modulation is caused by the emergence and evolution of
large spots in the stellar surface. The light curve also shows transits of the planet DS Tuc A b.
This behavior is fit with a Gaussian Process model (GP) coupled with a transit model. Flares
are also present in the time series. Courtesy of L. D. Nielsen.

1.4.3 Modulation induced by activity regions

The emergence of activity regions in a stellar surface also affects the observed disk-integrated
fluxes of planet-hosting stars. This modulation by stellar rotation is routinely observed
in stars both active and inactive using extensive time series observations. Transit surveys,
such as CoRoT (Convection, Rotation and planetary Transits), Kepler and TESS (Transiting
Exoplanet Survey Satellite) are ideal methods to observe this type of stellar activity because
of their extensive and continuous monitoring (see Fig. 1.15). This effect is also extremely
wavelength-dependent. Since activity is closely tied to the stellar chromosphere, spectral
features that are formed in this region tend to be more sensitive to modulation.

For example, the emission core in the Ca H & K absorption lines at 393 and 397 nm,
whose fluxes constitute the Ry activity index, have been used as tracers for chromospheric
activity for several decades [179]. Long-term observations in this spectral channel have

demonstrated the potential to measure stellar activity cycles and rotational modulation [e.g.,
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83, 36]. In the infrared, the He triplet at 1.083 pm can also exhibit activity modulation [63],
and can affect observations of transmission spectroscopy [78].

Such long-term time series are, unfortunately, challenging to achieve in the ultraviolet.
Only space telescopes are capable of observing in the UV, and they often suffer from
oversubscription and intermittency. For example, observations in the UV with HST are
usually limited to five consecutive exposures interspersed by Earth occultations. One of the
most observed stars in the UV is the planet-hosting M dwarf GJ 436. In Section 3.1, we
will discuss in detail the analysis of this extensive dataset in the frame of stellar activity and
atmospheric escape in the warm Neptune GJ 436 b.

However, there is one star for which we do have uninterrupted, long-term monitoring in
the UV and short wavelengths: the Sun, thanks to the Solar Dynamics Observatory (SDO)
and ground-based solar telescopes. The solar fluxes at many wavelength channels available
in SDO are publicly available at the LASP Interactive Solar Irradiance Datacenter (LISIRD)®.
In the case of atmospheric escape, we are particularly interested in the solar Lyman- line,
whose irradiance was measured every 60 s by the MEGS-P diode of the EVE instrument on
SDO (Fig. 1.16). The main time scales of variability at display here are the solar magnetic
cycle over several years and the rotational period of 27 days (see also Fig. 1.17 for a zoom-in
at short time scales). The modulation is the result of a combination of brightenings caused
by faculae and shorter-duration dimmings caused by sunspots [102].

The solar Lyman-o modulation is in the order of a few to several percent, depending on
the time scale. This poses a problem because the amplitudes of transmission spectroscopy
signatures in the UV are also in this order of magnitude. Thus, unless an experiment is
reproduced several times, in-transit signatures can be inconclusive. One avenue to circumvent
this problem is to perform simultaneous observations at different wavelengths. For example,
an exoplanetary exosphere will only produce an absorption in Lyman-c, but not in the Ca H
& K lines; but the latter does trace chromospheric variability present in Lyman-« (Fig. 1.17),
so observing both channels at the same time allows us, in principle, to tease apart planetary

signals from variability.

®https://lasp.colorado.edu/lisird/.
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Fig. 1.16 Solar Lyman-o flux measured by SDO/EVE with a cadence of 60 s. The longest-
term variability is caused by the solar magnetic cycle. Shorter time-scale varibility is the
result of a combination of brightenings and dimmings with period of 27 days corresponding
to the solar rotation and the emergence of activity regions.
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Fig. 1.17 Simultaneous observations of the solar Lyman-o flux with SDO/EVE and the
activity index R}y, with the ground-based HARPS-N spectrograph. Both channels trace
chomospheric variability in the Sun, and match each other with a Spearman-r correlation
index of 0.92. HARPS-N data is courtesy of X. Dumusque.






Chapter 2

Exploring the limits to detect atmospheric
escape in gas giants

« T ”
You see but you do not observe. The distinction is clear.

Sherlock Holmes

By 2003, the discovery of a hot Jupiter exoplanet was not as sensational as it once was a
few years earlier. However, the question of how these gas giant exoplanets existed at such
close proximity to their host star was persistent. In particular, Vidal-Madjar et al. [182] and
Lammer et al. [108] were the first to propose an observational evidence for atmospheric
evolution in short-period exoplanets: they claimed that hydrodynamic escape in hot, H-rich
gas giants would cause a complete evaporation of their envelopes, explaining the lack of
such planets observed at orbital distances shorter than 0.04 au. Baraffe et al. [8] would later
postulate a critical mass below which evaporation strongly changes their radius size with
time, and that HD 209458 b might be below this mass threshold. Finally, Lecavelier des
Etangs et al. [113] posed an interesting scenario: if lower mass planets can show significantly
more dramatic mass loss, what would we see when we started finding more and more smaller
transiting planets?

As we have seen in Chapter 1, hydrodynamic atmospheric escape driven by X-rays
and extreme-UV irradiation is thought to be one of the key determining factors of the
demographics in short-period exoplanets [141]. But a persistent open question in this field is
whether close-in gas giant exoplanets have hydrodynamically unstable thermospheres [152],
which was originally proposed by Watson et al. [189] and confirmed for only a handful of
exoplanets. On one side, this has led the community to rely on efficiency parametrizations
(usually assuming a semi-arbitrary value between 0.1 and 1.0) to estimate escape rates from

hot Jupiters to sub-Neptunes [162]. On the other hand, the severe lack of observed cases
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limits modeling efforts to artificial planets instead of fitting them to actual observations.
This gap between modeling and observations have an important downstream effect: It
remains largely unconstrained whether the atmospheres of terrestrial planets can survive
hydrodynamic escape in their lifetimes [e.g., 59]. Thus, increasing the sample of observations
of hydrodynamic escape in exoplanets is fundamental to better understand the role of escape
in their evolution.

2.1 Search for helium in the upper atmosphere of the hot
Jupiter WASP-127 b using Gemini/Phoenix

By 2018, most observations of atmospheric escape and extended atmospheres had been
performed with Lyman-o transmission spectroscopy with HST. However, the breakthrough
discovery of Spake et al. [170] demonstrated that the metastable He triplet at 1.083 pm is one
viable probe for atmospheric escape and is devoid of ISM absorption. Ground-based studies
following up that discovery were performed with the CARMENES spectrograph, which
is located in the Northern Hemisphere. By then, the only ground-based, high-resolution
spectrograph that could observe in this window in the Southern Hemisphere was the Phoenix
spectrograph. In the project we discuss here, we leveraged the uniqueness of Phoenix in this
context to open the doors for probing atmospheric escape in planets located in the southern
sky. In order to do that, we observed the transit of the low-density hot Jupiter WASP-127 b.

As we shall see, our search yielded a non-detection of He in WASP-127 b. We concluded
that, despite the instrument being able to measure the transmission spectrum down to a
precision of ~1.9% per wavelength bin, on average, a detection was not possible because
of a relatively low level of high-energy irradiation arriving at the planet. We discuss this
possibility in more detail in Sect. 2.2. Unfortunately, the Phoenix spectrograph has since
been retired because it was deemed non-competitive against other instruments available at
the Gemini South telescope; however, no other instruments in the facility have access to the
He triplet. Future instruments will be made available in the Southern Hemisphere that are
capable of observing the He triplet, such as CRIRES+ and NIRPS.

This Section has previously been published in dos Santos et al. [45], and is reproduced

with permission © ESO.
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ABSTRACT

Large-scale exoplanet search surveys have shown evidence that atmospheric escape is a ubiquitous process that shapes the evolution
and demographics of planets. However, we lack a detailed understanding of this process because very few exoplanets that have been
discovered to date could be probed for signatures of atmospheric escape. Recently, the metastable helium triplet at 1.083 um has been
shown to be a viable window for the presence of He-rich escaping envelopes around short-period exoplanets. Our objective is to use,
for the first time, the Phoenix spectrograph to search for helium in the upper atmosphere of the inflated hot Jupiter WASP-127 b. We
observed one transit and reduced the data manually since no pipeline is available. We did not find a significant in-transit absorption
signal indicative of the presence of helium around WASP-127 b, and we set a 90% confidence upper limit for excess absorption at
0.87% ina 0.75 A passband covering the He triplet. Given the large scale height of this planet, the lack of a detectable feature is likely
due to unfavorable photoionization conditions for populating the metastable He I triplet. This conclusion is supported by the inferred
low coronal and chromospheric activity of the host star and the old age of the system, which result in a relatively mild high-energy

environment around the planet.

Key words. planets and satellites: atmospheres — stars: individual: WASP-127 — techniques: spectroscopic

1. Introduction

The results from surveys of transiting exoplanets are fundamen-
tal to obtain a global overview of the exoplanet population in
the solar neighborhood. One of the most important discoveries
of these surveys is that the population of giant planets displays
a dearth of hot, Neptune-sized worlds (Lecavelier Des Etangs
2007; Mazeh et al. 2016). One of the main explanations proposed
for this feature is atmospheric loss: planets start their lives with a
thick envelope that is rich in volatiles, which is gradually eroded
by the high-energy stellar irradiation (e.g., Lammer et al. 2003).
However, very few exoplanets have been revealed to be losing
their atmospheres (e.g., Vidal-Madjar et al. 2003; Lecavelier des
Etangs et al. 2010; Haswell et al. 2012; Ehrenreich et al. 2015;
Bourrier et al. 2018; Sing et al. 2019), which sets a limit on how
sophisticated escape models can be used to explain observational
results.

Classical observations for studying atmospheric escape have
been performed in the ultraviolet (UV), mostly using the trans-
mission spectroscopy technique in the Lyman-a (HI) line at
1215.67 A. The escape of heavier particles has also been detected
in the UV around highly-irradiated, nearby hot-Jupiters (e.g.,
Vidal-Madjar et al. 2004; Ben-Jaffel & Ballester 2013; Sing et al.
2019). These UV observations can only be performed from space
since the Earth’s atmosphere is opaque to these wavelengths.

Article published by EDP Sciences

Another limitation of Lyman-o transit spectroscopy is that the
interstellar medium (ISM) efficiently absorbs the core of the line,
so we can only access information at high Doppler velocities
(i.e., above ~30 km s~!, depending on the radial velocity of the
host star). Furthermore, the Lyman-« emission line, including its
wings, is completely absorbed for distances larger than ~100 pc.
More recently, Oklop¢i¢ & Hirata (2018) have revised the
prediction of Seager & Sasselov (2000) that the metastable He 1
triplet at 1.083 um can be used in transmission to study atmo-
spheric properties of transiting planets, including escape. This
wavelength window is not affected by ISM absorption. To date,
several studies have come out exploiting this new technique
(e.g., Spake et al. 2018; Allart et al. 2018; Mansfield et al. 2018;
Nortmann et al. 2018; Kreidberg & Oklopci¢ 2018; Allart et al.
2019; Alonso-Floriano et al. 2019; Kirk et al. 2020; Ninan et al.
2020; Gaidos et al. 2020; Vissapragada et al. 2020). Since there
are more cases of planets that are amenable to infrared transit
spectroscopy than in the UV, and as it is impossible to probe all
of them with the few instruments currently available, the com-
munity would benefit from including Phoenix in the roster of
those capable of conducting He I transmission spectroscopy.
Our objective in this study is to search for He in the
upper atmosphere of the inflated hot Jupiter WASP-127 b (Lam
et al. 2017) and assess the capability of an alternative spec-
trograph in the Southern Hemisphere for this purpose. The
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orbital and planetary parameters of WASP-127 b were recently
updated with a joint analysis of TESS and Euler photome-
try as well as CORALIE radial velocities, yielding a radius

of Ry = 1.311*595 Ryyp, a mass of Mp = 0.1657003) Myyp,

and an orbital semi-major axis of ay = 0.0484f8:88(1)3 au (Seidel
et al., in prep.). The planet has recently been shown to display
a feature-rich transmission spectrum from near-UV to near-
infrared wavelengths (Chen et al. 2018; Spake et al. 2019), thus
bringing further evidence that WASP-127 b is a promising target

for atmospheric characterization.

2. Observation and data reduction

We observed one transit of WASP-127 b in the night of 17
March 2019 by using the visiting instrument Phoenix spec-
trograph (Hinkle et al. 2003) installed on the Gemini South
Telescope (PI: dos Santos, Director’s discretionary time program
GS-2019A-DD-105). This observation was a pilot study to assess
the feasibility of using the Phoenix spectrograph to measure He
extended atmospheres around transiting exoplanets. We used the
J9232 slit with an aperture of 0.25 arcsec (three pixels), result-
ing in a nominal resolving power of R ~ 65000 near the He
triplet. The exposure times were set to 900 s and we obtained
24 spectra covering the transit and the out-of-transit baseline.
Two in-transit exposures had to be discarded because of high
noise levels, possibly caused by the passage of clouds.

The Phoenix spectrograph is neither cross-dispersed nor sta-
bilized like other high-resolution spectrographs that are currently
used for cutting-edge exoplanet science; this lack of wavelength
stability does not, however, preclude us from using it to conduct
transmission spectroscopy studies. Phoenix is capable of spec-
troscopy across the 1-5 um region, and the wavelength coverage
is limited to the bandpass of the blocking filter mounted on the
instrument and the finite size of the detector. The spectrograph
does not possess an automatic data reduction pipeline, so we
performed the reduction manually using IRAF and the packages
CCDPROC and CCDRED. Besides the science exposures, the full
data set also consists of 11 dark exposures, 20 flat-field expo-
sures, and eight telluric standard exposures. The uncertainties of
all exposures were calculated assuming a gain of 9.2 electrons
per analog-to-digital unit (ADU) and a readout noise of 40 elec-
trons per pixel. All of the uncertainties quoted in this study were
calculated by propagating the uncertainties of the raw data in all
of the steps of the data reduction and analysis process.

All exposures were trimmed in the wavelength dispersion
direction, removing the first 100 pixels and the last 24 pixels to
avoid noisy regions. The dark and flat-field frames were com-
bined as a median with 30 clipping to produce the master dark
and flat-field frames. We subtracted the dark from the master flat-
field and normalized it by its overall mean to obtain the response
function of the detector.

The levels of sky background are highly variable near 1 ym.
The strategy to perform sky subtraction with Phoenix observa-
tions consists in alternating the position of the stellar spectrum in
the detector between each exposure. These positions are named
A and B, and consecutive observations follow the pattern ABBA;
each pair AB or BA is subtracted of each other’s exposure, result-
ing in images without a sky and dark-current background (see
Fig. 1). All telluric and science frames are then divided by the
normalized master flat-field image.

The spectra are finally extracted using IRAF’s task APALL
from each exposure. The only manual step is to set the initial
aperture location in the spatial direction. This is done by finding
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Fig. 1. Two consecutive science exposures (/eft) with spectra in different
positions were subtracted of each other to remove the sky background
(right).

the center of the stellar profile in two cross-dispersion cuts; one
is in the upper and one is in the lower part of the detector. We
then fit the spectral trace with a third-order polynomial and two
iteration steps using the two previously mentioned points as a
starting point for the fit. The width of the spectral trace is calcu-
lated automatically by the APALL task. We extracted the spectra
for the science and telluric standard exposures using a regular
box extraction algorithm.

We performed the wavelength calibration using the IRAF’s
tasks IDENTIFY and DISPCOR; as a reference, we used the
telluric lines available in the wavelength range of the spectra
(1080.76-1084.62 nm). The average root mean square (RMS)
of the wavelength calibration is ~0.001 nm per pixel or
~0.28 km s~! in Doppler space, which represents the internal
precision of the wavelength calibration. We measured the wave-
length stability of Phoenix near the 1.083 um He triplet and
found that it is, on average, ~1.6 pixels or ~2.2 km s~! in Doppler
space. For comparison purposes, the Doppler trajectory of the
planet WASP-127 b during transit varies between approximately
-30 and +30 km s~!. Each spectra of WASP-127 is corrected
for the barycentric radial velocity calculated with barycorrpy,
a Python implementation of the algorithm by Wright & Eastman
(2014), and then shifted to the stellar rest frame. The last step of
the data reduction is to normalize the spectra of WASP-127; this
is achieved by fitting the continuum of the spectra with the task
CONTINUUNM. For the sake of consistency, we fit the continuum
of all spectra with three cubic spline pieces. The average signal-
to-noise ratio (S/N) of the spectra near the He triplet is ~26. In
the beginning of the observation, there is no telluric contamina-
tion in the wavelength range of interest near the He triplet (see
Fig. 2). But we found a feature during the transit near 1083.35 nm
that could be caused by telluric lines (see Fig. 3). This feature is,
however, far from the wavelength range of the Hel triplet, so
there was no need to correct for it in our analysis.

3. Results and discussion

Since the spectra are normalized, we lose information about the
flux decrease by the opaque disk of WASP-127 b; our analysis
is thus only sensitive to excess absorption caused by the planet’s
atmosphere at specific spectral lines. In total, we obtained ten
spectra outside the transit, and we combined them to produce
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Fig. 2. Out-of-transit spectrum of WASP-127 around the He triplet
(blue) and a telluric standard spectrum for reference (orange). The
vertical-dashed lines represent the central wavelengths of each line in
the triplet.
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Fig. 3. Time series of the ratio between the individual spectra and
the master out-of-transit spectrum; absorptions are positive and white
regions represent bad pixels or discarded exposures. The horizontal-
dashed lines represent the phases of ingress and egress of WASP-127 b.
The dashed-red lines represent the central wavelength of the He triplet
in the planetary rest frame.

a master out-of-transit spectrum (see Fig. 2). Contrary to pre-
viously observed targets, such as WASP-107 and HAT-P-11, the
host star WASP-127 does not exhibit strong absorption lines of
He in its spectrum. However, this does not preclude us from
searching for an in-transit signal produced by the transiting
planet since it would produce absorption in the stellar contin-
uum instead. In fact, we expect that it improves the search for
planetary He by increasing the local S/N (more photons than if
there was a stellar line) and by avoiding flux variations due to the
shifting stellar line in the planet rest frame.

The time series of the ratio between the individual spectra
obtained during the observation and the master out-of-transit
spectrum is shown in Fig. 3. The horizontal structure between
phases —0.02 and —0.01 in Fig. 3 is likely due to normaliza-
tion issues caused by the lower S/N of these exposures. Based
on the technique of Wyttenbach et al. (2015), we computed an
individual transmission spectrum as fix = 1 — finx/Fout, Where
fink 1s the kth in-transit spectrum and F,, is the master out-of-
transit spectrum. We note that fi, was calculated by shifting
the spectrum of WASP-127 to the planetary rest frame. The
final transmission spectrum F; was computed by combining the
individual ones as a median, and the result is shown in Fig. 4.

The average precision of the transmission spectrum of
WASP-127 b is 1.9% per wavelength bin. This level of uncer-
tainty is comparable to the one obtained for one transit of
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Fig. 4. Transmission spectrum of WASP-127 b around the He triplet.
Absorption is positive.

WASP-107 b with the CARMENES spectrograph (Allart et al.
2019). For comparison purposes, the number of measured spec-
tra in both programs is similar, both WASP-127 and WASP-107
possess similar J magnitudes, but the Gemini South Telescope
has a mirror size of 8.1 m, while CARMENES is installed on a
3.5 m telescope.

An inspection of the spectral ratio time series and the trans-
mission spectrum does not reveal a strong planetary absorption
in the He triplet. We computed the integrated flux inside the
wavelength range [1083.280, 1083.355] nm, the same bandwidth
as in (Allart et al. 2019), and found an in-transit excess absorp-
tion consistent with null, 0.42% + 0.36%, which corresponds to
an upper limit of 0.87% at 90% confidence. In this project, we
used a slit width of 0.25 arcsec (three pixels), but future projects
with this instrument could benefit from a higher S/N if the widest
slit width were used (0.34 arcsec, or four pixels). In this case,
there would be some loss in spectral resolution (R ~ 50 000), but
given that the instrument is not stabilized in the first place and
that the final error in wavelength calibration is ~1.6 pixels, such
a loss is not expected to severely affect how well we are able
to trace atmospheric signals in Doppler space for short-period,
massive exoplanets.

WASP-127 b and its host star are not as well studied as
other systems for which we currently have detected He absorp-
tion signals. Using the most up-to-date planetary parameters
(Seidel et al., in prep.), and assuming a mean molecular weight
of 2.3 my, we calculated the lower-atmosphere scale height H,q
of WASP-127 b as 2109*31% km. This is the largest scale height
for a planet with a published Hel transmission spectroscopy
study to date (see, e.g., Alonso-Floriano et al. 2019, and refer-
ences therein). The resulting 90% confidence upper limit for the
ratio between the equivalent height of the absorbing atmosphere
Or, and the lower atmosphere scale height Heq is 18.77. Con-
verting this upper limit to an estimate of atmospheric escape
rate is complicated by the number of unknowns, such as the
temperature of the escaping material, the actual extreme ultra-
violet (EUV) irradiation that the planet receives, the departure
of the extended atmosphere from axial symmetry and from local
thermal equilibrium.

For comparison purposes, we plotted this result in the high-
energy irradiation versus 6g,/Heq in Fig. 5. There are currently
no publicly available observations of WASP-127 in X-rays or
UV wavelengths, so we needed to estimate the high-energy
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Fig. 5. He I ionizing irradiation (1 < 504 A) versus the equivalent height
of the absorbing He I particles in the upper atmosphere of WASP-127 b.
The high-energy irradiation was estimated with two different methods
(see main text), which define the limits of the horizontal uncertainty.
The data points for other targets were measured by Nortmann et al.
(2018) and Alonso-Floriano et al. (2019).

irradiation of the planet. We used two approaches for this esti-
mate: (i) using an SED model of a similar star (HD 330075,
same G5-type as WASP-127) from the X-exoplanets database'
(Sanz-Forcada et al. 2011); and (ii) using the age and B—V rela-
tions from Jackson et al. (2012) and extrapolating the X-rays
luminosity to 4 = 504 A. The ionizing flux that populates the
metastable He I triplet is limited to wavelengths that are shorter
than 504 A (XEUV; Oklop¢i¢ 2019). These techniques yield
XEUV irradiation levels of 0.092 and 0.024 W m™ at the
semi-major axis of WASP-127 b, respectively. Despite possess-
ing a large scale height, one of the explanations for the lack of
detectable He I in the upper atmosphere of WASP-127 b is that
the planet receives very little high-energy irradiation compared
to planets with a detectable signal. This also seems to be the case
for GJ 436 b and KELT-9 b.

Lam et al. (2017) estimated the age of the WASP-127 system
using the isochrones method, which is reliable for old Sun-like
stars (see, e.g., Spina et al. 2018), and they derived a value of
11.41 + 1.80 Gyr. The old age of the host star and consequently
its relatively weak high-energy output could be part of the expla-
nation as to why there is no detectable He in WASP-127 b.
However, the nondetection in the young planet K2-100 b (see the
discussion in Gaidos et al. 2020), which is under a stronger X-
EUV irradiation than WASP-127 b, shows that the atmospheric
escape history also affects the detectability of the He I feature.

4. Conclusions

We have presented a pilot study to assess the feasibility of using
the Phoenix spectrograph, a visiting instrument on the Gemini
South telescope, to detect He I in transmission around transiting
hot-Jupiters. We used a standard procedure to reduce the data to
allow for reproducibility. The observed spectra had an average
S/N of ~26 near the He I triplet. In total, we measured 12 expo-
sures of 900 s during the transit of WASP-127 b, ten of which
were out of transit and two exposures were discarded because of
cloud coverage.

I Available  at
homepage. jsp

http://sdc.cab.inta-csic.es/xexoplanets/jsp/
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The final transmission spectrum of WASP-127 b near the
HeT triplet has an average precision of 1.9% per wavelength bin.
For reference purposes, a transit observation of WASP-107 b
using the CARMENES spectrograph rendered a comparable
precision for its transmission spectrum; both host stars have a
similar J magnitude and were observed for a similar amount of
time. This result illustrates the potential to use the Phoenix spec-
trograph as a viable alternative for this purpose. We do not detect
an in-transit excess absorption due to the presence of He, and
we constrain it to 0.42% =+ 0.36% between the wavelength range
[1083.280, 1083.355] nm. To date, WASP-127 b has displayed
the least amount of atmospheric He I absorption relative to its
scale height when compared to other detections and nondetec-
tions. The most likely explanation for this lack of metastable He
in the upper atmosphere of WASP-127 b is the low amount of
ionizing irradiation (1-504 A) from its host star, which in turn
can be related to the old age of the system (11.40 + 1.80 Gyr).

There are two main limitations when using the Phoenix spec-
trograph to conduct He searches in transmission: i) the lack of
an automated pipeline renders the data reduction processes dif-
ficult to perform and reproduce; and ii) since this is a visiting
instrument, its availability on the Gemini South telescope is dic-
tated by the demand of the community during the first phase
of the call for observing proposals. Given the promising results
we have presented, we hope that this pilot study encourages the
community to apply for observing time using Phoenix and to
develop an automated pipeline to reduce its data. Until the date
of the observation, this was the only spectrograph available in
the Southern Hemisphere with a promising prospect to conduct
this type of observation. In the near future, other southern instru-
ments such as CRIRES+ (Follert et al. 2014) and NIRPS (Wildi
et al. 2017) will be able to perform such studies; however, having
an extra instrument would help distribute the pressure that would
otherwise concentrate onto the newer spectrographs.
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2.2 Addendum to dos Santos et al. [45]

After the publication of dos Santos et al. [45], we attempted to model the metastable helium
triplet transmission spectrum of WASP-127 b using the p-winds code. The high-energy
spectrum of the host star is currently unknown, since it was never observed. So, in order to
model the upper atmosphere of the planet, we take the high-energy spectrum of a similar
G5-type star, HD 330075, from the X-exoplanets database. This spectrum was modeled
using a coronal model based on Sanz-Forcada et al. [153], however it does not reach the
longer wavelengths between 1200-2600 A that we need to model the metastable He. So we
concatenate the high-energy spectrum above with a Phoenix SED model for a star similar to
WASP-127 b. The resulting spectrum arriving at the planet is shown in the left panel of Fig.
2.1.

We estimate an energy-limited mass loss rate of 2 x 10'° g s~! at an optimistic 100%
efficiency. At this rate, and assuming a planetary wind temperature of 9000 K, the resulting
population of metastable He around WASP-127 b is extremely low compared to other planets
with detections: approximately 10~ cm ™3 for WASP-127 b (see right panel of Fig. 2.1), and
10! em™3 for HAT-P-11 b (see Appendix A). This result provides a quantitative explanation
for the non-detection obtained in dos Santos et al. [45]. From this result and others [e.g., 98],
a clear trend has been emerging showing that only gas giants with high levels of energetic
irradiation are capable of maintaining a detectable metastable He atmosphere.
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Fig. 2.1 Left panel: Assumed high-energy spectrum arriving at the planet WASP-127 b based
on the coronal and SED models of a similar G5-type star. Right panel: Distribution of He in
the upper atmosphere of WASP-127 b.
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2.3 Non-detection of atmospheric escape in the warm Saturn-
sized planet WASP-29 b

The Panchromatic Comparative Exoplanetary Treasury (PanCET) program is, to date, the
largest Hubble Space Telescope observing campaign dedicated to extrasolar planets, with a
total of 498 orbits. The main objective of this large program was to build a legacy dataset
of transmission spectra, covering the ultraviolet to infrared, of a sample of transiting gas
giants and Neptunes. Taking inspiration from the recently published studies of escape of
neutral H [51] and metals [11], part of this program was dedicated to observe atmospheric
escape in UV. In total, five targets were observe in far-UV, among them WASP-29 b, which
we discuss in this Section; GJ 436 b was also observed, and we discuss the results for this
planet in Chapter 3.

We did not detect any convincing planetary signals in the analysis of six transits of
WASP-29 b. The spectral time series is mostly stable, and some of the observed variations are
not repeatable, indicating possible contamination by stellar activity. Although we obtained
only non-detections, we conclude that it is still possible that this warm Saturn-sized planet
is undergoing atmospheric escape at a rate as high as 4 x 10° g s~!, given the level of
high-energy irradiation it receives. Future observations in He transmission spectroscopy
may be able to pin down the escape rate of WASP-29 b. We also present an estimate of the
unobservable EUV spectrum of the host WASP-29, which was inferred from a joint analysis
of the UV data X-rays observations obtained with the XMM-Newton observatory.

This Section has previously been published in dos Santos et al. [44], and is reproduced
with permission © ESO.
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ABSTRACT

Short-period gas giant exoplanets are susceptible to intense atmospheric escape due to their large scale heights and strong high-energy
irradiation. This process is thought to occur ubiquitously, but to date we have only detected direct evidence of atmospheric escape in
hot Jupiters and warm Neptunes. The latter planets are particularly more sensitive to escape-driven evolution as a result of their lower
gravities with respect to Jupiter-sized planets. But the paucity of cases for intermediate, Saturn-sized exoplanets at varying levels of
irradiation precludes a detailed understanding of the underlying physics in atmospheric escape of hot gas giants. Aiming to address
this issue, our objectives here are to assess the high-energy environment of the warm (74 =970 K) Saturn WASP-29 b and search for
signatures of atmospheric escape. We used far-ultraviolet observations from the Hubble Space Telescope to analyze the flux time series
of H1, C11, Si1l, Si1v, and N V during the transit of WASP-29 b. At 88 pc, a large portion of the Lyman-a core of the K4V-type host
WASP-29 is attenuated by interstellar medium absorption, limiting our ability to probe the escape of H at velocities between —84 and
+35km s~!. At 30 confidence, we rule out any in-transit absorption of H1 larger than 92% in the Lyman-a blue wing and 19% in the
red wing. We found an in-transit flux decrease of 39%i}%3ﬁ in the ground-state CII emission line at 1334.5 A. But due to this signal
being significantly present in only one visit, it is difficult to attribute a planetary or stellar origin to the ground-state C 11 signal. We
place 30 absorption upper limits of 40, 49, and 24% on Si111, Si1V, and for excited-state C 11 at 1335.7 A, respectively. Low activity
levels and the faint X-ray luminosity suggest that WASP-29 is an old, inactive star. Nonetheless, an energy-limited approximation
combined with the reconstructed EUV spectrum of the host suggests that the planet is losing its atmosphere at a relatively large rate of
4x10° g s~!. The non-detection at Lyman- could be partly explained by a low fraction of escaping neutral hydrogen, or by the state
of fast radiative blow-out we infer from the reconstructed Lyman-« line.

Key words. stars: individual: WASP-29 — stars: chromospheres — planets and satellites: atmospheres —
ISM: kinematics and dynamics

1. Introduction

The large population of transiting exoplanets yields the best
opportunity to perform demographic studies aiming to char-
acterize and understand their atmospheres. One of the main
techniques to do so is transmission spectroscopy, which con-
sists in measuring wavelength-dependent changes in the stellar
spectrum when a planet transits its host star. The largest atmo-
spheric signals of exoplanets detected to date have been obtained
with transmission spectroscopy in far- and near-ultraviolet (FUYV,
NUYV). This wavelength range traces the outermost parts of the
atmospheres of transiting planets, where the lightest particles
are susceptible to atmospheric escape. This has been observed

Article published by EDP Sciences

in planets with H- and He-dominated atmospheres, such as
the warm Neptunes GJ 436 b (Kulow et al. 2014; Ehrenreich
et al. 2015; Bourrier et al. 2016; Lavie et al. 2017; dos Santos
et al. 2019), GJ 3470 b (Bourrier et al. 2018b), the hot-Jupiters
HD 209458 b (Vidal-Madjar et al. 2003, 2004, 2013; Ehrenreich
et al. 2008), HD 189733 b (Lecavelier des Etangs et al. 2010,
2012; Bourrier et al. 2013), WASP-12 b (Fossati et al. 2010) and
WASP-121 b (Sing et al. 2019), and tentatively for the temperate
sub-Neptune K2-18 b (dos Santos et al. 2020b).

These signals point to the presence of H-rich, extended atmo-
spheres and mass loss in both ends of the gas giant demographic,
but the middle range that includes hot and warm Saturn-sized
planets remains poorly explored (Fig. 1). Direct and indirect
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Fig. 1. Population of exoplanets with known radius and bolometric irra-
diation (taken from the NASA Exoplanets Archive on 01 Feb. 2021).
Planets with confirmed atmospheric escape signatures of H, He or
metals are shown as green symbols. Non-detections are shown as red
symbols. WASP-29 b is represented as a star symbol.

observational evidence has shown that mass loss is one of the
most important drivers for atmospheric evolution in short-period
Neptune-sized exoplanets, as well as planetary migration and
formation (e.g., Szab6 & Kiss 2011; Beaugé & Nesvorny 2013;
Mazeh et al. 2016; Helled et al. 2016; Matsakos & Konigl 2016;
Owen & Lai 2018; Bourrier et al. 2018b; McDonald et al. 2019;
Armstrong et al. 2020); although, readers can refer to Cubillos
et al. (2017), Kite et al. (2019), and Vidotto & Cleary (2020)
for possible counterpoints. Such a conclusion is backed up by a
strong theoretical framework as well (e.g., Lecavelier Des Etangs
2007; Rogers et al. 2011; Sanz-Forcada et al. 2011; Kurokawa
& Nakamoto 2014; Tian 2015; Salz et al. 2016a). For a detailed
review on the subject, readers can look to Owen (2019). This
atmospheric evolution results in close-in Neptunes having short
lifetimes, imprinting a feature in the population of known transit-
ing exoplanets known as the hot-Neptune desert (Szab6 & Kiss
2011; Mazeh et al. 2016; Bourrier et al. 2018b).

Hot Jupiters have been shown to be too massive to lose a
significant fraction of their atmospheres due to photoevapora-
tion (e.g., Garcia Mufioz 2007; Hubbard et al. 2007; Ehrenreich
& Désert 2011; Allan & Vidotto 2019). However, Garcia Muioz
& Schneider (2019) have proposed that ultra-hot Jupiters orbit-
ing early-type stars, such as KELT-9 b, may have lifetimes of
less than 1 Gyr due to near-ultraviolet energy deposited through
Balmer absorption. The lack of direct observational constraints
on mass loss for Saturn-sized planets at the borders of the
hot-Neptune desert contributes to the aforementioned poorly
explored demographic. By directly detecting and assessing the
current atmospheric rate and other properties of a sample of
planetary systems, it is possible to tease apart the respective roles
of planetary formation, migration, stellar wind, and photoevap-
oration in shaping the observed demographics of gas giants (Jin
et al. 2014; Owen & Lai 2018; Vidotto & Cleary 2020).

One of the objectives of the Hubble Space Telescope
Panchromatic Comparative Exoplanetology (HST PanCET) pro-
gram is to address questions about atmospheres of gas giant
transiting planets at a demographic level. One of the targets of
this program is WASP-29 b, a low-density and moderately irradi-
ated Saturn-sized planet orbiting every 3.92 d around a K4 V-type
star first discovered by Hellier et al. (2010, the stellar and plan-
etary parameters are listed in Table 1). A previous attempt at
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Table 1. Stellar and planetary parameters of the WASP-29 system.

Stellar parameters of WASP-29 Ref.

Radius 0.813”:8:8?2 Ro (a)
Mass 0.825+0.033 M, (b)
Eff. temperature 4731 fg‘s‘ K (a)
Proj. rot. velocity 1.5+0.6 kms™! (b)
Radial velocity 24.48 +0.43 km s~! (a)
Distance 87.82+0.31 pc (a)
Sp. type K4v ()
Planetary parameters of WASP-29 b Ref.
Radius 0.792’:8:822 Ryyp (b)
Mass 0.24570023 My, (b)
Density 0.61+0.12 gcm™3 (b)
Eq. temperature 970.01310 K (©)
Orbital period 3.9227186 +0.0000068 d  (b)
Semi-major axis 0.04566f8:88822 au (b)
Ref. time (BJD) 2455830.18886 + 0.00016  (b)
Transit duration 2.64867 001719 h (b)
Orbital inclination 88.80 +£0.70 deg (b)
Eccentricity <0.059 (b)

References. (a) Gaia Collaboration (2018), (b) Bonomo et al. (2017),
(c) Gibson et al. (2013).

studying the atmosphere of WASP-29 b using ground-based,
low-resolution (R < 1000) transmission spectroscopy between
515 and 720 nm yielded a featureless spectrum (Gibson et al.
2013). In particular, the lack of a broad Na feature indicates that
either the planet does not have neutral Na in its upper atmo-
sphere, or that clouds and hazes obscure the broad wings of the
feature, resulting in a narrow absorption that is not detectable at
low spectral resolution.

