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Abstract

Many planets undergo hydrodynamic atmospheric escape at some stage of their
lifetime. During this blow-off stage, these planets could significantly change their
atmospheric composition; their bulk planetary mass; their radius-mass relationship;
and even they could evolve to a different planetary class. Therefore, this mechanism
plays a central role in planetary evolution, formation and diversity. Scarcity of
observations of planets currently undergoing hydrodynamic escape prevents a better
atmospheric characterisation and limits the knowledge of this mechanism. One of
the main gaps in the knowledge of the hydrodynamic escape is the non-confirmation
of the three regimes theoretically identified: energy-limited, recombination-limited,
and photon-limited, as no observational evidence of these regimes has been reported
to date. However, high-resolution measurements of the He 1 triplet lines at 10830 A
of highly irradiated planets have been recently reported, which provide a new means
of studying their atmospheric escape.

The main goal of this thesis is to contribute to the knowledge in planetary science
through the study of the upper atmosphere of giant planets undergoing hydrody-
namic escape. We aim at 1) to improve the characterisation of the upper atmo-
spheres of a sample of exoplanets currently undergoing hydrodynamic escape: the
hot Jupiters HD 209458 b and HD 189733 b, and the warm Neptune GJ3470b; 2)
to perform a comparative analysis of these exoplanets to better understand this
mechanism; and 3) to investigate their hydrodynamic regime.

To fulfil those objectives, we participate in the CARMENES He 1 survey, a collabora-
tion within the CARMENES Consortium for observing the He 1 triplet in a sample
of exoplanets with the CARMENES high-resolution spectrograph. As part of the
Working Group of Atmospheres of the Consortium, we were one of the first groups
worldwide in taking those measurements, which opened a new window for studying
the atmospheric escape. A series of measurements were taken of several exoplanets
including the three planets studied here, HD 209458 b9, HD 189733 b, and GJ 3470 b.
In order to analyse this wealth of unique measurements, we developed a 1D hydro-
dynamic spherically symmetric model for exoplanetary upper atmospheres coupled
with a non-local thermodynamic model for the population of the He I triplet state.
In addition, we performed high-resolution radiative transfer calculations of synthetic
spectra for the He 1 triplet lines to analyse the measured absorption spectrum and
to retrieve information about the atmospheric parameters, as the mass-loss rate,
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the thermospheric temperature, the He 1 triplet density profile, and the degree of
ionisation. In order to break the degeneracy in some of those parameters we also
used the H density derived from Ly« observations.

Among the most important results we find that the upper atmosphere of HD 189733 b
is compact and hot, with a maximum temperature of 124007300 K, with a very
low mean molecular mass (H/He=(99.2/0.8)+0.1), with small gas radial veloc-
ities, which is almost fully ionised above 1.1 Rp, and with a mass-loss rate of
1.0770:98 x 10! gs~1. In contrast, the upper atmosphere of GJ3470b is highly ex-
tended and relatively cold, with a maximum temperature of 5100+900K, also
with a very low mean molecular mass (H/He=(98.5/1.5)"1?), with large ra-
dial outflow velocities, which is not strongly ionised and with a mass-loss rate
of (1.8741.13) x 10! gs~!. HD209458b seems an intermediate case between
HD 189733 b and GJ3470b, as its upper atmosphere is extended, although not as
GJ3470Db, with an intermediate temperature of 7625+500K, a mean molecular
weight of ~ 98/2, with intermediate gas radial velocities, and a mass-loss rate of
(0.7140.29) x 10! gs~!. Attending to the derived H density profiles we find that
while the recombination is the process governing the whole upper atmosphere of
HD 189733 b, advection dominates in GJ 3470 b, and both processes are not negligi-
ble in HD 209458 b.

In addition to constrain the main atmospheric parameters of these exoplanets we
confirm that GJ 3470 b undergoes hydrodynamic escape, and provide the first obser-
vational derivation of the H/He ratio of an exoplanet. Moreover, our results suggest
that the upper atmospheres of giant planets undergoing hydrodynamic escape tend
to have very low mean molecular mass (H/He > 97/3). Furthermore, we report
observational evidence of the hydrodynamic escape regimes in H/He atmospheres.
In particular, we demonstrate that HD 209458b is in the energy-limited regime,
HD 189733 b is in the recombination-limited regime and GJ3470b is in the photon-
limited regime. Accordingly, we propose these exoplanets as benchmark cases for
their respective regimes. We conclude that this work significantly improves the atmo-
spheric characterisation of this sample of exoplanets and enhances our knowledge
of the hydrodynamic escape mechanism.



Resumen

Muchos planetas sufren escape atmosférico hidrodindmico en alguna etapa de su
vida. Durante esta etapa de gran expansion atmosférica, estos planetas podrian
sufrir un gran cambio en su composicion atmosférica; en su masa planetaria; en su
relaciéon masa-radio; e incluso podrian evolucionar a una clase planetaria diferente.
Por lo tanto, este mecanismo juega un papel crucial en la evolucién, formacion y
diversidad planetaria. La falta de observaciones en planetas que actualmente sufren
escape hidrodindmico evita que se mejore la caracterizaciéon de sus atmosferas,
y limita la comprension de este proceso. Una de las deficiencias principales en
el conocimiento del escape hidrodindmico es la falta de confirmacion de los tres
regimenes hidrodindmicos que han sido identificados de forma tedrica: limitado
por la energia, limitado por recombinacién y limitado por el niimero de fotones
(en inglés, “energy-limited”, “recombination-limited”, y “photon-limited”), debido
a que no se han obtenido pruebas observacionales a fecha de hoy. Sin embargo,
medidas de alta resolucién de las lineas del He1 triplete a 10830 ,A, en planetas
intensamente irradiados por su estrella, han sido tomadas recientemente, lo que
proporciona una nueva forma de estudiar su escape atmosférico.

La finalidad de esta tesis consiste en contribuir al conocimiento en ciencias plane-
tarias a través del estudio de la alta atmodsfera de planetas gigantes que sufren escape
atmosférico hidrodindmico. Nuestros objetivos son 1) mejorar la caracterizacién de
las altas atmdsferas de una muestra de exoplanetas que actualmente sufren escape
hidrodindmico, compuesta por los exoplanetas tipo Jupiter caliente HD 209458 b, y
HD 189733 b, y por el exoplaneta tipo Neptuno caliente GJ 3470 b; 2) realizar un
andlisis comparativo con los exoplanetas de la muestra para comprender mejor el
proceso de escape hidrodindmico; y 3) investigar su régimen hidrodinamico.

Para alcanzar estos objetivos, hemos participado en el proyecto CARMENES Hel,
una colaboracién dentro del Consorcio de CARMENES para observar el He 1 en una
muestra de exoplanetas, mediante el espectrégrafo de alta resolucién CARMENES.
Como parte del grupo de trabajo dedicado al estudio de atmdsferas dentro del con-
sorcio, hemos sido de los primeros a nivel mundial en obtener este tipo de medidas,
que han abierto una nueva ventana para el estudio del escape atmosférico. El grupo
de trabajo ha llevado a cabo una serie de observaciones entre las que se encuentran
los exoplanetas que se estudian en esta tesis, HD 209458 b, HD 189733 b y GJ 3470 b.
Para analizar estas observaciones, hemos desarrollado un modelo hidrodindmico



1D con simetria esférica para describir la alta atmodsfera de los exoplanetas, y lo
hemos acoplado a un modelo termodinamico de desequilibrio para el calculo de
la poblacién del He triplete. Ademas, hemos realizado un modelo de transferencia
radiativa de alta resolucidn para calcular el espectro sintético de las lineas del He
triplete y de esta forma analizar el espectro de absorcién medido. De este andlisis
extraemos informacion de los parametros atmosféricos como, la tasa de pérdida de
masa, la temperatura de la termosfera, el perfil de densidad del He triplete y su
grado de ionizacion. Para romper la degeneracion existente entre algunos de estos
parametros, hemos utilizado las observaciones de la linea Ly« ya observada en estos
exoplanetas.

Entre los resultados mas importantes que hemos obtenido, encontramos que la alta
atmosfera de HD 189733 b es caliente y compacta, con una temperatura maxima
de 12 400f§88 K, una masa molecular media de (H/He=(99.2/0.8)+0.1), que se
desplaza con una baja velocidad radial, que estd altamente ionizada por encima
de 1.1 Rp, y que sufre una tasa de pérdida de masa de 1.077005 x 10" gs~!.
Por el contrario, la alta atmésfera de GJ3470b estd muy extendida y es relati-
vamente fria, con una temperatura maxima de 5100+900K, una masa molecu-
lar media de (H/He=(98.5/1.5)"1?7), que se expande con una velocidad radial
muy alta, que estd moderadamente ionizada y que pierde masa a un ritmo de
(1.8741.13) x 10! gs~!. La alta atmdsfera de HD 209458 b parece un caso interme-
dio entre las de HD 189733 b y GJ3470b, ya que estd moderadamente extendida,
tiene una temperatura maxima de 7625+500 K, una masa molecular media de ~
98/2, se desplaza con una velocidad radial moderada y sufre una tasa de pérdida
de masa de (0.7140.29) x 10'! gs~!. Atendiendo a los perfiles de densidad del H,
encontramos que mientras la recombinacion es el proceso que gobierna toda la
atmosfera de HD 189733 b, la adveccién domina completamente la de GJ3470b, no
siendo ninguno de estos procesos despreciable en la alta atmdsfera de HD 209458 b.
A parte de obtener buenas estimaciones de los principales pardmetros atmosféricos
de estos exoplanetas, hemos podido confirmar que GJ 3470 b sufre escape hidrod-
indmico. Ademds, hemos proporcionado la primera estimacién observacional de
la proporcion de H/He en un exoplaneta. Las estimaciones de esta proporcion
en los tres exoplanetas, sugieren que la alta atmdsfera de planetas gigantes que
sufren escape hidrodindmico tienden a tener una masa molecular media muy baja
(H/He = 97/3). Por otro lado, presentamos pruebas observacionales de los diferentes
regimenes hidrodindmicos en atmdsferas ricas en hidrégeno (del tipo H/He). En
concreto, demostramos que HD 209458 b se encuentra en el régimen limitado por la
energia, HD 189733 b en el régimen limitado por la recombinacién y GJ3470Db en el
limitado por el nimero de fotones. De acuerdo con estos resultados, proponemos
estos exoplanetas como arquetipos para sus respectivos regimenes. Concluimos que
este trabajo mejora significativamente la caracterizacién de la alta atmosfera de los
exoplanetas que forman nuestra muestra, al igual que mejora nuestro conocimiento
sobre el proceso de escape atmosférico hidrodinamico.
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Introduction