In this paper, we report on the data analysis and results of
several transits of WASP-29 b observed with HST in FUV, aim-
ing to detect and study its upper atmosphere. In particular, we
are interested in addressing the following open issues: (i) how
the high-energy environment around WASP-29 b influences the
observable signatures of atmospheric escape; (ii) what escape
rates should we expect for hot Saturns similar to WASP-29 b; and
(iii) whether it shows signals of hydrodynamic escape such as
hot Jupiters and warm Neptunes. This manuscript has the follow-
ing structure: in Sect. 2 we describe the HST observations and
data reduction; in Sects. 3 and 4 we present the analysis of the
flux time series and the search for planetary signals in transmis-
sion; in Sect. 5 we discuss the reconstruction of the unobservable
high-energy spectrum of WASP-29; and in Sect. 6 we present the
conclusions of this work.

2. Description of observations

We observed six transits of WASP-29 b in the HST PanCET pro-
gram (GO-14767, PIs: D. Sing and M. Lépez-Morales), of which
three were performed with the Cosmic Origins Spectrograph
(COS; Visits A, B, and C) and three with the Space Telescope
Imaging Spectrograph (STIS; Visits D, E, and F). Each tran-
sit was observed in a single visit with five orbits in time-tag
mode. The uncertainty of the transit midpoint time propagated
to our latest exposure (21 August 2019) is 7.6 min, based on the
ephemeris of Bonomo et al. (2017). The COS observations were
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Table 2. Observations log of WASP-29 in the HST PanCET program.

- . Start time Exp. time Phase
Visit  Orbit (UT) (s) (h)
COS spectroscopy
1 2018-05-19 15:49:32  2182.144  -3.54
2 2018-05-19 17:08:21  2706.112 -2.01
A 3 2018-05-19 18:43:40  2706.112 -0.42
4 2018-05-19 20:20:47  2706.176  +1.20
5 2018-05-19 22:01:53  2706.176  +2.85
1 2018-07-17 12:30:51  2182.112  -3.97
2 2018-07-17 13:56:29  2706.144 -2.47
B 3 2018-07-17 15:31:55  2706.176  —0.88
4 2018-07-17 17:09:16  2706.112  +0.74
5 2018-07-17 18:48:57  2706.144  +2.40
1 2018-11-04 09:01:12  2182.208 —4.48
2 2018-11-04 10:29:04  2706.208 —-3.09
C 3 2018-11-04 12:04:32  2706.208 —1.51
4 2018-11-04 13:41:15  2706.176  +0.11
5 2018-11-04 15:20:13  2706.208 +1.80
STIS spectroscopy
1 2019-08-09 20:50:56  1751.159  -3.90
2 2019-08-09 22:14:23  1983.173 -2.48
D 3 2019-08-09 23:49:48  1983.189 —0.89
4 2019-08-10 01:25:12  1983.179  +0.70
5 2019-08-10 03:00:36  1983.195  +2.29
1 2019-08-17 17:54:04  1751.138  -3.14
2 2019-08-17 19:21:08  1983.132 —1.66
E 3 2019-08-17 20:56:28  1983.115 -0.07
4 2019-08-17 22:31:47  1983.187 +1.52
5 2019-08-18 00:07:06  1983.183  +3.11
1 2019-08-21 15:37:18  1751.147  -3.57
2 2019-08-21 17:04:49  1983.181 -2.08
F 3 2019-08-21 18:40:08  1983.015 -0.49
4 2019-08-21 20:15:27  1983.193  +1.10
5 2019-08-21 21:50:46  1983.197  +2.69

Notes. Phases are in relation to the orbit of WASP-29 b.

set to spectroscopic element G130M centered at 1291 A and a
circular aperture with diameter 2.5 arcsec, yielding wavelength
ranges [1134, 1274] A and [1290, 1429] A. The STIS obser-
vations were set to spectroscopic element G140M centered at
1222 A and a slit with dimensions 52 x 0.1 arcsec (the obser-
vations log is shown in Table 2), yielding a wavelength range
[1194, 1248] A.

2.1. Data reduction

The COS data were reduced automatically by the instrument
pipeline. The STIS data required some custom reduction due to
strong background contamination in some exposures. The cus-
tom STIS reduction consists in using the pipeline flat-fielded
frames to extract the spectra and perform background removal.
We extracted the spectra following a similar procedure as in
dos Santos et al. (2020b), in which we manually set the cross-
dispersion positions of the spectra and the background; the
extraction box width was kept the same as in the pipeline
reduction. We determined, by visual inspection, the spectrum

Doppler velocity (km s™1)
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Flux density (x107* erg s™' cm=2 A1)
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Fig. 2. Observed Lyman-a spectrum of WASP-29 with HST-STIS in
a total exposure time of 8 h. The gray band represents the wavelength
span with strong geocoronal contamination (removed in data reduction).
The blue and red regions represent the respective blue and red wings.
The Doppler velocities are in the stellar rest frame.

cross-dispersion positions to be y =189 px and set the back-
ground to be centered 20 px away from the spectrum. We
combined all STIS exposures to produce a high signal-to-noise
Lyman-a spectrum, which is shown in Fig. 2. We used the time-
tag information of the STIS and COS exposures to produce four
subexposures per orbit.

2.2. Treatment of uncertainties

WASP-29 is a faint star in FUV, which means the observed
count rates are limited to just a few photons per exposure (except
for the Lyman-a line, which is the brightest feature in this
wavelength region). In this regime, the uncertainties of the flux
measurements do not follow a Gaussian distribution, but rather
a Poisson distribution. Both pipelines of STIS and COS (respec-
tively calstis and calcos) can calculate the uncertainties of
FUV observations using Poisson confidence intervals. In partic-
ular, calcos produces confidence intervals calculated with the
methodology outlined in Gehrels (1986), while calstis returns
confidence intervals assuming Gaussian noise'.

Due to the non-Gaussian nature of these uncertainties, care
has to be taken when propagating them. This is particularly
important when calculating the final uncertainties of, for exam-
ple, transmission spectra, fluxes inside a pass band that is
several pixels wide, or combined exposures to produce a higher
signal-to-noise spectrum. It is unclear if this is the same effect
seen by Wilson et al. (2017), who reported overestimated flux
uncertainties produced by the calcos pipeline.

In this work, when computing light curves of spectral lines
and combining spectra from COS, we work with the raw or net
counts and, at the final step, convert them to the physical flux
in order to perform a proper treatment of uncertainties. The 1o
uncertainties are calculated from the confidence intervals of a
Poisson distribution based on the raw number of counts regis-
tered in the detector, which includes background sources. The
conversion between counts and physical flux is performed using
the tabulated sensitivity of the detector. The STIS Lyman-a spec-
tra possess count rates at least one order of magnitude higher

1 Except for time-tag split data processed with the inttag method of
calstis, which also produces uncertainties based on the methodology
of Gehrels (1986).
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Table 3. Correlation between Lyman-« red wing fluxes and jitter data.

Visit D Visit E Visit F
Spearman-r  p-value Spearman-r p-value Spearman-r p-value
Vd.dom —0.547 0.012 +0.223 0.346 -0.293 0.210
V.ol —-0.505 0.023 +0.206 0.384 -0.200 0.398
Vs dom —-0.030 0.900 -0.260 0.269 -0.186 0.431
Viroll +0.164 0.490 +0.268 0.254 +0.006 0.980
Longitude —-0.090 0.705 +0.147 0.535 +0.268 0.254
Latitude -0.017 0.945 -0.376 0.102 -0.134 0.574
Right ascension +0.365 0.113 -0.129 0.587 +0.487 0.029
Declination -0.564 0.010 +0.202 0.394 -0.215 0.363

than those of COS, so the assumption of Gaussian uncertainties
is appropriate for STIS spectra.

2.3. Search for instrumental systematics

The engineering jitter files of HST contain telemetry and point-
ing information that can be used to understand potential system-
atic trends in long-slit observations with STIS. This method was
first used by Sing et al. (2019) and we apply our implementation
of the technique. The main source of systematic trends in STIS
data is slit losses, which are caused by two effects: (i) changes in
the position of the target star in the slit, both in the dispersion and
cross-dispersion directions, and (ii) changes in the point-spread
function (PSF) seen by the detector due to thermal variations
of the telescope — also known as breathing. Previous ultraviolet
studies with HST have shown that these systematic trends are
more important the brighter is the observed star (e.g., Bourrier
et al. 2017¢, 2018a; Sing et al. 2019), and are not present in COS
spectroscopy (dos Santos et al. 2019).

The pointing of the telescope can be traced by the right
ascension and declination data present in the jitter data, but what
matters in our case is the position of the target in relation to the
slit. While we do not know exactly where our target is in rela-
tion to the slit at a sub-pixel level, we can gather this information
from the jitter data of the guide stars. Usually, HST observa-
tions are performed with two guide stars, called dominant and
roll; their positions in relation to the V, and V3 axes of the tele-
scope are traced to sub-pixel levels; since the slit is not aligned
to the reference axes of the telescope, we need to rotate the dom-
inant and roll position vectors to the slit reference frame — we
call these new vectors Vy (dispersion direction) and V (spatial,
or cross-dispersion direction).

In order to infer if the jitter trends cause slit losses in the STIS
exposures, we searched for correlations between the observed
Lyman-a red wing emission fluxes of the time-tag split data
and the jitter data using the Spearman-r coefficient (Spearman
1904). The results are shown in Table 3. Despite Visit E display-
ing the strongest jitter trends, the correlation with the Lyman-a
fluxes are weak, with p-values above 0.10. In relative terms, the
strongest (anti-)correlations are seen in Visit D, where the guide
star Vy vector and the declination have Spearman-r coefficients
around 0.50 in modulus. Nevertheless, in absolute terms, these
coefficients are below the threshold of 0.75 in modulus to be con-
sidered significant. Thus we conclude that there are negligible
jitter trends in our STIS dataset.

We also searched for breathing effects by phase folding the
subexposures to the orbit of HST and comparing the data to
Fourier decomposition models (as in Bourrier et al. 2017¢). We
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evaluated the likelihood of breathing effects by comparing the
Bayesian Information Criterion (BIC) of models with varying
orders fitted to the observed data. In all visits a flat model with no
systematics is favored against higher order models: ABIC =20
for Visit D, ABIC =9 for Visit E, and ABIC = 12 for Visit F.

3. Lyman-a emission time series

The Lyman-a emission line (HI) is the strongest feature in the
far-ultraviolet spectrum of cool stars (Linsky 2017) and plays an
important role in the photochemistry of planetary atmospheres
(Segura et al. 2005). For stars other than the Sun, the Lyman-a
emission is partially or completely absorbed by the interstellar
medium (ISM). For the nearest stars, the core of the line is inac-
cessible, but its wings can still be observed, yielding the usual
double-peaked profile (Fig. 2). The shape of this observed pro-
file will depend on the properties of the intrinsic stellar emission,
the physical properties of the ISM, and the radial velocity of the
observed star.

Atmospheric signatures in hot transiting exoplanets have
been previously detected as a large (>10%) absorption in the
Lyman-« line, which traces exospheric HT atoms (e.g., Vidal-
Madjar et al. 2003; Lecavelier des Etangs et al. 2012; Ehrenreich
et al. 2015; Bourrier et al. 2018b). Such a signal indicates the
presence of a H-rich exospheric cloud being accelerated by radi-
ation pressure and interactions with the stellar wind through
charge exchange. We searched for a similar feature in the Lyman-
« transit time series of WASP-29. At first, this search was
performed by visual inspection of the Lyman-a profiles (Fig. 3).
Upon concluding that there was no obvious signal, we performed
a light curve analysis of the fluxes in the blue and red wing
bandpasses. We define these bandpasses by the limits of the geo-
coronal contamination ([—60, +60] km s~! in the heliocentric
restframe, or [-84, +35] km s~! in the stellar restframe) and
the approximate limits where the stellar flux is above the lo
noise floor of the instrument. This yields the blue and red wing
bandpass limits as [-224, —84] km s~! and [+35, +245] km s~!,
respectively.

In a single STIS exposure, we can measure the Lyman-« blue
wing flux with a mean precision of 41.6, 30.4, and 29.1%, respec-
tively for visits D, E, and F. In the case of the red wing fluxes, the
mean precision values are 10.4, 9.5, and 9.9%, respectively. Due
to potential stellar flux modulation in the time scales that sepa-
rate the visits, we normalize each time series by the out-of-transit
flux. This baseline is measured as the average flux in orbits 1, 2,
and 5 of each visit. We fit the normalized light curves to transit
models calculated with batman (Kreidberg 2015) and estimate
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Fig. 3. In- and out-of-transit Lyman-« spectra of WASP-29 in Visits D, E, and F. The shaded region represents the interval where there is strong
geocoronal contamination. We do not detect an obvious in-transit absorption signal.
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Fig. 4. Normalized Lyman-« light curves of WASP-29. The vertical red lines represent the times of first and fourth contacts of the transit of
WASP-29 b. Each HST orbit is represented as a full symbol, while semi-transparent symbols represent sub-exposures within each orbit.

the uncertainties of the fit using the Markov chain Monte Carlo
ensemble sampler implementation of emcee (Foreman-Mackey
et al. 2013). We fix the orbital parameters of WASP-29 b to the
values shown in Table 1 and vary only the depth (R,/R.)*.

There is a flux decrease of ~20% in the Lyman-a red wing
in Visit D, a feature that is seen in the in- and out-of-transit
Lyman-a profiles in Fig. 3, and the light curve of the red wing
in Fig. 4. For comparison, GJ 436 shows an episodic red wing
in-transit absorption as well (dos Santos et al. 2019), but its ori-
gin remains unknown. Since this feature is not repeated in the
other STIS observations of our program, we deem it unlikely to
arise from the exosphere of WASP-29 b. Since the absorption
takes place near the core of the Lyman-a emission of WASP-
29, it is possible that the decrease in flux can be caused by stellar
activity modulation. Similar to the case of HD 97658 in Bourrier
et al. (2017c), stellar activity is expected to modulate the wave-
length region nearest to the line core, which is formed at higher
temperatures in the stellar corona, than its wings.

We did not find evidence to support Lyman-« flux absorption
during the transit of WASP-29 b. Using the technique described
above and by combining all the visits, we rule out any in-transit
absorption depth larger than 49% (92%) in the blue wing at
1o (307) confidence. For the red wing light curves, we rule out
any in-transit absorption signals above 9% (19%) at 1o (30)
confidence.

For comparison, the H1 detection in HD 209458 b showed
an in-transit depth of 15% + 4% in two bandpasses near the line
core, between Doppler velocities —130 and +100 km s~! (exclud-
ing the wavelength interval with geocoronal emission contami-
nation; Vidal-Madjar et al. 2003). The hot-Jupiter HD 189733 b

displays H1 transit depths of 14.4+3.6% between Doppler
velocities —230 km s~ and —140 km s~! (Bourrier et al. 2013).
The warm Neptunes GJ 436 b and GJ 3470 b display Lyman-
a transit depths around 50% in the Doppler velocity interval
[-120, —40] km s~' (Ehrenreich et al. 2015; Bourrier et al.
2018b).

4. Metallic species time series

To date, all detections of exospheric metals in transiting planets
have been found in the hot Jupiters HD 209458 b (Vidal-Madjar
et al. 2004, 2013; Linsky et al. 2010), HD 189733 b (Ben-Jaffel
& Ballester 2013), WASP-12 b (Fossati et al. 2010) and WASP-
121 b (Sing et al. 2019). Sing et al. (2019) argue that exospheric
metals in WASP-121 b can be observed in transmission when the
exobase extends beyond the Roche lobe, allowing heavier species
in the upper atmosphere to escape the planet. A search for such
features in GJ 436 b, which benefited from a more extensive
dataset covering several years, resulted in non-detections only
(Lavie et al. 2017; Loyd et al. 2017; dos Santos et al. 2019). We
perfomed a similar analysis for the three transits of WASP-29 b;
the host star is fainter than GJ 436, thus we could analyze fewer
spectral lines in the COS spectrum. The COS profiles of C11,
Sini, Si1v, and N v are shown in Fig. 5, and their respective
transit light curves are shown in Fig. 6.

Similarly to the Lyman-« analysis, we fit the observed time
series with transit light curve models to assess the absorp-
tion depth and its statistical significance. We found that the
stellar flux in the line that arises from the ground-level state

C11 (1334.5 A) decreases by 39%*12%; but we cannot rule out
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Table 4. Observed fluxes of WASP-29 and upper limits of the in-transit absorption depth for WASP-29 b.

Species Wavelength  Integration range Flux Transit depth

(A) (kms™) (x107 " erg s~ cm™2) lo 30
Cnu 1334.5 [-60, +60] 1.94+0.11 39% 3% 39%* 3V
CI 1335.7 [-80, +80] 2.88+0.12 <10% <24%
Sitn 1206.5 [-80, +80] 1.33+0.07 11%+9%  <40%
Si1v 1393.8 [-60, +60] 0.92 +0.07 <17% <49%
Nv 1238.8 [-80, +80] 0.63 +0.04 <31% <70%

possible stellar variability effects that could mimic planetary sig-
nals since a similar “dip” is also seen before the transit between
-5 and —4 h in relation to the transit center. Furthermore, no
clear-cut signal is seen in the combined C 11 spectra (Fig. 5). For
comparison, Linsky et al. (2010) detected an in-transit absorp-
tion of 7.8 + 1.3% in the combined flux of the C 11 doublet for
HD 209458 b using COS spectra; that result matched well the
marginal 20 detection of Vidal-Madjar et al. (2004), which was
performed with the STIS spectrograph. Garcia Muiioz et al.
(2021) reported a 3.40 detection of excited-level C IT during one
transit of the super-Earth 7 Men c that is consistent with ions fill-
ing the Roche lobe of the planet and moving away from the star.
The decrease in C 11 flux that we observe in WASP-29 b is dom-
inated by Visit A only, while Visits B and C are consistent with
flat light curves. Since the signal in Visit A is not repeatable, we
deem this decrease in flux as unrelated to the planet WASP-29 b.

The normalized light curve of the line arising from the
excited-level C 11 atom (1335.7 A) is suggestive of a W-shaped
time series. Such a transit light curve could be indicative of FUV
limb-brightening in the stellar host, a well known phenomenon
in the Sun (Minnis 1955). The effect is clearer when we look at
the time-tag subexposures, which are shown as semi-transparent
points in Fig. 6. This behavior would not arise from the shape
of the planetary atmosphere, but from the limb-brightened chro-
mosphere and transition region of the host star. However, more
observations would be needed to confirm this feature for WASP-
29 b. Since the excited-level C1I line is the strongest feature in
the COS spectra after Lyman-a, it dominates the flux of the “all
lines combined” light curve (lower right panel in Fig. 6) and the
W-shape remains present. The COS light curves show that there
are no obvious signatures of Silll, SiIV or NV ions populating
the exosphere of WASP-29 b. We calculated the 1 and 30 upper
limits for the in-transit absorption depth and the observed COS
fluxes, and the results are shown in Table 4.

5. The high-energy environment of WASP-29 b

The STIS and COS observations provide useful information
about the stellar UV irradiation and its impact on the planet
upper atmosphere, as well as constraints on the ISM. They
also allow us to interpret the non-detections of atmospheric
signals and to predict signals that could be observed in other
wavelengths. The ISM absorbs a large portion of the stellar
emission at short wavelengths, including the Lyman-« emission
and the extreme ultraviolet (EUV) spectrum, so they need to be
reconstructed.

5.1. Reconstruction of the intrinsic Lyman-a line

We used the STIS observations of WASP-29 to reconstruct
its intrinsic Lyman-a spectrum following the standard method

used in, for example, Bourrier et al. (2017a) and Bourrier et al.
(2018b). In short, we fit the observed spectrum to a model of the
intrinsic emission line attenuated by ISM absorption (HI and
deuterium), scaled for distance, and convolved with the instru-
mental response. The model is oversampled in wavelength and
rebinned over the STIS spectral table after convolution; the fit
yields an estimate of the intrinsic emission and certain properties
of the ISM in the line of sight.

Since no signatures of planetary absorption or stellar vari-
ability were found in any of the visits, the reconstruction was
performed using all available spectra averaged into one mas-
ter spectrum per visit. In all visits we excluded from the fit
the velocity range [-60, 60]kms™' (heliocentric rest frame),
which is too contaminated by geocoronal emission. We fit the
three master spectra together using the Markov chain Monte
Carlo (MCMC) software package emcee (Foreman-Mackey et al.
2013). K dwarfs can show either double-peaked or single-peaked
Lyman-a profiles, depending on the presence of a self-reversal®
in their core (e.g., Wood et al. 2005; Youngblood et al. 2016;
Bourrier et al. 2017b). We found that a single-peaked Voigt pro-
file provides the best fit to the WASP-29 intrinsic Lyman-« line.
The theoretical intrinsic line profile is defined by its centroid,
its temperature (assuming pure thermal broadening), its Voigt
damping parameter, and its total flux Fpy_,(1au). Except for
the total flux, all properties were set to the same value for the
three visits. The line centroid was fixed to the systemic veloc-
ity of WASP-29 (24.48kms™', as in Table 1). The absorption
profile of the ISM along the line of sight is common to the
three visits, and defined by its column density of neutral hydro-
gen log;o Nism(H 1), its Doppler broadening parameter bigy(H1),
and its heliocentric radial velocity yism/e. The D I/HT ratio was
set to 1.5x 107 (e.g., Hébrard & Moos 2003; Linsky et al.
2006). We adopted the Lyman-a oscillator strength f=0.41641
from the NIST database®. The Doppler broadening of the ISM
toward WASP-29 is not constrained by its saturated Lyman-a
line absorption profile, and was fixed to the value of the Local
Interstellar Cloud (LIC).

We obtain a minimum y? of 166 for 151 degrees of free-
dom (reduced y? = 1.1). The best-fit model for the line averaged
over the three visits is shown in Fig. 7. The LISM kinematic
calculator®, a dynamical model of the local ISM (Redfield &
Linsky 2008), predicts that the line of sight toward WASP-
29 crosses the LIC cloud with a heliocentric radial velocity
of —1.29kms™!. This is in very good agreement with our

2 A self-reversal in Lyman-o happens in some stars, like the Sun, because there
is a layer in of absorbing material in the stellar atmosphere between the region
where the line is formed and the outermost stellar layers (see, e.g., Warren et al.
1998).

3 Available in https://physics.nist.gov/PhysRefData/ASD/lines_
form.html

4 http://sredfield.web.wesleyan.edu/
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Fig. 7. Lyman-« line profile of WASP-29 averaged over the three visits.
The black histogram shows the observed spectra, fit over points with
black error bars. The orange band shows the region strongly contami-
nated by geocoronal emission to be excluded from the fit. The green full
line is the best fit for the intrinsic stellar line profile, and the green dot-
ted line represents the zero velocity in the stellar rest frame. It yields the
blue profile after absorption by the interstellar medium, whose profile is
plotted as a dotted black line (ISM absorption in the range 0-1 has been
scaled to the vertical axis range). The red line shows the line profile fit to
the data, after convolution with the STIS instrumental profile. The the-
oretical intrinsic stellar line profile also corresponds to the profile of the
ratio 8 between radiation pressure and stellar gravity, which is shown in
the right y-axis.

derived value of —0.1 +2.6kms~!. Our best-fit column density
(logo Msm(HT)=18.55 + 0.04 cm™2) is also consistent with the
range of values expected for a star at a distance of 87.8 pc (Fig. 14
in Wood et al. 2005).

The total flux in the observed and reconstructed Lyman-«
lines shows no significant variations between the three visits,
strengthening the long-term stability of the stellar UV emission.

The average line flux Fiy_,(1 au)= 17.6 T¢ ergs™' cm™2 yields a
rotation period of about 20 days for WASP-29 from the empirical
relation in Youngblood et al. (2016). In Fig. 7, the 8 param-
eter is the ratio between radiation pressure and stellar gravity;
our reconstruction shows that radiation pressure from WASP-29
Lyman-a line overcomes its gravity by a factor of seven at veloc-
ities between [—100 and 100] km s~! in the stellar rest frame.
This is much larger than the factor 3 associated with the KO
dwarfs HD 189733 and HD 97658 (Bourrier et al. 2013, 2017¢),
or even the factor ~4.5 associated with the GO dwarf HD 209458
(Bourrier & Lecavelier des Etangs 2013), suggesting that the
putative neutral hydrogen exosphere of WASP-29 b is quickly
accelerated away from the planet in a strong regime of radiative
blow-out.

5.2. Reconstruction of the X-rays and extreme ultraviolet
spectrum

The results for COS observations allow us to provide constraints
on the X-rays and extreme ultraviolet (X+EUV) emission of
WASP-29, a part of its high-energy spectrum that is widely
absorbed by the ISM and not straightforward to measure directly.
WASP-29 was also observed by XMM-Newton (Prop. ID: 80479,
PI: J. Sanz-Forcada) in 14 May 2017. During the 6.9 ks expo-
sure only an upper-limit detection was made (S/N =2) in the
European Photon Imaging Camera (EPIC). We measured an
X-ray luminosity of Lx < 3.4 x 10%® ergs~! in the 0.12-2.48 keV
spectral range (5-100 A). Based on this upper limit, we used
a coronal model to construct the synthetic spectrum in the
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Fig. 8. Synthetic X+EUV spectrum of WASP-29 in high resolution
(blue) and low resolution (black).

region 1-1200 A, following Sanz-Forcada et al. (2011). We
used the EPIC spectra to model the coronal temperatures, and
the well-constrained COS fluxes (Sect. 4) to model the transi-
tion region. The model-derived fluxes at 1 au in different EUV
bands are 2.74 ergs~' cm™2 (100-920 A), and 0.78 ergs~! cm™2
(100-504 A), for the first ionization edges of H and He, respec-
tively (Fig. 8). The resulting X+EUV (5-920 A) flux at 1 au is
3.98 erg s~ cm™2. Further details of the coronal model will be
given elsewhere (Sanz-Forcada et al., in prep.). The observed
X-ray emission is rather low for a K4V star (Pizzolato et al.
2003), which implies that WASP-29 is an aged star with a low
state of activity.

Using the energy-limited approximation (Salz et al. 2016b),
we estimate a total mass loss rate of WASP-29 b at 4 x 10° g s~!
for 15% escape efficiency. This value is intermediate when
compared to the rates inferred from observations of the hot
Jupiters HD 209458 b and HD 189733 b, and the warm Neptunes
GJ 436 b and GJ 3470 b, which range from 10% to 10" g s7!
(Lecavelier des Etangs et al. 2010; Bourrier & Lecavelier des
Etangs 2013; Bourrier et al. 2016, 2018b).

Similarly to Bourrier et al. (2017c), we estimate the pho-
toionization rate and lifetime of atomic H around WASP-29 b
based on the synthetic spectrum up to the ionization threshold of
911.8 A (13.6 eV). We found that the H1 photoionization rate is
11.8x 107> s7!, yielding a photoionization lifetime of 2.35 h.
For comparison, the HT lifetimes around the warm Neptunes
with detected exospheres GJ 436 b and GJ 3470 b are ~12 h
and 55 min, respectively (Bourrier et al. 2016, 2018b); in the
case of the hot Jupiters with detected exospheres HD 209458 b
and HD 189733 b, the photoionization lifetimes are ~8 h and
~3.5 h, respectively (Bourrier & Lecavelier des Etangs 2013).
The most likely explanation for the non-detection of exospheric
H1in WASP-29 b is a combination of the short photoionization
lifetime, the fast acceleration of H atoms away from the planet by
radiation pressure (also known as a “blow-out” regime), the low
signal-to-noise ratio (S/N) in the Lyman-« blue wing and the
strong ISM absorption precluding access to velocities between
[-84,+35] kms~!. Thus, it is possible that WASP-29 b is, in fact,
currently losing its atmosphere, but the high-energy environment
around the planet and the distance of the system in relation to
Earth are not conducive to produce detectable signals in FUV
transmission spectroscopy.

One possible alternative to search for atmospheric escape
signals in WASP-29 b is through the metastable He I triplet near



L. A. dos Santos et al.: Far-ultraviolet transit spectroscopy of WASP-29 b

1.083 pm (Seager & Sasselov 2000; Oklop¢i¢ & Hirata 2018)
in transmission. This technique has been successfully applied
in both space- and ground-based spectroscopy (e.g., Spake
et al. 2018; Allart et al. 2018; Mansfield et al. 2018; Nortmann
et al. 2018; Alonso-Floriano et al. 2019; Kirk et al. 2020). We
computed the Hel ionizing irradiation (up to 504 A) level of
WASP-29 b using the synthetic spectrum, and found a value
of 0.44 W m™2 at the planet’s orbit (440 erg s~' cm™2). For
comparison, the hot Jupiter HD 209458 b receives an irradiation
of approximately 1 W m~2, and its He I signal was challenging
to measure (Alonso-Floriano et al. 2019); it is possible that a
significant amount of observational effort may be required to
measure He I in the extended atmosphere of WASP-29 b, since
the intensity of the planetary signal in this line depends on the
level of ionizing XUV irradiation received (Nortmann et al.
2018). The planets GJ 436 b, KELT-9 b (Nortmann et al. 2018),
and WASP-127 b (dos Santos et al. 2020a), which possess lower
EUYV irradiation levels than WASP-29 b, exhibit non-detections.

6. Conclusions

We observed six transits of WASP-29 b using the STIS and COS
spectrographs installed on HST to search for signals of atmo-
spheric escape in transmission. We did not find evidence for the
presence of a HI exosphere around WASP-29 b, likely due to
a combination of factors: short HI photoionization lifetime, a
fast acceleration of H atoms away from the planet, and the low
S/N in the Lyman-a emission between Doppler velocities [—100,
+100] km s~!, which is the range where we expect such signal to
appear.

An analysis of the stellar flux time series from COS spec-
tra did not reveal significant, repeatable evidence for escaping
metallic species in the atmosphere of WASP-29 b. The stel-
lar line fluxes remain mostly stable over the three observing
epochs. We found only a tentative in-transit absorption in the
ground-state C IT emission near 1334.5 A, but we were unable to
disentangle it from stellar activity effects. This result reinforces
the requirement of repeatability for FUV atmospheric signals
since this in-transit absorption is dominated by only one of the
three visits. One way to assess if the observed signal comes from
planetary absorption is to search for atmospheric escape using
the 1.083 um metastable He triplet. If He is detected at high-
altitudes around WASP-29 b, it is likely the planet is undergoing
active atmospheric escape and thus would give support to the
hypothesis of an atmospheric C1I signal.

Despite these non-detections, our observations allowed us to
constrain the high-energy spectrum of WASP-29, as well as the
environment around WASP-29 b. We reconstructed the intrinsic
Lyman-a spectrum of WASP-29 using the STIS observations,
and found that the Lyman-« flux is stable when we compare
the three different epochs of observation spanning a baseline
of 12 days. Furthermore, this results suggests that the level of
Lyman-a radiation pressure efficiently overcomes gravity by a
factor of seven, which is higher than those observed for other G-
and K-type exoplanet hosts, such as HD 189733, HD 97658, and
HD 209458. This puts the planet WASP-29 b in a regime of faster
radiative acceleration of H atoms compared to other hot giant
exoplanets for which we have observed signals of HI escape.
Future observations of He I escape in the 1.083 pum triplet may be
able to provide better atmospheric escape constraints for WASP-
29 b. We also used XMM-Newton observations to constrain its
EUYV spectrum using a coronal model. The low levels of stellar
activity in FUV, lack of stellar flares (in contrast to, for example,
GJ 436), and the inferred low X-ray luminosity strongly suggest

that WASP-29 is an old star. Based on the reconstructed EUV
spectrum, we estimate that WASP-29 b is currently losing its
atmosphere at a total rate of 4 x 10° g s~!, assuming a heating
efficiency of 15%. This mass loss rate is intermediate between
the rates observed in hot Jupiters and warm Neptunes through
Lyman-a spectroscopy.
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Chapter 3

Are Neptunes and sub-Neptunes in a
regime of hydrodynamic escape?

I3 e . .
A cactus doesn’t live in the desert because it likes the desert; it lives there

because the desert hasn’t killed it yet. »

Hope Jahren

Since the discovery of evaporating exoplanets, many studies have assessed the impact of
high-energy irradiation into their evaporative status [e.g., 110, 41, 52, 90, 119, 55]. Due to
limited availability of high-energy spectra for most planet-hosting stars, some of the studies
cited above were either focused on case-by-case planets, or were completely theoretical.
Nowadays, with a large sample of detected exoplanets, studies of evaporation focus on its
effect at the demographic level, where it is possible to marginalize over some of the unknowns
[e.g., 95, 142, 172, 99]. In this context, with a total of 106 known transiting exoplanets
by 2011, a curious trend started to emerge: Szab6 and Kiss [173] reported that sub-Jovian
planets with low density were statistically unlikely to be found orbiting at short periods. The
authors further proposed that photoevaporation was one of the causes of this hot-Neptune
desert. Later, several studies would expand on this idea by showing that this demographic
feature was a result of a combination of planet formation, dynamical history, and atmospheric
evolution [e.g., 84, 9, 125, 129, see Fig. 3.1].

The Kepler satellite was instrumental to gather a sample of thousands of transiting
exoplanets that would allow us to study them at the demographic level. Based on this
survey, Owen and Wu [143] used photoevaporation models to simulate a population of rocky
exoplanets, and they showed that: 1) there is a dearth of planets with radius R, = 2 R, and ii)
those with radii above 2 Rg, would be able to retain a significant fraction of their primordial
atmospheres, while those below this threshold could be completely stripped off into naked
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Fig. 3.1 Planetary mass versus orbital period diagram of gas giants. The hot-Neptune desert
is delimited by the dashed lines. Symbols depict planets detected by ground-based transit
surveys (yellow), radial velocities (green), the Kepler satellite (blue), and the CoRoT mission
(red). Adapted from Mazeh et al. [129].

cores. This feature, now known as the radius gap, was later confirmed with the results of the
California-Kepler survey [65] (see Fig. 3.2), precise asteroseismic radii of Sun-like hosts
[177], and the K2 survey [85].

The state-of-the-art demography of rocky exoplanets has two theories to explain their
atmospheric evolution: photoevaporation [144, 151] and core-powered mass loss [73, 80].
The latter consists on the onset of atmospheric escape triggered by the internal heat of the
planet remaining from its formation. Whether either one of them is the main driver of
atmospheric evolution, or if it is a combination of both is still under investigation. The first is
supposed to occur in the first ~100 Myr of a planet’s lifetime, while the second occurs at
Gyr timescales. One observational evidence in favor of photoevaporation is the dependence
of the position of the radius valley on stellar host properties [64], since core-powered mass
loss in principle does not depend on that; but this observation does not completely rule
out the latter. King and Wheatley [99] argue that, due to the Gyr timescale of evolution
of extreme-ultraviolet (EUV) irradiation of stars, it may be difficult to discern these two
processes. Misener and Schlichting [131] proposed a list of well-characterized exoplanets
that could be observed to assess the role of core-powered mass loss in atmospheric evolution;
two of them, GJ 9827 d and © Men c, were already observed and showed non-detections of
H and He escape [69, 25], but these negative results still allow an undetectable, yet present

escape due to the planetary internal energy. A very recent, third possibility to explain the
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Fig. 3.2 Irradiation versus planet radius diagram of super-Earths for three bins of stellar host
mass. The dependence of the position and shape of the radius valley near ~2 Rg with host
mass is considered evidence for the role of photoevaporation in shaping the demography of
exoplanets. Adapted from Fulton and Petigura [64].

radius valley states that it is primordial [114], and that a more filled gap after ~2 Gyr supports
this hypothesis [39], but more theoretical and observational development is needed.

3.1 An extensive search for metallic ions in the exosphere
of GJ 436 b

Not long after the first deliberations about evaporating gas giants and how they would evolve,
the discovery of the first short-period Neptune would pave the way towards the obtaining
evidence for evolution in exoplanets. Initially discovered with the radial veloticies method
[24], and later found to be transiting [72], GJ 436 b rapidly became a community favorite to
attempt studying atmospheres of exoplanets smaller than hot Jupiters. The first transmission
spectroscopy studies with HST yielded only flat spectra characteristic of a cloudy atmosphere
[148, 101, 100]. But despite these first disappointing results, a relatively low-mass planet
orbiting so close to its host star posed an interesting untapped potential: Ehrenreich et al. [53]
predicted that it was evaporating at a steady rate of 10'° g s~!, similarly to HD 209458 b,
but curiously still surviving this process despite an orbital semi-major axis shorter than
0.03 au. This hypothesis was then confirmed with HST observations, and led to the seminal
publication of the Lyman- transit of GJ 436 b [51], which is still largely used to date as a
testbed case of atmospheric loss in an exoplanet. Later, Bourrier et al. [20] would infer an
escape rate in the order of 108 g s~! for GJ 436 b, but the question of it being a regime of
hydrodynamic escape or not was still open.

As we discussed in Sections 1.2.1 and 1.3.2, hydrodynamic escape is characterized by a

supersonic or near-transonic motion of gas through the upper atmosphere of a given planet.
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In this regime, the motion of H particles can drag heavier species to the upper atmosphere,
populating the exosphere with metals. Ultra-hot Jupiters (UHJ) have been shown to be the
best targets to observe escaping metals because they are inflated and near tidal disruption
due to their very short orbital periods around relatively massive F-type host stars [183, 106].
To date, no such detection has been done for a Neptune-size planet, and GJ 436 b stands as
one of the best candidates to this end. The planet also benefits from an extensive coverage of
observations with HST, a result of several campaigns led by different investigators since the
discovery that it transits.

Our analysis of this extensive dataset for GJ 436 b shows that there are no detectable
signals of metals escaping the planet and populating its exosphere. This result rules out the
tentative detection of Si reported by Lavie et al. [109], and supports the conclusions of Loyd
et al. [123], whose modeling determined that the exospheric densities of metals in GJ 436 b
should be undetectable. We do, however, reproduce the Lyman-q transit absorption, which
was previously detected with STIS, using the COS spectrograph on HST. We conclude that
the escape of H in GJ 436 b is stable across several years.

This Section has previously been published in dos Santos et al. [47], and is reproduced
with permission © ESO.
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ABSTRACT

Context. The quiet M2.5 star GJ 436 hosts a warm Neptune that displays an extended atmosphere that dwarfs its own host star.
Predictions of atmospheric escape in such planets state that H atoms escape from the upper atmosphere in a collisional regime and that
the flow can drag heavier atoms to the upper atmosphere. It is unclear, however, what astrophysical mechanisms drive the process.
Aims. Our objective is to leverage the extensive coverage of observations of the far-ultraviolet (FUV) spectrum of GJ 436 obtained
with the Cosmic Origins Spectrograph (COS) to search for signals of metallic ions in the upper atmosphere of GJ 436 b, as well as
study the activity-induced variability of the star.

Methods. We analyzed flux time-series of species present in the FUV spectrum of GJ 436 and successfully performed geocoronal
contamination removal in the COS Lyman-« profiles obtained near the Earth’s night-side.

Results. GJ 436 displays flaring events with a rate of ~10 d™'. There is evidence for a possibly long-lived active region or longitude
that modulates the FUV metallic lines of the star with amplitudes up to 20%. Despite the strong geocoronal contamination in the COS
spectra, we detected in-transit excess absorption signals of ~50 and ~30% in the blue and red wings, respectively, of the Lyman-« line.
We rule out a wide range of excess absorption levels in the metallic lines of the star during transit.

Conclusions. The large atmospheric loss of GJ 436 b observed in Lyman-a transmission spectra is stable over the timescale of a
few years, and the red wing signal supports the presence of a variable hydrogen absorption source besides the stable exosphere. The
previously claimed in-transit absorption in the Si I1I line is likely an artifact resulting from the stellar magnetic cycle. The non-detection
of metallic ions in absorption could indicate that the escape is not hydrodynamic or that the atmospheric mixing is not efficient in
dragging metals high enough for sublimation to produce a detectable escape rate of ions to the exosphere.

Key words. stars: individual: GJ 436 — stars: activity — stars: chromospheres — planets and satellites: atmospheres

1. Introduction

Atmospheric escape is an important process that dictates plane-
tary evolution and habitability in the Solar System (e.g., Pollack
et al. 1987; Lammer et al. 2003a; Kulikov et al. 2006) and extra-
solar systems (e.g., Sanz-Forcada et al. 2011; Chadney et al.
2015; Dong et al. 2017; Bolmont et al. 2017). Hydrodynamic
escape in strongly irradiated planets is driven by extreme ultra-
violet (XUV) irradiation from their host stars (Vidal-Madjar

Article published by EDP Sciences

et al. 2003; Lammer et al. 2003b; Garcia Muiioz 2007; Owen &
Jackson 2012), which is presumed to be strongest in the early his-
tory of a given planetary system (Ribas et al. 2005; Giidel 2007).
Further evidence for the importance of atmospheric escape in
planetary evolution comes from studies of transiting exoplanet
populations, which brought our attention to a dearth of short-
period (P <10 d) planets with masses between 0.01 and 1 M
(the hot Neptune desert; Lecavelier Des Etangs 2007; Davis &
Wheatley 2009; Ehrenreich & Désert 2011; Szab6 & Kiss 2011;
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Table 1. Stellar and planetary parameters of GJ 436 and GJ 436 b.

Stellar parameters of GJ 436 Ref.
Radius 0.449 +0.019 R, (a)
Mass 0.445 £ 0.044 M, (a)
Eff. temperature 3479 + 60 K (a)
Proj. rot. velocity 0.330f8:82é km s~! b)
Rotational period 44.09 +0.08 d (b)
Inclination rot. axis 39*3% deg (b)
Distance 9.756 +0.009 pc (c)
log Ry -5.32+£0.07 (d)
Lx/Lpo 1.950 x 107° (e)
Planetary parameters of GJ 436 b Ref.
Radius 4.04 +£0.85 Rg (f)
Mass 25430 Mg ®
Orbital period 2.64389803 +0.00000026 d ()
Semi-major axis 14.54 £0.14 R, ®
Ref. time (BJD) 2454865.084034 +0.000035  (f)
Orbital inclination 88.858" 008 deg (b)
Eccentricity 0.1616 = 0.004 )
Arg. periastron 327.24)8 deg )

References. (a) Mann et al. (2015), (b) Bourrier et al. (2018c),
(c) Gaia Collaboration (2018), (d) Suarez Mascarefio et al. (2015),
(e) Sanz-Forcada et al. (2011), (f) Lanotte et al. (2014).

Lopez et al. 2012; Mazeh et al. 2016; Ionov et al. 2018). Despite
the detection of many ultra short-period small (presumably
rocky) planets, the Kepler satellite found almost no strongly irra-
diated Neptune-size planets, even though the survey was much
more sensitive to larger planets (Howard et al. 2012).

Transiting exoplanets amenable to atmospheric characteri-
zation offer one of the most compelling opportunities to study
planetary evolution. The first observation of Na in the opti-
cal transmission spectrum of the giant exoplanet HD 209458 b
(Charbonneau et al. 2002) was a crucial milestone toward this
goal, generating several theoretical and experimental efforts to
probe exoplanetary atmospheres. In particular, the first direct
evidence of atmospheric escape in exoplanets was reported
for the hot Jupiters HD 209458 b (Vidal-Madjar et al. 2003,
2004; Ehrenreich et al. 2008; Ballester & Ben-Jaffel 2015) and
HD 189733 b (Lecavelier des Etangs et al. 2010, 2012; Bourrier
et al. 2013; Ben-Jaffel & Ballester 2013), using far-ultraviolet
(FUV) transit spectroscopy with the Hubble Space Telescope
(HST). However, to this date, the most spectacular observation of
atmospheric escape remains that of GJ 436 b. It displays a transit
depth of 56% and a long egress in the blue wing of the Lyman-a
line caused by the extended tail of neutral hydrogen that escapes
vigorously from the planet (Kulow et al. 2014; Ehrenreich et al.
2015; Bourrier et al. 2015, 2016; Lavie et al. 2017).

GJ 436 b is a warm Neptune exoplanet orbiting a nearby
and relatively quiet M2.5 dwarf (Butler et al. 2004; Gillon et al.
2007). The planet lies in the lower-mass edge of the hot Neptune
desert (see the stellar and planetary parameters in Table 1). One
of the most important mechanisms to explain the hot Neptune
desert is the erosion of inflated envelopes rich in H and He, and
the observation of large-scale atmospheric escape from GJ 436 b
seems to corroborate this hypothesis. According to Bourrier
et al. (2016), the current atmospheric loss rate of GJ 436 b
is ~1/18000 Gyr~! in planetary mass fraction, which is not
large enough to carve the hot Neptune desert. Moreover, the
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eccentricity and orbital misalignment of the planet with the spin
of the star suggests that it may have recently migrated inward
due to an undetected outer companion as of yet (Beust et al.
2012; Stevenson et al. 2014; Bourrier et al. 2018¢). In contrast,
Bourrier et al. (2018b) showed that the warm Neptune GJ 3470 b
displays a large mass loss rate comparable to that of hot Jupiters,
rendering it the most extreme case of mass loss observed to date.
GJ 3470 b could already have lost up to 40% of its mass over
its 2 Gyr lifetime, suggesting that planetary mass loss has the
potential to change the population of close-in giant exoplanets.

Several questions about the GJ 436 system remain unan-
swered, such as: how stellar activity affects the stellar FUV
energy output, whether the planet loses other species besides
hydrogen, and whether we should expect other warm Neptunes
around M dwarfs to display similar escape rates (e.g., Bourrier
et al. 2018b). We note that FUV transit spectra with HST will
help answer these questions, but several datasets may be neces-
sary since the stellar lines of GJ 436 are weak when compared to
solar-type stars. In particular, the Cosmic Origins Spectrograph
(COS; Green et al. 2012) has a wider wavelength range and is
more sensitive than the Space Telescope Imaging Spectrograph
(STIS; Woodgate et al. 1998) in the FUV, giving us access to
several metallic stellar lines.

Lavie et al. (2017) reported a tentative absorption signal in
the Sin stellar line (1206.5 A) of GJ 436 that could be of
a planetary nature. If proven to be accurate, this signal would
suggest that Si atoms are hydrodynamically dragged from the
lower atmosphere of the planet by the H atoms (similarly to
HD 209458 b; Vidal-Madjar et al. 2003; Koskinen et al. 2010),
indicating the presence of atmospheric mixing and clouds in the
lower atmosphere (Visscher et al. 2010), which is consistent with
the flat infrared-optical transit spectrum of the planet (Knutson
et al. 2014; Lothringer et al. 2018). In contrast, Loyd et al. (2017)
reported a non-detection of CII and SilIl in-transit absorption
signals in two HST visits during the transit of GJ 436 b, assum-
ing a large asymmetric transit light curve as seen in Lyman-a.
Their simulations predict C1I transit depths of 2 and 19% in the
full line passband and line center, respectively.

We report here on the analysis of several HST-COS obser-
vations covering different phases of the planetary transit in four
epochs, aiming to resolve the questions about GJ 436 b and the
hydrodynamical nature of the atmospheric escape process. This
manuscript has the following structure: in Sect. 2 we describe
the observations and the post-processing necessary after data
reduction; in Sects. 3 and 4 we examine the impact of activity
(flares and rotational modulation) in the FUV fluxes of GJ 436;
in Sect. 5 we present the first detection of the deep Lyman-« tran-
sit of GJ 436 b using HST-COS; in Sect. 6 we discuss the results
of the search for metallic ions in the exosphere of GJ 436 b;
and in Sect. 7 we summarize our conclusions and present future
research perspectives for GJ 436 b.

2. Observations and data reduction

GJ 436 b is one of the targets of the Hubble Panchromatic Com-
parative Exoplanet Treasury (PanCET) program GO-14767 (PIs:
D. Sing and M. Lépez-Morales; see Wakeford et al. 2017; Evans
et al. 2017; Nikolov et al. 2018; Alam et al. 2018; Bourrier et al.
2018b). GJ 436 was observed during four visits using the Cosmic
Origins Spectrograph (COS) fed by the Hubble Space Telescope,
using the grating G130M centered on 1291 A. These visits were
planned to include at least one orbit during the optical primary
transit of the planet GJ 436 b, according to the ephemeris of
Lanotte et al. (2014). In total, two orbits, one of them while
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Table 2. Observations log of GJ 436 with HST-COS centered at 1291 A.

Table 3. Spectral line list used in this work.

L. . Start time Exp. time  Phase
Visit  Orbit (UT) (s) (h)
Hubble PanCET program
1 2017-11-19 20:30:21  1881.184  -1.32
20 2017-11-19 21:49:34  2702.08 e
A 3 2017-11-19 23:24:55  2702.176  +1.71
4 2017-11-20 01:00:15  2702.112  +3.30
5 2017-11-20 02:36:06  2702.176  +4.89
1 2017-12-21 12:17:30  1881.152  -2.97
2 2017-12-21 13:34:53  2702.144  -1.57
B 3 2017-12-21 15:10:16  2702.144  +0.02
4 2017-12-21 16:45:38  2702.144  +1.61
5 2017-12-21 18:21:00  2702.144  +3.20
1 2018-01-24 21:02:28  1688.192  -3.15
2 2018-01-24 22:17:19  2702.176  —-1.76
C 3 2018-01-24 23:52:39  2702.176  —0.17
4 2018-01-25 01:27:59 2702176  +1.42
5 2018-01-25 03:03:19  2702.176  +3.01
1 2018-02-28 07:32:12  1688.096  —1.55
2 2018-02-28 08:48:36  2702.176  -0.13
D 3 2018-02-28 10:23:56  2702.176  +1.46
4®  2018-02-28 11:59:18  2702.176
5 2018-02-28 13:34:39  2702.176  +4.64
MUSCLES program
1 2012-06-23 07:22:56  980.192  -14.76
E 2 2012-06-23 07:41:15  1191.168  —14.43
3 2012-06-23 08:47:20  1200.192  -13.32
1 2015-06-25 23:37:36  1243.168  —3.68
2 2015-06-26 00:43:54  2713.184  -2.37
F 3 2015-06-26 02:19:20  2713.216  -0.80
4 2015-06-26 03:54:46  2713.184  +0.79
5 2015-06-26 05:30:12  2713.216  +2.38
Program GO-15174
1 2017-12-22 21:35:19  1957.152  +30.34
2 2017-12-23 21:25:43  1957.184  -9.28
3 2017-12-24 09:55:32  1957.152  +3.22
4 2017-12-24 16:29:58  1957.152  +9.79
5 2018-01-19 10:24:56  1850.176  —6.84
6 2018-01-19 15:27:48  1850.144  -1.79
7 2018-02-08 13:52:25  1850.144  -31.01
8 2018-02-23 08:19:12  1850.144  +6.17

Notes. Phases are in relation to the orbit of GJ 436 b. Orbits marked
with ) had a pointing failure and did not register counts; these orbits
were discarded from our analysis. Observations of program GO-15174
were performed with single-orbit visits.

in-transit, were affected by technical failures and did not register
counts since the shutter of the instrument was closed; these orbits
are discarded from the analysis. In this study we also made use
of HST-COS archival observations obtained during programs
GO-15174 (PI: R. O. Loyd) and GO-13650 (MUSCLES Trea-
sury Survey; PI: K. France). The following observations log is
located in Table 2: for visits A-D (PanCET program), we have a
total of 18 usable orbits of which three are in transit; in visits E
and F (MUSCLES program) there are eight orbits and none

Ton Central wavelength (A) Integration range (km s7h
C1 1175.59 [-240, +230] (multiplet)
SiliI 1206.5 [-50, +50]
Hr 1215.6702 See Fig. 9
ov 1218.344 [-50, +50]
Silr 1264.738 [-50, +100] (doublet)
NV 1238.821 [-80, +80]
1242.804 [-70, +70]
cn 1334.532 [-50, +50]
1335.708 [-60, +60]
. 1393.755 [-50, +50]
Sitv 1402.77 [-40, +40]

Notes. More information about the formation of FUV lines can be found
in, e.g., Avrett & Loeser (2008).

of them are in-transit; the eight single-orbit visits of program
GO-15174 were meant to cover a wide swath of phases of the
orbit of GJ 436 b and do not cover the transit.

The raw spectra were processed automatically by the instru-
ment’s pipeline. Since the observations were performed in time-
tag mode, we were able to split the data in sub-exposures using
the calcos package from the AstroConda software stack'. We
performed our analysis using the same FUV line list as in
Table 3. For a reference, we combined all the HST-COS obser-
vations of GJ 436 that are publicly available and produced a high
signal-to-noise FUV spectrum, which we reproduce in Fig. 1.

We found that the spectral lines of GJ 436 are systematically
shifted from the stellar rest frame in our datasets, displaying
excess Doppler shifts from —6 to 20 km s~! over the systemic
velocity of the star (vg = 9.61 km s~'; Nidever et al. 2002). The
variation occurs at different levels depending on the position of
the line in the detector and the time of the observation. How-
ever, orbits from the same visit tend to display similar line-to-line
Doppler shifts. This wavelength calibration issue has been pre-
viously observed with COS (e.g., Linsky et al. 2012; Loyd et al.
2017; Bourrier et al. 2018a).

In order to correct for these systematic Doppler shifts, we
measured them in a line-by-line and visit-by-visit fashion for all
lines in the spectra, except for the lines contaminated by airglow
(see Sect. 5.1) and those that are too faint. In the latter case, we
consider that Doppler shifts changed by the same value as the
closest line that we could measure. The Doppler shifts are quan-
tified as an average per visit by fitting Gaussian profiles (whose
parameters are fit at the position of the Gaussian and its ampli-
tude) to the stellar lines. The correction for Doppler velocity
shifts is applied during the computation of fluxes for each line
in each spectrum. For each spectral line, the fluxes are computed
by integrating the flux densities in their corresponding passbands
(see Table 3). When applicable, we accumulated the fluxes of
multiplets to improve the signal-to-noise ratio of the emission
for each species. In addition, we removed the subexposures with
possible flaring activity (Sect. 3).

Wilson et al. (2017) found that the uncertainties of the spectra
processed by the instrument’s pipeline are overestimated, espe-
cially for fluxes above 107'* erg s™' cm™2 A~'. For our analysis,
we defined the uncertainties of the spectra according to Eqs. (1)

I Available at http://astroconda.readthedocs.io.
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Fig. 1. Combined FUV spectrum of GJ 436 measured with HST-COS using G130M grating centered on 1291 A.

and (2) of Wilson et al. (2017). Furthermore, errors in measuring
stellar spectra affect how accurately we measured the flux. In
theory, it should be possible to correct these errors if we know
their sources and how they affect the data. In particular, system-
atic instrumental effects of HST observations, such errors in flux
calibration, and the thermal “breathing” effect (e.g., Ehrenreich
et al. 2012; Lavie et al. 2017) can occur as flux variations result-
ing from changes in focus that correlate with the orbit of the tele-
scope. We searched for such correlations in the available datasets
for GJ 436 and for 55 Cnc e (V. Bourrier, priv. comm.), but we
did not find evidence for significant thermal breathing with HST-
COS. This is likely because COS has a circular aperture and is
thus less sensitive to losses due to focus variations when com-
pared to slit or grism spectrographs, such as STIS and WFC3.
Effects intrinsic to the target being observed that are not
known or not taken into account are another important source
of errors. One example is the Lyman-a transit of GJ 436 b
in which the duration of the transit in optical wavelengths is
only one hour (Lanotte et al. 2014). However, in Lyman-«a the
transit event lasts more than 20 h, owing to the large size and
shape of the planet’s exosphere (Lavie et al. 2017). Were this not
known, then we would have erroneously measured the baseline
Lyman-« flux of the star during the long transit of the planet’s
exosphere. Another example of measurement error occurs when
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stellar activity effects, such as modulation by active regions in
the stellar surface, are not taken into account.

3. Flares of GJ 436

In this section we mainly discuss the results obtained during
Program GO-15174, which were measured more than five hours
away from the optical transit in order to avoid any possible plan-
etary signal. Although GJ 436 is a quiet star compared to other
M dwarfs (e.g., Sudrez Mascarefio et al. 2015), we observed
strong levels of stellar variability in some of the lines in its FUV
spectrum.

3.1. Identification of flares during exposures

We used the time-tag information from the raw data to divide
each HST-COS exposure in four subexposures. We found strong
correlations (Pearson-r > 0.7) between the out-of-transit fluxes
of the lines SinI, Si1v, C11, and CI1I. If the spread in fluxes
was only due to stochastic uncertainties, then there would not be
a correlation between line-by-line flux comparisons. Such flux
correlations observed in the out-of-transit spectra only appear
when systematics are present, so they must be either of instru-
mental (see Sect. 2) or astrophysical origin. The spectral lines
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Fig. 2. Fluxes of SiIII versus C1I lines in spectra of GJ 436. The strong
correlation (Pearson-r > (0.7) between these fluxes leads us to conclude
that the higher flux end of the plot corresponds to stellar flares, while
the lower flux end corresponds to the quiescent state of the star.

with the lowest level of intrinsic variability are the N v lines at
1239 and 1243 A.

Since these flux correlations are wavelength-dependent and
being that we did not find evidence for instrumental systemat-
ics with HST-COS, a sensible first approach is to assume the
effect is astrophysical. Following an inspection of the time-tag
split light curve of the SiIil and C1I fluxes, we found a statis-
tically significant (*507) increase in fluxes by 100% during the
first quarter of orbit 2 of program GO-15174; this variation is not
seen in the NV lines. The second half of orbit 8 also displays a
similar increase, but with a lower significance. The first quarter
of orbit 6 shows an increase in the fluxes of Si lines by 100%
in relation to the average flux of the remaining subexposures,
but the same is not seen at high significance in the other lines.
We reproduce the SiIll versus C1I line fluxes dispersion map in
Fig. 2, in which each point corresponds to a sub-exposure with
HST-COS during the out-of-transit program. There are the fol-
lowing two noticeable features in this plot: first, the low fluxes
cluster around each other and have a dispersion that is consistent
with a weak correlation (probably related to rotational modula-
tion, see Sect. 4); and second, the higher fluxes are less common
and show an apparent correlation. One interpretation for the
observed large fluxes is that they result from transient brighten-
ings, while the low-flux end corresponds to the stellar quiescent
state. Further, we overplotted the sub-exposure fluxes of the
PanCET and MUSCLES visits in Fig. 2 and identified flares in
their data as well; these sub-exposures were excised from the
data. Orbit 6 of the MUSCLES observations is completely con-
taminated by a flare, which was originally reported by Loyd et al.
(2017). The flare events in the datasets we analyzed are not lim-
ited to a specific phase of the orbit of GJ 436 b. We also observed
flares in GJ 436 in X-rays, as well as several other targets in the
PanCET survey. The results will be published in a a following
article (Sanz-Forcada et al., in prep.); the X-ray light curves of
GJ 436 are available publicly in the X-exoplanets database?.

3.2. Discussion

As an M2.5-type dwarf, GJ 436 is near the limit where stars
become fully convective (Wright et al. 2011) and start to display
strong activity signals. According to Yang et al. (2017), 10-15%

2 http://sdc.cab.inta-csic.es/xexoplanets/

of stars of this spectral type display flare behavior; moreover,
M dwarfs with a rotational period similar to GJ 436 (44.09 d;
Bourrier et al. 2018c) tend to have flare activity levels near
6x107° Lgue/Lio (two orders of magnitude lower than the
fastest-rotating M dwarfs in the Kepler field). It is not com-
pletely clear, however, if these results can accurately be applied
to flaring activity in FUV wavelengths. Previous observations of
GJ 436 for the MUSCLES Treasury Survey have also resulted in
the detection of flares in C1I and SiIll lines, although they are
less frequent and weaker than in other M dwarfs in the program
(Youngblood et al. 2017; Loyd et al. 2017). Flares with simi-
lar levels of brightening are also observed in X-ray light curves
of the Sun and have durations between 1 and 20 min (Shimizu
1995).

A comparison between the quiescent and flare spectra of
GJ 436 is shown in Fig. 3 and Table 4; these spectra were
derived by combining all of the out-of-transit, time-tag split
subexposures in the quiescent and flare state. The flare spectrum
seems to be blueshifted in relation to the quiescent spectrum for
both spectral lines shown, which is unexpected given that other
M dwarfs and the Sun exhibit a redshifted flare excess instead
(Hawley et al. 2003; Loyd et al. 2018). We presume this blueshift
is physical, since we applied wavelength shift corrections for
systematic errors uniformly across visits before combining the
flare and quiescent spectra; these correction factors are estimated
using exposures from which the flare subexposure was elimi-
nated. Stellar lines can show physical redshifts (or even slight
blueshifts) because of the chromospheric structure (see, e.g.,
Linsky et al. 2012; Bourrier et al. 2018a). We cannot measure
the absolute position of a given line relatively to the stellar pho-
tosphere, but we can measure relative shifts of a flaring line
relatively to its quiescent state. The fact that these transition
region lines exhibit slightly blueshifted excess is indicative of
material flowing upward from the stellar surface.

In order to avoid contamination by flares in our results, we
removed the subexposures affected by flares from the analysis.
The Si1i1 and C 11 lines are the ones that more clearly show these
features. In the case of GJ 436, we deem subexposures to be con-
taminated with flares when the combined fluxes of the Si 111 line
and the C 11 doublet exceed 2.4 x 10" erg s™! cm~2. Discerning
the quiescent flux level from flare-contaminated subexposures
from faint emission lines by eye or by analyzing light curves
is neither straightforward or reliable. However, we were able to
take advantage of a large number of measurements to average out
stochastic variations from the baseline flux.

4. Rotational modulation of FUV fluxes

Bourrier et al. (2018c) and Lothringer et al. (2018) used photo-
metric observations acquired from 2003 to 2017 with the T12
0.80 m automatic photoelectric telescope (APT) at the Fairborn
Observatory (Henry 1999). They found evidence for rotational
modulation with a period of 44.09 days and a peak-to-peak
amplitude of 0.0032 mag. In this section we quantify the poten-
tial modulation of the stellar FUV fluxes due to the presence of
active regions on the stellar surface of GJ 436.

4.1. Assessing the presence of a long-lived active region or
an active longitude

In order to verify the presence of rotational modulation of the
fluxes in the FUV lines of GJ 436, we phase-folded the data to the
rotational period of the star and fit the fluxes with the following
two different models: a sinusoid and a constant. Further, we used
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Fig. 3. Comparison between flare spectrum (blue) of GJ 436 against its quiescent spectrum (orange) near the Sil1lI (left panel) and C 11 (right panel)
emission lines. These spectra are computed by combining several HST-COS exposures. Absolute velocities are in the stellar rest frame but may be
affected by biases resulting from the instrument and post-processing; however, the relative Doppler shift between the flare and quiescent spectra is
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Table 4. Quiescent and flare fluxes of GJ 436 in lines most sensitive to
stellar activity.

Ton Central wavelength  Quiescent flux ~ Flare flux
A) (x107"% erg s7! cm~?)
Cu 1334.532 299+0.10 491+0.72
Cn 1335.708 7.99+0.13 13.5+0.8
Sir 1206.5 4.33+0.10 10.2+0.7

the Bayesian Information Criterion (BIC; Schwarz 1978) to eval-
uate which of these two models best describe the overall behavior
of the fluxes when phase-folded to the rotational period of the
star.

We fit the flux modulation by maximizing the likelihood
function

M)

Z (Fobsk F § ’
2 o2

k k

In[p (FopslM)] = +In(2n07)[. (1)

where F is the flux, M is the model, and o is the uncertainty of
the flux. The best fit was calculated using the truncated Newton
algorithm implementation of SciPy (Jones et al. 2001). The fit
parameters are the amplitude, reference phase, and flux baseline
for the sinusoidal model; the flux baseline was the only parame-
ter used for the constant model (the amplitude and baseline were
measured as a fraction of the mean observed flux). The rotational
period was fixed at 44.09 d. We did not use in-transit fluxes
in this analysis to avoid contamination by possible transit sig-
nals. We performed the fits for the combined flux of multiplets
where applicable in order to have the highest signal-to-noise ratio
(S/N) possible for each species. We evaluated the hypothesis of
sinusoidal modulation using the Bayesian Information Criterion
(BIO).

M dwarfs can display long-lived active regions that modulate
their fluxes over several rotations. It is not clear, however, how
long-lived they are on GJ 436; the extended data in Fig. 7 from
Bourrier et al. (2018c) show that the low-amplitude rotational
modulation of GJ 436 stays coherent over 14 consecutive years
in optical wavelengths. On visual inspection, the rotationally
phase-folded fluxes of Si1i, C11, and NV seem to modulate
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with a sinusoidal behavior, except for measurements during the
mid-2012 epoch. Although the measurements from the mid-2015
epoch follow the trend, it is also plausible that they are coin-
cidentally higher near a magnetic cycle maximum and are not
necessarily related to an active region being observed in the
late-2017 to early-2018 epoch. We thus propose the following
two hypotheses to be assessed: (a) the measurements during
epochs mid-2012 and mid-2015 are not coherent with the latest
epoch and should not be included in the rotational modula-
tion analysis; (b) the mid-2015 epoch is coherent with the latest
epoch, either by an active longitude (as seen in the Sun and in
GJ 1214; Berdyugina & Usoskin 2003; Kitchatinov & Olemskoi
2005; Weber et al. 2013; Mallonn et al. 2018) or the same long-
lived active region, and it should be included in the rotational
modulation analysis.

Assuming hypothesis (b), we found that the fluxes of the C 11
doublet, the N v doublet, and the Si 111 line in the COS data seem
to display rotational modulation with a sinusoidal model favored
by ABIC > 10 in relation to the constant model (see Fig. 4 and
Table 5). The flux time series of the individual species with
weaker lines are not as well described by sinusoids but, when
their fluxes are combined, the modulation is clear (lower right
panel of Fig. 4). We used a Markov-chain Monte Carlo (MCMC)
algorithm to evaluate the uncertainties of the sinusoidal fit and
verified that it displays reference phases that are similar within
1o given the uncertainties of the fit.

Assuming hypothesis (a), we found that the sinusoidal rota-
tional modulation model is not significantly favored over a
constant flux model (ABIC < 10). In this case, it would not be
necessary to correct for rotational modulation during the light
curve analysis. On the other hand, the epochs from mid-2012 and
mid-2015 cannot be included in the light curve analysis because
we are not able to accurately assess the effects of activity in the
flux measurements during these earlier epochs. A visual inspec-
tion of the S-index of activity (Vaughan et al. 1978) of GJ 436
measured with the HIRES spectrograph (Butler et al. 2017) sug-
gests that the star was at a minimum of its activity cycle around
2012, and that the activity started to increase again around 2014.
A consistent behavior is also seen in optical photometric moni-
toring of GJ 436; based on Fig. 1 of Lothringer et al. (2018), the
epoch when the star becomes the brightest in optical, which rep-
resents the minimum spot coverage, roughly corresponds to the
minimum of S -index around 2012 (see Fig. 5). Furthermore, the
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Table 5. Bayesian information criterion (BIC) and deviance (y?) values
of models for stellar flux variation.

. Sinusoidal Constant
Species Epochs
BIC x? BIC ¥

cu 2015-2018 —65.5 63.3 -25.2 110

2017-2018 -56.9 49.1 -51.8 60.8
Si 2015-2018 -69.8 35.1 -54.8 57.0

2017-2018 -58.5 254 -55.8 34.5
NV 2015-2018 -107 32.6 -84.9 61.8

2017-2018 -93.8 23.5 -88.9 349
All weaker 2015-2018 -81.6 32.7 -71.7 49.3
lines 2017-2018 -71.1 22.0 -76.4 23.2
Lyman-«a 2010-2016 -78.3 42.1 -71.5 554

epoch of lowest optical flux (between 2014 and 2016), represent-
ing maximum spot coverage, corresponds to the epochs when
we see the highest UV fluxes in the HST data. The stellar mag-
netic cycle modulation® can explain the variation seen between
the observations in epochs in mid-2012 and mid-2015.

3 Lothringer et al. (2018) found that the magnetic cycle of GJ 436 is
roughly 7.4 yr.
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Fig. 5. Long-term activity modulation of GJ 436 seen in optical
photometry (red) and S -index (black).

As the strongest emission line in the FUV spectra of
M dwarfs, the Lyman-a line is also susceptible to rotational
modulation in its flux. In the case of GJ 436, the blue wing
of the line (Doppler velocities range [—120, +50] km s7!) is
affected by a strong and long-lasting planetary absorption when
near or in-transit. However, the atmospheric escape models of
Bourrier et al. (2016) suggest that the far blue wing ([-250,
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Fig. 6. Same as Fig. 4, but for fluxes in Lyman-a reference red wing
[120, 250] km s~! as observed with STIS spectrograph. The epoch of
observations span from 2010 to 2016.

—120] km s~!) and the reference red wing ([+120, +250] km s~!)
of the Lyman-a line of GJ 436 should be free of planetary signals
(see Sect. 5).

We re-analyzed the STIS data obtained in previous programs
(Kulow et al. 2014; Ehrenreich et al. 2015; Lavie et al. 2017)
to check for rotational modulation in the reference red wing
of the Lyman-a line of GJ 436 (Doppler velocities range [120,
250] km s~!). The epochs of observation with the STIS spectro-
graph range from mid-2010 to early-2016, which encompasses
the supposed activity minimum around 2012 and the increase in
activity starting in 2014. In this case, we found that the sinusoidal
fit is not significantly favored against the constant flux model
(ABIC = 7; see Fig. 6).

4.2. Discussion

To the best of our knowledge, the potential modulation of FUV
fluxes that we found for GJ 436 has not been previously reported
for another quiet M dwarf in the literature. Using optical pho-
tometric data obtained with the Kepler mission, Giles et al.
(2017) concluded that M dwarfs with rotational periods of 10
or 20 d can have active regions with lifetimes varying from a few
tens to 430 days, depending on the size of the active region (in
general, larger regions should last longer than smaller ones). Fur-
thermore, Robertson et al. (2015) reported on the presence of a
large active region or complex of spots in GJ 176, an M2 dwarf
with a rotational period of 39 d, and this region remained sta-
ble for at least six years (the photometric variability remained in
phase during the span of observations, unlike the other activity
indices). Another example is Proxima Cen, which possesses a
longer rotational period and similar activity index as GJ 436
(Pror = 83.2 d and log Ry = —5.65) but exhibits rotational mod-
ulation that is stable for more than eight years (Sudrez Mascarefio
et al. 2015, 2016).

If hypothesis (b) is correct, then our results indicate that
GJ 436 possessed either a stable active region or an active lon-
gitude that modulated the FUV fluxes for more than 45 rotations
since the mid-2015 epoch. In principle, we do not expect the rota-
tional modulation in FUV spectra to be in phase with optical
broadband photometry since they trace different regions of the
stellar atmosphere. In fact, we expect them to be out of phase
by /2 since active regions usually display bright features in the
ultraviolet (e.g., Dupree et al. 1973; Brosius et al. 2000) and dark
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spots in broadband optical wavelengths (e.g., Hook 1671; Collier
Cameron 1997; Ozaver et al. 2018).

If hypothesis (a) is correct, then the flux modulations seen in
epochs in mid-2012 and mid-2015 are not related to a putative
active region observed in the later epochs (late-2017 to early-
2018), and they are more likely related to the longer magnetic
cycle of the star instead of rotation. In addition, the observations
from the later epochs do not display significant rotational modu-
lation by themselves. It is difficult to disentangle hypotheses (a)
and (b) because similar observations have not been performed
between mid-2015 and late-2017, and both of them have obser-
vational evidences in their favor. Youngblood et al. (2016) also
investigated the variability of the Lyman-« of several M dwarfs
and found no significant variability for GJ 436; other, more active
M dwarfs did exhibit variations in their Lyman-a flux in the
order of 10-20%.

5. The planetary Lyman-a absorption

Previous observations with HST-STIS showed that GJ 436 b pos-
sesses an extended H-rich exosphere, which is readily detectable
in Lyman-a transit spectroscopy (Kulow et al. 2014; Ehrenreich
et al. 2015; Bourrier et al. 2015, 2016; Lavie et al. 2017). In
this section we analyze the Lyman-a time-series of GJ 436 b
obtained during several transits with HST-COS in order to
reproduce this previous detection and verify the suitability of
geocoronal emission correction for faint FUV targets.

5.1. Airglow contamination correction

The FUV spectra obtained with HST are contaminated by
geocoronal emission (also known as airglow) in the Lyman-a
(1215.6702 A) and O1 lines (1302.168, 1304.858, and
1306.029 A). The level of contamination is variable and
tends to either increase (decrease) during an orbit depending on
whether the telescope is moving from the Earth’s night(day)-side
to day(night)-side. This variation is visible when the time-tag
data are split in subsequent subexposures. The level of contam-
ination also varies from orbit to orbit and, in our data, the first
orbit of a given visit tends to be more severely contaminated;
this is because the first orbit usually started closer to the Earth’s
dayside than the other orbits.