1.1 Planetary nature

Since the confirmed detection of the first exoplanets! PSR 1257 12b and PSR 1257 12 ¢
by Wolszczan and Frail (1992), which orbit a pulsar, and the first confirmed detection
of an exoplanet orbiting a main-sequence star, the hot Jupiter 51 Pegasib (Mayor
and Queloz, 1995), about 4400 exoplanets have been discovered to date? (Schneider
et al., 2011:exoplanet.eu catalog)®.

Bulk planetary and stellar parameters (e.g., planetary and stellar mass and radius,
planetary orbital properties and stellar effective temperature and luminosity) reveal
a very diverse and exotic population of exoplanets, most of them very different to
the planets of the Solar System. Exoplanets have been detected around every type
of star, including advanced evolutionary stages (e.g., white dwarfs and pulsars)
and binaries; with orbital separations closer to 0.01 AU and beyond 1000 AU (as
reference, Mercury is at ~0.39 AU and Neptune at ~ 30 AU). Also, exoplanets have
orbital periods from less than 1 day to more than 1000 years; orbital eccentricities
from O to larger than 0.9 (the largest in the Solar System is ~ 0.2 for Mercury); and
with distances to the Sun from ~ 1.3 pc (Proxima Centaury, the closest star to the
Sun) to beyond 3000 pc.

Statistical analysis of population shows that planetary systems are ubiquitous, with
an estimation of an exoplanet or more per star in the Milky Way on average (Cassan
et al., 2012). Derivation of occurrence rates (number of planets per star) depends
on the parameters used for the study, as for example the spectral type of host stars
or the range of orbital separations of the planetary sample. Nevertheless, these
demographic studies provide key insights. Fig.1.1 shows the occurrence rate of
planets around main-sequence FGKM stars with an orbital period lower than 85 days,
derived from Kepler data by Fressin et al. (2013). They defined different planetary
classes as: Earths (0.8-1.25 Rg), super-Earths (1.25-2 Rg), small Neptunes (2-4
Rg), large Neptunes (4-6 Rg) and giant planets (6-22 Rg). Intermediate size
planets, i.e. super-Earths and small-Neptunes, are the most common. Paradoxically,

!Planets outside the Solar System, also known as extra-solar planets.
2January of 2021.
Shttp://exoplanet.eu/
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there are not intermediate size planets in the Solar System. Small planets are also
very abundant. In particular, Bryson et al. (2021) estimated an occurrence rate of
about 0.16-0.69 rocky planets (0.5-1.5 R®) in the habitable zone (HZ)* per Sun-like
star (FGK spectral types), which implies that on average four of these planets are
within 10 pc from the Sun. Most M dwarf host at least one small or intermediate
size planet (0.5-4 R®) and, more specifically, about 0.21-0.43 rocky planets in the
HZ per M dwarf star (Hsu et al., 2020). Occurrence rates of hot Jupiters estimates
are around ~0.004-0.016 planets per Sun-like star (Wright et al., 2012; Fressin
et al., 2013; Zhou et al., 2019). Giant planets beyond 10-50 AU are rare, and
at separations of <2.5AU the occurrence rate increases with host star mass and
metallicity (Gaudi et al., 2020).

Super- Small Large

Earths Earths Neptunes Neptunes

Giant Planets

e
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o

=
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|
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0.00L +‘—‘—'—’_‘—l—l - ]
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Fig. 1.1 Occurrence rate of planets of different classes with orbital periods lower than 85 days around
main-sequence FGKM stars from Kepler data. After Fressin et al. (2013).

Besides, demographic studies are biased by the detection methods, and then we
have to be cautious with the interpretation of the current census. The main detection
methods are radial velocity (RV), primary transit, direct imaging and microlensing.
Essentially almost all discoveries from 1995 to 2003 were by means of the RV method.
The first exoplanet observed by primary transit was HD 209458 b in 2020 (Henry et
al., 2000; Charbonneau et al., 2000) and, currently, due to the NASA Kepler mission,
this technique is the most productive so far with ~ 3100 detections (compared with

“Defined as the region around a star in which a rocky-mass/size planet with an Earth-like atmospheric
composition (CO2, H20, and N3) can sustain liquid water on its surface (Bryson et al., 2021). See
that reference for more specific definitions of the HZ.

Chapter 1 Introduction



the ~ 1000 by RV, ~ 140 by direct imaging and ~ 130 by microlensing)®. Primary
transit technique is restricted to relatively small orbital separations (compared with
microlensing and direct imaging). Direct imaging detection are limited to gas giants
with masses > 1 My, beyond 10 AU around nearby young stars, generally at 15-150
pc from the Sun (Gaudi et al., 2020). Microlensing is sensitive to planets orbiting
low-mass and solar-like mass host stars.

With measurements of mass and radius we can derive the density of the planet,
which is the first clue about the planet interior composition. Interior structure models
predict very different types of planets, for example solid planets without atmosphere,
gaseous hydrogen dominated or water worlds. While it is known that giant planets
have large hydrogen/helium (H/He) atmospheres, composition of atmospheres of
intermediate and low-planets are not obvious. However, derivation of planetary
densities from observations and model estimations point that a high number of
low-mass planets have large H/He atmospheres (see, e.g., Owen et al., 2020).

The detection of the first exoplanetary atmosphere (Charbonneau et al., 2002) was
another breaking point in planetary science history. By primary transit spectropho-
tometry with the Hubble Space Telescope (HST) Charbonneau et al. (2002) observed
the NaT absorption line in the atmosphere of HD 209458 b (although this has been
recently call into question, see Casasayas-Barris et al. (2020)). Since then, several
techniques have been developed for observing exoplanetary atmospheres. Among
those we have the transmission spectroscopy in the primary transit, which provides
absorption spectra from the day-night terminator of the planet; and emission spec-
troscopy, in the secondary transit, which provides emission spectra from the day-side
of the planet. The most interesting technique for this work is the transmission spec-
troscopy, as it is the method used for observing escaping atmospheres. Then, we only
will briefly explain some basic foundations about the transmission spectroscopy (see,
e.g., Madhusudhan (2019) for a detailed review of the atmospheric observational
methods).

As the planet passes in front of the star (as seen from the observer, see sketch in
Fig.1.2), a fraction of the stellar photons goes through the atmosphere of the planet,
some of them being absorbed by the species populating the atmosphere. Therefore,
the transmission spectrum of the planetary atmosphere can be derived by measuring
the spectrum in transit and dividing it by the spectrum of the star (measured out
of the planetary transit). As the starlight decreases by the planet-to-star area ratio,
photons absorbed by the atmosphere increase the area of the planet (see blue ring
in Fig. 1.1) at the corresponding wavelengths (i.e. the absorption radius of the

>Analysed from the exoplanet.eu catalog data in January 2021.
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planet R,,s). Therefore, the absorption depth, ¢, of an absorption line of a species

. Rabs 2
5= (R*> , (1.1)

where R, is the radius of the star. Besides, if the radius of the star is known, it is

can be defined as

possible to derive the planetary radius for the corresponding wavelength.

Secondary eclipse

See planet thermal radiation
disappear and reappear

Primary eclipse

Measure size of planet Learn about atmospheric circulation
See star’s radiation transmitted from thermal phase curves
through the planet atmosphere

Fig. 1.2 Sketch of the primary and secondary planetary transits by Seager and Deming (2010).

1.2 Hydrodynamic atmospheric escape

Planetary atmospheric escape is produced by thermal and non-thermal processes.
Thermal escape processes are linked to the local temperature of the atmosphere,
and we can find two different mechanisms, the Jeans escape and the hydrodynamic
escape. Non-thermal escape processes are produced by other mechanisms as, for
example, ion pick-up by the stellar wind, ion-neutral atoms collisions or photochem-
ical escape. Our study focuses on the most effective atmospheric mechanism of
mass-loss, the hydrodynamic escape; hence we do not review here the non-thermal
escape (see, e.g., Pierrehumbert (2010) for a complete review) and describe the
Jeans mechanism only very briefly.