When using STIS, the instrument pipeline automatically
removes the geocoronal contamination by taking advantage of
the fact that it is a slit spectrograph; in the case of COS, which
has a circular aperture, it is impossible to measure the airglow
independently from the stellar spectra, so a simple automatic
subtraction of contamination is not possible. However, Bourrier
et al. (2018a) showed that it is possible to correct the Lyman-a
emission of 55 Cnc on HST-COS spectra and remove the geo-
coronal contamination by using airglow templates* accumulated
from previous programs (see also Ben-Jaffel & Ballester 2013;
Wilson et al. 2017). Here, we applied the same technique to the
GJ 436 spectra. Since the O lines of GJ 436 are too faint to be
discerned from the airglow emission, we decided to perform the
correction only for the Lyman-« line and discard the OT lines
analysis.

The geocoronal airglow spectra have an approximately con-
stant shape. In order to subtract the airglow from the observa-
tions, we needed to fit the amplitude and Doppler shift of the
template to the observed emission line since the observed spec-
tra have systematic Doppler shifts that we needed to correct for.

4 Airglow templates for HST-COS are available at http://www.
stsci.edu/hst/cos/calibration/airglow.html.
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Following the procedure outlined in Bourrier et al. (2018a), we
fit the core of the airglow template to a region of the observed
Lyman-a profile where we did not expect any emission from
the star. The wavelength range where the interstellar medium
(ISM) completely absorbs the stellar emission line’ is suitable
to fit the amplitude of the airglow; in our data set, this spectral
range is located between —10 and 30 km s~! in the rest frame of
the star (Bourrier et al. 2015). The best fit is obtained by mini-
mizing an objective function, namely the difference between the
observed spectrum and the template in the aforementioned range
using a truncated Newton algorithm. The objective function also
includes a term that penalizes airglow templates that produce
negative fluxes when subtracted from the observed spectra. The
fit parameters are the Doppler shift of the airglow in relation to
the stellar spectra and the amplitude of the airglow in each expo-
sure. We estimated the uncertainties of the fit by performing a
MCMC simulation; an example of the airglow removal results is
shown in Fig. 7.

Since the data were obtained in time-tag mode, each expo-
sure was divided in four in order to select the subexposures with
the least geocoronal contamination (i.e., near the Earth’s night
side). As long as the wings of the stellar Lyman-« emission can
be visually distinguished from the geocoronal emission, then the
subexposure is suitable for airglow removal. The datasets that
could be corrected are listed in Table 6.

We measured the out-of-transit spectrum of GJ 436 with
HST-COS observations from orbits 5 and 7 of program GO-
15174 (see Fig. 8; the other orbits were either too close to
the planetary transit or too contaminated by airglow). The
COS exposures of the MUSCLES dataset were not used in
the Lyman-a analysis because part of the airglow profile falls
inside the region with shadows caused by the wire grid of COS
(the shadows produce a 15% depression in the continuum). The
pipeline normally calibrates these regions as point sources dur-
ing the flat-field correction; however, the Earth’s airglow is not
a point source, so this correction is not perfect if the emission
falls in this region, resulting in spurious emissions on top of
the airglow.

3 See estimates for the H column density in the line of sight of GJ 436
in Bourrier et al. (2015).

Table 6. Summary of suitability of COS subexposures for Lyman-a
recovery.

Visit  Orbit | Subexposures
1
3 v
A 4 | v
5 v
1
2 v
B 3 v
4 v
5 v
1 X |V
2 NV RVAR V4
C 3 VA VAR V4
4 VvV
5 VIV
1 X v
2 v V|V
b 3 sl
5 v v |V

Notes. Each subexposure corresponds to a quarter of the total expo-
sure in the orbit. Subexposures marked with are suitable for Lyman-a
recovery; those marked with X are contaminated by flares.
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Fig. 8. Mean out-of-transit Lyman-a spectrum of GJ 436 measured with
HST-COS observations from program GO-15174 (red spectrum with
blue uncertainty bars). For comparison, we plot the mean out-of-transit
spectrum measured with HST-STIS in black. The spectra are centered
in the stellar rest frame. The intrinsic Lyman-a emission line of GJ 436
likely possesses a single-peaked Voigt shape (Bourrier et al. 2015), but
the core of the line is absorbed by the ISM, producing a double-peaked
feature when observed from the Earth.

5.2. Stable absorption in the blue wing

After applying the geocoronal contamination removal described
in Sect. 5.1 to the spectra, we obtained the clean Lyman-a profile
of GJ 436 during the four visits (see the cleaned spectra from
Visit D in Fig. 9). More information about the observed and
intrinsic shape of the Lyman-a line for a range of stellar types
can be found in Wood et al. (2005), for example. The variabil-
ity seen in the line is partly due to photon noise, imperfections in
the airglow decontamination, and potential astrophysical signals.
The blue wing of the line, inside the Doppler velocity interval
[-120, —40] km s~! (region II in Fig. 9), is known to display
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Fig. 9. HST-COS Lyman-« profiles of GJ 436 observed during Visit D
after airglow decontamination (color spectra), binned to Doppler veloc-
ity intervals of 7 km s™!. The reference out-of-transit spectrum is plotted
for comparison as a black spectrum against each exposure of Visit D.
The regions shaded in gray correspond to: I) the reference far blue wing
[-250, —120] km s~'; II) the blue wing [-120, —40] km s7!; III) the
line core absorbed by the ISM [-30, +10] km s7'; IV) the red wing
[+30, +120] km s~!; V) the reference far red wing [+120, +250] km s~'.
We do not expect planetary signals in regions I and V, so they can be
used to estimate the stability of the Lyman-a emission. The timestamps
correspond to the phases in relation to the orbital motion of the planet.

a periodic absorption due to the transit of GJ 436 b and its
extended exosphere.

We reproduced the light curve of the Lyman-a blue wing
obtained with the COS spectrograph and plotted the previ-
ous STIS results in Fig. 10 for a comparison of the shape of
the light curve. Even though we analyzed the same passbands,
there may be an offset between COS and STIS passband fluxes
due to their different instrumental profiles. The spectral resolv-
ing power of STIS/G140M and COS/G130M are, respectively,
~12000 and ~14 000 near the Lyman-a wavelength. Although
the full-line Lyman-« fluxes are expected to be equal, indepen-
dent of the instrumental profiles, narrower passbands in this line
are expected to produce different fluxes between different instru-
ments. In order to avoid these offsets, we show the Lyman-a light
curves normalized in relation to the baseline fluxes measured
outside the phase range [-3, +24] h.

The planetary absorption in the blue wing of the Lyman-«
line of GJ 436 shows that the signal is also present in the
COS data, and it remains repeatable over several epochs dur-
ing our observations (Fig. 10). The signal at mid-transit displays
a decrease of ~50% in flux in relation to the baseline, which
is consistent with previous results obtained with HST-STIS
(Ehrenreich et al. 2015; Lavie et al. 2017). These results indi-
cate that the large atmospheric loss rate of GJ 436 b is stable on
a timescale of a few years; however, it is difficult to evaluate the
effects of stellar activity in the escape rate because of the large
uncertainties and spread in the Lyman-a light curves obtained
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with COS. In addition to the uncertainties of the spectra cal-
culated by the pipeline, the uncertainties shown in Fig. 10 also
include those of the airglow removal procedure; the latter were
estimated by computing the flux for each airglow template from
the MCMC simulation, and adding the spread in quadrature to
the original uncertainty. In general, the uncertainties of the fit
increase those of the resulting cleaned spectra by ~10%.

5.3. Deep absorption event seen in the red wing

We also analyzed the red wing of the Lyman-« line of GJ 436
in the wavelength region where Lavie et al. (2017) had previ-
ously suggested an absorption signal at +5.75 h after mid-transit
(region IV in Fig. 11). We found that the observed Lyman-«
red wing fluxes during Visit C are ~30% lower than the other
visits and the out-of-transit exposures (see the time series in
Figs. 11 and 12). We do not expect the intrinsic stellar Lyman-a
to decrease by ~30% in flux by chance or stellar activity alone,
and the uncertainties in the airglow removal procedure do not
account for this lower resulting flux. Even though our observa-
tions with COS have a similar precision as the STIS data, they do
not cover the phase +5.75 h. Therefore, we were unable to repro-
duce an absorption signal similar to what is seen with STIS. The
COS and STIS signals seem to have a similar shape, but they are
shifted in phase space and are deeper with COS.

This excess absorption seen in the red wing indicates the
presence of HT atoms inflowing to the host star at speeds vary-
ing from 30 to 120 km s~!. As pointed out by Lavie et al. (2017),
the exospheric model of GJ 436 b produced by EVE (Bourrier &
Lecavelier des Etangs 2013; Bourrier et al. 2015, 2016) predicts
that the population of HI atoms moving toward the star is local-
ized in the coma of the planet, producing potential signatures of
up to 50 km s~! only. Furthermore, Lavie et al. (2017) suggests
that star—planet interactions (SPIs) could explain redshifted sig-
natures (as in Matsakos et al. 2015; Strugarek 2016). It is unclear,
however, how stable SPI signatures are in orbital phase space.

Similar redshifted in-transit excess absorption signals were
marginally detected for HD 189733 b (Lecavelier des Etangs
et al. 2012) and HD 209458 b (Vidal-Madjar et al. 2003). A per-
sistent and significant signal was observed in the stellar Lyman-«
red wing during the transit of GJ 3470 b (Bourrier et al. 2018b).
In order to explain this feature, Bourrier et al. (2018b) argues
that the excess redshifted absorption is caused by the damping
wings of dense layers of neutral hydrogen that extend beyond
the planetary Roche lobe and are elongated in the direction of
the orbital motion (see, e.g., Tian et al. 2005; Ben-Jaffel 2008).
These observations do not constrain the line-of-sight position
of this layer of H1 atoms, but Bourrier et al. (2018b) suggest
that they could be located in the shock interface between the
planetary thermosphere and the stellar wind. A direct compar-
ison with the episodic redshifted signal observed in GJ 436 b
is not straightforward since the orbital configuration and sys-
temic properties are different. However, detailed modeling of the
interaction between the upper atmosphere of GJ 436 b and the
stellar wind, particularly during and after flares, could provide
an explanation for the observed redshifted signal.

6. Searching for planet-induced variability signals
in metallic lines

Loyd et al. (2017) reported on observations performed for the
MUSCLES program and concluded that there was no absorp-
tion signal in the Silll line and, with 95% confidence, ruled
out signals with depths larger than 49% (in the case of a highly



L. A. dos Santos et al.: An extensive search for metallic ions in the exosphere of GJ 436 b

Lyman-a ref. wings

=
N
e——r |

©c

00 o
R U 1Y
-

Normalized flux
o
(@)}

0.4
0.2
0.0 ‘
-10 0 10
Phase (h)

Lyman-a absorbed blue wing [-120, -40] km s~1

1.2
% y
|

Lo Y

! | L
0.8 i [ 11
0.61 il 1

4§
o M
0.2 This work

¢ This work, binned
0.04 | | | ¥ Lavi‘e+ 2017
-10 0 10 20 30 40

Phase (h)

Fig. 10. Normalized Lyman-a light curves of GJ 436 from COS (this work) and STIS (Lavie et al. 2017) observations. The baseline fluxes used
for normalization were measured in phases outside the [—3, +24] h range. In the case of COS spectra, we measured the baseline flux from the out-
of-transit exposures from program GO-15174. The uncertainties of the baseline flux were propagated to the final uncertainties of the normalized
fluxes. Left panel: light curve of the Lyman-a reference far wing fluxes, measured in the passbands I and V from Fig. 9.

—-300 —200

Velocity (km s71)

Fig. 11. Same as Fig. 9, but for subexposures of Visit C. In addition to
the persistent in-transit absorption seen in the blue wing (region II), this
visit also displays a 30%-deep excess absorption signal in the Lyman-«

red wing (region IV).

asymmetrical transit similar to what is observed in Lyman-a).
Furthermore, Loyd et al. (2017) reported a non-detection of C 11
absorption in the transmission spectrum of GJ 436 b. Lavie et al.
(2017) obtained a tentative detection of absorption during transit
in the SiIll line using HST-STIS; they reported a transit depth
of 47 + 10% for the line flux in the interval [-50, 50] km s~!.
However, Lavie et al. (2017) also cautioned that they could not
rule out possible stellar variability on the line, similarly for the
red wing of the Lyman-« line. Aiming to reproduce and improve

—100 0 100

200

Lyman-a red wing [+30, +120] km s~!

1.1
1.0
X
3
509
[0]
N
®© 0.8
£
20.7
Visits A, B, D
0.6 ¢ VisitC
Lavie+ 2017
0.5
-10 0 10 20 30 40

Phase (h)

Fig. 12. Normalized light curve of red wing (region IV) fluxes during
transit of GJ 436 b. The baseline flux used for normalization was com-
puted in the same way as in Fig. 10. Visits A, B, and D display fluxes
similar to the baseline value, while Visit C displays a decrease in flux
by ~30% in relation to the baseline. The excess absorption in Visit C is
likely physical and traces possible inflow of material to the host star.

300

upon these previous results, we searched for possible exospheric
absorption signals in the metallic FUV lines of GJ 436 in several
datasets available to us.

In order to increase the S/Ns of the phase-folded light curves,
we binned the fluxes in phase space (black circles in Fig. 13).
We included the visits from programs previous to the 2017-2018
epoch in our plots for comparison purposes only, but they are
not to be taken into account when computing baseline fluxes and
detection levels. As discussed in Sect. 4, the exposures taken dur-
ing the epochs in 2012 and 2015 may correspond to different
phases of the magnetic cycle of GJ 436, so it is difficult to cor-
rect for activity effects in them without continuously monitoring
them. Thus, we did not apply rotational modulation correction
to the 2017-2018 epoch since the effect is not significant in this
period alone (it is only significant if we assume that the activity
modulation in mid-2015 is coherent with the most recent epoch).
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Table 7. Minimum levels of planet-induced variability signals in metal-
lic lines of GJ 436 that we can rule out at 95% confidence (20).

Speci Absorption depth
pecies
(Opt. transit)  (Long transit) (Asym. transit)

Cu 4.8% 11% 12%

Cim 10% 24% 24%

Siln 23% 51% 59%
Si1n 7.4% 18% 21%
Sitv 9.8% 25% 27%

Nv 4.2% 12% 11%

ov 7.8% 20% 20%

Notes. The minimum detectable signals of variability depend on how
the baseline is defined. The different baseline definitions we adopted are
outlined in Sect. 6.

It is not straightforward to interpret the flux time series for
each species due to the strong variability. If we fix the confidence
level at 95% (which corresponds to 207), we could rule out dif-
ferent levels of mid-transit absorption signals depending on the
precision with which we can measure the baseline stellar flux for
each species. The baseline flux itself is uncertain for the metal-
lic lines; we adopted the following three different definitions of
baseline for the purpose of determining the non-detection lev-
els of absorption: (i) one similar to the optical transit (based on
the parameters in Table 1) in which the baseline is measured in
phases outside the optical transit; (ii) a long symmetric transit,
for which the baseline is measured with every data point outside
the phase range [-5, 5] h; and (iii) an asymmetric transit, for
which the baseline is measured in the same way as the Lyman-a
flux, namely outside the phase range [-3, +24] h. These non-
detection levels are summarized in Table 7, and they represent
the minimum levels of excess absorption or emission that can be
detected if such signals were present in the data.

Since we were unable to reproduce the result over several
visits with HST-COS, it is likely that the SiIil absorption sig-
nal reported by Lavie et al. (2017) is related to stellar variability
instead of absorption by the exosphere of GJ 436 b. As dis-
cussed in Sect. 4, approximately half of the STIS observations
were obtained in 2016 when the star was coming out of an activ-
ity maximum and the SiIIl fluxes, which are very sensitive to
stellar activity, increased in variability and average flux (see
Fig. 14). The previous observations were obtained between 2013
and 2015, the epochs when GJ 436 was coming out of an activity
minimum. The STIS observations after 2015 were specifically
performed to cover orbital phase ranges farther from mid-transit,
so that explains the higher Si1IT baseline inferred by Lavie et al.
(2017) in relation to the exposures near mid-transit, which were
executed before the increase in activity.

Our results do not, however, rule out the 2% absorption
depth in the C 11 lines predicted by Loyd et al. (2017), and more
observations would in principle be necessary to confirm their
prediction. Our analysis indicates that the CII lines are par-
ticularly sensitive to stellar activity, so the detection of such a
shallow signal may be very challenging using the current FUV
instrumentation. In the future, more sensitive instruments, such
as the Large Ultraviolet/Optical/Infrared Surveyor (LUVOIR;
Bolcar et al. 2017), the LUVOIR Ultraviolet Multi-Object Spec-
trograph (LUMOS; France et al. 2017), and the Habitable
Planet Explorer (HabEx; Mennesson et al. 2016) will be able
to measure FUV fluxes with several times better precision
than HST-COS.

124

104

Si lll Flux (x1071¢ erg s~ cm~2)

2010 2011 2012 2013 2014 2015 2016 2017 2018
Epoch of observation

Fig. 14. Stellar Si1il fluxes of GJ 436 measured with STIS and COS
spectrographs on HST across different epochs. The average flux and
variability of the line seem to have increased since 2015, which can be
related to the stellar activity cycle.

Neptune-sized planets have a lower surface gravity than
Jupiter-sized ones, so in principle we would expect the first to
lose heavier atoms more easily than the second. However, it is
likely that these atoms condense into clouds more easily in warm
Neptunes and, therefore, they cannot be carried upward to the
exosphere as easily (Loyd et al. 2017). In the particular case of
GJ 436 b, the planet is relatively cool (Teq ~ 600 K; Turner et al.
2016) when compared to hot Jupiters (7 > 1000 K) where heav-
ier elements have been detected in their extended atmospheres.
The upper limits of absorption levels of metallic ions during the
transit of GJ 436 b are similar to the absorption signals detected
for the hot Jupiters HD 209458 b (Vidal-Madjar et al. 2004) and
HD 189733 b (Ben-Jaffel & Ballester 2013). Our results could
indicate that either: first, the escape process in GJ 436 b is not
hydrodynamic, but hydrostatic; or second, by assuming hydrody-
namic escape, mixing in the lower atmosphere is not efficient in
dragging the metal-rich clouds high enough for sublimation and
allow for a significant escape rate of metallic ions.

7. Conclusions

We reported on the analysis of HST-COS observations of the
stellar FUV spectra during four transits of the planet GJ 436 b
obtained for the PanCET program, as well as archival HST
data from the MUSCLES and GO-15174 programs. Even though
GJ 436 is considered a quiet M dwarf when compared to
other similar stars, it displays flaring activity such as the events
reported by Loyd et al. (2017). Our analysis revealed that GJ 436
also displays flare activity that increases the fluxes of C1I and
Sitr by ~50 and ~200%, respectively, and returns to quiescent
levels in 20 min or less — such a behavior is also observed in
X-ray light curves of the Sun and GJ 436 (Sanz-Forcada et al.,
in prep.). In total, we found seven events with flux brightenings
in the FUV spectra of GJ 436 in the PanCET and the archival
data, resulting in a flaring rate of 10.1 d=!. Some of these bright-
ening events are not apparent in other FUV spectral lines that are
less sensitive to activity, such as Lyman-a.

The FUV fluxes of GJ 436 taken in the 2017-2018 epoch do
not display significant rotational modulation if analyzed alone.
However, if we assume that the mid-2015 traces the same,
long-lived activity region or the same active longitude, then
the strongest metallic lines, namely C 11, SiIlI, and N Vv display
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significant rotational modulation. In the latter case, the ampli-
tudes of the modulation would be approximately 20% for the
first two and 10% for the last, and they would all appear to be
in phase. Slowly-rotating M dwarfs similar to GJ 436 have long-
lived activity regions that can last for many years (such as GJ 176
and Proxima Centauri; Robertson et al. 2015; Suarez Mascareio
et al. 2016). Analysis of the STIS data also suggests a marginal
rotational modulation of the Lyman-a line of GJ 436 with a
~10% amplitude in phase with the COS fluxes of the stellar
metallic lines. Future observations of stars like GJ 436 in short
wavelengths require carefully planned monitoring to cover the
entire rotational phase of the star in order to remove effects of
rotational modulation and variability.

The HST-COS observations centered at 1291 A include the
stellar Lyman-« emission, but it is severely contaminated by the
Earth’s geocoronal emission in comparison to STIS exposures
because COS possesses a circular aperture. Removing the air-
glow contamination in this case is not a trivial process, especially
when the stellar emission is fainter than the airglow, which is
the case for GJ 436. We performed the same Lyman-« correc-
tion procedure as in Bourrier et al. (2018a) to estimate the stellar
emission from the COS observations and to recover the stellar
Lyman-a emission for the subexposures that were performed
near the Earth’s shadow (namely when the airglow and stellar
emission levels were comparable).

We searched for potential atmospheric signals caused by the
planet GJ 436 b transiting its host star. We were able to repro-
duce the Lyman-a blue wing light curve during the transit of
GJ 436 b that had previously revealed that the planet possesses
a large exosphere that produces a ~50% decrease in the stellar
emission between [—120, —40] km s~! in Doppler velocities. We
conclude that the excess absorption in the Lyman-a blue wing
is stable for several years. In addition, one of the PanCET visits,
more specifically the one obtained in late January 2018, displays
a significant excess absorption of ~30% in the Lyman-a red wing
(between [+30, +120] km s~! in Doppler velocities). This poten-
tial in-transit signal in the red wing occurs during the whole visit,
and it is deeper and shifted in phase when compared to the ones
reported by Lavie et al. (2017). However, it is not reproduced
in the other PanCET visits, indicating a temporary and possibly
stochastic event.

Several metallic lines of ions in the transition region of
GJ 436 are present in our datasets, with the brightest being C 11,
Ci, Sit, Sitd, Si1v, Nv, and O V. The in-transit light curves
of the combined fluxes for each species do not reveal any evi-
dence that leads us to conclude that such ions are present in the
exosphere of the planet. In particular, assuming an asymmetrical
transit similar to Lyman-«, we can rule out an absorption depth
of 12 and 11% for the C 11 and N V fluxes, respectively, with 95%
confidence during the transit of GJ 436 b, which is consistent
with the results of Loyd et al. (2017). On the other hand, we were
not able to reproduce the in-transit absorption signal in SiIII that
was suggested by (Lavie et al. 2017); it is likely that this signal
was caused by the increased Silil fluxes of GJ 436 after 2015,
which is when the observations of the baseline flux were made
and coincidentally the star was coming out of a maximum in its
activity cycle. A large observational effort may be necessary to
put stricter constraints on the presence of Si ions in the upper
atmosphere GJ 436 b.

We are still trying to better understand the atmosphere of
GJ 436 b. The FUV transmission spectrum gives us access to
the upper atmopshere, while optical and infrared spectra trace
the lower atmopshere. Given its featureless optical transmission
spectrum, it is still not completely clear if it has a high metallicity
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or a cloudy atmosphere (Lothringer et al. 2018). Using Spitzer
photometry at 3.6, 4.5, and 8 um, Lanotte et al. (2014) concluded
that their results are consistent with a metal-rich atmosphere
depleted in methane and enhanced in CO and CO,. The non-
detection of metallic species in its exosphere, in particular Si,
suggests that if GJ 436 b possesses a cloudy atmosphere and if
the escape is hydrodynamic, then mixing is not efficient in drag-
ging the Si-rich clouds high enough for sublimation which would
allow for a significant escape rate of metallic ions. On the other
hand, non-detection cannot rule out a hydrostatic escape process
instead.
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68 Are Neptunes and sub-Neptunes in a regime of hydrodynamic escape?

3.2 The high-energy environment and atmospheric escape
of the mini-Neptune K2-18 b

As the interest to search for atmospheres on ever smaller planets has grown, K2-18 b stands
out as one of the best targets to efficiently study atmospheres of sub-Neptune sized planets
and is an important benchmark for future observations. Owing to its readily detectable water
vapor signal observed by HST/WFC3 in transmission [175, 12], there is a growing interest of
the community to thoroughly characterize the atmosphere of K2-18 b and its host star.

Several possible solutions could explain the observed WFC3 transmission spectrum and
density of K2-18 b: they range from high metallicity cloud-free atmospheres (with water
vapour abundance as large as several tens of percent) to low metallicity atmospheres with
clouds [with water vapor abundance as little as a few hundredths of a percent 175, 12, 124, 34].
All scenarios require the presence of a H-rich atmosphere. However, little is currently known
about the best conditions to sustain extended, H-rich atmospheres around sub-Neptune
exoplanets, and for the onset of hydrodynamic escape in smaller planets. Previous attempts
to detect atmospheric escape in planets with similar sizes and lower densities, but more
irradiated, such as 7 Men ¢ and GJ 1132 b, have resulted in non-detections [186, 69].

One transit of K2-18 b was observed by HST/STIS aiming to detect a H-rich exosphere
using Lyman-o transmission spectroscopy. Our analysis of this dataset shows tentative
evidence favoring the presence of a H-rich exosphere around the planet, which attenuates
the blue wing of the stellar Lyman-o average emission by 67% £ 18% during the transit.
Surprisingly, this in-transit feature is similar to previous detections in GJ 436 b and GJ 3470 b.
However, due to the low observable far-ultraviolet fluxes, the fact that only one transit was
observed, and the variable nature of M dwarfs in the FUV, this feature can only be confirmed
if observed again.

This Section has previously been published in dos Santos et al. [46], and is reproduced
with permission © ESO.
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ABSTRACT

K2-18 b is a transiting mini-Neptune that orbits a nearby (38 pc), cool M3 dwarf and is located inside its region of temperate
irradiation. We report on the search for hydrogen escape from the atmosphere K2-18 b using Lyman-« transit spectroscopy with the
Space Telescope Imaging Spectrograph instrument installed on the Hubble Space Telescope. We analyzed the time-series of fluxes
of the stellar Lyman-a emission of K2-18 in both its blue- and redshifted wings. We found that the average blueshifted emission
of K2-18 decreases by 67% + 18% during the transit of the planet compared to the pre-transit emission, tentatively indicating the
presence of H atoms escaping vigorously and being blown away by radiation pressure. This interpretation is not definitive because
it relies on one partial transit. Based on the reconstructed Lyman-a emission of K2-18, we estimate an EUV irradiation in the range
10" — 10% erg s! cm™2 and a total escape rate on the order of 10® g s™!. The inferred escape rate suggests that the planet will lose only
a small fraction (< 1%) of its mass and retain its volatile-rich atmosphere during its lifetime. More observations are needed to rule
out stellar variability effects, confirm the in-transit absorption, and better assess the atmospheric escape and high-energy environment
of K2-18 b.

Key words. stars: individual: K2-18 — stars: chromospheres — planets and satellites: atmospheres — ISM: kinematics and dynamics

1. Introduction

Short-period exoplanets orbiting nearby, cool M dwarfs are
prime targets for the search and characterization of atmospheres
of low-mass, sub-Neptune-sized worlds. One particular target
that falls in this category is K2-18 b, which was first pointed
out as a transiting planet candidate by Montet et al. (2015) and
later confirmed with Spitzer photometry (Benneke et al. 2017)
and Doppler velocity measurements (Cloutier et al. 2017). This
planet has a radius of Rp = 2.711 + 0.065Rg, a mass of
Mp = 8.64 + 1.35 Mg and an orbital period of T, = 32.9d
(Cloutier et al. 2019). At an average distance of 0.14 au from
its host star, K2-18 b receives a similar amount of bolometric
irradiation to that received by the Earth from the Sun. Never-
theless, its high-energy environment is unconstrained, and its
density is consistent with either a significant Hy/He envelope
or a 100% H,O composition (Sarkis et al. 2018; Cloutier et al.
2019). The host star is a nearby M2.8-type dwarf located at
38 pc (Gaia Collaboration 2018), rendering K2-18 b one of the
best mini-Neptunes suitable for atmospheric follow-up using the

* The HST Lyman-a spectra are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strashg. fr/viz-bin/cat/J/A+A/634/L4

Article published by EDP Sciences

Hubble Space Telescope (HST), the James Webb Space Tele-
scope (JWST), and high-resolution infrared spectrographs.

The 0.4-5.0 um transmission spectrum of K2-18 b measured
with data from the Kepler satellite (K2 mission), the Wide-
Field Camera 3 (WFC3/HST), and the Infrared Array Camera
(IRAC/Spitzer) revealed the presence of water vapor in its lower
atmosphere (Benneke et al. 2019; Tsiaras et al. 2019). By com-
paring atmospheric models with the data, Benneke et al. (2019)
concludes that the best match is a Hy-dominated atmosphere
with water vapor absorbing above the cloud deck below the
10—1000 mbar pressure level. While these observations provided
us with some initial information regarding the composition of
its lower atmosphere, they do not constrain the abundances of
molecular species.

Models predict that the deposition of high-energy photons
(X-rays and far-ultraviolet-FUV) produced by the host star leads
to an expansion of the planetary upper atmosphere, as well as
the production of H atoms due to photodissociation of H,O
(e.g., Ip 1983; Wu & Chen 1993). This expansion populates
the outer layers of the planetary atmosphere where the gas
is collisionless, also known as the exosphere. It is therefore
likely that the atmosphere of K2-18 b, which is rich in H;
and H,O, possesses a H-rich exosphere. Previous HST obser-
vations have shown evidence for the presence of large-scale,
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Fig. 1. HST/STIS spectra of K2-18 in Visits A (left panel) and B (right panel) obtained after data reduction (lines). The geocoronal and background
contamination is shown as vertical bars; in Visit A, the geocoronal emission overwhelms the stellar fluxes, preventing us from reliably measuring

the latter. The Doppler velocities are in the stellar rest frame.

H-rich exospheres around the warm Neptunes GJ 436 b
(Ehrenreich et al. 2015; Lavieetal. 2017; dos Santos et al.
2019) and GIJ 3470 b (Bourrier et al. 2018). However, to date,
no evidence for extended atmospheres has been found for plan-
ets smaller than Neptune, as non-detections were reported for
the super-Earths 55 Cnc e (Ehrenreich et al. 2012), HD 97658 b
(Bourrier et al. 2017a), GJ 1132 b (Waalkes et al. 2019), and «
Men c (Garcia Mufioz et al. 2020), and marginal detections were
reported for the small rocky-planet systems in TRAPPIST-1
(Bourrier et al. 2017b) and Kepler-444 (Bourrier et al. 2017c¢).

In this Letter, we report the results of a series of FUV obser-
vations of two transits of K2-18 b using the Space Telescope
Imaging Spectrograph (STIS) installed on HST. The aim of
these observations was to perform Lyman-a transmission spec-
troscopy of K2-18 b in order to detect its H-rich exosphere,
which should produce an excess absorption in the stellar Lyman-
a emission during the transit of the planet.

2. Observations and data reduction

K2-18 was observed with HST/STIS and the grating G140M
(resolving power R ~ 10000) during two transits on June
18 2017 and March 9 2018 (Program GO-14221, PI: D.
Ehrenreich). The first visit (A) allowed five exposures, of which
only the first two were successful but were severely contami-
nated by strong geocoronal emission; this contamination com-
pletely swamped the stellar Lyman-a emission and rendered this
visit unsuitable for analysis (see Fig. 1). The second visit (B)
contained four successful exposures, of which two were per-
formed before the transit ingress and the other two in-transit.
The data were reduced using the standard STIS pipeline,
except for the spectral extraction. Since the star is faint, the auto-
mated extraction is unable to accurately find the stellar spectrum
in the flat-fielded frames. Furthermore, the dark current back-
ground of the FUV-MAMA detector of STIS reaches levels high
enough to be comparable with the stellar spectrum. In order
to correctly extract the spectrum and remove the dark current
background, we use the x1d method of stistools' with user-
defined values for the location of: (i) the spectrum in the cross-
dispersion direction, and (ii) the regions where the dark current
background near the spectrum can be accurately estimated.

! Software freely available at https://stistools.readthedocs.

io/en/latest/
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Fig. 2. HST/STIS spectra of K2-18 in Visit B. The Doppler velocities
are in the stellar rest frame. The shaded interval is the region with geo-
coronal contamination.

Using visual inspection, we determined the location of the
spectrum in the cross-dispersion direction to be y = 389 px
(parameter a2center in the pipeline). Determining the best
location of the background is not as straightforward; normally,
the pipeline extracts the background from regions far from the
spectrum, but these regions have discrepant levels of dark cur-
rent compared to the region of the spectrum. Therefore, we
chose to use regions immediately near the location of the spec-
trum to determine the background (parameters bkloffst and
bk2offst in the pipeline), namely at a distance of A = 20px
from a2center. We combine the two out-of-transit spectra and
the two in-transit spectra separately in order to isolate potential
signals of an atmospheric signal of K2-18 b, and the resulting
spectra are shown in Fig. 2.

3. Tentative detection of a H-rich exosphere
in K2-18 b

Since the interstellar medium (ISM) absorbs the core of the
Lyman-a emission line, we can only observe the attenuated
fluxes in the blue and red wings of the stellar line. We integrated
the flux densities in wavelength space between Doppler veloci-
ties [-160, =501 km s~! and [+50, +160] km s~!, respectively, to
produce the Lyman-« light curves in the blue and red wings.
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Fig. 3. Light curves of the blue (left panel) and red (right panel) wings of the Lyman-a emission of K2-18 during the transit of planet b. Time =0
corresponds to the transit center according to the ephemeris of Benneke et al. (2019). The vertical red lines represent the ingress and egress of
K2-18 b. Visit A was affected by strong geocoronal contamination, and therefore the measured stellar fluxes are likely inaccurate.

During Visit B, we observe a steep decrease in the
blueshifted Lyman-a fluxes during the transit of K2-18 b (left
panel in Fig. 3), reaching almost zero emission near the planetary
egress. This decrease in flux is also seen when we compare the
combined out-of-transit and in-transit spectra (see Fig. 2). The
redshifted Lyman-a emission of the combined in-transit orbits
varies by 14% +23%, which is consistent with a stable redshifted
flux during the visit; this indicates that the variation in the blue
wing is likely to be astrophysical in nature. Similar results are
obtained even when we extract the background emission at dif-
ferent positions in the detector.

The blue wing flux measured in the combined in-transit
spectra decreases by 67% + 18% in relation to the combined
out-of-transit spectra; in particular, the last orbit displays an
absorption of 93% + 18% in relation to the combined out-of-
transit spectra. Although statistically significant, we conserva-
tively deem this result tentative until it is repeated in future
observations; for a reference, the intrinsic stellar variability of
the Lyman-a emission of HD 97658 b is on the order of a few
tens of percent at ~20 confidence (Bourrier et al. 2017a). If con-
firmed to be linked to the transit of K2-18 b, the variation in
Lyman-a flux can be interpreted as the absorption caused by an
extended, H-rich exosphere of the planet. Such a large absorption
signal can be explained by a combination of large atmospheric
escape rate and long photoionization lifetime of the H atoms in
the exosphere. This result gives further support to the hypoth-
esis that K2-18 b possesses a H,-dominated envelope (as in
the conclusions of Benneke et al. 2019), unlike the super-Earths
55 Cnc e and HD 219134 b. Previous results for the super-Earths
HD 97658 b and GJ 1132 b were inconclusive due to stellar vari-
ability for the first (Bourrier et al. 2017a) and lack of stellar blue
wing emission in the second (Waalkes et al. 2019).

4. The high-energy environment of K2-18 b

Determining the high-energy environment of K2-18 b provides
a critical piece of information to interpret the evolution and cur-
rent state of its atmosphere. To that end, we used the STIS obser-
vations of K2-18 to reconstruct its intrinsic Lyman-a spectrum
and estimate the high-energy irradiation received by planet b.
The reconstruction process follows the standard method used in,
for example, Bourrier et al. (2017b, 2018). In short, we fit the
observed spectrum to a model of the intrinsic emission line atten-
uated by ISM absorption, scaled for distance and convolved with

N w
T T
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Fig. 4. Reconstructed intrinsic Lyman-a spectrum of K2-18 (green) and
the average Lyman-« profile as observed with HST/STIS (black bars).
The red (blue) curve shows the inferred observable spectrum with (with-
out) instrumental convolution and the shaded region represents the 1o
uncertainty for the red curve. The dotted curve shows the inferred ISM
absorption profile.

the instrumental response; the fit yields an estimate of the intrin-
sic emission and certain properties of the ISM in the line of sight.
In this process, we assume that the intrinsic Lyman-a emission
of K2-18 possesses a Gaussian profile (applicable for M dwarfs
and for the quality of the available spectra; see Bourrier et al.
2017c, 2018), and fix the temperature and turbulent velocity of
the ISM to 8000K and 1.23kms™" (for the NGP cloud, as esti-
mated by the LISM calculator Redfield & Linsky 2008), respec-
tively. We also set the deuterium-to-hydrogen ratio (D1/HTI) to
1.5 x 107 and the systemic velocity to 0.6537 kms~! (measured
with high-resolution spectra by Cloutier et al. 2017).