1.2.1 Thermal escape regimes

Upper atmospheres in hydrostatic equilibrium are composed by a collisional region
located in the lower part, the thermosphere, and a non-collisional region® at the
upper part, the exosphere. In the transition region from the thermosphere to the

5The region where collisions between molecules are infrequent, that is, where the Knudsen number,
K, defined as the ratio between the mean free path of molecules/atoms/ions and the scale height,
is larger than 1.

Chapter 1 Introduction



exosphere (the exobase)’, the local velocity distribution of particles follows the
Maxwellian distribution. Those particles in the high tail of the distribution with
radial velocities greater than the escape velocity of the planet escape from the
atmosphere. This is the Jeans escape mechanism (Jeans, 1905), and this scenario
is called the Jeans regime. The escape flux (number of escaping particles per unit
area per unit time), @ j...s, can be estimated approximating that particles escape
from the exobase, which is also assumed that is located at a single altitude (Opik
and Singer, 1961; Chamberlain, 1963; Johnson et al., 2009),

2 2
n U v v
D Jeans = 2‘3’37?0 < ;(;)C + 1) exp (— 5?) , (1.2)

where nexo is the exobase number density; vy = /2 k7T /m is the most probable
velocity of the distribution, & the Boltzmann constant, m the mass of the particle
and T the local kinetic temperature; ves is the escape velocity of the planet, given
by vese = +/2 G Mp/r with G being the gravitational constant, Mp the mass of the
planet and r the distance from the centre of the planet.

A planetary upper atmosphere is in hydrodynamic escape (also known as blow-off
escape)® when the gas, heated via photo-ionisation, has a pressure gradient that
overcomes the gravity of the planet. Therefore, the stellar irradiation, mainly X-
ray and extreme ultraviolet (XUV) radiation, as well as the near-ultraviolet (NUV)
radiation in exoplanets orbiting hot stars (Garcia Mufioz and Schneider, 2019),
triggers hydrodynamic atmospheric escape generating a strong wind that expands
substantially the thermosphere and ejects the gas beyond the Roche lobe. The
bulk velocity of the outflow is accelerated from subsonic to supersonic velocity (i.e.,
so-called transonic outflow). This scenario is known as hydrodynamic regime. The
escape flux of this mechanism, ®yp, can be expressed as:

Syp = p(r)v(r)/u, (1.3)

where p(r) and p are the density and the mean molecular mass of the gas respectively;
and v(r) is the bulk radial velocity of the flow.

Transition between the hydrostatic Jeans escape and the hydrodynamic escape is
not well understood yet. This transition regime, known as the slow hydrodynamic
thermal regime (e.g., Volkov, 2016; Zhang, 2020)°, describes an outgoing flux with
an intermediate gas bulk velocity, lower than the bulk velocity of the hydrodynamic
escape but higher than the zero bulk velocity of the Jeans escape. As a consequence,

7Usually defined as the region where K, ~ 1.

8We will use both names indistinctly.

“There are several different terminologies of thermal regimes. For example, slow hydrodynamic
escape regime is also known as the controlled hydrodynamic escape. In this work, we follow the
terminology of Johnson et al. (2009).

1.2 Hydrodynamic atmospheric escape
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the upper atmosphere expands and the velocity at the exobase can be described by a
shifted Maxwellian distribution (e.g., Tian, 2015). We will refer to this mechanism
as the enhanced Jeans escape.

A raw estimation about which thermal regime governs the upper atmosphere of a
planet, can be done with the so-called exobase Jeans parameter (or simply the Jeans

parameter), A,
G Mp 1

= 5
k Texo Texo

A (1.4)

where rex, is the distance from the centre of the planet to the exobase, and Ty, is
the temperature at the exobase. Jeans parameter is the ratio of the gravitational
energy to the thermal energy of a particle at the exobase. A is = 10 in hydrostatic
equilibrium (stable) atmospheres, so that the escape is produced by Jeans escape
(e.g., Zhang, 2020). In contrast, A is < 2 in non-hydrostatic equilibrium (unstable)
atmospheres, so that the escape is hydrodynamic. The transition regime is roughly
estimated as the very narrow range of A ~2-10 (see, e.g., Johnson et al., 2009;
Volkov, 2016). As a reference, the exobase Jeans parameters of current Venus,
Earth, Mars, and Jupiter atmospheres are A ~ 350, 130, 200, and 430, respectively
(Johnson et al., 2009).

1.2.2 Hydrodynamic escape regimes

The atmospheric mass-loss of hot Jupiters have been intensively studied in recent
years. In that line, Murray-Clay et al. (2009) have studied how the atmospheric
mass-loss of a prototype hot Jupiter varies according to the incident ultra-violet
(UV) flux. Their results show that, under high levels of irradiation, the mass-loss
rate is not limited by the radiative energy absorbed in the atmosphere, but by the
radiation-recombination processes that occur in the atmosphere. In the cases where
the mass-loss rate is limited by the energy deposition of the absorbed radiation,
it scales linearly with the incident UV flux. This happens because that energy is
efficiently spent in the work required to expel the gas. However, if the mass-loss
rate is limited by the radiation-recombination processes, it is then approximately
given by the square root of the incident UV flux. In this case, a large fraction of the
absorbed energy is lost by radiative cooling and hence it is not available for lifting
the gas.

Owen and Alvarez (2016) found theoretically that the mass-loss rate of moderately
irradiated low gravity planets can be limited by the incoming flux that ionises the gas.
In these cases, the mass-loss rate scales to the square of the effective absorption radius
of the planet, that is, the radius where the incoming flux is near completely absorbed.
Hence, all those theoretical studies suggest that planets with hydrogen-dominated
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atmospheres and undergoing hydrodynamical escape might be under three very
distinct atmospheric escape regimes: energy-limited, recombination-limited'?, and
photon-limited.

We should note that this classification of the hydrodynamic atmospheric escape
regimes is important not only for a better understanding the different mass-loss
rates processes of the planetary atmospheres, but it is also very useful for estimating
accurately the planetary mass-loss rate when using the very common energy-limited
approximation (see, e.g., Murray-Clay et al., 2009; Bear and Soker, 2011; Owen
and Alvarez, 2016; Salz et al., 2015; Wang and Dai, 2018; Lampon et al., 2021a).
This approximation, when used jointly with an estimated heating efficiency'! in the
range of 10-20% (the most probable range in hydrogen-dominated atmospheres,
Shematovich et al., 2014), largely overestimates the mass-loss rate of planets that
are in the recombination-limited regime. It might also lead to significantly inaccurate
results when applied to atmospheres in the photon-limited regime. The reason is
that the effective absorption radius could be very different from the actual planetary
radius. Therefore, the accuracy of the application of this approach very much
depends on the hydrodynamic escape regime of the planet in question.

1.2.3 Modelling the hydrodynamic escape

By definition, hydrodynamic escape occurs only in the collisional regions, where the
gas behaves as a fluid , and hence, it is naturally described by the hydrodynamical
equations. In this section, we focus on 1D spherically symmetric models, as this is the
approach we used in this work. We will explain the 1D hydrodynamical equations
and then we will discuss the comparison with 3D models.

The hydrodynamical equations for a multi-component gas composed for s species
and assuming a spherical symmetry are (e.g., Koskinen et al., 2013),

dps 1d 2 1 d 9 _
dt +T2d’r‘(r pSV)—i_Tsz(r FS)—;P5+¥LS7 (15)
dt +7‘72$( zpsvz):_pg_%+fua (1.6)
d(psE) 1 d
i Tag )

1.7)

19Also known as radiation/recombination limited.
"Defined in Chapter 3, Sec.2.2.
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where r is the distance from the centre of the planet; t is the time; p and v are the
mass density and bulk radial velocity of the gas, respectively; g = G Mp/r?; G is
the gravitational constant, and Mp is the planetary mass; p is the gas pressure; ps is
the mass density for the species s, and p = Y ps is the total density of the gas; F;
is the species diffusive flux; P, and L, are species production and losses terms; f,
is the viscosity term; E is the specific internal energy of the gas; Qr is the specific
net radiative heating;  is the coefficient of heat conduction; and ®,, is the viscous
dissipation functional.

Equation (1.5) is the species continuity equation for each species, Egs. (1.6) and
(1.7) are the momentum and the energy continuity equations for the gas as a whole
respectively. Under this approach, the momentum equation contains only forces
induced by the planet’s gravity and the gas pressure, neglecting other forces like
the stellar gravitational pull. When we sum all the species continuity equations, we
obtain the mass continuity equation of the gas as a whole,

dp 1 d, ,
— + =— = 0. 1.8

dt + r2 dr(r pY) (1.8)
as the sum over all the species production and losses, and the sum over all species
diffusive fluxes, are zero, thatis ) (Ps + Ls) = 0 and ) Fs = 0. In stationary state,
we can reduce the continuity equations to

d [r? p(r) v(r)]

= 1.
0 0, (1.9)
L d, o o dp
r? dr(r V) ==py dr G (1.10)
1d 1d o, . 1d/, dT)
- sEv) = B p—— -~ — D, 1.11
rzdr(r ps BV) =p Qnr pr2dr(r V)+r2dr (T Nar +%u ( )

Now, by deriving the LHS of the momentum continuity equation, Eq. (1.10), using
Eg. (1.9), and rearranging we obtain.

d 1d 1
o, ldp

— fu. 1.12
dr p dr + 0 T ( )

If we assume an inviscid gas (i.e. the viscosity is equal to zero),

&v 1dp GM
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—+ - 1.13
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Chapter 1 Introduction



As explained above we already took into account several assumptions for obtaining
this form of the 1D hydrodynamical equations. However, they are still complex
to solve. For this reason, more simplifications have to be done. The most simple
approach is the so-called energy-limited approach, which assumes some important
approximations in the energy equation (see Sec.4.2. of Chapter 3 where we describe
this approach). Although the energy-limited approach can give us a good estimation
of the mass-loss rate when the required input parameters have appropriate values,
we need additional approaches in order to characterise the upper atmospheres under-
going hydrodynamic escape. The majority of the hydrodynamic models developed
to date are 1D spherically symmetric models and solve the hydrodynamic equations
by using other more complex approaches (see, e.g., Watson et al., 1981; Lammer
et al., 2003; Yelle, 2004; Tian et al., 2005; Garcia Mufioz, 2007; Murray-Clay et
al., 2009; Owen and Alvarez, 2016; Salz et al., 2016).

Further to those difficulties, the upper atmospheres can comprise not only the
region of hydrodynamic escape, fully collisional, but also some regions where the
atmosphere becomes no-collisional and the hydrodynamic equations do not fully
apply. In this region, gas particles behave as bullets, not as a fluid. This case especially
applies to the slow-hydrodynamic escape and Jeans regimes (see Sect. 1.2.1). Some
authors use a hydrostatic model for the thermosphere, and a particle (ballistic) model
for the exosphere and the unbound region (beyond the Roche lobe), simulating an
enhanced Jeans escape (e.g. Bourrier and Lecavelier des Etangs, 2013). Monte Carlo
simulations can describe auto-consistently all thermal regimes, as they can represent
the fluid and the ballistic behaviour of the gas (Johnson et al., 2009; Volkov, 2016).
These models are specially suitable for simulating the slow-hydrodynamic escape
regime. However, this treatment is computationally very expensive even for a 1D
approach. A simplification of these kinds of models is to compute only the region of
slow-hydrodynamic regime, or the exobase, and to use other models for describing
the thermosphere and the exosphere. As shown in the next chapters, all our studied
exoplanets are in the hydrodynamic regime and our results show that their no-
collisional region is well beyond the Roche lobe. Hence, we do not need to resort to
these kinds of models in this work.

Some hydrodynamic 3D models have been recently developed for modelling hy-
drodynamic escape (see e.g., Tripathi et al., 2015; Shaikhislamov et al., 2020).
These models can simulate the gas not only in the upper atmosphere of an exo-
planet undergoing hydrodynamic escape but also beyond the Roche lobe (if the gas
continues being collisional). Nevertheless, multidimensional models also have to
assume simplifications in order to reduce their computational cost and, even though,
they still remain computationally too expensive for being used in parameter space
studies.

1.2 Hydrodynamic atmospheric escape
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Deriving constraints for the parameters of the evaporating atmospheres from ab-
sorption spectra observations requires an exploration of the space parameters. As
reference, in this work, for a three parameters study (mass-loss rate, temperature,
and H/He composition), we needed to run several grids with more than 2000 simu-
lations for every planet. Hence, we run more than 35 000 simulations (excluding
the many tests performed).

The main concerns about the use of 1D hydrodynamic spherically symmetric models
are the simulation of the outflow geometrical deviations (by e.g. Coriolis force and
stellar tidal force) at distances near or beyond the Roche lobe, and the asymmetric
irradiance of the planet which could generate for example day-to-night tempera-
ture gradients. Owen et al. (2020) analysed these differences by comparing the
comprehensive 3D hydrodynamic model of Shaikhislamov et al. (2020) with the
1D model of Parke Loyd et al. (2017), and found that the main parameters can
be accurately simulated by 1D models. As they argue, this is because the day side
heating by stellar XUV is efficiently redistributed over the whole atmosphere, and
because the maximum heating rate is located at lower altitudes. This result agrees
with previous analysis that compare 3D and 1D models (Murray-Clay et al., 2009;
Stone and Proga, 2009; Tripathi et al., 2015; Salz et al., 2016). Since our study is
essentially focused in the upper atmosphere (i.e. below the Roche lobe), the main
region where the He triplet absorption takes place, we do not need to accurately
model the unbound gas, neither its possible interactions with the stellar wind, the
interaction with ENAs!'? or with the radiation pressure.

As our aim is to retrieve information from observed He(23S) absorption spectra,
which takes place mainly in the upper atmosphere under the hydrodynamic regime,
and as we need to compute tens of thousand of simulations, our best solution is
a 1D hydrodynamical symmetric model able to solve the hydrodynamic equations
very efficiently. In Chapter 3, Sec. 3, we describe the model and the approach for
improving its computational efficiency.

1.2.4 The role of the hydrodynamic atmospheric escape in
planetary evolution

Hydrodynamic atmospheric escape has a high impact on the evolution of planets
that undergo this process at some stage in their history (the so-called blow-off stage).
Many planets suffer a blow-off stage during their lifetime. As bulk parameters of
planets and their host stars depend on age, planets could experience different thermal
escape regimes during their lifetimes (see Sec. 1.2.1). Young planets are usually very

12Energetic neutral atoms.
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extended, which lead to a higher absorption of the XUV stellar radiation and thus
favouring the hydrodynamic regime. Subsequent cooling in their evolution stages
produces a contraction of the atmosphere which does not favour the hydrodynamic
regime. On the other hand, young stars emit more high-energy radiation, especially
during their saturation phase!®, which also favours the hydrodynamic regime (see
e.g., Jackson et al., 2012). In addition, large mass-loss rates could also reduce the size
of the planet with time, which does not favour the continuity of the hydrodynamic
regime. In conclusion, hydrodynamic escape is more probable and with larger mass-
loss rates in the first Gyr of the lifetime of the planet, specially in the first 100-200
Myr, during the saturation phase of the host star (see e.g., Jackson et al., 2012).

The change of the thermal escape regime with time has also important consequences.
For example, planets with late migration, which occurs at = 100 Myr are less exposed
to high irradiation from their young host stars and then could experience a shorter
blow-off stage. Hence, the relation of hydrodynamic escape with migration could
provide hints about the different migration mechanisms and on the epoch at which
migration occurs (Jackson et al., 2012). Another illustrative example is the case
of hydrogen-rich super-Earths orbiting a solar-like star in the HZ, which are in
hydrodynamic regime due to the strong XUV stellar fluxes, which are several tens
higher than the ones of the current Sun. That is actually the case of early evolution
of Solar-like stars. However, hydrogen-rich Earth-like planets in the same scenario,
are in hydrodynamic regime only for XUV fluxes ten times higher than the Solar one.
Therefore, as the stellar XUV flux decreases with time, super-Earths would have a
shorter blow-off stage than Earth-like planets and, consequently, a larger stage in
the slow-hydrodynamic regime.

Hydrodynamic escape is the most efficient atmospheric mechanism of planetary mass-
loss. This process can lead to a loss from a small fraction of the original atmosphere
to its complete removal (see e.g., Baraffe et al., 2004; Baraffe et al., 2005; Garcia
Mufioz and Schneider, 2019). In consequence it can be very important in shaping the
current planetary population. The most relevant consequences about the influence
of hydrodynamic escape on planetary demography are the formation of the so-
called evaporation desert, a remarkably lack of large low-mass planets (<20 Mg) in
very short orbital separations, and the so-called evaporation valley, an empty band
starting about 2Rg, at 0.03 AU and declining up to ~ 0.1 AU (Owen, 2019).

Figure 1.3 shows the radius-separation distribution resulting from a simulation of
an exoplanetary population with core masses ranging from 15Mg to 6.5Mg, initial
total masses <20Mg and hydrogen/helium atmospheres that evolved up to 10 Gyr
(Owen and Wu, 2013; Owen, 2019). This simulation predicts clearly the evaporation

13period of the star in which the X-ray luminosity is higher. The X-ray luminosity is roughly constant
with time until about 100 Myr, when it starts decreasing.
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desert, where only exoplanets with higher core masses can retain a part of their
atmospheres, and that the closer to their host star, the lower the atmospheric fraction
is retained. The evaporation valley is algo noticeably predicted. Planets below the
empty band have lost their atmospheres (i.e., they evolved to solid cores). See
Owen and Wu (2013) and Lopez and Fortney (2013) for more details about these

simulations.
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Fig. 1.3 Radius—separation distribution resulting from a simulation of an exoplanetary population
undergoing hydrodynamic escape. Core masses are ranging from 15Mg (blue dots) to 6.5Mg (green
dots). Red points have intermediate core masses. After Owen (2019) and adapted from Owen and
Wu (2013).

Analogously to the evaporation desert, we have the Neptune desert'#, a significant
lack of planets with a mass range of ~20-200Mg, in orbital periods of ~ 3 days
(Szabd and Kiss, 2011; Mazeh et al., 2016; Owen, 2019). Although the process(es)
leading to the formation of the upper limit of the Neptune desert is not clear
(Owen, 2019), the hydrodynamic escape can at least explain the formation of the
lower boundary (Owen and Lai, 2018).

As discussed above, migration of planets to closer separations of their host star favour
the hydrodynamic escape, as its atmospheres receive more stellar irradiation. Recent
studies have pointed out that the opposite is also possible, i.e. hydrodynamic escape
can favour the migration (Kurbatov et al., 2020; Kurbatov and Bisikalo, 2021). These
authors argue that the ejected gas from the planet by hydrodynamic escape can form

14Also known as the sub-Jovian desert.
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a torus around the star. This gaseous torus could interchange angular momentum
with the planet inducing its migration towards the star. As a reference, these authors
found that the migration of a HD 209458 b-like planet took about 4.5 Gyr to migrate
from an orbit at > 0.67 AU to its current orbit at 0.045 AU.