The result of the Lyman-a line reconstruction is shown in
Fig. 4. We simultaneously fit each exposure to a global Lyman-«
line model within £300km s~ in the stellar rest frame, exclud-
ing the band that corresponds to significant airglow contami-
nation (approximately the range +50kms~', shown in orange
in Fig. 4). When fitting the in-transit orbits we excluded the
pixels corresponding to the range potentially absorbed by the
planet. We explore the parameter space using the Markov
chain Monte Carlo ensemble sampler implementation of emcee
(Foreman-Mackey et al. 2013); in addition, we report the uncer-
tainties based on the highest density interval (HDI), which con-
tains 68.3% of the distribution mass such that no point outside
the interval has a higher density than any point within it. We
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Table 1. Properties of the high-energy environment of K2-18 b.

Lyman-a flux (ergs™! cm™2) 100'73932:411
EUV 10-91.2 nm flux (ergs~! em™2) 107.9%55%
Photoionization rate (x 1076 s~!) 37473
Photoionization lifetime (h) 3600* 3300
Escape rate at 100% efficiency (x10% gs™!) 3-538

fit for four free parameters in total: the temperature (assuming
a Gaussian thermal broadening) and amplitude of the intrinsic
stellar Lyman-« line, and the radial velocity and H1 density of
the ISM. We estimated the EUV flux in K2-18 b using the rela-
tion from Linsky et al. (2014).

We determined that the heliocentric radial velocity of the

ISM is Vg = 11.39*;9kms™!, and the HI column density in

the line of sight is log,,7 = 18.167033 cm™2. While 7 is consis-
tent with the results from Wood et al. (2005), the value we deter-
mined for Vy differs by 20 with the value predicted by LISM
calculator (Redfield & Linsky 2008).

We estimated the properties of the high-energy environ-
ment of K2-18 b based on the reconstructed Lyman-« emission
and the results are shown in Table 1; the large uncertainties in
these estimates are due to the low signal-to-noise ratio (S/N)
of the spectra and the uncertainties in the semi-empirical rela-
tions used to estimate the EUV flux. The best fit model of
the intrinsic Lyman-a emission of K2-18 results in a 8 (ratio
between radiation pressure and stellar gravity; see right axis
of Fig. 4) of about 2.2. Although more data would be neces-
sary to confirm this line shape, and the corresponding high S,
it nonetheless suggests that radiation pressure could blow away
the escaping hydrogen atoms more strongly in K2-18 b than
in GJ 436 b (Bourrier et al. 2016) or the TRAPPIST-1 plan-
ets (Bourrier et al. 2017b). This value of S is similar to that
inferred for GJ 3470 b (Bourrier et al. 2018), which could indi-
cate that the exosphere of K2-18 b possesses a similar shape.
Using the energy-limited escape (e.g., Salz et al. 2015) as an ini-
tial estimate, we predict that the total escape rate in K2-18 b
is two orders of magnitude lower when compared to the val-
ues inferred for GJ 436 b (~2.2 x 10'° g s7!; Bourrier et al. 2016)
and GJ 3470 b (~8.5x 10'° g s™!; Bourrier et al. 2018). We esti-
mated the photoionization rate and lifetime as in Bourrier et al.
(2017a), which yields a value likely above 1200h for the lat-
ter; this long lifetime means that the H atoms in the exosphere of
K2-18 b could stay neutral for much longer than in GJ 436 (12 h)
and GJ 3470 b (3.5h). These results are not surprising because
K2-18 b is subject to lower irradiation levels than the aforemen-
tioned warm Neptunes.

The inferred escape rate of K2-18 b is likely underestimated
because we do not take into account the stellar X-ray flux,
which is currently unknown. For a similar star like GJ 436, the
ratio between X-ray and EUV emission is ~0.23 (Bourrier et al.
2016), which provides an upper limit on the level of underesti-
mation contained in our calculation; however, the contribution
of X-ray flux may be less important for the ionization conditions
because of the smaller ionization cross-section when compared
to EUV wavelengths.

5. Conclusions

K2-18 b is currently one of the best targets for transit spec-
troscopy among sub-Neptune planets due to its large scale
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height, its short distance from the Sun, and the infrared bright-
ness of the host star. Previous results have shown evidence that
the atmosphere of the planet is dominated by H,/He and con-
tains water vapor. In these atmospheric conditions and under the
expected high levels of EUV irradiation, K2-18 b is prone to effi-
ciently losing its atmosphere and producing a detectable excess
absorption of H in Lyman-a caused by a H-rich exosphere dur-
ing transit. In this study we analyzed four HST orbits before and
during the transit of K2-18 b with the STIS instrument to search
for this feature.

We analyzed the flux time series of both the blue- and red-
shifted wings of the stellar Lyman-a emission. The blue wing
displays a significant excess absorption during the transit; in par-
ticular, near the egress of K2-18 b, the flux in the blue wing is
consistent with 100% absorption. The in-transit red wing fluxes
vary by 14% + 23% and are significantly more stable than the
blue wing fluxes. A blueshifted absorption could indicate the
presence of a H-rich exosphere around K2-18 b being swept
away by radiation pressure from its host star towards the direc-
tion of the observer, similar to the exospheres of GJ 436 b and
GJ 3470 b.

Despite the low S/N of the observed spectra, we were able
to reconstruct the intrinsic stellar emission (without the ISM
absorption) to assess the high-energy environment of K2-18 b.
Our first estimate for the expected total escape rate of K2-18 b
leads to a value on the order of 10% gs~!. The ratio between
radiation pressure and gravity () suggests that the exosphere of
K2-18 b is in a similar state to that observed for GJ 3470 b.
We estimate that the EUV (10-91.2nm) flux in the planet is
on the order of 10'-10%ergs™' cm™2. At the estimated escape
rate, it is likely that the planet will lose only a small frac-
tion (1% or less) of its mass during its remaining lifetime,
and therefore it is probably not an archetypal planet cross-
ing the radius valley to become a bare rock (Fulton et al.
2017; Van Eylen et al. 2018; Fulton & Petigura 2018); as such,
the planet will likely retain its volatile-rich atmosphere due
to the more amenable EUV irradiation flux than for example
GJ 3470 b, which is at least ten times more EUV irradiated than
K2-18 b.

Since we observed only one partial transit of K2-18 b, we
conclude that the H-rich exosphere detection is only tentative
for now, and more observations are needed to rule out stellar
activity effects and confirm the reported feature. Furthermore,
additional observations of the Lyman-a spectrum of K2-18 will
help in better constraining the high-energy environment of the
planet and its atmospheric escape history.
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Chapter 4

Observability of hydrogen-rich
exospheres in Earth-like exoplanets

« . , , , .

Look again at that dot. That’s here. That’s home. That’s us. On it, everyone
you love, everyone you know, everyone you ever heard of, every human being
who ever was, lived out their lives [...] — on a mote of dust suspended in a

”
sunbeam.

Carl Sagan

It is safe to say that one of the biggest goals of exoplanetary science is to find another
planet similar to the Earth, one that could potentially sustain life and be habitable. So far,
this goal has been elusive, and will likely remain so for the next few decades. The reason
is two-fold: rocky planets are small, so their signals are difficult to disentangle from the
light of the host star; and even if we are able to detect a signal, there are confounding factors
related to habitability, making the endeavor prone to false positives. However, there are a few
unique aspects that make our own Earth stand out among the other rocky planets of the Solar
System, among them the 1% water vapor content of our atmosphere, as well as the presence
of a H-rich extended atmosphere.

Ironically, we routinely detect the Earth’s geocorona when we observe in Lyman-o with
the Hubble Space Telescope. This "contaminant” is precisely what we want to detect in other
exoplanets. As we briefly discussed in Sect. 1.2.1, the Earth’s H-rich exosphere that we
observe today is fundamentally different from those that we observe in hot gas giants, and
also from the early Earth: it is fed by Jeans escape of H atoms, which in turn are produced by
photodissociation of water molecules from an atmosphere rich in water vapor. Thus, if we are
able to detect a similar tenuous exosphere around a rocky exoplanet at amenable temperatures,

that can be used as an additional diagnostic in our toolkit to search for Earth-like planets.
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We end our journey across evaporating exoplanets with the first project realized in my
doctorate. Interesting enough, we come full circle, as this is precisely where Waterston
and Rayleigh [188] first wondered about atmospheres evaporating from planets. Here, we
sought to quantify how well we can detect signs of an Earth-like exosphere as if it were an
exoplanet orbiting a nearby M dwarf. Our findings show that the excess absorption for such
an exoplanet varies from 50 to 600 ppm, which is a level of precision that HST is not capable
of yielding in Lyman-a wavelengths. However, our research also shows that a LUVOIR-class
telescope [15] coupled with the LUMOS spectrograph [60] will be able to achieve such a
precision.

This chapter has previously been published in dos Santos et al. [43], and is reproduced
with permission © ESO.
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ABSTRACT

Context. The existence of an extended neutral hydrogen exosphere around small planets can be used as evidence of the presence of
water in their lower atmosphere, but, to date, such a feature has not been securely detected in rocky exoplanets. Planetary exospheres
can be observed using transit spectroscopy of the Lyman-« line, which is limited mainly by interstellar medium absorption in the core
of the line, and airglow contamination from the geocorona when using low-orbit space telescopes.

Aims. Our objective is to assess the detectability of the neutral hydrogen exosphere of an Earth-like planet transiting a nearby M dwarf
using Lyman-a spectroscopy and provide the necessary strategies to inform future observations.

Methods. Our tests require spatial and velocity information of the neutral hydrogen particles in the upper atmosphere. The spatial
distribution is provided by an empirical model of the geocorona, and we assume a velocity distribution based on radiative pressure
as the main driver in shaping the exosphere. We compute the excess absorption in the stellar Lyman-« line while in transit, and use
realistic estimates of the uncertainties involved in observations to determine the observability of the signal.

Results. We found that the signal in Lyman-a of the exosphere of an Earth-like exoplanet transiting M dwarfs with radii between 0.1
and 0.6 R, produces an excess absorption between 50 and 600 ppm. The Lyman-a flux of stars decays exponentially with distance
because of interstellar medium absorption, which is the main observability limitation. Other limits are related to the stellar radial
velocity and instrumental setup.

Conclusions. The excess absorption in Lyman-a is observable using LUVOIR/LUMOS in M dwarfs up to a distance of ~15 pc. The
analysis of noise-injected data suggests that it would be possible to detect the exosphere of an Earth-like planet transiting TRAPPIST-1

within 20 transits.

Key words. planets and satellites: atmospheres — techniques: spectroscopic — ultraviolet: stars — ultraviolet: planetary systems

1. Introduction

The exosphere of a planet is defined as the region where the gas
becomes collisionless, or more formally the region where the
Knudsen number (the ratio of the mean free path to the scale
height) is higher than one. This region is predominantly sus-
tained by atmospheric escape from the planet, driven mainly by
nonthermal processes (Shizgal & Arkos 1996; Volkov et al. 2011)
for planets like the Earth, and thermal hydrodynamic escape
for strongly irradiated giant planets (e.g., Lammer et al. 2003;
Lecavelier Des Etangs et al. 2004).

The first observations of evaporating atmospheres of exo-
planets were performed for hot Jupiters such as HD 209458 b
(Vidal-Madjar et al. 2003; Ehrenreich et al. 2008; Linsky et al.
2010) and HD 189733 b (Lecavelier Des Etangs et al. 2010,
2012; Poppenhaeger et al. 2013). The process of evaporation
is facilitated in such close-in inflated planets because, in the
energy-limited regime, the mass loss rate is proportional to the
high-energy flux received from the host star and inversely pro-
portional to the bulk density of the planet (Lecavelier Des Etangs
2007). Atmospheric escape has also been observed in the warm
Neptune exoplanet GJ 436 b (Kulow et al. 2014; Ehrenreich et al.
2015), in which the conditions are favorable to produce a comet-
like tail of neutral hydrogen (Bourrier et al. 2015, 2016; Lavie
et al. 2017).

Article published by EDP Sciences

An exospheric cloud such as that around GJ 436 b pro-
duces extremely large transit absorption signatures in Lyman-a
(56% +3%; Ehrenreich et al. 2015) compared to what is
measured in the optical transmission spectrum of this planet
(250 ppm; Lothringer et al. 2018). It is not known how small
a planet can be and still exhibit a readily detectable exospheric
cloud. The Earth itself is surrounded by a neutral hydrogen exo-
sphere, which produces the geocorona' (Wallace et al. 1970;
Carruthers & Page 1972). A recent Lyman-a (hereafter Lya)
image of the Earth taken from 0.1 au showed that the geo-
corona spans more than 38 Earth radii (Kameda et al. 2017). The
hydrogen density is approximately 20 atoms cm~3 at a height of
600 000 km in the Earth’s exosphere. Venus and Mars also have
H-rich exospheres, but they are far less extended and less dense
because these planets have atmospheres rich in CO, and possess
lower exospheric temperatures (Kulikov et al. 2007).

Detecting an extended hydrogen exosphere around a rocky
exoplanet would be compelling evidence for the presence of
water in the lower atmosphere of the planet, since the atomic
H is a product of photodissociation of water. Jura (2004) indeed
proposed that evaporating exoplanetary oceans could fuel H-rich

1" The traditional definition of geocorona is the light emitted by the
Earth’s exosphere. In this manuscript, however, we use the terms
“Earth’s exosphere” and “geocorona” interchangeably.
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exospheres (see also Selsis et al. 2007; Bolmont et al. 2017).
This could be a new path to characterize habitability-zone (HZ)
exoplanets and trace their water content®. This is especially rele-
vant for planets around M dwarfs, which are targets of intense
searches for rocky planets because their HZ is closer to the
star and transiting planets produce large signals. Much specu-
lation has been done, for instance, for the water content of the
TRAPPIST-1 planets (Gillon et al. 2016; Bourrier et al. 2017a,b;
Bolmont et al. 2017).

Far-extended exospheres are easier to analyze in Lya than
the compact lower atmospheres at longer wavelengths. More-
over, the velocity field in the exosphere can reach more than
100 km s~!, spreading the atmospheric absorption signal over
a large range of wavelengths and increasing its detectability.
Currently, the only telescope that has access to the Ly« line is
the Hubble Space Telescope (HST), and the instrument usually
employed for these observations is the Space Telescope Imaging
Spectrograph (STIS). In the future, projects such as the Large
Ultraviolet/Optical/Infrared Surveyor (LUVOIR; Bolcar et al.
2017) and the Habitable Planet Explorer (HabEx; Gaudi et al.
2018) will build upon on the FUV (far-ultraviolet) capabilities of
HST in several aspects. Using a theoretical model of the Earth’s
exosphere and several simplifications, Gémez de Castro et al.
(2018) calculated that the detection of an Earth-like exosphere
is possible for the nearest stars, provided that the mirror size
is larger than 4m. In this work, we perform a more detailed
and extensive assessment of this prospect based on observa-
tional constraints of the geocorona (Kameda et al. 2017) and
provide scaling relations for the stellar radius, distance (consid-
ering interstellar medium (ISM) absorption), exospheric density,
and instrumental setup. Further, this study aims at informing
the community about the capabilities of future UV telescopes
to characterize HZ exoplanets.

This manuscript has the following structure: in Sect. 2 we
present the observation and models of the Earth’s exosphere;
in Sect. 3 we describe how the Ly« profile of different targets
and conditions is computed and estimate the excess absorption
signal in Lya transmission spectroscopy for an Earth-like planet
transiting a M dwarf; in Sect. 4 we extensively discuss the obser-
vation strategies and limitation on performing such a detection;
in Sect. 5 we briefly present the best targets on which to conduct
intensive searches; in Sect. 6 we present the main conclusions
obtained in this research.

2. Observation and model of the Earth’s hydrogen
exosphere

2.1. The neutral hydrogen geocorona

The Earth’s exosphere was observed using the Lyman Alpha
Imaging Camera (LAICA) on board the Proximate Object Close
Flyby with Optical Navigation (PROCYON) on 9 January 2015,
when the spacecraft was at a distance of 2348 Rg (0.1 au)
from the Earth and at coordinates 74.09° and —23.94° in right
ascension and declination (see Fig. 1 in Kameda et al. 2017).
The LAICA instrumentation consists of a 41 mm diameter
Cassegrain-type telescope and a detector unit equipped with
a 122 + 10 nm bandpass wavelength filter. The total expo-
sure time of the observation was 300 s, spatial resolution was
1.34 and 0.98 Rg/pixel in the horizontal and vertical directions,

2 The direct detection of water in the atmosphere of water-rich plan-
ets will be challenging, even with future infrared spectrographs such as
JWST (see, e.g., Deming & Seager 2017).
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Fig. 1. Column density map of the model of the geocorona obtained by
Kameda et al. (2017). The Earth’s transiting disk is shown as a small
white circle. The large white circle represents the size of the M dwarf
GJ 436. Asymmetries near the borders are artificial because of the
rotation of a box-shaped model.

respectively, and the effective field of view of LAICA is 2° x 2°.
This observation revealed that the geocorona spans more than
38 Rg, a value that exceeds the previously determined lower limit
of 16 Ry (Wallace et al. 1970; Carruthers & Page 1972). Accord-
ing to Kameda et al. (2017), the geocorona possesses north-south
symmetry, indicating that magnetic fields are not dominant in
shaping the geocorona under moderate solar activity; the asym-
metry in the horizontal direction is inconclusive, since it could be
simply explained by the viewing geometry of the observations.
These observations did not include high-resolution spectroscopy,
thus they do not provide direct dynamical information about the
geocorona.

Based on this observation, Kameda et al. (2017) recon-
structed the geocorona using a modified Chamberlain model
(Chamberlain 1963) with three parameters: the exobase temper-
ature, exobase density, and solar radiation pressure. The force of
the solar radiation was determined using the local photon scat-
tering rate; assuming an exobase temperature of 1000 K (as in
Picone et al. 2002), the exobase density was derived from the fit
to the emission data using a simple y> minimization.

2.2. Densities and velocity field

To verify if an Earth-like exosphere around a rocky extrasolar
planet is observable with current instrumentation in transit at
Lya, we start from the analytical model of the neutral hydro-
gen geocorona produced by Kameda et al. (2017). We calculated
the three-dimensional density distribution using the model and
computed the column densities by integrating the volumetric
densities in the line of sight (see Fig. 1).

The geocorona model yields the densities of neutral hydro-
gen, but not their velocities distribution, which is necessary to
compute the Lya absorption profile. In order to estimate this
distribution, we assume that there are two competing forces
dictating the dynamics of the neutral hydrogen particles in the
exosphere: gravity and radiation pressure. The second can either
overturn stellar gravity and move particles away from the star
(“radiative blow-out," Bourrier & Lecavelier des Etangs 2013) or
slow down the infall of matter toward the star (“radiative brak-
ing”; see the case of GJ 436 b, a moderately irradiated warm
Neptune in Figs. 1 and 2 in Bourrier et al. 2015). Effectively,
the line-of-sight velocities of the particles are limited in the
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bluer end by the orbital velocity of the planet and in the red-
der end by the mode of a thermal distribution of particles with a
kinetic temperature of 1000 K (mean temperature at the exobase;
Kameda et al. 2017), since the line-of-sight component of the
orbital velocity at transit center is null for circular orbits. Using
this temperature, we obtain that the upper limit of velocities of
particles in Earth’s exosphere is approximately 4 km s~!.

In the reference frame of the host star, particles escap-
ing from an exoplanet atmosphere have an initial velocity that
combines the orbital velocity of the planet and the velocity of
the planetary wind. Assuming nearly circular orbits, the orbital
speed of a planet in relation to the host star is

vy = | 0% (1)
a

where M, is the stellar mass and a is the orbital semimajor axis
of the planet. Assuming that a planet orbits in the inner edge
of the HZ of its host star (similarly to the Earth; Kopparapu
et al. 2013), the orbital speeds of the hypothetical planet in the
range 30-50 km s~!, respectively for M, varying from 0.1 M,
to 1 M,; for reference, Earth’s orbital speed in relation to the
Sun is 29.8 km s~!. In addition, the planetary wind of the Earth
is well inside the Jeans escape regime, which means that parti-
cles escaping from the atmosphere are in the high-velocity tail of
the Maxwell-Boltzmann distribution. The introduction of other
mechanisms such as stellar wind and bow shocks, although they
could play a role in determining the distribution of positions and
velocities of particles, would add too many free parameters to our
model and is not justified at this point. Thus, as a first approxima-
tion, and based on the results for the Earth (e.g., Kameda et al.
2017) and evaporating planets (e.g., Bourrier & Lecavelier des
Etangs 2013; Bourrier et al. 2015), we consider radiation pres-
sure to be the main driver of the dynamics of neutral hydrogen
atoms escaping from Earth-like planets.

3. Signature of transiting exospheres in Lyman-«
emission of quiet M dwarfs

In general, the Ly emission line of M dwarfs possesses a nearly
Gaussian shape (Wood et al. 2005; Youngblood et al. 2016;
Wheatley et al. 2017). The MUSCLES survey? obtained the Lya
reconstructed flux for 12 inactive early- to mid-M dwarfs using
HST (Youngblood et al. 2017), and these survey results show
that the Ly luminosity among the sample varies by two orders
of magnitude and correlate with the rotational period of the star;
the Lya luminosity of GJ 436 is representative of the mean in
their sample (see Fig. 2).

3.1. Interstellar medium absorption

Except for the Sun, we do not have access to the intrinsic Lya
emission of stars due to absorption by the neutral hydrogen
atoms present in the ISM between the target and the Earth. If
the ISM clouds in the line of sight have radial velocities close to
the radial velocity of the target star, the core of the stellar Ly
emission line is completely absorbed. Thus, in such cases, only
the wings of the Lya line contain information about the system.
For distant targets, not only their faintness is a limitation in UV

3 The Measurements of the Ultraviolet Spectral Characteristics of
Low-mass Exoplanetary Systems (MUSCLES) was a HST Treasury
Survey aimed at measuring the ultraviolet flux distribution of nearby
planet-hosting M dwarfs (France et al. 2016a).
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Fig. 2. Lya luminosity of quiet M dwarfs in the MUSCLES sam-
ple (based on GAIA DR?2 distances). The Lya fluxes and stellar radii
were reported in Youngblood et al. (2017). The star symbol denotes the
position of GJ 436.

observations, but their distances also increase the column densi-
ties of ISM neutral hydrogen in the line of sight, as well as the
range of ISM radial velocities; for these reasons, we can only
study escaping atmospheres in Lya for the closest (d < 60 pc)
exoplanetary systems, or for host stars with large radial velocity
(such as Kepler-444, Bourrier et al. 2017c). There is also absorp-
tion by deuterium at the rest wavelength 1215.25 A, although less
pronounced than the absorption by H I atoms. The radial velocity
of the local interstellar cloud (LIC) varies between —25 km s~
and 25 km s~!, approximately, depending on the direction of
sight (Wood et al. 2005).

In order to estimate how the ISM absorption affects the
observable Lya fluxes of M dwarfs with different distances, we
simulated the total attenuation of the flux caused by ISM absorp-
tion. We set the physical properties of the ISM to be isotropic,
namely the temperature to 8000 K (similar to the what is mea-
sured in the solar neighborhood), the radial velocity to zero,
and turbulence velocity to zero; other values of turbulence do
not significantly affect our results and conclusions. We assumed
the minimum and maximum densities of neutral H in the solar
neighborhood (0.01 and 0.1 cm™?), and adopted the fraction
between the densities of deuterium and H Np /Ny = 1.5 x 1073
(Bourrier & Lecavelier des Etangs 2013). The ISM absorption
profiles are computed as in Bourrier et al. (2017d).

We found that the Ly line fluxes of M dwarfs decrease
approximately exponentially with the distance in the range from
2 to 20 pc, where the flux is attenuated to less than 10% of
the intrinsic emission in case we observe in a direction with
high H column density. However, we reiterate that this is an
approximation, since it is well known that the ISM in the solar
neighborhood is patchy (Redfield & Linsky 2008) and its phys-
ical properties vary, so in reality the attenuation depends on the
direction of observation.

3.2. Estimating the excess absorption

When a planet with a H-rich exosphere transits its host star, the
opaque disk of the planet blocks part of the Lya flux (i.e., base-
line continuum absorption) and its exosphere absorbs part of the
flux in addition (i.e., excess absorption).

The absorption profile caused by the passage of a cloud of
neutral hydrogen in front of a stellar disk is computed following
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Fig. 3. Left panel: expected ISM absorption profiles for distances 2.0, 3.6, 6.3, 11.2, and 20.0 pc and for the minimum column density of the LIC
(radial velocity of the cloud is fixed at zero). Right panel: same as left panel, but for the maximum column density of the LIC.
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Fig. 4. Observed fraction of the intrinsic Lyman-« flux as a function of
distance after ISM absorption. The blue (orange) curve represents the
attenuation in the lowest (highest) density of the LIC.

the equations in Sect. 2.4 of Bourrier & Lecavelier des Etangs
(2013) applied to the model proposed by Kameda et al. (2017).
The absorption profile depends mainly on the spatial and veloc-
ity distributions of neutral hydrogen atoms (see Sect. 2.2). In
order to assess the excess absorption by a transiting exosphere,
we use synthetic Lya profiles based on the observed emission
line of the quiet M dwarf GJ 436.

To obtain the in-transit spectrum, we position an Earth-sized
planet and its exosphere in the center of the disk of the star at
mid-transit (impact parameter b = 0), compute its absorption
profile, and multiply this profile by the out-of-transit intrinsic
stellar spectrum. Both in- and out-of-transit spectra are then
absorbed by a realistic ISM model. When measured through a
telescope, the observable spectra are convolved with the instru-
mental response; furthermore, during the analysis we need to
avoid using wavelength ranges where the signal-to-noise ratio
is too low — we describe practical aspects of observations in
Sect. 4.

The exospheric excess absorption per unit wavelength S, in
the Ly line is measured by the ratio of the in- (F,;,) and out-
of-transit flux densities (F ). We have, thus,

— dpl, (2)
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Fig. 5. Mean excess transit absorption in Lya caused by an Earth-like
exosphere as a function of the stellar radius. In the case of absorption
profiles convolved with an instrumental profile, we considered the signal
located inside the Doppler velocity range —50 km s™! to 10 km s~!.

where ay is the baseline absorption caused by the opaque disk of
the planet. The value S, does not depend on the distance of the
target since the fraction F i,/ F 1 0ue cancels out this dependence.
The mean excess absorption depth S is measured by taking the
mean of § ) between a given range of Doppler velocities.

We simulated a grid of models of transiting events as
described above around stars of radii varying between 0.1 R
and 0.6 Ry, which is our adopted definition of a M dwarf. Since
we assumed a flat distribution of velocities for the particles in
the exosphere of the planet, the intrinsic excess transit profile is
constant in wavelength. If we take into account the instrumen-
tal profile of a spectrograph, this signal is diluted. The resulting
relation between stellar size and excess transit absorption is
shown in Fig. 5. Similar to optical transits, it is clear that excess
transit depths are deeper the smaller the host star is, which results
from simple geometry.

We expect S, to depend on the distribution of velocities
of H atoms in the exosphere and on the radial velocity of the
target star because the ISM absorption quickly saturates with
distance and can partially or completely erase the signal we want
to observe. Considering our assumptions in Sect. 2.2, the radial
velocity range where S ; < 10 ppm depends mainly on the spec-
tral resolution of the spectrograph: for HST/STIS, this range
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Fig. 6. Mean excess transit absorption in Lya caused by an Earth-like
exosphere as a function of systemic radial velocity as observed with
HST/STIS. For spectrographs with higher resolution, the range at which
the signal is lost is narrower than the range of STIS (R = 10000).

is located approximately between [0, 40] km s~! (see Fig. 6);
the approximate ranges for the LUVOIR planned spectrographs
LUMOS and POLLUX are 5-30 km s~! and 10-25 km s,
respectively. Outside these ranges, the expected signal should
follow the relations seen in Fig. 5.

4. Practical and observational aspects

Currently, the only instruments capable of performing FUV
spectroscopy of exoplanetary atmospheres are the STIS and
the Cosmic Origins Spectrograph (COS) aboard the HST. Sev-
eral projects of large-aperture telescopes equipped with FUV
instruments are currently being studied. In particular, the World
Space Observatory (WSO-UV; Sachkov et al. 2016) is even par-
tially built. In the following sections we are going to consider
HST/STIS and two potential instruments with known speci-
fications for the LUVOIR telescope: LUMOS (France et al.
2016b, 2017) and POLLUX (Muslimov et al. 2018). We discuss
how these instruments can overcome the current limitations that
make it challenging to detect the excess absorption signal of
exospheres around Earth-like planets in Sect. 3.

4.1. Geocoronal contamination

Far-ultraviolet observations can only be performed from space,
and low-orbit telescopes (such as the HST) contain contami-
nation from geocoronal emission produced by the Earth’s exo-
sphere (see Fig. 7). In general, the geocoronal contamination is
variable (stronger on the dayside of the Earth and weaker in the
nightside), but it can be removed in a straightforward fashion,
provided that the observations are performed with a slit spec-
trograph: the sky spectrum is measured away from the target,
and then it is simply subtracted from the spectrum of the target.
According to the manual of HST/STIS, during an exposure with
high geocoronal contamination, the fluxes are ~1.98 times larger
than the average, and they are ~0.20 times lower when in the
shadow of the Earth. In the case of spectrographs with a circular
aperture, such as the COS on HST, the removal of geocoronal
contamination is not straightforward, but it can be performed
using airglow templates* (see, e.g., Wilson et al. 2017; Bourrier
et al. 2018).

4 Airglow templates for HST/COS are available at http://www.
stsci.edu/hst/cos/calibration/airglow.html
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Fig. 7. Mean geocoronal emission of the Earth as measured with
HST/STIS during 27 observations (red spectrum). The gray spectra cor-
respond to the different exposures. The emission lines were aligned to
the rest frame of the telescope by fitting Gaussians to each exposure.

In any case, even after the removal of the geocoronal con-
tamination, the additional photon noise remains in the spectra
obtained with low-orbit telescopes. The increased noise affects
how well we can measure the excess absorption signal by the
exosphere of a hypothetical Earth-like exoplanet. This issue can
be alleviated by observing near the nightside of the Earth, but
such a measure results in shorter exposures: in the case of HST,
opting for observations in the Earth’s shadow reduces the expo-
sure time by approximately 50%. It is also more difficult to
allocate time for such a proposal that is already time-constrained
in the first place.

4.2. Measurement uncertainties

The uncertainties o of the flux density F, measured in a spec-
trograph are a combination of the nonphotonic background term
Oofiset and the photon noise that scales linearly with the square
root of F, as follows:

o’ = Uiﬂ'sel + (G \/E)Z : )

These parameters can vary broadly between different instru-
ments. Based on the observations of GJ 436 reported by Lavie
et al. (2017), we found that for HST/STIS oot =~ 4.15 X
107 erg s™! cm™2 A! and G ~ 3.74 x 1078 (erg s™! cm™
A~11/2 for one exposure of 50 minutes using the grating G140M.
With these numbers, we estimate that the mean uncertainty
added by geocoronal photon noise in a 50-minute-long exposure
of HST/STIS amounts to 4.7 x 1075 erg s™! cm™

The factor G in Eq. (3) depends on the exposure time and
several instrumental properties, such as mirror size and the
efficiencies of the optics and the detector. To realistically com-
pute the expected uncertainties of the observable Lya spectrum
measured with HST/STIS and other instruments, we consider
that

1

Gox ——, “
Aeﬁ texp

where A4 is the effective area of the instrument (which is the
end-to-end throughput multiplied by the geometric area of an
unobstructed circular aperture with the size of the mirror) and
fexp 1S the exposure time.
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The uncertainty os of the mean excess absorption depth S
is obtained by propagating the uncertainties of Fi,, Fou and apy,

ie.,
2 2 2
F; (g (ox
2 in n out 2
o2 = Ly I + 02, (5)
§ (Fout) (Fin) (Fout) }

If we assume that Fj, ~ Foy and ignoring the uncertainty o, of
api for now, then oy simplifies to

os = %\/5 6)

4.2.1. HST/STIS

According to the manual of HST/STIS?, the throughput of the
instrument using the grating G140M (the standard used to per-
form Lya spectroscopy of M dwarfs) is ~1.5%, resulting in an
effective area of 680 cm? around 1216 A.

In the regime where radiation pressure dominates the dynam-
ics of an exosphere, we expect the velocities of the H particles
in the upper atmosphere of the planet to be between the lim-
its we described in Sect. 2.2 (usually between —40 km s~! and
0 km s~! in the rest frame of the star). Thus, depending on the
difference between the radial velocity of the host star and that
of the ISM cloud in the line of sight, the exospheric absorp-
tion signal may fall inside (totally or partially) or outside of the
wavelength region where there is no flux to be measured (i.e., no
information can be obtained).

Assuming no slit losses, we used Egs. (3), (4), and (6) to
estimate the uncertainty of the mean excess absorption in Lya
flux of M dwarfs between —50 km s~! and 10 km s~! in the stellar
rest frame (the range where we expect the exospheric absorption
signal to be located). The estimates were performed for a range
of stellar stellar radial velocities and distances, assuming the Ly
profile to be similar to GJ 436, and we plot the results in Fig. 8.

For a small M dwarf with R = 0.1 Ry, the expected
excess transit depth between Doppler velocities —50 km s~ and
10 km s~! is approximately 400 ppm for HST/STIS (dashed line
in Fig. 8), and such a precision is beyond the capabilities of

5 Available at http://www.stsci.edu/hst/stis/performance/
throughput
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the instrument. The increase in flux uncertainty between radial
velocities 0 and 40 km s~! is due to the ISM absorption. Further-
more, we note that, in the case of a large density of HT in the line
of sight (as seen in the right panel of Fig. 8), little to no informa-
tion about the flux can be measured for M dwarfs beyond ~16 pc
and radial velocities between —20 km s~ and 30 km s~! if we
use HST/STIS. These results are compatible with the precision
obtained for the Lya flux of TRAPPIST-1 using HST/STIS data
(Bourrier et al. 2017a).

4.2.2. LUVOIR/LUMOS and LUVOIR/POLLUX

The detection of an exosphere around an Earth-like planet may
require the use of a larger telescope and improved efficiencies
to decrease the uncertainties of the Lya flux. For comparison,
the expected effective areas of LUVOIR using the spectro-
graps POLLUX and LUMOS are 2000 (1100) and 130000
(73 100) cm?, respectively, assuming the design with a diam-
eter of 12 (9)m (K. France, priv. comm.; see a summary of
instrumental properties in Table 1).

We performed the same tests with LUVOIR/LUMOS and
LUVOIR/POLLUX® to estimate the uncertainties they yield
when observing M dwarfs at different distances; the results
are summarized in Figs. 9 and 10. It is important to note that
LUVOIR will reside at the Earth-Sun L2 point, thus avoid-
ing contamination by geocoronal emission. It will, however,
still contain astrophysical background contamination; based on
the value ~710 R reported by Kameda et al. (2017), we esti-
mate that the astrophysical background in Lye to be ~2Xx
107% erg s7! cm™2 arcsec ™.

Our estimates show that, in a 50-minute’ exposure with
LUVOIR, the uncertainties of the Lya flux of M dwarfs up to a
distance of 20 pc and up to radius 0.6 R are always limited by
the photon noise of the source and well above the limit set by the
photon noise of background astrophysical sources. The LUMOS
spectrograph will have uncertainties two orders of magnitude
lower than POLLUX owing to its larger effective area. On the

6 For POLLUX we assumed the same instrumental background as
LUMOS.

7 We chose 50 minutes so that the results are comparable to HST/STIS.
The duration of an HZ exoplanet transit around an M dwarf is on this
order of magnitude.
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Table 1. Properties of the instruments.
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Radial velocity (km s1)
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Radial velocity (km s1)

—40

Properties near Lya HST/STIS LUVOIR-A(B)/LUMOS LUVOIR-A(B)/POLLUX
P ¥ G140M G120M

Resolving power 10 000 44 000 120 000

Effective area (cm?) 680 130 000 (73 100) 2000 (1100)

Background rate (ergcm™2s™' A™)  7x 1077 2x 10720

Aperture size (arcsec) 52 % 0.1 [slit]

0.136 x 0.068 [shutter] 0.03 [pinhole]

other hand, the POLLUX instrument provides an improvement
of one order of magnitude in the flux precision when compared
to HST/STIS.

By comparing the estimated uncertainty levels with
the expected signal in Fig. 5, we can conclude that
LUVOIR/LUMOS will be better suited to perform the detection
of an Earth-like exosphere transiting an M dwarf in Lya. Such
a detection will, nonetheless, be limited to a certain distance,
which will vary depending on the time we are willing to invest.
If we consider that 30 transits is a reasonable time investment for
a single target, then this distance limit should be 15-20 pc in the
most favorable scenarios.