Hydrodynamic escape might also significantly change the metallicity of the atmo-
sphere via mass fractionation (e.g. Zahnle and Kasting, 1986; Hunten et al., 1987),
generating critical changes in their composition and in the planetary mass-radius
relationship (e.g. Catling et al., 2001; Hu et al., 2015; Malsky and Rogers, 2020).
Besides, hydrodynamic escape can also be relevant for affecting the interior com-
position structure of the planets. Although by considering only the planetary mass
and radius it is possible to constrain the ranges of plausible interior composition,
the information supplied by other processes such as the formation mechanisms
or the atmospheric escape could help to obtain a better constraint (Rogers and
Seager, 2010). For example, the preferential loss of hydrogen causes the oxidation
of the martial surface (Lammer et al., 2020b).

It is also very relevant to mention that Solar System planets as Venus, Mars and
the Earth could experience hydrodynamic escape in early stages of their evolution
(e.g., Watson et al., 1981; Zahnle and Kasting, 1986; Hunten et al., 1987; Lammer
et al., 2020b; Lammer et al., 2020a).

1.2.5 Observations of the hydrodynamic escape

Hydrodynamic atmospheric escape can only be observed from exoplanets, as no
planet in the Solar System is currently undergoing this process. This fact reduces
considerably our available observational capabilities. Indeed atmospheric escape
has been observed only in a few exoplanetary atmospheres of giant planets, mini-
Neptunes and super-Earths.

Exoplanetary atmospheres are mainly detected by transmission spectra (see Sect. 1.1).
Therefore, extended atmospheres are detected when the absorption depth of the
line(s) of a species is/are significantly larger than the broadband optical absorption
depth during the transit, or equivalently when the absorption radius of the line
(See Eq. 1.1) is larger than the absorption radius of the optical broadband (optical
radius).

However, the detection of an extended atmosphere does not prove the existence of
atmospheric escape. To confirm atmospheric escape, it is necessary to detect gas
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beyond the Roche lobe of the planet; for instance, finding an absorption line whose
absorption radius is higher than the Roche lobe (Owen, 2019),

Rlobe>2
o= . 1.15
( L (1.15)

For proving hydrodynamic atmospheric escape, it is also necessary to constrain the
velocity of the gas in the upper atmosphere, as the gas outside the Roche lobe could
be supplied by the Jeans escape or by the enhanced Jeans escape (see Sec.1.2).
Essentially, hydrodynamic escape can be proved if the velocity of the gas is about or
larger than the speed of sound, as this demonstrates the transonic outflow. From the
broadening of the line and an upper limit of the density, it is possible to constrain the
radial velocity of the gas, and then to compare with the estimated speed of sound
(see e.g., discussion in VidalMadjar2004, and also in this work, in Chapters 2, 4 and
5).

The H 1 Ly« line is an excellent feature to prove atmospheric escape due to its large
absorption cross-section, specially in giant planets, where hydrogen is the most
abundant element in their atmosphere. In fact, the first detection of atmospheric
escape in an exoplanet (in the hot Jupiter HD 209458 b) was obtained by the
measurement of the Lya absorption with the HST (Vidal-Madjar et al., 2003).
These authors found an absorption depth in the Ly« of ~ 15%, much higher than
the absorption depth in the visible broadband, ~ 1.5%, with an absorption radius
higher than the Roche lobe of the planet. Therefore, they concluded that the signal
originated from escaping hydrogen. Since then, a few more Ly« observations have
been done in exoplanetary atmospheres with the HST, for instance of the hot Jupiter
HD 189733 b (Lecavelier des Etangs et al., 2010) with an absorption depth of 5%
compared to its broadband optical absorption depth of ~2.4%; of the warm Neptune
GJ 436D (Ehrenreich et al., 2015) with an absorption depth of 56% compared to its
broadband optical absorption depth of 0.69%; and of the warm Neptune GJ3470b
(Bourrier et al., 2018) with absorption depth of ~35%.

However, Lya observations are restricted to space-based telescopes, reducing our
observational capabilities. Moreover, geocoronal emission contamination and inter-
stellar medium absorption dominate the core of the line, leaving only their wings
with potential exoplanetary information (see e.g., Vidal-Madjar et al., 2003; Ehren-
reich et al., 2008). The lack of information from the core of the Ly« line produces a
high degeneracy when deriving the main parameters of the upper atmosphere (e.g.,
density and velocity of the escaping gas) and prevents it from probing its type of es-
cape mechanism. Nevertheless, important information about the upper atmosphere
and processes as stellar wind interaction, ENAs or radiation pressure can be derived
from Ly« observations (see e.g., Bourrier et al., 2016). In Fig. 1.4, we show the Ly«
transmission spectra of GJ 436 b measured by Ehrenreich et al. (2015). Observations
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Fig. 1.4 Ly« transmission spectra of GJ436b measured by Ehrenreich et al. (2015). Solid lines
show the averaged spectra from several observations. After Owen (2019), adapted from Ehrenreich
et al. (2015).

of ultraviolet (UV) lines from heavy elements (e.g., O1, C11) are partially affected
by the interstellar absorption medium (see e.g. Vidal-Madjar et al., 2004). With
part of the core of the line available, and constraining the density of the heavy
element (e.g. by means of the hydrogen density from Ly« absorption), it is possible
to constrain the radial velocity of the escaping gas. Comparing these with the speed
of sound in the upper atmosphere, it is then possible to probe the hydrodynamic
escape (as seen before). Indeed, by observing the absorption spectra of O and
C11 lines, Vidal-Madjar et al. (2004) proved that the escape in the atmosphere of
HD 209458 b is hydrodynamic. In this scenario, the presence of heavy species in the
upper atmosphere flowing at high radial velocities can be explained as hydrodynamic
drag by outflow of the hydrogen atoms.

Others UV detection in excess of absorption have been detected in other exoplanets,
for example in HD 189733 b (Ben-Jaffel and Ballester, 2013), and GJ436 b (Kulow
et al., 2014; Ehrenreich et al., 2015; Lavie et al., 2017). However, since UV lines
can only be detected from space telescopes; heavy elements are in a much lower
densities than H in the upper atmospheres of giant planets, and also they have lower
absorption cross-sections than the Ly« line; they are less favorable for detection.

In addition to the UV absorption lines, broadband X-ray observations are also
valuable for supporting the presence of heavy metals in extended atmospheres, as
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observed in HD 189733 b (Poppenhaeger et al., 2013) with an absorption depth of
~6-8%.

Hydrogen lines in the Balmer series, e.g. Ha, HS and H+, are not limited by
interstellar absorption and can then be measured from ground telescopes. The first
detection of Ha in an exoplanetary atmosphere was observed in the hot Jupiter
HD 189733 b by Jensen et al. (2012) with HET'®. Since then, the Ha line (the main
line of Balmer series) has been detected in six more exoplanetary atmospheres: in the
hot Jupiter WASP-52b (Chen et al., 2020) with ESPRESSO'®, and in five ultra-hot
Jupiters: MASCARA-2b/KELT-20 b (Casasayas-Barris et al., 2018) with HARPS-N'7,
WASP-12b (Jensen et al., 2018) with HET, KELT-9b (Yan and Henning, 2018;
Wyttenbach et al., 2020) with HARPS-N, WASP-121b (Cabot et al., 2020) with
HARPS!8, WASP-33b (Yan et al., 2021) with CARMENES!® and HARPS-N. These
observations suggest extended atmospheres and then are a very important source
of information for escape studies (see e.g. Garcia Mufioz and Schneider, 2019;
Wyttenbach et al., 2020). Nevertheless, all these exoplanets exhibit very hot upper
atmospheres, which suggest that observations of H lines in the Balmer series are
restricted to these conditions.

The He1 23S-23P transition from metastable states, hereafter He(23S), is composed
of three lines at 10830.33, 10830.25, and 10829.09 A2, is not strongly absorbed
by the interstellar medium (Indriolo et al., 2009; Spake et al., 2018), and therefore
could be in principle observed from ground-based telescopes. Additionally, He
is the second element more abundant in the upper atmosphere of giant planets
and hence might be detectable in the upper atmospheres of giant planets. The
major problem for detection is that it originates from a metastable excited state,
usually with a much smaller population than the ground state and, hence we need a
strong pumping mechanism (stellar irradiation) to populate it. These characteristics
make the He(23S) observations, whenever feasible, very promising for probing the
hydrodynamic escape and for characterising the escaping atmospheres. Observation
of the He(23S) lines were proposed originally by Seager and Sasselov (2000),
who studied transmission spectra for close-in planets and estimated a significant
absorption of these lines, particularly when the planet has an extended atmosphere.

>The high resolution spectrograph on the 9.2 m Hobby-Eberly Telescope.

15The high-resolution spectrograph at the Very Large Telescope array.

1”HARPS-North spectrograph at the 3.58 m Telescopio Nazionale Galileo.

®High-Accuracy Radial-velocity Planet Searcher echelle spectrograph, located at the ESO, La Silla
3.6 m telescope.