4.3. Analysis of a synthetic dataset with injected noise

To illustrate the point of this manuscript, we analyze two
test cases with synthetic datasets and a well-established

analysis strategy used in previous studies of FUV transmission
spectroscopy. In case 1, we produce the Lya spectrum of a
M dwarf with R = 0.2 Ro, Viear = —30kms™',d =5 pc, and sim-
ulate the observable spectra with realistic injected noise based on
the instrumental design of LUVOIR/LUMOS. In case 2, to sim-
ulate a case similar to TRAPPIST-1, we change the stellar radius
to 0.12 Ro, distance to d = 12 pc, and Vi, = =55 km s~!. The
Lya synthetic spectra of the test cases are shown in Fig. 11.

We produce light curves of the Lya flux of the star by
integrating its flux density between the Doppler velocities
—50 km s~! and 10 km s~! in the stellar reference frame,
assuming that all transit exposures happened at roughly the
same phases of the planetary orbit. The exposure time is set
by the duration of the optical transit, which should be around
100 (60) minutes in the case of an Earth-sized planet orbiting in
the inner edge of the HZ of a R = 0.20 (0.12) Ry M dwarf. The
resulting light curves are shown in Fig. 12.
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The white-light absorption dominates the total Lya occul-
tation for an Earth-like exoplanet transiting a M dwarf, as
expected. However, with the accumulation of several transit light
curves with LUVOIR/LUMOS, there is a visible excess absorp-
tion in the mid-transit exposures assuming that the white-light
radius of the transiting exoplanet is known perfectly; this expo-
sures are ~200 ppm for case 1 and 500 ppm for case 2, whose
values are comparable to the expected transit depth excess seen
in Fig. 5. For a reference, the precision of TESS light curves for
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bright targets (I'mag < 8) is on the order of 100 ppm (Sullivan
et al. 2015; Oelkers & Stassun 2018), which is similar to the sig-
nal we are trying to detect; thus, an extensive photometric follow-
up on Earth-sized candidates from TESS may be necessary to
obtain a precise white-light radius before attempting a Ly« trans-
mission spectrum; the satellite CHEOPS (Broeg et al. 2013) will
be a crucial instrument to obtain precise radii of exoplanets.
The Lya transit excess absorption obtained in the noise-
injected test cases is shown in Table 2. In general, we show that
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Fig. 12. Transit light curves of our test cases. The vertical dashed lines separate the different exposures (5 in total for each transit; the exposure

time for each data point is equal to the transit duration).

Table 2. Mid-transit excess absorption obtained for cases 1 and 2 using
noise-injected data based on the specifications of LUVOIR/LUMOS.

Transit excess (ppm)  # of transits

Case 1 Case 2
LUVOIR-A 220+42 535+103 10
LUVOIR-B 145+39 507 + 142 20

it is possible to perform the detections within a resonable time
investment (10-20 transits) using LUVOIR/LUMOS and obtain
a significance of 5o for a targets at 5 pc or 12 pc.

4.4. Comparison with previous studies

A recent report by Gémez de Castro et al. (2018) showed that
detecting exospheric hydrogen in terrestrial planets is feasible

for nearby M dwarf targets, provided that the telescope is large
enough (4-8 m primary mirror). Our results corroborate this
conclusion of Gémez de Castro et al. (2018), but we found that
the detectability depends not only on the telescope size and it is
also highly dependent on the intrinsic properties of the host star,
such as radius and the radial velocity difference of the system.
In fact, stars with favorable properties may allow us to search
for H-rich exospheres in a range of distances up to 20 pc (see
Sect. 5).

There are other, more direct but not necessarily more effi-
cient, ways to search for evidence of atmospheric water in
Earth-sized planets. Transmission spectroscopy using JWST?
(Greene et al. 2016) offers the most obvious choice. In particular,

8 The James Webb Space Telescope (JWST) is planned to be launched
in the early 2020s and will perform imaging and spectroscopic obser-
vations between wavelengths 0.6 yum and 30 um during a lifetime of
5-10 years.
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Barstow & Irwin (2016) showed that it is possible to detect water
in the atmospheres of some planets in the TRAPPIST-1 system
using JWST, but it would require 60 transits for a clear detec-
tion. Another strategy that may become available in the future is
high-dispersion spectroscopy coupled with high-resolution
imaging (e.g., Snellen et al. 2015; Lovis et al. 2017), but such
techniques may be limited to very nearby systems (up to only a
few pc, such as Proxima b). In addition, high-dispersion spec-
troscopy with the extremely large telescopes may provide a win-
dow to search for biosignatures, such as oxygen, in rocky nearby
planets up to several parsecs in distance (Snellen et al. 2013).

5. Targets of interest

Our results from Sects. 3 and 4 show that the best targets to
search for the signal of exospheric absorption in an Earth-like
exoplanet are small M dwarfs within ~15 pc. These limits can
be stretched or shrunk depending on the radial velocity of the
star and the HT density of the ISM in the line of sight. To date,
the nearest M dwarfs with known Earth-sized transiting plan-
ets are LHS 1140 (Dittmann et al. 2017; Ment et al. 2019) and
TRAPPIST-1 (Gillon et al. 2016, 2017). We were able to obtain
a detection in simulated data for a TRAPPIST-1-like system,
but the distance and radial velocity of LHS 1140 (15 pc and
—13.2 km s, respectively) may render the latter a difficult target
for the search of an Earth-like exosphere.

In the case of nearby solar-type stars, such as @ Cen AB and
18 Sco, the most significant barrier to perform this search is that
the inner edge of their HZ sits too far from the host star, ren-
dering orbital periods in the order of several months (Kasting
et al. 1993) and severely decreasing the transit probability of a
potential exoplanet.

More Earth-sized planets amenable to exospheric character-
ization are likely going to be discovered by TESS (Ricker et al.
2014). The mission will detect several new transiting exoplan-
ets in the solar neighborhood, particularly around M dwarfs in a
brighter regime than the Kepler and K2 missions. Based on the
Catalogue of Simulated TESS Detections (Sullivan et al. 2015),
we estimate that planets amenable to atmospheric escape detec-
tion — namely those around stars within 50 pc — will amount to
a sample of ~130 planets. Of these, ~30 will have radii between
0.7 and 1.5 Rg, of which ~10 will have a similar level of irra-
diation as the Earth. A final cut to a distance of 15 pc results
that only ~4 of these predicted transiting planets will be similar
to Earth in size and irradiation level, and viably be amenable to
exospheric characterization using LUVOIR.

In this article, we limited ourselves to consider only quiet
M dwarfs and exoplanets with an exosphere similar to the
Earth’s, which do not provide the most favorable conditions to
produce evidence for water in the lower atmosphere of a rocky
exoplanet. Other targets that can potentially be of interest are
active M dwarfs that host transiting exoplanets, which are known
to display strong Lya emission and thus would likely produce
stronger exospheric absorption signal.

Exoplanets with denser exospheres produce a stronger
absorption signal in Ly, and our simulations indicate that the
signal is proportional to the overall density of the exosphere,
as long as it remains optically thin. Although simulating atmo-
spheric escape in water-rich planets is not in the scope of our
study, we expect that such planets could have exospheres orders
of magnitude more dense than the Earth, and could be poten-
tially detectable with HST/STIS. We computed the synthetic
spectrum of the star from case 1 (see Sect. 4.3) as if observed
with HST/STIS, and produced an exosphere model with densities
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Fig. 13. Transit light curves of test case 1 with an exosphere 500 times
denser than the Earth’s. The Ly« transit excess is detected reliably
within 50 transits with HST/STIS.

500 times larger than the Earth’s to test the limit we can observe
with this instrument: our simulation indicates that a signal can be
detected with significance 40 during 50 transits with HST/STIS,
assuming that the exosphere has the same shape as the Earth’s
(see Fig. 13).

Theoretical models of planet formation predict a pathway to
form deep ocean planets, in which a significant part of their mass
(up to ~50%) is composed of water (e.g., Léger et al. 2004). Fur-
thermore, based on demographics of exoplanets observed with
Kepler, it is also possible that many small planets are dense
enough to be rocky, but may harbor thick envelopes rich in
volatiles (Rogers 2015). Such water- and volatile-rich planets are
prime targets for the search of H-rich exospheres using the UV
capabilities of HST.

6. Conclusions

Studying the upper atmospheres of extrasolar planets will be an
important tool to move forward toward understanding habitabil-
ity and planetary evolution. The region of the upper atmosphere
known as exosphere is mainly composed of neutral hydrogen that
escapes from the planet driven by the high-energy irradiation
from the host star and, for an Earth-like planet, it can be a product
of the presence of water in the lower atmosphere. In extrasolar
planets, this feature has only been confirmed for giant planets
thus far, but the Earth is known to possess its own exosphere.
In this work, we sought to investigate if it is possible to observe
the exosphere of an Earth-like planet orbiting nearby M dwarfs
using transit spectroscopy with the Ly line. To perform such
tests, we employ realistic constraints in the instrumental limita-
tions of current and future space missions, namely the HST and
LUVOIR, and the empirical model of the geocorona proposed by
Kameda et al. (2017).

The observable Ly flux of stars scales most strongly with
their distance, owing to ISM absorption in the line of sight. We
found that the intrinsic Lya flux attenuation as a function of
distance follows an exponential relation, and also depends on
the density of HI atoms in the line of sight. This relation is
useful not only to achieve our particular objectives, but also to
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estimate the observed Lya flux in any star in the solar neigh-
borhood. Further, we obtained several relations between the
excess absorption caused by a transiting exosphere during the
mid-transit of an Earth-like planet. These relations are complex
because they depend on the difference between the radial veloc-
ity of the star and that of the ISM in the line of sight, and also on
the instrumental setup.

We presented an extensive and detailed discussion on
the observational strategies necessary to perform the above-
mentioned detection in Sect. 4, which we summarize below:

— The space telescope LUVOIR will be able to characterize
exospheres in Earth-like planets using the LUMOS spectro-
graph. The number of transits necessary to obtain a reliable
detection varies strongly depending on the target, but we can
set a flexible limit at distances up to 15 pc for 30 transits.
The astrophysical background contamination will not be a
limitation for nearby targets, neither will the Earth’s own
exosphere.

— We analyzed two test cases with noise-injected, simulated
data: case 1 had R = 020 Ry, d = 5 pc and AV =
—30 km s7!; for case 2, we used a system similar to
TRAPPIST-1, in which R = 0.12 Ry, d = 10 pc and AV =
—55 km s~!. In both cases, even though they did not involve
the most favorable conditions, we obtained reliable detec-
tions within 10 (20) transits with LUVOIR-A (-B).

— Although an Earth-like exosphere is not observable in Lya
spectroscopy with HST/STIS, we were able to obtain a reli-
able detection using noise-injected data in the case of an
exosphere 500 times more dense in 50 transits with this
instrument, for a target at a distance of 5 pc.

The nearest M dwarf with transiting planets is TRAPPIST-1, and
its distance of 12 pc renders it a clear target for Ly transmission
spectroscopy with LUVOIR/LUMOS. LHS 1140, another nearby
M dwarf that hosts transiting planets is a more challenging tar-
get owing to its unfavorable radial velocity. We did not consider
active M dwarfs in this study but, owing to their stronger Lya
emission than inactive M dwarfs, they likely have more extended
limits in distance than inactive M dwarfs. The TESS mission
will expand the search for transiting planets around nearby M
dwarfs to the whole sky, which will likely yield more viable
targets for atmospheric escape characterization. Future stud-
ies in this direction will benefit from performing simulations
of neutral hydrogen exospheres (e.g., using the EVE models;
Bourrier & Lecavelier des Etangs 2013; Bourrier et al. 2016)
around rocky planets with denser atmospheres (such as ocean
or steam worlds) orbiting M dwarfs; these stars have a more
intense high-energy output than Sun-like stars and likely pro-
duce denser exospheres and are shaped into comet-like tails by
radiation pressure, increasing detectability.
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Chapter 5
Conclusions

““ The mind is a strange and wonderful thing. I'm not sure it’ll ever be able to
figure itself out. Everything else maybe, from the atom to the universe, everything

: ”
except itself.

Daniel Mainwaring

The idea of a planet losing its atmosphere to space started as a proposal that had fallen
between the cracks in the archives of the Royal Society of London, only to be published in
late 19th Century [188]. What started as a modest hypothesis based on the kinetic theory of
gas is today on the bleeding edge of our understanding of how extra-solar planets evolve
[e.g., 141, 10]. Some of the most capable instruments available to astronomers today are
used to measure atmospheric escape and put our hypotheses to test. And yet, we have just
barely started uncovering the physics behind the evolution of exoplanets, their atmospheres,
and their habitability.

5.1 Summary

There are many challenges involved in studies of atmospheric escape. On the observational
side, exoplanetary atmospheres absorb a vanishingly small fraction of stellar light when
they pass in front of their host stars, limiting transmission spectroscopy feasible to only
the most sensitive instruments. In the ultraviolet, our instruments are only capable to reach
precisions in the order of a few percent, so we can only observe atmospheric signatures
stronger than this limit. Due to many favorable conditions, warm Neptunes are likely to
remain a sweet spot for atmospheric escape observations. However, our observations of hot

gas giants and sub-Neptunes has yielded non-detections and a tentative detection. If anything,
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we demonstrate that even with the most capable instruments currently available to us, and
coupled with our most well-crafted data reduction and analysis pipelines, the detection of
atmospheric escape is still a challenging feat.

We attempted to detect the escape of metals in the hot Saturn WASP-29 b and the warm
Neptune GJ 436 b in the HST PanCET program. Such a detection of exospheric metals would
be the smoking-gun evidence for hydrodynamic escape in sub-Jovian planets. In the case of
WASP-29 b, the distance of the host star (88 pc) is the main limitation to UV observations,
since the stellar flux decreases with the square of distance. We were only able to put upper
limits of planetary absorption due to exospheric metals. Furthermore, the faint UV fluxes
indicate that WASP-29 is a likely a quiet, old star. Using an energy-limited approach, we
estimate that the total mass-loss rate of WASP-29 b is 4 x 10° g s~!. The non-detection of
atomic H absorption coupled with the reconstructed Lyman- profile of the host star suggests
that WASP-29 b is in a regime of strong radiative blow-out, which quickly accelerate atomic
H particles away from the planet.

Despite being the most extensively observed warm Neptune with HST, GJ 436 b does
not display significant in-transit absorption by metallic ions in its exosphere. It is possible
that either this planet is not in a regime of hydrodynamic escape, that the rate of escape of
metallic ions is not large enough to produce detectable signatures, or that the structure of
the exosphere make the signal undetectable. On the other hand, this extensive campaign did
allow us to observe, for the first time, the UV activity modulations and cycles of a quiet M
dwarf.

We utilized, for the first time, the Phoenix spectrograph installed in the Gemini South
telescope to search for He in the upper atmosphere of the inflated hot Jupiter WASP-127 b.
At the time of publication, Phoenix was the only spectrograph in the Southern Hemisphere
capable of such a measurement; however, the instrument has recently been retired. We found
that the transmission spectrum of WASP-127 b rules out a signal as strong as that observed
for WASP-107 b. The host, WASP-127, is an old, inactive G-type star, which explains the
non-detection: we showed in this manuscript that this host’s radiation cannot populate the
upper atmosphere of WASP-127 b with metastable He using a Parker wind model.

Finally, we reported on the Lyman-¢& transmission spectrum of the temperate mini-
Neptune K2-18 b. This is a challenging dataset to analyze, due to the low fluxes of the M
dwarf host star and the strong instrumental contamination by background counts. Despite
this challenge, we obtained a promising tentative detection of planetary absorption, further
pushing the idea that mildly irradiated planets with H-He atmospheres are the best targets for

atmospheric escape observations in Lyman-o.
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The challenge does not end there. For Earth-like planets, we have shown that detecting
their H-rich exospheres is going to take more than the HST and its UV instruments are
capable of performing currently. A LUVOIR-class telescope with updated instruments and
higher collecting area will be necessary to measure their upper atmospheres. But such a
detection is one of the tools available to infer about the habitability of an exoplanet, since the

Earth has a unique exosphere compared to other planets in the Solar System.

5.2 Future prospects

From a pragmatic point of view, the Hubble Space Telescope remains the only instrument
currently available to observe the Lyman- line in the ultraviolet, but it is also one of the
most oversubscribed telescopes and it has a limited lifetime. Since observing exoplane-
tary transits involve long time series and ideally multiple epochs, availability of telescope
time has been the main bottleneck to test hypothesis about atmospheric escape. The most
promising avenue to guarantee our ability to study the evolution of atmospheres in exoplanets
is to have dedicated missions and instruments that are capable of minimally-interrupted
observations. Similar endeavors, such as the ESPRESSO and CARMENES spectrographs,
and the CHEOPS satellite, have already been extremely fruitful in yielding discoveries that
further our understanding of atmospheres in distant worlds. Fortunately, there are a few
UV-dedicated missions that make a crucial promise, such as the CUTE satellite [57] and the
UV-Scope concept [164].

As for my next steps, I intend on conducting large-scale surveys on the high-energy
environment of planet-hosting stars aiming to understand the role of this aspect in the
evolution of planets young and old. In 2020, we observed one transit of the 45 Myr-old
Neptune DS Tuc A b with HST to measure its Lyman-« transit spectrum. Our objective is
to put constraints on the atmospheric escape rate of this planet at the earliest stages of its
life, which will be informative to understand how it evolves. Recently, we obtained another
program with HST to observe two more visits of DS Tuc A b to provide a better coverage
of the transit. Furthermore, I am part of a collaboration to observe escape of He in young
planets using the Keck/NIRSPEC instrument (PIs: M. Alam, L. A. Dos Santos, J. Kirk). This
dataset is currently being analyzed, and we plan on publishing our results soon. Finally, I am
also the PI of a new observing program with HST to observe hydrodynamic escape in the
ultra-hot Jupiter WASP-76 b.

I also plan on continuing the campaign to measure the H-rich exosphere of K2-18 b and
to confirm (or demote) the tentative signal we have recently detected. I will propose further
observations of ultrahot Jupiters using the UV capabilities of HST to detect and study the
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escape of metals in these planets. I will expand my research to understand the impact of
high-energy irradiation in the optical and IR transmission spectra of exoplanets using the
James Webb Space Telescope. On the theoretical front, I intend on further developing the
p-winds code to implement a tridimensional treatment of escape of He, as well as using
it to interpret archived and future observations of upper atmospheres. Finally, I will also
implement the escape of metals in the code to allow us to interpret observations of such
species using HST.

All of these projects will pave the way towards the ultimate goal of my research: to use
our most advanced space-based facility, LUVOIR, to observe the atmosphere of an Earth-like

exoplanet from ultraviolet to infrared, and understand its evolution.
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Appendix A

p-winds: An open-source tool to model
upper atmospheres

I developed the open source Python code p-winds with the objective of supplying the
community with an easy-to-use tool to predict and interpret signatures of atmospheric
escape in transiting exoplanets. The following manuscript was submitted for publication to
Astronomy & Astrophysics in August 2021.
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ABSTRACT

Atmospheric escape is considered to be one of the main channels for evolution in sub-Jovian planets, particularly in their early lives.
While there are several hypotheses proposed to explain escape in exoplanets, testing them with atmospheric observations remains a
challenge. In this context, high-resolution transmission spectroscopy of transiting exoplanets for the metastable helium triplet (He 23S)
at 1 083 nm has emerged as a reliable technique to observe and measure escape. To aid in the prediction and interpretation of metastable
He transmission spectroscopy observations, we developed the code p-winds. This is an open-source, fully documented, scalable
Python implementation of the one-dimensional Parker wind model for upper atmospheres coupled with H and He ionization balance,
ray-tracing, and radiative transfer routines. We demonstrate an atmospheric retrieval by fitting p-winds models to the observed
metastable He transmission spectrum of the warm Neptune HAT-P-11 b, and take into account the variation of the in-transit absorption
caused by transit geometry. For this planet, our best fit yields a total atmospheric escape rate of approximately 3.6 x 10'° g s7! and
wind temperature of 6600 K. The retrieved total escape rate is mostly insensitive to the H/He fraction when we allow the latter as a
free parameter, but the resulting posterior of the fit shows a preference for H/He > 0.96. The stellar host limb darkening does not have
a significant impact in the retrieved escape rate or wind temperature for HAT-P-11 b. Based on the non-detection of escaping He for
GJ 436 b, we are able to rule out total escape rates higher than 8.9 x 10° g s at 99.7% (30-) confidence, and show that the retrieval
favors high values of H/He.

Key words. Methods: numerical — Planets and satellites: atmospheres

1. Introduction and motivation

The evolution of short-period exoplanets is thought to be dictated
by atmospheric escape. This conclusion is supported by two dif-
ferent approaches: 1) the detection of planetary winds and large
escape rates in hot exoplanets (e.g., Vidal-Madjar et al. 2003;
Ehrenreich et al. 2015; Bourrier et al. 2018), and ii) the obser-
vation of demographic features possibly carved by atmospheric
escape in the population of Neptunes and super-Earths (Beaugé
& Nesvorny 2013; Owen & Wu 2013; Mazeh et al. 2016; Fulton
et al. 2017; Fulton & Petigura 2018; Hardegree-Ullman et al.
2020). These discoveries have led the community to attempt
combining the theoretical descriptions of escape based on de-
mographic features to predict observable atmospheric signatures
in transiting exoplanets (e.g., Lecavelier Des Etangs 2007; Salz
et al. 2016; King et al. 2019; Carolan et al. 2020). This experi-
ment has been challenging, mainly because of limitations in our
instruments and our theories (e.g., Cubillos et al. 2017; Kasper
et al. 2020; Gaidos et al. 2020; Bean et al. 2021).

* The source code can be freely obtained in https://github.com/
ladsantos/p-winds. Documentation, installation instructions, and
tutorials are available in https://p-winds.readthedocs.io/. Con-
tributions to the project are welcome.

There are four known spectroscopic windows to observe at-
mospheric escape: the Lyman-a line at 121.57 nm (Vidal-Madjar
et al. 2003), metallic chromospheric lines and continuum in the
ultraviolet (Fossati et al. 2010; Sing et al. 2019), the metastable
helium triplet at 1083 nm (Seager & Sasselov 2000; Oklopci¢
& Hirata 2018), and the Balmer series of H lines in blue-optical
(Jensen et al. 2012; Wyttenbach et al. 2020). Each one of them
has its own set of challenges. While UV observations have clas-
sically been used to this end with a variable degree of success
(e.g., Lecavelier des Etangs et al. 2010; Fossati et al. 2010;
Vidal-Madjar et al. 2013; Waalkes et al. 2019; Dos Santos et al.
2020b, 2021; Bourrier et al. 2021; Garcia Muiioz et al. 2021),
they are particularly complicated because only the Hubble Space
Telescope (HST) can access this wavelength range at high spec-
tral resolution; in addition, cool stars usually do not have UV
continuum, limiting transmission spectroscopy only to chromo-
spheric or transition-region emission lines whose count rates are
very low (Bourrier et al. 2017; Dos Santos et al. 2019).

Of these techniques, He transmission spectroscopy has been
shown to be reliable and attainable using ground- and space-
based instruments (Spake et al. 2018; Allart et al. 2018). This
spectral channel is not photon-starved and is devoid of interstel-
lar medium absorption (Indriolo et al. 2009), the main limitations
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of Lyman-a spectroscopy. The disadvantage is that the forma-
tion of metastable He in the upper atmospheres of exoplanets de-
pends on a specific level of irradiation arriving at the planet (e.g.,
Nortmann et al. 2018; Oklopci¢ 2019; Dos Santos et al. 2020a).
Nevertheless, He spectroscopy has the potential to become the
main technique of atmospheric escape observations (Allart et al.
2019; Alonso-Floriano et al. 2019; Kirk et al. 2020; Vissapra-
gada et al. 2020; Lampén et al. 2021; Paragas et al. 2021).

Upper atmospheres extend to several planetary radii, and can
dwarf the size of planet-hosting stars depending on the properties
of the system (e.g., Chamberlain 1963; Chaffin et al. 2015; Lavie
et al. 2017; Kameda et al. 2017; Bourrier et al. 2018). For this
reason, when observing the upper atmospheres of exoplanets, the
transit geometry can have important effects in the interpretation
of the data. For example, if a transiting planet has a non-zero
impact parameter, a large portion of its exosphere may not tran-
sit and does not contribute to the observed in-transit absorption.
Furthermore, a more subtle effect in time-series analysis of trans-
mission spectroscopy is the dilution of a planetary absorption
signal when the data are co-added in phase space. Since upper
atmospheres are extended, the in-transit absorption is variable
with time. This variability dilutes the in-transit absorption be-
cause time-series of transmission spectra are co-added in phase
space to improve the signal-to-noise ratio of the combined trans-
mission spectrum (e.g., Wyttenbach et al. 2015).

There are currently no publicly available tools to predict
and interpret metastable He transmission spectroscopy. Consid-
ering that there is a broad interest of the community in these
observations, we developed p-winds, an open-source, fully-
documented Python implementation of the one-dimensional,
isothermal Parker wind description (Parker 1958) to model exo-
planet atmospheres. This code is timely because many datasets
used to study metastable He spectroscopy have recently become
public. Furthermore, an open-source implementation allows for
independent verification of results as well as community contri-
butions to the code. p-winds implements limb-darkening and
a ray-tracing algorithm that allows the user to change the tran-
sit geometry (namely the transit impact parameter and phase in
relation to mid-transit).

In this manuscript we describe the overarching implemen-
tation of p-winds, discuss the design decisions, and illustrate
the usage of the code. In Sect. 2 we describe the several mod-
ules implemented in the code to forward model the metastable
He signature in a transiting exoplanet; in Sect. 3 we present case
studies of the warm Neptunes HAT-P-11 b and GJ 436 b and
their corresponding atmospheric escape rates retrieved by fitting
p-winds models to observations; and in Sect. 4 we discuss the
conclusions of this work.

2. Methods

The code p-winds is largely based on the formulations of Ok-
lopci¢ & Hirata (2018) and Lampén et al. (2020). In its current
version, the code has four core modules (and two support mod-
ules) to model the upper atmospheres and ionization balance of
H and He around planetary bodies, which we describe below.
In principle, these modules can be used independently of each
other depending on the objective of the user. The code to repro-
duce the examples shown in this Section can be obtained via the
p-winds documentation.
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2.1. The parker module

The parker module calculates the structure of the upper atmo-
sphere following the theoretical description of the solar wind
by Parker (1958). In this model, a steady-state, spherically-
symmetric wind follows the equation of mass conservation:

M = 4ﬂr2p(r)v(r), (D

where M is the mass loss rate, r is the radius, p is the gas density,
and v is the wind velocity. This model also follows the steady-
state momentum equation:

d GM
yAv  Ldp  GMy
dr

=0, 2
pdr r? @
where G is the gravitational constant, p is the thermal pressure
and My, is the planetary mass. The isothermal Parker wind model
assumes that the sound speed vy is constant in the upper atmo-
sphere, allowing for a significant simplification of the problem:

kTy
vS = - b
Hnp

where T is the gas temperature (assumed to be constant), m,, is
the mass of a proton, and yu is the mean molecular weight. We
calculate u as:

(€)

p= Y ithy = T and £, =

L+y+ fion ny ny
where ny is the number density of species X. For clarity, we note
that nyg = nge +np+ and nge = nyge 115 (singlet) + nye 235 (triplet) +
npe+. We assume that the electrons coming from He ionization
do not significantly contribute to changes in u. According to Ok-
lopc¢i¢ & Hirata (2018), who also make this same assumption,
including electrons from He ionization increases their number
density by up to ~10%.

It is convenient to normalize the radii, velocities and densi-
ties to, respectively, the radius at the sonic point (ry), the constant
speed of sound, and the density at the sonic point (ps). Based
on the formulation of Lamers & Cassinelli (1999), the resulting
equations describing the radial profiles of velocity and density
are:

“)

i —5(n?] (1Y 3

v(r)exp[ > ]— (;) exp ~3 + 7 and 5)
o 2 3 9

P(V)—CXP[;—E—g}, (6)

where 7, ¥, and p are the normalized radial distance, velocity, and
density, respectively.

Calculating the structure of the upper atmosphere requires
the planetary parameters as input, as well as values for the at-
mospheric temperature and escape rate; the latter two are free
parameters in the Parker wind model. Eq. 5 is transcendental,
and requires a numerical approach to determine its solutions. To
this end, we utilize a Newton-Raphson method implemented in
scipy.optimize, which requires an initial guess for the opti-
mization. Eq. 5 has many solutions, but we are only interested in
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Fig. 1. One-dimensional structure of the upper atmosphere of the hot
Jupiter HD 209458 b computed with p-winds (continuous curves). Ve-
locities are shown in blue, and densities in orange. For comparison, we
also plot a model for the same planet computed self-consistently using
the formulation of Allan & Vidotto (2019) as dashed curves. The circles
mark the sonic point.

the solution that represents an escaping atmosphere, i.e., a tran-
sonic solution. In order to guarantee we converge to the correct
solution, we enforce that the initial guess is below (above) the
speed of sound when calculating the velocities below (above)
the sonic point. The end product of the parker module is the
structure of the upper atmosphere from equations 5 and 6.

As an example, we calculated the structure of the upper at-
mosphere of the hot Jupiter HD 209458 b and the result is shown
in Fig. 1. The ion fraction of H, which is important to deter-
mine the mean molecular weight and hence the location of the
sonic point, was calculated self-consistently using the hydrogen
module (Sect. 2.2). We compare the structure computed with
p-winds (continuous curves) with a one-dimensional model of
the same planet calculated self-consistently using the formula-
tion of Allan & Vidotto (2019, dashed curves). In order to be
comparable, the p-winds model was computed using the same
mass loss rate, average wind temperature, and H/He fraction
(which are free parameters in our model) as the self-consistent
model. By a factor of a few, the isothermal Parker wind predicts
densities larger than the self-consistent model, and lower veloc-
ities; furthermore, the former predicts a sonic point two times
farther than the latter.

Naturally, a one-dimensional model does not capture outflow
asymmetries that are sometimes observed in Lyman-« transit
spectroscopy (e.g., Lecavelier des Etangs et al. 2010; Lavie et al.
2017; Bourrier et al. 2018). More complex, three-dimensional
models are necessary to completely describe these features (e.g.,
Bourrier et al. 2016; Villarreal D’ Angelo et al. 2021; Wang &
Dai 2021a,b). Simple one-dimensional models are nevertheless
able to retrieve atmospheric escape parameters when the outflow
is mostly located along the line connecting the star to the planet
(e.g., Lampén et al. 2020, 2021), beyond which the escaping ma-
terial starts to become susceptible to acceleration by radiation
pressure and interaction with the stellar wind. Models that are
faster to calculate are also useful when there is a need to explore
a large parameter space, which is what we discuss in Sect. 3 and
in an upcoming manuscript (Vissapragada et al., in prep.).

2.2. The hydrogen module

The hydrogen module calculates the steady-state distribution of
neutral and ionized H in the upper atmosphere. The quantity of
interest here is fion, Whose radial profile is described by source

and sink terms. In our case, the source of H ions is (photo-) ion-
ization by high-energy photons, and the sink is recombination
into neutral atoms. This radial distribution can be calculated with
the following differential equation:

d ion 1- ion - 1
f = f Qe 70 — effma'rec.

_ 7
dr v (1 +4y)mpy v @

The velocities v and densities p are calculated using the mod-
ule parker. Eq. 7 has three factors that warrant an in-depth ex-
planation:

— @ is the hydrogen photoionization rate at null optical depth,
calculated as:

Ao /l
R ®)
0 he

where Ay is the wavelength corresponding to the ionization
energy of H (911.65 A) and f; is the flux density (in units
of energy - time™!- area™!- wavelength™!) arriving at the top
of the atmosphere. o, is the photoionization cross-section,
which we calculate in the support module microphysics,
following Eq. 10 in Oklop¢i¢ & Hirata (2018), which is
based on Osterbrock & Ferland (2006).

— 719 is the optical depth due to neutral H (based on Eq. 11 of
Oklopci¢ & Hirata 2018):

1

- 9
(1 +4y)mpy ©)

To

. f (1 = foon) p(P)dr,

where o is the flux-averaged photoionization cross-section
of H:

foﬂo F)O',ld/l

; (10)
i Fada

gp =

— Qe 18 the case-B H recombination rate at a given tempera-
ture (Osterbrock & Ferland 2006; Tripathi et al. 2015), cal-
culated as:

-0.7
Qe = 2.59 x 10713 (E) cm® 57!,

10* an

As seen in Eq. 9, 79 depends on f,o,, which is what we want
to calculate in the first place. However, the optical depth depends
more strongly on the densities of H than the ion fraction. So in-
stead of solving a system of coupled non-linear differential equa-
tions, a first solution can be achieved by assuming that the whole
atmosphere is neutral at first. Later, we relax this assumption by
recalculating the 1 and fi,, profiles iteratively until convergence
is achieved (the user can define the convergence criterion).

We solve Eq. 7 using solve_ivp, an explicit Runge-
Kutta integrator of hybrid 4th and 5th orders implemented in
scipy.integrate. The user inputs an initial guess for fio, at
the innermost layer of the upper atmosphere. The code also takes
as input the stellar host spectrum arriving at the planet, or the
monochromatic flux between 0 and 911.65 A, and the planetary
parameters. The solution for the H distribution in 500 points in-
cluding the relaxation takes approximately 400 ms on a CPU
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Fig. 2. Neutral H fraction in the upper atmosphere of the hot Jupiter
HD 209458 b computed with p-winds for the same setup from Sect.
2.1 (continuous curve). We also show the neutral fraction calculated
with a self-consistent escape model for comparison (dashed curve).

with frequency 3.1 GHz and four computing threads. Continu-
ing the example for HD 209458 b from Sect. 2.1, we calculated
the ion and neutral fraction of H in the upper atmosphere, and
the resulting distribution is shown in Fig. 2 (continuous curve).
We compare this result with the ion fraction calculated with the
self-consistent escape model from Sect. 2.1 (dashed curve); in
order to be comparable, both models are calculated assuming an
impinging XUV monochromatic flux of 450 erg s~' cm™2. The
p-winds model overpredicts the ion fraction by a factor of a few
when compared to the self-consistent model, likely because of
the larger densities (see Fig. 1), which increase the optical depth
of the atmosphere to ionizing irradiation.

2.3. The helium module

The helium module calculates the steady-state distribution of
neutral singlet, neutral triplet, and ionized He in the upper atmo-
sphere. The quantities of interest here are f; = ny.15/nye and
f3 = nyes/nue. The radial profiles df;/dr and df;/dr are de-
scribed by a coupled system of differential equations with source
and sink terms:

{dfl /dr = sources; + sinks; (12)

dfs/dr = sourcess + sinks;

We refer the reader to Oklopc¢i¢ & Hirata (2018) and Table 2 of
Lampon et al. (2020) for detailed equations of all the source and
sink terms for He!. In our code we do include the He charge
exchange terms pointed out by Lampoén et al. (2020).

We assume that the distribution of He does not significantly
change the structure of the upper atmosphere. This allows us to
decouple the helium module from the parker and hydrogen
modules. This is advantageous because the user can enter as in-
put a H structure that was calculated by more complex and self-
consistent models than the one of Parker (1958).

The procedure to solve the distribution of He (Eq. 12) is sim-
ilar to that for H. The user inputs an initial guess for f; and f; at
the innermost atmospheric layer, the stellar host spectrum from 0
to 2600 A (or monochromatic fluxes in the bands 0-1200 A and
1200-2600 A), the structure of the upper atmosphere (profiles of

! We note that, in Table 2 of Lampén et al. (2020), the units for the
recombination and collisional processes is cm®s~!, and not cm™ s™! as

the authors list in their manuscript.

Article number, page 4 of 12

1010

—— He singlet
He triplet
—— He ionized

108

106

104

102

Number density (cm~3)

10°

1072
1 2 3 4 5 6 7 8 9 10
Radius (Rp)

Fig. 3. Distribution of He in the upper atmosphere of HD 209458 b cal-
culated with p-winds assuming the same input parameters as Oklop¢i¢
& Hirata (2018).

density and velocity), and the planetary parameters. It is impor-
tant to emphasize that neutral H also contributes to the optical
depth between wavelengths 0-911 A, attenuating the amount of
high-energy flux that ionizes and populates the He levels. The
code takes this contribution into account, as in Oklop¢i¢ & Hi-
rata (2018).

Initially, the code assumes that the entire upper atmosphere
has constant f; and f3, and then a first solution is obtained using
odeint?, a Python wrapper for the LSODA solver from the For-
tran library odepack implemented in scipy.integrate. This
solution is then relaxed by updating the optical depths, f; and f;
iteratively until convergence is achieved. The solution can, how-
ever, become numerically unstable for large density gradients,
which can sometimes happen near the R = 1 Rp,;. A practical
workaround is to establish a cutoff near 1 R, that removes this
large density gradient and ignore this layer of the atmosphere in
the modeling.

We show the distribution of He in the upper atmosphere
of HD 209458 b calculated as described above in Fig. 3. For
comparison purposes, this time we assumed a model with the
same input parameters as the one described in Oklopci¢ & Hirata
(2018, namely an escape rate of 8 x 10'° g s~!, a temperature of
9000 K, a H/He fraction of 0.9, and a solar irradiating spectrum).
Our results match the models of Oklopci¢ & Hirata, as seen in
Fig. 3 of their publication. The solution for the He distribution
in 500 points including the relaxation takes approximately 2.5 s
on a CPU with frequency 3.1 GHz and four computing threads.
This is the main computational bottleneck of the p-winds code.

2.4. The transit module

The transit module has two independent functions that can
be used to calculate the spectral signatures of the upper atmo-
sphere in transmission. The first function, draw_transit, cal-
culates two-dimensional intensity maps containing the host star
and a transiting planet at a user-defined phase and impact param-
eter. The one-dimensional profiles of metastable He volumetric
densities are required to calculate the two-dimensional array of
column densities mapped to the same geometry as the transit.

2 When calculating the steady-state distribution of He, we opt to use
odeint instead of solve_ivp in this case because the first is more
stable and 2.6 times faster than the second. solve_ivp is faster than
odeint when solving the distribution of H.
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The output intensity map is normalized in a way that the disk-
averaged stellar intensity is 1.0 when the planet is out of transit.
Optionally, the user can also input a limb-darkening law.

The most important function in this module is
radiative_transfer_2d which, as the name implies,
calculates the in-transit absorption spectrum caused by the
opaque disk of the planet and its upper atmosphere. In each cell
of the 2-D transit mapped by the ij indexes, the resulting atten-
uated intensity I,-_,~(v)3 of the stellar light caused by absorption of
He in the upper atmosphere is given by:

1;j(v) = I;j 0(v) exp (=Tij He)> (13)
where [;; o(v) is the intensity emerging from the host star before
filtering through the atmosphere and 7;; ye is the optical depth
due to metastable He. /;;(v) is set to zero in the cells correspond-
ing to the opaque disk of the planet. From here onwards, we shall
drop the ij indexes for the sake of brevity, but the reader should
implicitly assume that the radiative transfer is carried out cell-
by-cell in the transit map. Formally, the optical depth is given
by:

Rﬂ"“
e = f 04(2) e e @) 2, (14)

_Ralm

where ¢, is the Voigt profile and oy, is the cross-section of
metastable helium lines near 1.083 um. Following Oklopci¢ &
Hirata (2018) (see also, e.g., Allan & Vidotto 2019), the He
cross-section is calculated as:

7'1'62

/s s5)

OHe =
meC

where f is the oscillator strength of the transition, e is the elec-

tron charge, and m, is the electron mass. This formula is only

valid in the Gaussian-cgs unit system, where e is given in units

of esu or statC; see, for example, Koskinen et al. (2010) for a

formula that can be used in other unit systems.

The Voigt profile ¢, is calculated using the voigt_profile
implementation of scipy.special, which takes two parame-
ters: the Gaussian (in our case Doppler) half-width at half maxi-
mum (HWHM) and the Lorentzian HWHM. Similar to Oklopci¢
& Hirata (2018), the Gaussian HWHM « is calculated as:

L% [2@ksT
B C MYye ’

where my. is the mass of a He atom, T is the temperature of the
gas, vy is the central frequency of the transition. The Lorenzian
HWHM is y = A;;j/4n, where A;; is the Einstein coefficient of
the transition. We took the properties of the metastable He tran-
sitions near 1.083 um from the NIST database®, and list them in
Table 1.

In reality, ¢, depends on the three-dimensional position in
relation to the planet because each position has a different line-
of-sight velocity, which broadens the absorption line. Thus, the

(16)

3 The radiative transfer routine uses input in wavelength space, but the
actual calculations are performed in frequency space for code clarity
and brevity. The grid size is defined by the user.

4 https://www.nist.gov/pml/atomic-spectra-database.

Table 1. Spectral line properties of the metastable He triplet in the near-
infrared.

Upper level J (nm,/li(;l air) (;4_’{ ) f
0 1082.909 1.0216 x 107  5.9902 x 1072
1 1083.025 1.0216 x 107  1.7974 x 107!
2 1083.034 1.0216 x 107  2.9958 x 10!

formal calculation of the Voigt profile is performed for each pen-
cil of light between the star and the observer. In a given position
z along the pencil, the line-of-sight velocity vios in function of
distance r from the planet center is calculated using the formu-
lation of Seidel et al. (2020):

22

veos(M)] = [Vyerl —,
| LOS( )l | verl m
where vy, is the outflow velocity obtained from the Parker wind
model.

This calculation has to be performed for three spectral lines,
and it adds an extra dimension for wavelength. For these rea-
sons, the formal calculation of ¢, taking into account all the four
dimensions is computationally costly. In order to accelerate the
radiative transfer, instead of calculating the Parker wind broad-
ening in full dimensionality, we can optionally assume that it
contributes to the Gaussian broadening term of the Voigt profile
uniformly through the line of sight. With the dependence on the
z-axis dropped, we can remove ¢, from the integrand in Eq. 14,
yielding:

a7)

THe = ¥v UHe f nHe(2) dz = ®y OHe MHe>» (18)
_Ra(m

where 7y, is the column density of He. In order to validate this
approximation, we need to assume that the Gaussian wind broad-
ening has a constant velocity v,, in the line of sight, and add it in
quadrature to the square-velocity term of Eq. 16, yielding:

N _ 21n(2)kBT+v2
approx = —mHe we

There are two ways to calculate v,,. The first option is to
compute it as the density-weighted average of v| og:

19)

Rslm
Iy " vios(r) nue(r) dr

b metry dr

The second option is to calculate it as the turbulent velocity,
which is the strategy adopted by Lampodn et al. (2020):

vy = 5kpT /(Bmye).

We assess the validity of the assumption we made above in
Fig. 4, where we calculated the metastable He transmission spec-
trum of HD 209458 b using the three different wind broaden-
ing implementations. The average velocity method produces the
most accurate approximation to the formal calculation compared
to the turbulent broadening and it is one order of magnitude

Vy =

(20)

21
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Fig. 4. Comparison of the spectral line broadening in the He triplet lines
using three different methods: formal definition of the optical depth
(black), density-weighted average velocity broadening (red), and tur-
bulent broadening (orange).

faster in computation time than the formal method. p-winds al-
lows the user to decide on which method to calculate the Voigt
profile: the formal calculation (Eqgs. 13 and 14), the density-
weighted average broadening parameter (Egs. 18, 19, and 20),
and the turbulent broadening (Egs. 18, 19, and 21). This is done
with the optional parameter wind_broadening_method when
calling the radiative_transfer_2d function; the default is
the density-weighted average velocity implementation, which is
a good compromise of speed and accuracy.

We emphasize that, at this point, we are only producing a
forward model and not making an attempt to fit it to actual ex-
isting observations of this planet (e.g., Lampon et al. 2020). The
results we obtain from the example of HD 209458 b through-
out this Section, from the Parker wind structure to the predicted
metastable He transmission spectrum, are consistent with those
obtained by Oklopcié¢ & Hirata (2018).

2.5. Dillution of the transit signature

Usually, the absorption of light by upper atmospheres in tran-
siting exoplanets is in the order of several percent or less in a
narrow bandpass. Thus, transmission spectroscopy observations
sometimes rely on averaging time series in phase-space to build
enough signal to noise and produce a detectable signal. How-
ever, upper atmospheres are so extended that the in-transit ab-
sorption signature is variable with phase, and phase-averaging
them dilutes the observed signature (see Fig. 5). In addition, in-
homogeneities in the stellar surface, such as limb darkening, may
become important.

Previous 1-D descriptions of the metastable He transmission
spectrum did not take into account the transit geometry, phase-
averaging, and limb darkening. The p-winds code allows the
user to set the transit impact parameter, phase in relation to the
first and fourth contacts, and set a limb-darkening law. To this
end, we utilize the auxiliary open-source code flatstar’ to
simulate transit grids (see a brief description in Appendix A).
In the current implementation, this transit grid only allows for
circular orbits and it neglects the curvature of the transit chord.

5> The code is freely available in https://flatstar.readthedocs.
io.
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Fig. 5. Metastable He transmission spectrum of HD 209458 b for
uniformly-sampled phases and transit impact parameter b = 0.499. The
baseline (R, /R,)? was removed, as in actual ground-based observations.
Lighter colors represent phases near the first/fourth contact, and darker
colors represent phases near the transit center. The dashed red spectrum
is the average of all phases.

3. Atmospheric escape retrievals

We further benchmark the code p-winds by performing re-
trievals of the atmospheric escape rate, temperature, line-of-sight
bulk velocity, and the H/He fraction of the warm Neptunes HAT-
P-11 b and GJ 436 b. Both planets were observed in transmis-
sion spectroscopy by the CARMENES spectrograph, but only
the first had a strong in-transit signal and the second had only a
non-detection. For the latter, we attempt to fit upper/lower limits
of the atmospheric escape rate and outflow temperature.

3.1. Fitting the He signature of HAT-P-11 b

The metastable He signature of HAT-P-11 b was measured with
the CARMENES spectrograph installed in the 3.5 m telescope at
the Calar Alto Observatory (Allart et al. 2018). The transmission
spectrum is openly available in the DACE platform®. The central
wavelengths of the metastable He transitions retrieved from the
NIST database are listed as measured in air, but the wavelengths
of the CARMENES spectrum are in vacuum. We convert the
wavelengths of the latter to in-air using the following formula
(Morton 2000, IAU standard):

ﬂair = /lvacuum/n with
002406147  0.00015998
— 1 +0.0000834254 d
e T T30-2 T ago_g2

§ = 104//lvacuum~

(22)

In general, we fit three free parameters: the atmospheric es-
cape rate 1, the upper atmosphere temperature 7', and the bulk
line-of-sight velocity vpyx of the upper atmosphere. It is also
possible to run fits with additional parameters (such as the H/He
fraction). The fit is performed by maximizing the likelihood # of
a given transmission spectrum model Fpoqe) to represent the ob-

% https://dace.unige.ch/openData/
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served transmission spectrum F. Such a log-likelihood is given
by:

(Fn - Fmodel)2
o

InP(FIA, o, p) = —% Z +1n (2mr,3)], (23)

where n stands for a given bin of the spectrum, o is the uncer-
tainty of the measurement, and p is the vector containing the free
parameters. To determine the uncertainties of the fit, we use the
Markov chain Monte Carlo (MCMC) ensemble sampler emcee
(Foreman-Mackey et al. 2013). The uncertainties we report here
represent the confidence interval that encompasses the 16th to
the 84th percentile of the posterior distribution of the free pa-
rameters.

For HAT-P-11 b, we ran in total four different models: (1)
No limb darkening, H/He number fraction fixed to 0.90; (2)
a quadratic limb-darkening law with coefficients ¢; = 0.63
and ¢ = 0.09 (Sing 2010), H/He number fraction fixed to
0.90; (3) no limb darkening, H/He as a free parameter with
an uniform prior of [0.80, 0.99]; and (4) same as (1), but us-
ing the formal implementation of the radiative transfer instead
of the average-velocity broadening approximation. For model
(4), instead of a full MCMC, we perform only a maximum-
likelihood (Eq. 23) using the Nelder-Mead algorithm imple-
mented in scipy.optimize.minimize. The reason is because
we simply want to assess the accuracy of the average-velocity
broadening approximation for HAT-P-11 b in comparison to the
formal, more computationally costly radiative transfer. HAT-P-
11 does not have a full high-energy spectrum measurement, SO
we use the spectrum of a similar star from the MUSCLES Trea-
sury Survey’ (France et al. 2016; Youngblood et al. 2016; Loyd
et al. 2016) as a proxy. We chose the star HD 40307, which has
similar effective temperature, mass, radius, and surface gravity
as HAT-P-11.

We ran the MCMC for 7000 steps and 10 walkers in 10 cores
of a computer cluster with an average frequency of 3.0 GHz per
core. The autocorrelation time ¢ of the MCMC was, on average,
45 steps when we started from a first guess of 1 x 10'0 g 571,
800 K, and —2.0 km s~ !, respectively for i, T, and vpy. We
remove a total of 2¢ burn-in steps from the beginning of the
MCMC and take a sample thinned by #/2, resulting in a flat
chain of approximately 3600 samples. The computation of the
MCMC chains took approximately 6.5 hours of computing time.
Different planets will likely yield different computing times, be-
cause the numerical bottleneck (calculating the He distribution)
is highly dependent on the input parameters. We show the poste-
rior distributions of the fit parameters for Model 1 in Fig. 6 (see
also Appendix B), and a sample of corresponding transmission
spectrum models fit to the data in Fig. 7.

Table 2 contains the retrieved atmospheric escape parameters
for HAT-P-11 b based on the CARMENES transmission spec-
trum. All models we tested yield results consistent with each
other within their uncertainties, based on the marginalized poste-
rior distribution of the retrieved parameters. In the case of Model
3, where we allowed the H/He fraction to vary between 0.80 and
0.99, the retrieval slightly favors fractions > 0.96, but the 30
upper limit of > 0.80 is not constraining. We show the resulting
posterior distributions of the fit to Model 3 in Fig. 9. Interest-
ingly, the retrieved escape rate is mostly insensitive to the H/He
fraction. However, for fractions above 0.92, the retrieved escape
rate tends to increase by a factor of several percent. The retrieved

7 Available at https://archive.stsci.edu/prepds/muscles/.
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Fig. 6. Posterior distributions of mass loss rate, upper atmospheric tem-
perature, and line-of-sight bulk velocity of HAT-P-11 b using p-winds
models (no limb darkening included) as a retrieval tool against a
CARMENES transmission spectrum.
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Fig. 7. Transmission spectrum of HAT-P-11 b measured with
CARMENES (black) and a sample of 100 p-winds models fit to the
data (red).

upper atmosphere temperature 7 is highly anti-correlated with
the H/He fraction. This degeneracy increases the uncertainties of
T by a factor of at least two. We show the resulting distribution
of He in the upper atmosphere of HAT-P-11 b in Fig. 8 based on
the best-fit model to the CARMENES data. Finally, we show that
the retrieved escape parameters of models 1-3 (average-velocity
approximation for the wind broadening) are fully consistent with
that of model 4 (formal radiative transfer calculation). Hence,
we demonstrate that this approximation, which saves an order of
magnitude in computation time, does not significantly affect the
retrieved escape parameters.

In order to compare our results with those obtained by the 3-
d model EVE (Bourrier & Lecavelier des Etangs 2013) used by
Allart et al. (2018), we need to calculate the escape of metastable
He only instead of total mass loss. For a total escape rate of
3.6 x10'% g s7! and an upper atmosphere temperature of 6600 K
obtained from the retrieval described above, we calculate an av-
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Table 2. Upper atmosphere properties retrieved for HAT-P-11 b from the CARMENES transmission spectrum.

Model m T Vbulk H/He
(x10"0gs™)y  (x10°K)  (kms™')
1 3.6 6.6707  —-1.9+0.8 0.90 (fixed)
2 3.6%:1 6.6f8j -1.9+0.8 0.90 (fixed)
3 4.1f1:§ 6.4f?:(1, -1.9+0.8 > 0.8030)
4 3.4 6.5 -1.9 0.90 (fixed)
et al. (2018); the authors, however, do propose that a high T/u
1010 HAT-P-11 b may correspond to a low mean atomic weight, which can be ob-
—— Hesinglet tained with a large fraction of ionized gas and free electrons.
108 He triplet In an upcoming manuscript, Vissapragada et al. (in prep.) will
‘i — Helonized discuss how solutions with high temperatures can be ruled out
§ 100 because they are not energetically self-consistent, assuming that
Z the heating comes solely from the available high-energy irradia-
g 10¢ tion budget.
§ The bulk velocity of —1.9 + 0.8 km s~! is consistent with
g 107 the net blueshift of 3 km s~! reported by Allart et al. (2018),
2 . which was previously interpreted as a high-altitude wind flowing
10 from the day- to the night-side of the planet. This net blueshift
10-2 is not predicted by the one-dimensional Parker wind model,

1 2 3 4 5 6 7 8 9
Radius (Rp)

10

Fig. 8. Distribution of He in the upper atmosphere of HAT-P-11 b based
on the best-fit solution obtained by fitting p-winds models (no limb
darkening included) to the CARMENES transmission spectrum.
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Fig. 9. Same as Fig. 6, but including H/He fraction as a free parameter
to be fit.

erage metastable helium fraction of 5.0 x 107 and a T/u frac-
tion of 9000 K amu~'. This result translates into a metastable-
He escape rate of 1.8 x 10° g s™!, which is compatible with the
upper-limit rate of ~ 3 x 10° g s™! determined by Allart et al.
(2018). Our retrieved T'/u fraction when assuming H/He of 0.9
is discrepant with the results of Allart et al. (2018), who found
T/u = 24000 K amu~'. Some of the solutions of our retrieval
with H/He as a free parameter do allow for high values of 7'/u
up to 12000, but they are nevertheless incompatible with Allart
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which is the reason for fitting it as a free parameter in our mod-
els. More complex, tridimensional models that take into account
other physical processes may be necessary to determine the exact
mechanism that causes this bulk velocity shift in the metastable
He absorption signature.

3.2. Fitting upper limits for a non-detection in GJ 436 b

GJ 436 b is a high-profile case of atmospheric escape because
it possesses the deepest transmission spectrum feature detected
to date: a repeatable 50% in-transit absorption in Lyman-a (Ku-
low et al. 2014; Ehrenreich et al. 2015; Lavie et al. 2017; Dos
Santos et al. 2019) which is explained by a large volume of exo-
spheric neutral H fed by escape (Bourrier et al. 2016; Villarreal
D’Angelo et al. 2021). In fact, Oklopci¢ & Hirata (2018) pre-
dicted a metastable He signature as deep as 9% in the core of the
strongest line of the triplet. However, when GJ 436 b was ob-
served by CARMENES, the results yielded only a non-detection
(Nortmann et al. 2018).

In this Sect. we attempt to fit an upper limit of atmospheric
escape rate to the non-detection of He in GJ 436 b and com-
pare it to the result derived from Lyman-« transmission spec-
troscopy and modeling. The metastable He transmission spec-
trum of GJ 436 b is rather unfortunately not publicly available,
but the pipeline-reduced spectral time series from Nortmann
et al. (2018) is available in the CARMENES data archive®.

We ran an MCMC of 10 000 steps and 10 walkers with three
free parameters: total escape rate, upper atmospheric tempera-
ture, and the H/He fraction. We increased the number of steps
compared to the HAT-P-11 b retrieval in order to better explore
the parameter space, since we are expecting to obtain only up-
per/lower limits. We did not include limb darkening. Based on
previous theoretical predictions for GJ 436 b (e.g., Salz et al.
2016), we set uniform priors of [107, 10'?] g s~! for the mass loss
and [1000, 10000] K for the temperature, and [0.40,0.99] for
the H/He fraction. We used the high-energy spectrum of GJ 436
measured in the MUSCLES Treasury Survey as a source of irra-
diation.

8 http://carmenes.cab.inta-csic.es/gto/jsp/
nortmannetal2018. jsp
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The resulting posterior distributions of the free parameters
for GJ 436 b yield, at 99.7% (307) confidence, an upper limit of
8.9 x 10° g s~! for the escape rate and a lower limit of 2100 K
for the upper atmospheric temperature (given the uniform pri-
ors above). In broad terms, mass loss rates above this value
or temperatures below the lower limit would yield a detectable
metastable He signature. This result is fully consistent with the
escape rate of ~ 2.5x 108 g s! inferred by Bourrier et al. (2016),
and with the mass loss rate of (6—10)x 10° g s™! inferred by Vil-
larreal D’ Angelo et al. (2021), both based on the same Lyman-a
transmission spectroscopy dataset.

Given the flat prior of [0.40, 0.99] for the He abundance, the
resulting posterior distribution of the H/He fraction is not con-
straining, however it seems to favor higher values and peaks near
0.99 (see Fig. B.3). Interestingly, this result is in slight disagree-
ment with the prediction of a He-rich atmosphere for GJ 436 b
(Hu et al. 2015), which states that such an enrichment is the out-
come of a history of atmospheric escape. We cannot, however,
draw strong conclusions on this matter because GJ 436 b had a
non-detection of He. More detailed descriptions that fit both H
and He simultaneously in the upper atmosphere of this planet
are likely going to yield more definitive answers. For example,
Lampoén et al. (2021) used H densities derived from Lyman-a
observations to inform metastable He models, and determined

that the warm Neptune GJ 3470 b has H/He = 0.985*0019.

4. Conclusions

We demonstrate in this manuscript the usage of the open-source
Python code p-winds to forward model the distribution of He
atoms in the upper atmospheres of exoplanets, and their cor-
responding metastable He transmission spectra of exoplanets.
The code also enables the retrieval of atmospheric escape rates
and temperatures based on observations at high-resolution when
coupled to an optimization algorithm, such as a maximum like-
lihood estimation or a Markov-Chain Monte Carlo sampler. A
typical retrieval takes several hours to compute, depending on
the setup. Example Python algorithms to perform such calcula-
tions are freely available online.

As an implementation of the method originally described
by Oklopci¢ & Hirata (2018), the forward models produced by
p-winds are fully compatible with that study. We also imple-
ment changes proposed by Lampén et al. (2020), such as the
inclusion of charge exchange of He and H particles. Our imple-
mentation includes further improvements, such as the addition
of transit geometry and limb darkening of the host star, as well
as allowing the H/He fraction to vary in the retrieval.

We used p-winds to fit the escape rate, wind temperature,
and the H/He fraction of the warm Naptune HAT-P-11 b based
on CARMENES transmission spectroscopy previously reported
in Allart et al. (2018). For a model without limb darkening and
with H/He fixed at 0.90, we find that the escape rate of HAT-P-
11bis (3.6t(1):é)>< 10'° g 57! and the planetary wind temperature is

6600388 K. Including limb darkening does not have a significant
impact in the retrieved parameters of HAT-P-11 b. Allowing the
H/He fraction to vary has a stronger impact, because it yields an
anti-correlation with the retrieved wind temperature. It also in-
creased the uncertainty of the retrieved atmospheric escape rate,
but the most likely value does not change. We find that the H/He
fraction is unconstrained, but with a preference for higher values.
Finally, we also attempt to fit limits for the escape rate, wind tem-
perature, and H/He fraction of GJ 436 b based on a non-detection
with the CARMENES spectrograph reported by Nortmann et al.

(2018). We find an upper limit of 8.9 x 10° g s for the first and
a lower limit of 2100 K for the second at 99.7% confidence. Our
retrievals show a preference for high values of H/He, with the
posterior distribution peaking near 0.99. These results are fully
compatible with the escape rate of ~ 2.5 x 108 g s™! inferred
by Bourrier et al. (2016) based on Lyman-a transmission spec-
troscopy.

The main limitations of a one-dimensional, isothermal
Parker wind model are: 1) It does not capture the three-
dimensional nature of very extended atmospheres, particularly
when they have both a thermospheric and an exospheric con-
tributions (see the case of WASP-107 b in Allart et al. 2019);
2) It does not take into account the variable profile of tempera-
ture with radial distance from the planet, which is seen in self-
consistent models of escape (e.g., Salz et al. 2016; Allan & Vi-
dotto 2019); and 3) it does not self-consistently consider the
sources of heating and cooling that control the atmospheric es-
cape process. The usefulness of simple models such as p-winds
lies in an efficient exploration of the parameter space that defines
atmospheric escape (scalability) and ease of use (open-source,
fully-documented code) when more sophisticated models are not
yet warranted.

As for the next steps, we aim to improve p-winds by includ-
ing the escape of heavier atomic species, such as C, N, O, Mg,
Si, and Fe. This will allow us to use the code to predict and in-
terpret observations of metals escaping hot gas giants, such as
the signatures reported by Vidal-Madjar et al. (2013) and Sing
et al. (2019). We shall also add day-to-nightside winds to the
atmospheric modeling, similar to Seidel et al. (2020). Another
avenue to explore p-winds in the future consists in coupling it
with more complex tridimensional hydrodynamic escape mod-
els.
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Appendix A: The flatstar code

The code implemented in flatstar was originally written as a
part of the transit module of p-winds. However, we decided
to transform it into a separate package because this implementa-
tion can be useful for other astrophysical applications not neces-
sarily related to transmission spectroscopy.

The typical usage of flatstar involves setting a grid shape
(Nx, Ny) and stellar radius Ry in number of pixels, and op-
tionally setting a limb-darkening (LD) law. The LD laws cur-
rently implemented in the code are: linear, quadratic (Kopal
1950), square-root (Diaz-Cordoves & Gimenez 1992), logarith-
mic (Klinglesmith & Sobieski 1970), exponential (Claret &
Hauschildt 2003), the three-parameter law of Sing et al. (2009),
and the four-parameter law of Claret (2000). Finally, the user can
also set a custom LD law. The star is always centered to the grid.

In addition, flatstar can add a planetary transit with user-
defined planet-to-star ratio Rp/Rs, transit impact parameter b,
and phase ¢. The first and fourth contact of the transit are de-
fined as the phases —0.5 and +0.5, respectively, independent of
b. The y-coordinate of the planetary center (y,) in pixel space is
calculated as:

Yp = (b X Ry) + Ny /2. (A.])

The x-coordinate of the planetary center (x,) is not as straight-
forward to calculate, since we define it based on ¢ and b. Let 8
be the angle between the y-axis and the vector that connects the
center of the star and the planet at first contact:

b X R,

0= .
T R TR,

(A.2)

The distance S8 from the planet center to the y-axis at first contact
is given by:

2
B = (Rp +Rs)sin9= (RP+RS) \/1 —(bx Rplf:Rs) . (A3)

Thus, the distance x( of the planet center from the border of the
simulation at first contact is:

xo = Nyx/2 - B. (A4)
As the planet moves from the first contact to fourth contact, it
covers a distance of 23. For arbitrary phases between ¢ = —0.5

(first contact) and ¢ = +0.5 (fourth contact), the distance x, of
the planet from the border of the simulation is thus:

Xp = X0+ 28X (¢ +0.5). (A.5)

This formulation assumes that the arc that the planet follows dur-
ing the transit can be approximated to a chord.

The grid can be supersampled in order to avoid "hard" pixel
edges when the grid size is coarse. This is useful to save com-
putation time in cases where we need to mass produce grids
while conserving the precision of intensities (which is the case
of atmospheric retrievals with p-winds). By default, the resam-
pling algorithm is the 'box’ method, which takes the value of
each pixel with fixed weights to compute the average flux of the
resampled pixel. We do not recommend using flatstar to fit
wide band photometric light curves, since the computation time

Fig. A.1. flatstar simulation of a transit of HD 209458 b with
sizes, limb-darkening, and metastable He absorption to scale. The limb-
darkening law and coefficients were taken based on the 922-1019 nm
wavelength band from Knutson et al. (2007).

is much longer than other codes that implement analytical equa-
tions to calculate light curves, such as batman (Kreidberg 2015).

We show an example of a transit grid simulated with
flatstarin Fig. A.1.

Appendix B: Other posterior distributions for the
fits to HAT-P-11 b and GJ 436 b data
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Fig. B.1. Posterior distribution of parameters of HAT-P-11 b fit to the
CARMENES transmission spectrum using a model with a quadratic
limb-darkening law and coefficients ¢; = 0.63 and ¢, = 0.09.

Article number, page 11 of 12



A&A proofs: manuscript no. aanda

P w2 QA2 0
log m (g s™Y) T (103 K)

Fig. B.2. Same as Fig. B.1, but for GJ 436 b with H/He fraction fixed to
0.90.
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Fig. B.3. Same as Fig. B.2, but with H/He fraction as a free parameter.
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B.1 Exoplanets, brown dwarfs and their atmospheres

During my doctorate I was involved with the CORALIE survey of exoplanets, the develop-
ment of the MAROON-X spectrograph, and the HST PanCET program. In the following
pages I list all the publications about exoplanets, brown dwarfs, and their atmospheres, in
which I was a co-author. They encompass new discoveries, atmospheric characterization, and
instrumentation. The articles published on A&A are reproduced partially with permission ©

ESO.
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ABSTRACT

We have investigated the thorium (Th) abundance in a sample of 53 thin disc solar twins
covering a wide range of ages. These data provide constrains on the mantle energy budget
of terrestrial planets that can be formed over the evolution of the Galaxy’s thin disc. We
have estimated Th abundances with an average precision of 0.025 dex (in both [Th/H] and
[Th/Fe]) through comprehensive spectral synthesis of a ThiI line present at 4019.1290 A,
using very high resolution (R = 115000) high quality HARPS spectra obtained at the ESO
La Silla Observatory. We have confirmed that there is a large energy budget from Th decay
for maintaining mantle convection inside potential rocky planets around solar twins, from
the Galactic thin disc formation until now, because the pristine [Th/H]zams is super-solar on
average under a uniform dispersion of 0.056 dex (varying from +0.037 up to +0.138 dex based
on linear fits against isochrone stellar age). Comparing to neodymium (Nd) and europium (Eu),
two others neutron-capture elements, the stellar pristine abundance of Th follows Eu along
the Galactic thin disc evolution, but it does not follow Nd, probably because neodymium has
a significant contribution from the s-process (about 60 per cent).

Key words: stars: abundances—stars: fundamental parameters—stars: solar-type — Galaxy:
disc —solar neighbourhood; planets and satellites: terrestrial planets.

and 23U) (McDonough 2003). The volcanic activity generated by
the plate tectonics recycles gases such as carbon dioxide between
the atmosphere and the mantle, contributing to habitability by keep-
ing the planet surface at moderate temperatures (Walker, Hays &
Kasting 1981). A geologically active planet could even play a role
for the origin of life and its long-term maintenance (e.g. Misra et al.
2015, and references therein).

1 INTRODUCTION

The structure of a terrestrial planet is driven by the formation pro-
cess itself based on the collision and accretion of planetesimals
with differential mineralogical settling and also by the internal heat
budget. As the prototype geologically dynamic planet, Earth has
a partially crystallized metallic dynamo core, and a silicate lig-

uid mantle, whose convection maintains plate tectonics of a rocky
crust. The major internal heat sources of Earth come from the sec-
ular cooling of core and mantle, and the radioactive decay of Th, U
and K isotopes in the mantle (Huang et al. 2013). The mantle thick-
ness and convection inside telluric planets are directly linked to the
abundances of these isotopes in the mantle (basically 23?Th, 22U

* E-mail: rafael.botelho@inpe.br (RBB); andre.milone @inpe.br (ADCM)

Unterborn, Johnson & Panero (2015) were the first to specu-
late about the potential energy budget of terrestrial planets directly
connected to the stellar photospheric abundance of thorium (Th).
They measured loge(Th)! varying from 59 up to 251 percent
of the solar value in a sample of 13 solar twins and analogues,

"Loge(X) = log (n(X)/n(H)) + 12, where n is number density.

© 2018 The Author(s)
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The CORALIE survey for southern extrasolar planets

XVIIl. Three new massive planets and two low-mass brown dwarfs
at greater than 5 AU separation™-**
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ABSTRACT

Context. Since 1998, a planet-search around main sequence stars within 50 pc in the southern hemisphere has been underway with the
CORALIE spectrograph at La Silla Observatory.

Aims. With an observing time span of more than 20 yr, the CORALIE survey is able to detect long-term trends in data with masses
and separations large enough to select ideal targets for direct imaging. Detecting these giant companion candidates will allow us to
start bridging the gap between radial-velocity-detected exoplanets and directly imaged planets and brown dwarfs.

Methods. Long-term precise Doppler measurements with the CORALIE spectrograph reveal radial-velocity signatures of massive
planetary companions and brown dwarfs on long-period orbits.

Results. In this paper, we report the discovery of new companions orbiting HD 181234, HD 13724, HD 25015, HD 92987 and
HD 50499. We also report updated orbital parameters for HD 50499b, HD 92788b and HD 98649b. In addition, we confirm the recent
detection of HD 92788c. The newly reported companions span a period range of 15.6-40.4 yr and a mass domain of 2.93-26.77 My,
the latter of which straddles the nominal boundary between planets and brown dwarfs.

Conclusions. We report the detection of five new companions and updated parameters of four known extrasolar planets. We identify

at least some of these companions to be promising candidates for imaging and further characterisation.

Key words. techniques: radial velocities — planets and satellites: detection — binaries: visual — planetary systems

1. Introduction

Little is known about massive giant planets and brown dwarfs
at orbital separations between 5 and 50 AU due to their low
occurrence rate (Bowler 2016) and to the lower sensitivity of the
different observing methods in this separation range. Indeed,
radial velocity (RV) and transit techniques are extremely effi-
cient at detecting planets around older stars at short separations
(Fischer et al. 2014). On the other hand, direct imaging is most
efficient at detecting younger planets at separations larger than

* The radial velocity measurements and additional data products dis-
cussed in this paper are available on the DACE web platform at
https://dace.unige.ch/radialVelocities. See the appendix for
a direct link to the individual target data products. A copy of the data is
also 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?]/A+A/625/A71

** Based on observations collected with the CORALIE spectrograph
mounted on the 1.2 m Swiss telescope at La Silla Observatory and with
the HARPS spectrograph on the ESO 3.6 m telescope at La Silla (ESO,
Chile).

*** Fellow of the Swiss National Science Foundation.
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several times the diffraction limit of the telescope (typically
5-10 A/ D). This translates into several tens of astronomical units
for the closest young stellar associations (e.g. 8 Pic and 51 Eri as
part of the 8 Pic moving group (Zuckerman et al. 2001; Feigelson
et al. 2006) and HR 8799 as part of the Columba association
(Zuckerman et al. 2011). Nevertheless, the population of massive
giant exoplanets at intermediate orbital separations between 5
and 50 AU is an important puzzle piece needed for constraining
the uncertainties that exist in planet formation and evolution
models.

The historical CORALIE planet-search survey has been
ongoing for more than 20 yr in the southern hemisphere and
monitors a volume-limited sample of 1647 main sequence (MS)
stars from F8 down to KO located within 50 pc of the Sun (Udry
et al. 2000). With an individual measurement precision rang-
ing between 3.5 and 6 ms~!, CORALIE has permitted (or has
contributed to) the detection of more than 140 extra-solar planet
candidates (Pepe et al. 2002; Udry et al. 2002; Tamuz et al. 2008;
Ségransan et al. 2010; Marmier et al. 2013). Such a long and
continuous monitoring of nearby MS stars is unique among all
planet search surveys; it allows us to detect massive giant planets
at separations larger 5 AU as well as to identify small RV drifts

AT71, page 1 of 16
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ABSTRACT

The Transiting Exoplanet Survey Satellite, TESS, is currently carrying out an all-sky search
for small planets transiting bright stars. In the first year of the TESS survey, a steady progress
was made in achieving the mission’s primary science goal of establishing bulk densities for 50
planets smaller than Neptune. During that year, the TESS’s observations were focused on the
southern ecliptic hemisphere, resulting in the discovery of three mini-Neptunes orbiting the
star TOI-125, a V = 11.0 KO dwarf. We present intensive HARPS radial velocity observations,
yielding precise mass measurements for TOI-125b, TOI-125¢, and TOI-125d. TOI-125b has
an orbital period of 4.65 d, a radius of 2.726 £ 0.075 Rg, a mass of 9.50 £+ 0.88 Mg, and
is near the 2:1 mean motion resonance with TOI-125c at 9.15 d. TOI-125¢ has a similar
radius of 2.759 + 0.10 Rg and a mass of 6.63 £ 0.99 Mg, being the puffiest of the three
planets. TOI-125d has an orbital period of 19.98 d and a radius of 2.93 & 0.17 Rg and mass
13.6 &= 1.2 Mg. For TOI-125b and d, we find unusual high eccentricities of 0.19 4 0.04 and
0.17f8:8§, respectively. Our analysis also provides upper mass limits for the two low-SNR
planet candidates in the system; for TOI-125.04 (Rp = 1.36 Rg, P = 0.53 d), we find a 20
upper mass limit of 1.6 Mg, whereas TOI-125.05 (Rp = 4.2“:%:2 Rg, P = 13.28 d) is unlikely
a viable planet candidate with an upper mass limit of 2.7 M. We discuss the internal structure
of the three confirmed planets, as well as dynamical stability and system architecture for this
intriguing exoplanet system.