“Calar Alto high-Resolution search for M dwarfs with Exoearths with Near-infrared and optical
Echelle Spectrographs, at the 3.5 m Calar Alto Telescope (Quirrenbach et al., 2016; Quirrenbach
et al., 2018).

2Wavelengths in the air, often referred to as wavelengths of 10830 A. Corresponding wavelengths in
the vacuum are 10832.06, 10833.22 and 10833.31 A.
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Fig. 1.5 Sketch of the most relevant electronic transitions in the atom of He for the analysis of the
observed He(2*S) absorption spectra. The triplet states are encircled with an orange oval. Adapted
from Oklopci¢ and Hirata (2018).

More recently, Oklopci¢ and Hirata (2018) developed a model suitable for estimating
He(23S) absorption in extended atmospheres.

The measurements of the He(23S) absorption has become a reality only a couple of
years ago. It was detected for the first time in the atmosphere of WASP-107 b from
space with the WFC32! with a moderate spectral resolution (Spake et al., 2018) and,
almost simultaneously, from ground based observations in the atmospheres of WASP-
69 b (Nortmann et al., 2018), HAT-P-11 b (Allart et al., 2018), and HD 189733 b
(Salz et al., 2018) with the high-resolution spectrograph CARMENES. Since then,
a few more observations have been performed, e.g. HAT-P-11 b (Mansfield et
al., 2018) with WFC3; WASP-107 b (Allart et al., 2019) and HD 209458 b (Alonso-
Floriano et al., 2019) with CARMENES; HD 189733 b (Salz et al., 2018; Guilluy
et al., 2020) with CARMENES and GIANO-B?? respectively; GJ3470b by Pallé et
al. (2020) and Ninan et al. (2020) with CARMENES and HPF?? respectively.

*1The Wide Field Camera 3 on board the HST.

22GIANO-B high-resolution spectrograph at the Telescopio Nazionale Galileo.

ZBHabitable Zone Planet Finder near-infrared spectrograph, on the 10 m Hobby-Eberly Telescope at
the McDonald Observatory.
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Fig. 1.6 Sketch showing the dimensions of the probing regions of the upper atmospheres of giant
planets by the hydrogen Ly« line in the UV and by the He(23S) lines in the NIR. After Brogi (2018).

1.3 Thesis motivation

Many planets undergo hydrodynamic atmospheric escape at some stage of their
lifetime. During this stage, these planets could significantly change their atmospheric
composition; their bulk planetary mass; their radius-mass relationship; and even
evolve to a different planetary class. Characterisation of atmospheres of exoplanets
currently undergoing hydrodynamic escape, provide critical information of their
nature; hints about its origin and evolution; and clues to understand the formation
of the current planetary population and the origin and evolution of the Solar System.
However, only a few observations of this process were available until very recently.
Consequently, our knowledge about the hydrodynamic atmospheric escape is very
limited.

The new observations of the He(23S) absorption spectra have opened a new window
in the study of the atmospheric escape (see, Nortmann et al., 2018; Brogi, 2018),
allowing to significantly improve the characterisation of the upper atmosphere of
exoplanets undergoing hydrodynamic escape. Apart from the larger sensitivity that
offers the He(23S) signature, one further key point is that, in contrast to the H Ly«
line, it probes the root of the origin of atmospheric escape (see Fig. 1.6). Detailed
studies of the absorption line profile are nowadays feasible and the diversity in bulk
parameters of exoplanets with the recent available observations of He(23S) and Ly«
lines, allows us to perform deeper studies and to investigate their hydrodynamic
regimes. In this thesis we aim at exploiting these new measurements of He(23S) in
conjunction to previous measurements of the H Ly« line. This, constitutes one of the
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very first (if not the first) dedicated studies of the evaporating atmospheres of gas
giants by using the recent He(23S) and Ly« absorption measurements.

1.3.1 Thesis objectives

The main goal of this thesis is to contribute to the knowledge in planetary sci-
ence through the study of the upper atmospheres of giant exoplanets undergoing
hydrodynamic escape.

The specific objectives are:

1. To improve the characterisation of the upper atmosphere of a representative
sample of giant exoplanets currently undergoing hydrodynamic escape (the hot
Jupiters HD 209458 b and HD 189733 b, and the warm Neptune GJ 3470Db).

2. To perform a comparative analysis between the planets in the sample.

3. To investigate the hydrodynamic atmospheric regimes of the planets in the
sample.

1.3.2 Thesis outline

The framework of this thesis is the CARMENES He1 survey, a collaboration to
study the He(23S) in exoplanetary atmospheres within the CARMENES Atmospheric
Working Group. This collaboration, that involves more than 30 scientist from 11
institutions (see e.g. acknowledgments in Chapters 3, 2, 4, and 5), is essentially
divided in two main tasks, observations of high-resolution He(239) absorption
spectra with the CARMENES spectrograph, and their physical interpretation. This
thesis is mainly focussed on the physical interpretation of the He(23S) measurements
acquired within this collaboration.

Within the CARMENES He1 survey collaboration, the research focused on: a)
the observations of the He(23S) absorption spectra of the exoplanets WASP-69 b,
HD 189733 b, HD 209458 b and GJ 3470 b published in Nortmann et al. (2018), Salz
et al. (2018), Alonso-Floriano et al. (2019) and Pallé et al. (2020) respectively, and
of the exoplanet HATP-32b, currently submitted for publication; and b) the analysis
and physical interpretation of those observations that lead to three studies about
the upper atmospheres of HD 189733 b, HD 209458 b, and GJ3470Db, published
in Lampén et al. (2020) and Lampdn et al. (2021b) and in a recently submitted
article (Lampon et al., 2021a). In this thesis we focus on the study of HD 189733 b,

1.3 Thesis motivation
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HD 209458 b, and GJ3470b, as they have very different planetary and stellar bulk
parameters, and the absorption measurements of both He(23S) and Ly« lines are
available.

This thesis is presented as a compendium of articles. It is composed of the articles
by Pallé et al. (2020); Lampon et al. (2020); Lampédn et al. (2021b) and Lampén
et al. (2021a) (the last one submitted to Astronomy and Astrophysics). By including
the article by Pallé et al. (2020), we provide with the necessary description of the
observations of the He(23S) absorption spectra, of the CARMENES spectrograph,
and of the methodology followed to obtain the He(23S) signature. We have not
included the publications by Salz et al. (2018) and Alonso-Floriano et al. (2019)
as we aim to present a concise work focussed on the physical interpretation of the
observations.

The methodology used in this thesis is described in Chapters2, 3, and 4 . We
observed the high-resolution transit spectroscopy with the CARMENES instrument.
We corrected spectra of contamination by telluric absorption from atmospheric
water vapor and OH™~ emission, and used two different ways for calculating the
transmission spectrum, masking the OH-affected regions of the spectrum, and
correcting for OH™ contamination. We also calculated the transit light curves for He
I absorption in order to monitor the temporal behavior of the excess. These methods
are described in more detail in Sec. 2 of Chapter 2. Concerning the methodology
used for modelling exoplanetary upper atmospheres, we used a 1D hydrodynamic
model with spherical symmetry, coupled with a non-LTE model for calculating the
population of the metastable He(23S) state. The He(23S) concentration profiles were
included into a radiative transfer model to calculate He(23S) absorption spectra.
By comparing the calculated and measured He(23S) spectra, we constrained key
parameters of the upper atmosphere of these planets as the mass-loss rate, the
thermospheric temperature, the He(23S) density profile, and the degree of ionisation.
We also compared our derived H densities with previous profiles derived from the
Ly« absorption to further constrain the H/He ratio. This methodology is described
in more detail in Sec. 2 of Chapter 3. In Sec. xx of Chapter 4 we also introduced the
Markov Chain Monte Carlo (MCMC) analysis.

Chapter 2

In this chapter we report the observations of the He(23S) absorption spectra of
the atmosphere of GJ3470b. We describe the characteristics of the CARMENES
spectrograph, and the basics of the transmission spectroscopic technique that lead
to the observation of the He(23S) signature. A preliminary analysis of the physical
interpretation of the He(23S) absorption spectra is included in this article, and a
more in-depth study is presented in Chapter 4.
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Chapter 3

In this chapter we characterise the upper atmosphere of the hot Jupiter HD 209458 b.
We describe the model we developed for studying the upper atmosphere of planets
undergoing hydrodynamic escape, and the method we used for retrieving informa-
tion from observations of the He(23S) and Lya absorption spectra.

Chapter 4

In this chapter we characterise the upper atmospheres of the hot Jupiter HD 189733 b
and the warm Neptune GJ3470b. We used the same methods than in the previous
chapter for modelling the upper atmospheres of these exoplanets, and, in addi-
tion, we included another method for retrieving constraints from observations, the
MCMC analysis. The important results from the comparison of the three planets are
discussed in this Chapter.

Chapter 5

In this chapter we investigate the hydrodynamic escape regimes of HD 209458 b,
HD 189733 b and GJ3470b. Accordingly, we present observational evidence of
the three hydrodynamic escape regimes in planetary H/He atmospheres predicted
theoretically.

Chapter 6

In this chapter we present the thesis conclusions.

1.3 Thesis motivation
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A He | upper atmosphere around
the warm Neptune GJ 3470 b

This Chapter has been published in the journal Astronomy and Astrophysics with the
title “A He I upper atmosphere around the warm Neptune GJ 3470 b”. Palle et al.
A&A, 638, A61 (2020), reproduced with permission ©ESO.
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ABSTRACT

High resolution transit spectroscopy has proven to be a reliable technique for the characterization of the chemical composition of
exoplanet atmospheres. Taking advantage of the broad spectral coverage of the CARMENES spectrograph, we initiated a survey aimed
at characterizing a broad range of planetary systems. Here, we report our observations of three transits of GJ 3470 b with CARMENES
in search of He (23S) absorption. On one of the nights, the He I region was heavily contaminated by OH~ telluric emission and,
thus, it was not useful for our purposes. The remaining two nights had a very different signal-to-noise ratio (S/N) due to weather.
They both indicate the presence of He (23S) absorption in the transmission spectrum of GJ 3470b , although a statistically valid
detection can only be claimed for the night with higher S/N. For that night, we retrieved a 1.5 = 0.3% absorption depth, translating
into a R,(1)/R, = 1.15 + 0.14 at this wavelength. Spectro-photometric light curves for this same night also indicate the presence of
extra absorption during the planetary transit with a consistent absorption depth. The He (2°S) absorption is modeled in detail using
a radiative transfer code, and the results of our modeling efforts are compared to the observations. We find that the mass-loss rate,
M, is confined to a range of 3 x 10'° gs™! for T = 6000K to 10 x 10'* gs~! for T = 9000 K. We discuss the physical mechanisms and
implications of the He I detection in GJ 3470b and put it in context as compared to similar detections and non-detections in other
Neptune-size planets. We also present improved stellar and planetary parameter determinations based on our visible and near-infrared

observations.

Key words. planetary systems — planets and satellites: atmospheres — planet-star interactions — planets and satellites: general —

planets and satellites: individual: GJ 3470b

1. Introduction

High resolution spectroscopy has been established over the
past few years as a major tool for the characterization of exo-
planet atmospheres. The cross-correlation technique of planetary
models and observed spectral time series has allowed for the
detection of CO, CHy4, and H,O molecules in the atmospheres
of hot Jupiters (Snellen et al. 2010; de Kok et al. 2013; Birkby
etal. 2013; Guilluy et al. 2019) and holds the key to spectroscopic
characterization of rocky worlds with the upcoming extremely
large telescopes (Pallé et al. 2011; Snellen et al. 2013).
Moreover, using high resolution transmission spectroscopy,
we are not only able to detect chemical species in the atmosphere

Article published by EDP Sciences

of exoplanets, but also to resolve their spectral lines. If the signal-
to-noise ratio (S/N) of the final transmission spectrum is high
enough, it is possible to obtain temperature and pressure profiles
of the upper atmosphere by adjusting isothermal models to dif-
ferent regions of the lines (from core to wings), whose origins
reside in different layers of the atmosphere (Wyttenbach et al.
2015, 2017; Casasayas-Barris et al. 2018).

The ability to measure and track line profiles can greatly
help in the study of atmospheric escape, which is an impor-
tant process for understanding planetary physical and chemical
evolution. In the past, studies of atmospheric escape relied
mostly on space-based observations of the hydrogen Ly« line
in the far ultraviolet (Vidal-Madjar et al. 2003), a spectral
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Table 1. Observing log of the GJ 3470 b transit observations.

Night ¢ Date Start UT  End UT  fexp [S]  Nobs Airmass S/N RV [kms™']
1 2018 Dec 16 22:23 02:05 498 23 1.85—1.08—1.08 26 7.15
2 2018 Dec 26 21:38 03:13 498 34 1.9-1.079—1.136 66 12.24
3 2019 Jan 05 21:54 03:27 498 35 148—-1.078—1.25 61 16.90

Notes. RV is the averaged barycentric Earth radial velocity during the night.

region with limited access and strongly affected by interstellar
absorption.

However, the near-infrared coverage of spectrographs such as
CARMENES and GIANO gives access to poorly-explored exo-
planet atmospheric features, including the triplet line feature of
metastable neutral helium at 10830 A. This line was proposed
as a tracer for atmospheric evaporation in general by Seager &
Sasselov (2000) and for particular targets by Oklopci¢ & Hirata
(2018). In this process, intense high-energy irradiation from the
host star causes the atmosphere of a hot gas planet to contin-
uously expand resulting in mass flowing away from the planet
(Lammer et al. 2013; Lundkvist et al. 2016). With the recent
detections of He I with low (Spake et al. 2018) and high resolu-
tion spectroscopy (Nortmann et al. 2018; Allart et al. 2018; Salz
et al. 2018), it has been proven that this line is a powerful tool
for studying the extended atmospheres, mass-loss, and winds in
the upper-atmospheres, and for tracking the possible presence of
cometary-like atmospheric tails.

Atmospheric erosion by high-energy stellar radiation is
believed to play a major role in shaping the distribution of planet
radii. Planets with H/He-rich envelopes can be strongly evapo-
rated by stellar irradiation. The evaporation theory predicts the
existence of an “evaporation valley” with a paucity of planets
at ~1.7Rg (Seager & Sasselov 2000; Owen & Wu 2013). The
radius distribution of small planets (R, < 4.0Rg) is bi-modal;
small planets tend to have radii of either ~1.3 Rg (super-Earths)
or ~2.6 Rg (sub-Neptunes), with a dearth of planets at ~1.7 Rg
(Fulton et al. 2017; Van Eylen et al. 2018; Fulton & Petigura
2018). This gap suggests that all small planets might have solid
cores, while the cores of sub-Neptune planets are expected to
be surrounded by H/He-rich envelopes that significantly enlarge
the planetary radii as they are optically thick, while accounting
for only 1% of the total planetary mass. Terrestrial cores can
also be surrounded by a thin atmosphere or possess no atmo-
sphere at all, making up the population of super-Earths centered
atR, ~ 1.3 Re.

GJ 3470b (Bonfils et al. 2012) is a warm Neptune (R =
3.88 £ 0.32 Ry, M = 12.58 + 1.3 M), with an equilibrium tem-
perature of 547 K and a period of 3.33 d, located very close to the
Neptunian desert. Previous atmospheric studies have inferred a
hazy, low-methane or metal-rich atmosphere from Hubble Space
Telescope observations (Ehrenreich et al. 2014) and a Rayleigh
slope in the visible range (Nascimbeni et al. 2013; Chen et al.
2017). While Earth-size and super-Earth planets still remain out
of the reach of current instrumental capabilities for evapora-
tion studies, GJ 3470b is an excellent target for study of such
processes. Indeed, Bourrier et al. (2018) already reported the
existence of a giant hydrogen exosphere around GJ 3470b and
derived a high mass-loss rate. Here we present observations of
this target in search for the absorption features of the He (2°S)
triplet. During the process of writing and refereeing of this
manuscript, a similar independent work was reported by Ninan
et al. (2019).
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2. Observations and data analysis
2.1. CARMENES spectroscopy

The transit of GJ 3470b was observed three times with the
CARMENES spectrograph (Quirrenbach et al. 2014, 2018) at
the Calar Alto Observatory, on the nights of 16 and 26 Decem-
ber 2018, and on 5 January 2019 (nights 1, 2, and 3, hereafter).
CARMENES covers simultaneously the visual (0.52-0.96 ym)
and near-infrared (0.96-1.71 um) spectral ranges with its two
channels. A log of the observations, including start and end-
ing times, airmass intervals, and S/Ns can be found in Table 1.
Altogether, we collected 13, 14, and 13 in-transit spectra on each
night, respectively, using the criteria that at least half the expo-
sure time was taken inside the first and fourth contact interval.
Following the same criteria, we also obtained 10, 20, and 22
out-of-transit spectra on nights 1, 2, and 3, respectively.

During the observations, fiber A was fed by the light of the
GJ 3470 star and fiber B felt on the sky at about 1.5 arcmin to
the target. The spectra of both fibers were extracted from the raw
frames using the CARACAL pipeline (Zechmeister et al. 2018).
In the standard data flow (Caballero et al. 2016), fiber A spectra
are extracted using flat optimized extraction while fiber B spectra
are extracted with a simple aperture. Here, we also extracted fiber
B with flat optimized extraction so that the spectra of both fibers
underwent the same processing scheme.

2.2. Target star parameters

The star GJ 3470 was first cataloged as a high proper motion
star in the Luyten-Palomar survey (Luyten 1979). It went almost
unnoticed until Bonfils et al. (2012) discovered the transiting
planet around it. Since then, and especially with the advent
of Gaia (Gaia Collaboration 2018), the stellar parameters of
GJ 3470 have been better measured.

In Table 2 we compile a comprehensive list of stellar param-
eters of GJ 3470, either from the literature or derived by us.
When there are different published parameter determinations
(e.g., spectral type, proper motion), we list the most precise or
the most recent ones.

We determined the photospheric parameters 7., logg, and
[Fe/H] following the methods described by Passegger et al.
(2019), using the combined VIS+NIR spectra of the two
CARMENES channels. The physical stellar parameters L, R, and
M were determined following Schweitzer et al. (2019), i.e., we
measured the luminosity L by using the Gaia DR2 parallax and
integrated multi-wavelength photometry from B to W4, applied
Stefan-Boltzmann’s law to obtain the radius R, and, finally, used
the linear mass-radius relation from Schweitzer et al. (2019) to
arrive at the mass M.

Our photospheric parameters (T.g, logg, and [Fe/H]) are
consistent with Demory et al. (2013). Their mass was based on
the empirical mass-magnitude relation of Delfosse et al. (2000)
and, hence, it differs by the same amount from our value as



E. Palle et al.: Helium in GJ 3470 b

Table 2. Stellar parameters of GJ 3470.