Published by Oxford University Press on behalf of the Royal Astronomical Society
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ABSTRACT

We report the confirmation and mass determination of three hot Jupiters discovered by the Transiting Exoplanet Survey Satellite
(TESS) mission: HIP 65Ab (TOI-129, TIC-201248411) is an ultra-short-period Jupiter orbiting a bright (V = 11.1 mag) K4-dwarf every
0.98 days. It is a massive 3.213 + 0.078 M; planet in a grazing transit configuration with an impact parameter of b = 1.17*}0. As a
result the radius is poorly constrained, 2.03f8:2é R;. The planet’s distance to its host star is less than twice the separation at which it
would be destroyed by Roche lobe overflow. It is expected to spiral into HIP 65A on a timescale ranging from 80 Myr to a few gigayears,
assuming a reduced tidal dissipation quality factor of Q) = 107—10°. We performed a full phase-curve analysis of the TESS data and
detected both illumination- and ellipsoidal variations as well as Doppler boosting. HIP 65A is part of a binary stellar system, with
HIP 65B separated by 269 AU (3.95 arcsec on sky). TOI-157b (TIC 140691463) is a typical hot Jupiter with a mass of 1.18 + 0.13 M,
and a radius of 1.29 + 0.02 R;. It has a period of 2.08 days, which corresponds to a separation of just 0.03 AU. This makes TOI-
157 an interesting system, as the host star is an evolved G9 sub-giant star (V =12.7). TOI-169b (TIC 183120439) is a bloated Jupiter
orbiting a V =12.4 G-type star. It has a mass of 0.79 + 0.06 M; and a radius of 1.09f8:8§ R). Despite having the longest orbital period
(P = 2.26 days) of the three planets, TOI-169b receives the most irradiation and is situated on the edge of the Neptune desert. All three

host stars are metal rich with [Fe/H] ranging from 0.18 to 0.24.

Key words. planets and satellites: detection — planets and satellites: individual: TOI-129 —
planets and satellites: individual: HIP 65A — planets and satellites: individual: TOI-157

1. Introduction

Since July 2018, the Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2015) has surveyed the Southern and
Northern Hemispheres for exoplanets transiting bright stars.
Based on the first year of observations in the south (Sectors 1—
13), a total number of 1117 TESS objects-of-interest (TOlIs;
Guerrero et al. 2020) have been identified. Currently, 667 of
these are still considered as planet candidates and 55 have been
confirmed as new TESS-planets and four as transiting brown
dwarfs (including studies in preparation and published results,
see e.g. Caiias et al. 2019; Jones et al. 2019; Esposito et al. 2019;
Giinther et al. 2019; Eisner et al. 2020; Diaz et al. 2020; Nielsen
et al. 2020; Subjak et al. 2020; Carmichael et al. 2020). We note
that 146 of the TOIs from Sectors 1-13 are previously known
planets.

A recent study by Zhou et al. (2019) offers a first estimate
of the occurrence rate of hot Jupiters discovered by TESS by
analysing a sample of bright (T, < 10) main sequence stars

Article published by EDP Sciences

observed by TESS. They find an occurrence rate of 0.40 +0.10%
which is in agreement with statistics based on the Kepler mis-
sion (Fressin et al. 2013; Santerne et al. 2016). An even rarer
sub-population of hot Jupiters are the ultra-short-period (USP)
Jupiters with orbital periods shorter than one day. To date, the
following eight such planets are known: WASP-18b (Hellier et al.
2009), WASP-19b (Hebb et al. 2010), WASP-43b (Hellier et al.
2011), WASP-103b (Gillon et al. 2014), HATS-18b (Penev et al.
2016), KELT-16b (Oberst et al. 2017), NGTS-6b (Vines et al.
2019), and NGTS-10b (McCormac et al. 2020).

Hot Jupiters, and in particular USP Jupiters, can offer
insights into planet-star interactions such as photo-evaporation
and atmospheric escape (Bourrier et al. 2020; Owen & Lai 2018;
Murray-Clay et al. 2009), atmospheric structure and chemistry
(Parmentier et al. 2018; Kataria et al. 2015; Kreidberg et al. 2014;
Murgas et al. 2014), and tidal decay (Yee et al. 2020). These
planets shape the upper edge of the Neptune desert (Mazeh
et al. 2016; Szab6 & Kiss 2011) which constitutes a dearth of
sub-Jovian planets at short periods. The proposed mechanisms

A76, page 1 of 17
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ABSTRACT

Planet formation processes or evolution mechanisms are surmised to be at the origin of the hot Neptune desert. Studying exoplanets
currently living within or at the edge of this desert could allow disentangling the respective roles of formation and evolution. We
present the High Accuracy Radial velocity Planet Searcher (HARPS) transmission spectrum of the bloated super-Neptune WASP-
166b, located at the outer rim of the Neptune desert. Neutral sodium is detected at the 3.40" level (0.455 + 0.135%), with a tentative
indication of line broadening, which could be caused by winds blowing sodium farther into space, a possible manifestation of the
bloated character of these highly irradiated worlds. We put this detection into context with previous work claiming a non-detection of
sodium in the same observations and show that the high noise in the trace of the discarded stellar sodium lines was responsible for the
non-detection. We highlight the impact of this low signal-to-noise ratio remnant on detections for exoplanets similar to WASP-166b.

Key words. planetary systems — planets and satellites: atmospheres — planets and satellites: individual: WASP-166b —
techniques: spectroscopic — instrumentation: spectrographs — methods: observational

1. Introduction

One of the most prominent features of the current landscape of
exoplanets is the Neptune desert, an area in the radius-insolation
diagram with a lack of strongly irradiated Neptune-sized plan-
ets (Lecavelier Des Etangs 2007; Beaugé & Nesvorny 2013;
Mazeh et al. 2016). This feature is not an observational bias;
these worlds are accessible via various observational methods.
Starting with the first detection of an evaporating atmosphere
(Vidal-Madjar et al. 2003), both theoretical (e.g. Owen & Lai
2018; Owen 2019) and observational (e.g. Ehrenreich et al.
2015; Bourrier et al. 2018) results show that atmospheric escape
is a dominant process in shaping the desert. The high irradia-
tion received by these close-in planets, both in the UV and X-
ray bands, triggers a significant expansion of the upper atmo-
sphere (Lammer et al. 2003), indicating that warm and hot Nep-
tunes potentially erode over time (Lecavelier Des Etangs 2007;
Owen & Jackson 2012). In this context, WASP-166b presents a

* Based on observations made at ESO 3.6 m telescope (La Silla,
Chile) under ESO programme 098.C-0305 (PI Ehrenreich).
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rare opportunity to study a planet within the desert, made espe-
cially interesting by its low density (o = 0.54 + 0.09 g cm?) sug-
gesting a bloated atmosphere (Hellier et al. 2019; Bryant et al.
2020) (see Fig. 1).

Neptune-sized worlds remain challenging observational tar-
gets due to their size and subsequent lower signal-to-noise ratio
(S/N) compared to Jupiter-sized targets. In this work, we present
the observations our group obtained as part of the HEARTS sur-
vey and highlight pitfalls in analysing low S/N data, most impor-
tantly effects from the stellar sodium lines. We then present our
detection of neutral sodium in the atmosphere of WASP-166b.
Lastly, we comment on the previous independent analysis of
the same observations and non-detection of sodium in Zak et al.
(2019; hereafter Z2019).

2. Observations and data reduction

The observations consist of three spectroscopic transits of the
bloated super-Neptune WASP-166b in front of WASP-166,
a bright F9 star (Viyee =9.36, distance =113.0 = 1.0pc). The

L7, page 1 of 7
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ABSTRACT

We report the discovery of TOI 694 b and TIC 220568520 b, two low-mass stellar companions
in eccentric orbits around metal-rich Sun-like stars, first detected by the Transiting Exoplanet Sur-
vey Satellite (TESS). TOI 694 b has an orbital period of 48.05131+0.00019 days and eccentricity
of 0.51946+0.00081, and we derive a mass of 89.0+5.3 My, (0.0849£0.0051 M) and radius of
1.11140.017 Ryyp (0.114240.0017 Ry). TIC 220568520 b has an orbital period of 18.55769+0.00039
days and eccentricity of 0.0964+0.0032, and we derive a mass of 107.24+5.2 My, (0.10234+0.0050 M)
and radius of 1.248+0.018 Ryyp (0.1282+0.0019 R ). Both binary companions lie close to and above
the Hydrogen burning mass threshold that separates brown dwarfs and the lowest mass stars, with
TOI 694 b being 2-0 above the canonical mass threshold of 0.075 M. The relatively long periods
of the systems mean that the magnetic fields of the low-mass companions are not expected to inhibit
convection and inflate the radius, which according to one leading theory is common in similar objects
residing in short-period tidally-synchronized binary systems. Indeed we do not find radius inflation for
these two objects when compared to theoretical isochrones. These two new objects add to the short
but growing list of low-mass stars with well-measured masses and radii, and highlight the potential of
the TESS mission for detecting such rare objects orbiting bright stars.

Subject headings: Low mass stars, M dwarfs, Eclipsing binaries, stars: individual (TOI 694,
TIC 55383975, TIC 220568520)
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ABSTRACT

MAROON-X is a fiber-fed, red-optical, high precision radial velocity spectrograph recently commissioned at the
Gemini North telescope on Mauna Kea, Hawai’i. With a resolving power of 85,000 and a wavelength coverage
of 500-920 nm, it delivers radial velocity measurements for late K and M dwarfs with sub-50 cms~! precision.
MAROON-X is currently the only optical EPRV spectrograph on a 8 m-class telescope in the northern hemisphere
and the only EPRV instrument on a large telescope with full access by the entire US community. We report here
on the results of the commissioning campaign in December 2019 and early science results.

Keywords: Gemini Observatory, EPRV, Radial velocity, Exoplanets, Echelle spectrograph, Optical fibers, Pupil
slicer

1. INTRODUCTION

Our team at The University of Chicago has recently commissioned a new red-optical (500 — 920nm), high-
resolution (R ~85,000) radial velocity (RV) spectrograph (named “MAROON-X”) that was designed explicitly
for the purpose of following up small transiting planets around mid to late M dwarfs with sub-ms~! RV precision.

MAROON-X was installed at the Gemini North Observatory in May 2019 and saw first light in September
2019. About 20 hours of commissioning and science verification observations were performed in December 2019.
The first year of operations was impacted by the COVID-19 pandemic which did not allow for site visits in
order to complete all aspects of the commissioning. Notwithstanding, regular science observations have started
in May 2020 and we conducted them remotely from Chicago. Despite the incomplete commissioning, a number
of successful observing runs allow us to report on important performance figures of the instrument, including the
capability to obtain sub-ms™! precision RVs in the first few months of the instrument’s operation.

Although MAROON-X is currently classified as a Visiting Instrument*, it is essentially permanently installed
at Gemini North. The instrument was first offered to the Gemini community in the 2020B Call for Proposals,
and demand for the instrument skyrocketed with the 2021A CfP.

In the following sections we provide a brief overview of the project timeline, update the as-built specifications
of the instrument, discuss its current performance, including an example of an early scientific result highlighting
the excellent RV precision delivered by MAROON-X, and present our plans for further improvements in 2021.

Further author information: E-mail: seifahrt@uchicago.edu
*See https://www.gemini.edu/instrumentation/current-instruments/maroon-x for more information.
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ABSTRACT

We present a comprehensive analysis of the 0.3-5 pm transit spectrum for the inflated hot Jupiter
HAT-P-41b. The planet was observed in transit with Hubble STIS and WFC3 as part of the Hubble
Panchromatic Comparative Exoplanet Treasury (PanCET) program, and we combine those data with
warm Spitzer transit observations. We extract transit depths from each of the data sets, presenting
the STIS transit spectrum (0.29-0.93 ym) for the first time. We retrieve the transit spectrum both
with a free-chemistry retrieval suite (AURA) and a complementary chemical equilibrium retrieval
suite (PLATON) to constrain the atmospheric properties at the day-night terminator. Both methods
provide an excellent fit to the observed spectrum. Both AURA and PLATON retrieve a metal-rich
atmosphere for almost all model assumptions (most likely O/H ratio of log,y Z/Zs = 1.46705% and
logyy Z/Ze = 2.3370:2% respectively); this is driven by a 4.9-0 detection of HyO as well as evidence of
gas absorption in the optical (>2.7-0 detection) due to Na, AlO and/or VO/TiO, though no individual
species is strongly detected. Both retrievals determine the transit spectrum to be consistent with a
clear atmosphere, with no evidence of haze or high-altitude clouds. Interior modeling constraints on the
maximum atmospheric metallicity (log,q Z/Z¢ < 1.7) favor the AURA results. The inferred elemental
oxygen abundance suggests that HAT-P-41b has one of the most metal-rich atmospheres of any hot
Jupiters known to date. Overall, the inferred high metallicity and high inflation make HAT-P-41b an

interesting test case for planet formation theories.

Keywords: Exoplanet Atmospheres, individual objects — HAT-P-41b

1. INTRODUCTION

Transit spectroscopy has been fundamental in understanding the physics and chemistry of hot exoplanet atmo-
spheres. Transit observations with the Hubble Space Telescope (HST) and the Spitzer Space Telescope have been

Corresponding author: Kyle Sheppard
kshep23@umd.edu
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ABSTRACT

Neptune-size exoplanets seem particularly sensitive to atmospheric evaporation, making it essential to characterize the stellar high-
energy radiation that drives this mechanism. This is particularly important with M dwarfs, which emit a large and variable fraction
of their luminosity in the ultraviolet and can display strong flaring behavior. The warm Neptune GJ 3470b, hosted by an M2 dwarf,
was found to harbor a giant exosphere of neutral hydrogen thanks to three transits observed with the Hubble Space Telescope Imaging
Spectrograph (HST/STIS). Here we report on three additional transit observations from the Panchromatic Comparative Exoplanet
Treasury program, obtained with the HST Cosmic Origin Spectrograph. These data confirm the absorption signature from GJ 3470b’s
exosphere in the stellar Lyman-« line and demonstrate its stability over time. No planetary signatures are detected in other stellar lines,
setting a 30~ limit on GJ 3470b’s far-ultraviolet (FUV) radius at 1.3 times its Roche lobe radius. We detect three flares from GJ 3470.
They show different spectral energy distributions but peak consistently in the SiIII line, which traces intermediate-temperature layers
in the transition region. These layers appear to play a particular role in GJ 3470’s activity as emission lines that form at lower or
higher temperatures than Silll evolved differently over the long term. Based on the measured emission lines, we derive synthetic
X-ray and extreme-ultraviolet (X+EUYV, or XUV) spectra for the six observed quiescent phases, covering one year, as well as for the
three flaring episodes. Our results suggest that most of GJ 3470’s quiescent high-energy emission comes from the EUV domain, with
flares amplifying the FUV emission more strongly. The neutral hydrogen photoionization lifetimes and mass loss derived for GJ 3470b
show little variation over the epochs, in agreement with the stability of the exosphere. Simulations informed by our XUV spectra are
required to understand the atmospheric structure and evolution of GJ 3470b and the role played by evaporation in the formation of the

hot-Neptune desert.

Key words. techniques: spectroscopic — planets and satellites: atmospheres — planets and satellites: individual: GJ 3470 —

ultraviolet: stars — stars: chromospheres

1. Introduction

High-energy stellar radiation plays an important role in the
structure and chemistry of exoplanetary atmospheres and their
evolution. X-ray and extreme ultraviolet (XUV) radiation was
proposed as the source for the hydrodynamical expansion (e.g.,
Vidal-Madjar et al. 2003; Lammer et al. 2003; Lecavelier des
Etangs et al. 2004; Garcia Mufioz 2007; Johnstone et al. 2015;
Guo & Ben-Jaffel 2016) that leads to the evaporation of close-in

* Synthetic XUV spectra of GJ3470 associated with the quies-
cent phases and flaring episodes of the six epochs of observations
(Fig. C.4) 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/cat/J/A+A/650/A73

Article published by EDP Sciences

hot Jupiters (Vidal-Madjar et al. 2003, 2004, 2008; Ehrenreich
et al. 2008; Ben-Jaffel & Sona Hosseini 2010; Lecavelier des
Etangs et al. 2010, 2012; Bourrier et al. 2013, 2020). The struc-
ture of the close-in planet population (e.g., Lecavelier des Etangs
2007; Davis & Wheatley 2009; Sanz-Forcada et al. 2010a,b;
Szab6 & Kiss 2011; Mazeh et al. 2016), direct observations (e.g.,
Ehrenreich et al. 2015; Bourrier et al. 2018a), and evolution sim-
ulations (e.g., Owen & Jackson 2012; Lopez & Fortney 2013;
Jin et al. 2014; Kurokawa & Nakamoto 2014; Owen & Lai 2018)
all suggest that Neptune-size exoplanets are much more sensi-
tive than hot Jupiters to atmospheric escape. Giant clouds of
neutral hydrogen, in particular, have been observed around the
warm Neptunes GJ436b (Kulow et al. 2014; Ehrenreich et al.
2015) and GJ 3470b (Bourrier et al. 2018a). Yet it is not clear
whether the evaporation of this class of planets stems from

A73, page 1 of 19
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ABSTRACT

] 7 Jul 2021

identified by the Transiting Exoplanet Survey Satellite (TESS) as TESS Objects of Interest (TOIs): TOI-148, TOI-587, TOI-681, TOI-746, and

. TOI-1213. Using TESS and ground-based photometry as well as radial velocities from the CORALIE, CHIRON, TRES, and FEROS spectrographs,

- we found the companions have orbital periods between 4.8 and 27.2 days, masses between 77 and 98 My,;,, and radii between 0.81 and 1.66 Ryy;,.

O _These targets have masses near the uncertain lower limit of hydrogen core fusion (~73-96 My,;), which separates brown dwarfs and low-mass stars.

| We constrained young ages for TOI-587 (0.2 + 0.1 Gyr) and TOI-681 (0.17 + 0.03 Gyr) and found them to have relatively larger radii compared

to other transiting companions of a similar mass. Conversely we estimated older ages for TOI-148 and TOI-746 and found them to have relatively

+— smaller companion radii. With an effective temperature of 9800 +200 K, TOI-587 is the hottest known main-sequence star to host a transiting

&2 brown dwarf or very low-mass star. We found evidence of spin-orbit synchronization for TOI-148 and TOI-746 as well as tidal circularization for

TOI-148. These companions add to the population of brown dwarfs and very low-mass stars with well measured parameters ideal to test formation

models of these rare objects, the origin of the brown dwarf desert, and the distinction between brown dwarfs and hydrogen-burning main sequence
stars.

Q{A We report the discovery of five transiting companions near the hydrogen-burning mass limit in close orbits around main sequence stars originally

Yp—

S Key words. Stars: low-mass, brown dwarfs; binaries: eclipsing
o0

% 1. Introduction The relative lack of brown dwarf companions may be related
to a transition of the formation mechanisms required to form gi-

* Brown dwarfs are objects with masses in between giant planets  ant planets and low-mass stars. In this case, lower mass brown
o and low-mass stars. They are often deﬁqed with a.lower limit Qf dwarfs may form similar to giant planets via core accretion (Pol-
~13 Mjyp, the approximate mass at which an object can begin  Jack et al. 1996) or disk instability (Cameron 1978; Boss 1997)

to ignite deuterium fusion in its core, and with an upper limit and higher mass brown dwarfs may form similar to stars from

+ + of ~80 Myyp, the approximate mass at which an object becomes  gravitational collapse and turbulent fragmentation of molecu-
. > sufficiently massive to fuse hydrogen nuclei into helium nuclei  [ar clouds (Padoan & Nordlund 2004; Hennebelle & Chabrier

>< within its core: the principal characteristic of a main-sequence  2008). The boundary of these formation mechanisms is unclear
star. However, these boundaries are not clear-cut as the exact and certainly depends on an object’s initial environment.

¢3 masses where deuterium and hydrogen fusion occur depend on
the chemical composition of the object (e.g., Baraffe et al. 2002;
Spiegel et al. 2011; Dieterich et al. 2014). A defining character-
istic of brown dwarfs is their relative low occurrence rate ($1%)
in close orbits ($5 AU) around main-sequence stars compared to
giant planets and other stars, or the "brown dwarf desert’ (e.g.,
Marcy & Butler 2000; Grether & Lineweaver 2006; Sahlmann
etal. 2011; Santerne et al. 2016; Grieves et al. 2017), with recent
studies finding a dry desert for periods < 100 days (e.g., Kiefer
et al. 2019, 2021).

I

Using a statistical study of 62 brown dwarfs Ma & Ge
(2014) found the “driest” part of the desert in the mass range
35 Myyp < My, sini < 55 My, with periods less than 100 days. Ma
& Ge (2014) also suggest 42.5 My,, may represent a transition
between brown dwarfs that formed more similar to giant planets
and those that formed more similar to main-sequence stars, as
they found that brown dwarfs with masses above 42.5 My,;, have
an eccentricity distribution more consistent with binaries. How-
ever, Ma & Ge (2014) were limited by a small sample size and
more brown dwarfs have been found even in the driest part of the
desert (e.g., Persson et al. 2019; Carmichael et al. 2019). Other
* e-mail: nolangrieves@gmail.com studies have also suggested two separate populations for lower

Article number, page 1 of 25
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ABSTRACT

Ultra-hot Jupiters with equilibrium temperature greater than 2000K are uniquely interesting targets
as they provide us crucial insights into how atmospheres behave under extreme conditions. This class
of giant planets receives intense radiation from their host star and usually has strongly irradiated and
highly inflated atmospheres. At such high temperature, cloud formation is expected to be suppressed
and thermal dissociation of water vapor could occur. We observed the ultra-hot Jupiter WASP-76b
with 7 transits and 5 eclipses using the Hubble Space Telescope (HST) and the Spitzer Space Telescope
(Spitzer) for a comprehensive study of its atmospheric chemical and physical processes. We detected
TiO and H5O absorption in the optical and near-infrared transit spectrum. Additional absorption
by a number of neutral and ionized heavy metals like Fe, Ni, Ti, and SiO help explain the short
wavelength transit spectrum. The secondary eclipse spectrum shows muted water feature but a strong
CO emission feature in Spitzer’s 4.5 ym band indicating an inverted temperature pressure profile. We
analyzed both the transit and eclipse spectra with a combination of self-consistent PHOENIX models
and atmospheric retrieval (ATMO). Both spectra were well fitted by the self-consistent PHOENIX
forward atmosphere model in chemical and radiative equilibrium at solar metallicity, adding to the
growing evidence that both TiO/VO and NUV heavy metals opacity are prominent NUV-optical
opacity sources in the stratospheres of ultra-hot Jupiters.

Keywords: planets and satellites: atmospheres - techniques: spectroscopic

1. INTRODUCTION wavelength, depending on the composition of the atmo-
sphere. The spectral features of the upper exoplanetary
atmosphere (~1mbar) are thereby imprinted onto the
stellar light. During the secondary eclipse, the planet
passes behind the host star, and deep (10-100 mbar)
thermal emission of the atmosphere can be measured
via the total flux difference before and after the eclipse

Transiting exoplanets can offer us detailed insights
into their atmospheres during the transit and eclipse
phases. When transiting in front of the parent star, the
limb of planetary atmosphere filters out a portion of
the starlight. The amplitude of that effect varies with
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B.2 Characterization of planet-hosting stars

During my doctorate I was also involved with the survey of exoplanets around Solar Twins (PI:
J. Meléndez). In the following pages I list all the publications resulting from this collaboration.
They encompass new discoveries about the chemical homogeneity, rotational evolution, and
Li abundances of Sun-like stars, as well as the evolution of chemical abundances for Galactic-
disk stars.
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ABSTRACT

The compositions of stars are a critical diagnostic tool for many topics in astronomy such as the
evolution of our Galaxy, the formation of planets, and the uniqueness of the Sun. Previous spectroscopic
measurements indicate a large intrinsic variation in the elemental abundance patterns of stars with
similar overall metal content. However, systematic errors arising from inaccuracies in stellar models
are known to be a limiting factor in such studies, and thus it is uncertain to what extent the observed
diversity of stellar abundance patterns is real. Here we report the abundances of 30 elements with
precisions of 2% for 79 Sun-like stars within 100 parsecs. Systematic errors are minimized in this study
by focusing on solar twin stars and performing a line-by-line differential analysis using high-resolution,
high-signal-to-noise spectra. We resolve [X/Fe] abundance trends in galactic chemical evolution at
precisions of 1072 dex Gyr~! and reveal that stars with similar ages and metallicities have nearly
identical abundance patterns. Contrary to previous results, we find that the ratios of carbon-to-
oxygen and magnesium-to-silicon in solar metallicity stars are homogeneous to within 10% throughout
the solar neighborhood, implying that exoplanets may exhibit much less compositional diversity than
previously thought. Finally, we demonstrate that the Sun has a subtle deficiency in refractory material
relative to >80% of solar twins (at 20 confidence), suggesting a possible signpost for planetary systems

like our own.

Keywords: Sun: abundances, stars: abundances, stars: solar-type, techniques: spectroscopic

1. INTRODUCTION

The photosphere of a Sun-like star acts as a fos-
sil record of the nebular cloud from which the star
formed, making spectroscopic measurements of stellar
compositions an informative probe of chemical evolu-
tion throughout the galaxy. Stellar compositions can
also support exoplanet studies: because the star and
its planets form side-by-side from the same primordial
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material, the relative compositions of stars that host
different types of planets yield constraints on planet for-
mation processes (e.g. Gonzalez 1997; Fischer & Valenti
2005; Thiabaud et al. 2015) and may even indicate the
detailed physical properties of known planets (e.g. Dorn
et al. 2015; Santos et al. 2015; Unterborn et al. 2014;
Unterborn & Panero 2017).

Previous investigations on this topic indicate that
stars with similar overall metal content display signif-
icant diversity in their elemental abundance patterns
(Adibekyan et al. 2012; Bensby et al. 2014; Brewer &
Fischer 2016). This implies a wide range in the possible
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ABSTRACT

Important insights into the formation and evolution of the Galactic disc(s) are contained in the
chemical compositions of stars. We analysed high-resolution and high signal-to-noise HARPS
spectra of 79 solar twin stars in order to obtain precise determinations of their atmospheric
parameters, ages (o ~0.4 Gyr) and chemical abundances (o <0.01 dex) of 12 neutron-capture
elements (Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd and Dy). This valuable data set allows us
to study the [X/Fe]-age relations over a time interval of ~10 Gyr and among stars belonging
to the thin and thick discs. These relations show that (i) the s-process has been the main
channel of nucleosynthesis of n-capture elements during the evolution of the thin disc; (ii) the
thick disc is rich in r-process elements which suggests that its formation has been rapid and
intensive. In addition, the heavy (Ba, La, Ce) and light (St, Y, Zr) s-process elements revealed
details on the dependence between the yields of AGB stars and the stellar mass or metallicity.
Finally, we confirmed that both [Y/Mg] and [Y/Al] ratios can be employed as stellar clocks,

allowing ages of solar twin stars to be estimated with an average precision of ~0.5 Gyr.

Key words: stars: abundances — Galaxy: abundances — Galaxy: disc —Galaxy: evolution.

1 INTRODUCTION

The history of matter in galaxies is written in the chemical compo-
sition of stellar populations. Akin to archaeologists, who use fossils
to infer the past of ancient civilizations, astronomers can decrypt
the information locked into stellar spectra to trace the history of the
Milky Way.

The pristine material from which our Galaxy has formed was
extremely poor in metals. All the elements heavier than Li have
been subsequently produced in stars through different sites of nu-
cleosynthesis [e.g. Type II or Type Ia supernovae, asymptotic giant
branch (AGB) stars], with their own unique pattern of species pro-
duced and delivered into the insterstellar medium (ISM). Due to
this variety of channels, the abundance ratios of two species having
different origin change with time and can be used to study the for-
mation and evolution of stellar populations (e.g. Gilmore, Wyse &
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Kuijken 1989; Chiappini, Matteucci & Gratton 1997; Recio-Blanco
et al. 2014; Rojas-Arriagada et al. 2016, 2017). Recent studies have
shown that the knowledge of the relations between the abundance
ratios and the stellar ages can provide insights on the variables that
are controlling the evolution of our Galaxy, such as the star forma-
tion rate, the initial mass function, the mass and metallicity of the
supernovae (SNe) progenitors and their yields (Haywood et al. 2015;
Nissen 2015, 2016; Snaith et al. 2015; Battistini & Bensby 2016;
Spina, Meléndez & Ramirez 2016a; Spina et al. 2016b).

These latter studies proceed along a well-defined path enabled
by an increasingly precise abundance analysis of stars that aims
to unravel the chemical enrichment history of the Galactic disc. In
this context, the study of the elements heavier than zinc (Z > 30)
play a crucial role, as they trace yields of a broad range of sites
of nucleosynthesis with very different time-scales (Sneden, Cowan
& Gallino 2008). These species are produced via neutron capture
of isotopes heavier than iron: neutrons are captured by nuclei that,
if unstable, can B decay transforming neutrons into protons. The
group of elements that are synthesized through this process are
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ABSTRACT

The stellar rotation versus age relation is commonly considered a useful tool to derive reliable
ages for Sun-like stars. However, in the light of Kepler data, the presence of apparently old
and fast rotators that do not obey the usual gyrochronology relations led to the hypothesis
of weakened magnetic breaking in some stars. In this letter, we constrain the solar rotation
evolutionary track using solar twins. Predicted rotational periods as a function of mass, age,
[Fe/H], and given critical Rossby number (Ro.) were estimated for the entire rotational
sample. Our analysis favours the smooth rotational evolution scenario and suggests that if the
magnetic weakened breaking scenario takes place at all, it should arise after Rogy = 2.29 or
ages 5.3 Gyr (at 95 per cent confidence level).

Key words: Sun: rotation — stars: fundamental parameters — stars: rotation — stars: solar-type.

1 INTRODUCTION

Rotation-based ages of old Sun-like stars are rooted in a complex
and intricate dependence on age, rotation, turbulent convection,
structural variations, and mass-loss due to magnetized winds
(Skumanich 1972; Reiners & Mohanty 2012; Guerrero et al. 2013;
O’Fionnagdin & Vidotto 2018). Classically, the age-dating method
that relies on this phenomenon assumes that the rotational periods
(Pror) can be expressed in well-defined functions of the age and
mass (or a proxy of it), the so-called gyrochronology relations
(Barnes 2007; Mamajek & Hillenbrand 2008). These relations
had successfully confirmed the paradigm of rotation-activity-age
coupling that powers the global dynamo evolution along the main-
sequence (Barnes 2007; do Nascimento et al. 2014; Vidotto et al.
2014; Lorenzo-Oliveira, Porto de Mello & Schiavon 2016; Lorenzo-
Oliveira et al. 2018) and reproduced the main features observed
in open clusters spanning a wide range of ages (Meibom et al.
2015).

Apart from this inspiring agreement, some of the old Kepler
field stars show unexpected fast rotation, especially hotter ones
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with ages greater than 2-3 Gyr (Angus et al. 2015; Metcalfe,
Egeland & van Saders 2016). This tension led to the idea that after a
critical Rossby number (Ro = P/t ¢z, Where Ty is the convective
turnover time; Noyes et al. 1984) a drastic change of the stellar
differential rotation (SDR) pattern might hamper the production and
maintenance of magnetic field large-scale components over secular
time-scales. One of the most important (and accessible) effects of
this drastic transition would be the presence of old and fast rotating
stars with reduced angular momentum loss caused by magnetized
winds. However, recent observational results gave us alternative
hints about the possible smooth nature of the Sun-like rotational
evolution in the light of Kepler asteroseismic data (Benomar et al.
2018).

Motivated by this up-to-date discussion about the smooth nature
of the age—rotation relations, we can ask ourselves: what solar twins
can tell us about the solar rotational evolution? This letter uses
solar twins to evaluate a recent claim (van Saders et al. 2016) about
the solar rotational transition at a given critical Rossby number.
Section 2 describes our working sample, selection criteria of solar
twin rotators and determination of Py through activity time series.
In Section 3 we discuss the age-rotation evolution of solar twins
and the suitability of standard rotational evolution models. The
conclusions are drawn in Section 4.
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ABSTRACT

This work aims to examine in detail the depletion of lithium in solar twins to better constrain
stellar evolution models and investigate its possible connection with exoplanets. We employ
spectral synthesis in the region of the asymmetric 6707.75 A Li I line for a sample of 77
stars plus the Sun. As in previous works based on a smaller sample of solar twins, we find
a strong correlation between Li depletion and stellar age. In addition, for the first time we
show that the Sun has the lowest Li abundance in comparison with solar twins at similar age
(4.6 £ 0.5 Gyr). We compare the lithium content with the condensation temperature slope for a
subsample of the best solar twins and determine that the most lithium-depleted stars also have
fewer refractory elements. We speculate whether the low lithium content in the Sun might be
related to the particular configuration of our Solar system.

Key words: techniques: spectroscopic —Sun: abundances —stars: abundances —stars: evolu-

tion — planetary systems — stars: solar-type.

1 INTRODUCTION

The importance of lithium in astronomy ranges from cosmological
to stellar evolution questions, and could even be related to exo-
planets. The cosmological Li problem is related to the mismatch
between the Li content produced during big bang nucleosynthesis
and the one measured in old halo dwarf stars (Spite & Spite 1982);
a disagreement of about a factor of four is found (Ryan, Norris &
Beers 1999; Asplund et al. 2006; Bonifacio et al. 2007; Matsuno
etal. 2017).

In the context of Galactic chemical evolution, Li abundances
obtained in thin disc stars indicate a production of this element at
this component of the Galaxy, with the production mechanisms still
in debate (Ramirez et al. 2012; Bensby & Lind 2018; Cescutti &
Molaro 2018; Fu et al. 2018).

Regarding stellar evolution, the Li-rich giant problem is related to
how some observed giant stars have higher content of Li despite the
expectation that this element is destroyed during their first dredge-
up phase due to its fragile nature (Casey et al. (Aguilera-Gémez
et al. 2016; Casey et al. 2016), as seen in standard stellar evolution
models. The work of Charbonnel & Lagarde (2010) presented
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a non-standard stellar evolution model considering thermohaline
instability and rotation-induced mixing and they were able to
reproduce the Li behaviour in red giants. The non-standard stellar
nucleosynthesis presented in Yan et al. (2018) might explain the
observations of Li-rich giants in a particular short stellar evolution
phase. See also recent papers by Deepak & Reddy (2019) and Casey
et al. (2019).

Despite many observational and theoretical efforts, the origin of
the observed Li depletion in solar-like stars is not well established
yet and remains hotly debated in the literature. Albeit likely related
to internal depletion during the lifetime of the star, more Li
abundances are necessary to better constrain non-standard evolution
stellar models that take into consideration different internal motions
of stars. The extra mixing is necessary since Li is destroyed
through the reaction "Li(p, o) at temperatures of ~2.5 x 10°
K near the base of the convective envelope in sun-like stars.
Those non-standard evolution models can include gravity waves
(Charbonnel & Talon 2005), rotation-induced mixing and diffusion
(Do Nascimento et al. 2009), rotation-driven turbulent diffusion
(Denissenkov 2010), and overshooting and gravitational settling
(Xiong & Deng 2009).

Several works in the literature discuss the factors influencing
lithium depletion in solar-type stars such as occurrence of planets
(Delgado Mena et al. 2014), binarity (Zahn 1994; Beck et al. 2017),
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ABSTRACT

Different stellar phenomena affect radial velocities (RVs), causing variations large
enough to make it difficult to identify planet signals from the stellar variability. RV
variations caused by stellar oscillations and granulation can be reduced through some
methods, but the impact of rotationally modulated magnetic activity on RV, due to
stellar active regions is harder to correct. New instrumentation promises an improve-
ment in precision of one order of magnitude, from about 1 m/s, to about 10 cm/s.
In this context, we report our first results from 24 spectroscopic ESPRESSO/VLT
observations of the solar twin star HIP 11915, spread over 60 nights. We used a
Gaussian Process approach and found for HIP 11915 a RV residual RMS scatter of
about 20 cm s™!, representing an upper limit for the performance of ESPRESSO.

Keywords: techniques: radial velocities - methods: data analysis - stars: individual:
HIP 11915

1. INTRODUCTION

The radial velocity (RV) method has been used to discover exoplanets, or to confirm
exoplanets detected by the transit method and estimate their mass. Earth analogs
orbiting the habitable zone of a Sun-like star, induce a RV signal on the order of 10 cm
s7! (e.g., Langellier et al. 2020). However, the measured RV variations are not entirely
due to planets; stellar activity, oscillations and granulation also cause changes in RV
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