Parameter Value Reference
Name and identifiers
Name LP 4244 Luy79
GJ 3470 GJI1
Karmn J07590+153 AF15
Key parameters
a 07:59:05.84 Gaia DR2
0 +15:23:29.2 Gaia DR2
G (mag) 11.3537 £ 0.0013 ~ Gaia DR2
J (mag) 8.794 + 0.026 2MASS
Spectral type M2.0V Lepl3
Parallax and kinematics
7 (mas) 33.96 + 0.06 Gaia DR2
d (pc) 29.45 + 0.05 Gaia DR2
e cosd (masa™l) —185.73 £ 0.11 Gaia DR2
s (masa™') -57.26 + 0.06 Gaia DR2
V, (kms )@ +26.5169 + 0.0005 Boul8
U (kms™") -32.04 + 0.21 This work
V (kms™!) -12.42 + 0.10 This work
W (kms™h) -15.37 £ 0.10 This work
Kinematic population Young disc This work
Photospheric parameters
Terr (K) 3725 + 54 This work
logg 4.65 + 0.06 This work
[Fe/H] +0.420 + 0.019 This work
vsini (kms™) <2 Bonl12
Physical parameters
L(10™* Ly) 390+ 5 This work
R (Rp) 0.474 + 0.014 This work
M (M) 0.476 = 0.019 This work
Age (Ga) 0.6-3.0 This work
Other parameters
P (d) 20.70 + 0.15 Bid15
pPEW(Ha) (A) +0.39 + 0.09 Gail4
log Ry -4.91 +0.11 SM15
Fs_ 004 (1077 ergs™) 2.3 Boul8
Floo_sos s (1077 ergs™") 2.7 Boul8

Notes. @Soubiran et al. (2018) tabulated V, = +26.341 + 0.004km s,
but their uncertainties did not include gravitational redshift or photo-
spheric convection.

References. AF15: Alonso-Floriano et al. (2015); Bid14: Biddle et al.
(2014); Bonl12: Bonfils et al. (2012); Boul8: Bourrier et al. (2018);
Gail4: Gaidos et al. (2014); GJ91: Gliese & Jahreifl (1991); Lép13:
Lépine et al. (2013); Luy79: Luyten (1979); SM15: Sudrez Mascarefio
et al. (2015); 2MASS: Skrutskie et al. (2006); Gaia DR2: Gaia
Collaboration (2018).

results from Delfosse et al. (2000) differ from the updated mass-
magnitude relation of Mann et al. (2019). Our method, however,
agrees very well with the updated mass-magnitude relation (cf.,
Schweitzer et al. 2019). The radii determination of Demory et al.
(2013) or Awiphan et al. (2016), however, were based on the aver-
age density inside the planetary orbit, which added an additional
uncertainty.

In addition, we also used the latest astrometric and abso-
lute radial velocity data of Gaia for determining Galactocentric

space velocities UVW and assigning GJ 3470 to the Galactic
young disc population. We estimated a stellar age between 0.6
and 3.0 Ga, which is consistent with its kinematic population,
the presence of He in absorption (in spite of its M2.0 V spectral
type), the faint Ca 11 H&K emission, the relatively slow rota-
tion (quantified by the low rotational velocity and long rotational
period), and its weak X-ray emission, as well as with previous
determinations in the literature (e.g., Bourrier et al. 2018; Bonfils
et al. 2012).

We also searched the literature for additional information on
GJ 3470. What was of particular interest is the - and z’-band
lucky imaging of the star by Wollert & Brandner (2015), who
derived upper limits on the existence of targets brighter than
A7 ~ 4.0mag and 6.0 mag at 0.25 arcsec and 5 arcsec, respec-
tively. These limits translated into the absence of objects at
the substellar boundary at separations beyond 150 au and more
massive than 0.1 M down to 7 au, approximately.

For the system parameters, throughout the rest of the paper,
we adopt the stellar velocity semi-amplitude K, from Bonfils
et al. (2012). For the planet parameters, we recalculated here the
radius, mass, density, and equilibrium temperature values (see
Table 4) based on the stellar parameters of Table 2. The remain-
ing values were taken from Bourrier et al. (2018) and references
therein. We calculated the velocity semi-amplitude of the planet
Kplaner from these values.

2.3. Telluric absorption removal

The He 1 110830 A triplet is contaminated by telluric absorption
from atmospheric water vapor and OH™ emission (Nortmann
et al. 2018; Salz et al. 2018). Due to the Earth’s barycentric veloc-
ity, the relative position between the He I and the telluric features
varies with date. To detect the weak planetary signals in the spec-
tral time series, the telluric contribution needs to be removed
from the spectra.

The water vapor removal in each individual spectrum was
performed with molecfit, which fits synthetic transmission
models to the observations (Smette et al. 2015; Kausch et al.
2015). To adapt the telluric model to the spectra, molecfit
allows the user to convolve the model with an instrumental pro-
file. We analyzed several thousand lines from hollow cathode
lamp spectra, which are regularly used as calibration sources,
and measured the Gaussian and Lorentzian FWHM compo-
nents. Based on our analysis, we adopted a value of 5.26 and
0.75 pixel for the Gaussian and the Lorentzian FWHM compo-
nents, respectively. The determination of the instrumental line
spread function is described in more detail in Nagel et al. (priv.
comm.). The effect of telluric line removal is illustrated in Fig. 1.

The He 1 triplet lines were also located between OH™
emission lines (see also Fig. 1), which are not accounted for
by molecfit. These lines were also observed in the spectra
obtained from fiber B, which was pointed at the sky. We cor-
rected the emission lines in fiber A by first modeling the lines
in fiber B and then subtracting the model from the spectra of
fiber A. In fiber B there was no detectable contamination from
the stellar spectra. To construct the model, we first obtained a
master spectrum for fiber B, calculated by summing up all fiber
B spectra for a given night. To this spectrum, we fitted a Voigt
profile to the fiber B OH™ line redwards of the stellar He I lines,
and two Gaussian profiles (with the same amplitude and width)
to the two weakest OH™ lines bluewards of the stellar He T lines.
The amplitude of the fit to the strongest OH™ emission could vary
for every fiber B spectrum independently, but we kept the values
for the positions, widths, and amplitude ratios between strong
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Fig. 1. Zoom of one CARMENES spectrum of GJ 3470 in the wave-
length region containing the He I triplet. In red the raw spectra after
standard data reduction is plotted. Over-plotted in blue is the same spec-
trum after removal of the telluric features (mainly water in this region)
using molecfit. In black is the same spectrum after adjusting and
removing also the OH™ spectral features. In the figure, the wavelength
region used to normalize the continuum of all spectra is marked with
a blue shade, and the region around the He I line cores used to calcu-
late the spectro-photometric transit light curves is marked with a shaded
green region.

and weak OH™ lines fixed for all the spectra of a given night.
When allowing the widths of the lines to vary, we found no sta-
tistically significant differences in the final results. Finally, when
subtracting the model fit of fiber B from fiber A, we applied a
scaling factor (0.88 + 0.05) to the model to compensate for the
efficiency differences between the two fibers. This factor was
calculated from a high S/N observation with CARMENES, and
was fixed for all spectra and nights. The error of this factor had
no significant impact on our results compared to the standard
deviation.

3. Results
3.1. He I transmission spectra

After correction of the telluric absorption and emission, we nor-
malized all spectra by the mean value of the region between
10815.962 and 10827.624 A in vacuum. This region, which lies
blue-wards of the He I lines, was almost unaffected by telluric
absorption and, therefore, gave a robust reference level for the
pseudo-continuum (see Fig. 1).

After normalization we aligned all the spectra to the stellar
rest frame. We then calculated a master out-of-transit spectrum
by computing the mean spectrum of all spectra obtained out of
transit, and divided each individual spectrum (in and out) by this
master. This technique has been previously applied in several
works (Wyttenbach et al. 2015; Salz et al. 2018; Casasayas-Barris
et al. 2018). After removal of the stellar signal, the residual spec-
tra should contain the possible atmospheric planetary signal that,
in the stellar rest frame, moves through wavelength space as time
progresses, from blue-shifted at the beginning of the transit to
red-shifted towards the end. To obtain the transmission spec-
trum, we aligned these residual spectra to the planet rest frame
and calculated the mean in-transit spectrum between the second
and third contacts.

In Fig. 2 (left panels) the residual maps around the He I
triplet are shown for each of the three nights. Also plotted are
the ingress start time (first contact) and egress end time (fourth
contact), as well as the expected residual trace of a possible
planetary signal. Significant positive residual indicative of He 1
absorption was visible for night 2, but not for the other two
nights. The lack of reproducible results could be indicative of
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a spurious signal. However, it was not clear that this was the
case. For night 1, the S/N of the measurements was low due to
weather conditions (see Table 1), and while a positive signal was
also seen at the expected He 1 wavelengths, the data quality did
not allow the signal to reach the 30 significance level required to
claim a detection.

For night 3, which had a S/N as night 2, the problem was
the contamination of the He I signal by telluric OH™ lines. Dur-
ing the night, the position of the OH™ lines with respect to the
He lines changed. To illustrate this, we plot in Fig. 2 (right pan-
els) the same residual maps. In this figure, however, the spectral
regions that during the transit (T1-T4) were overlapping with
OH™ lines were masked. It is readily appreciable from the figure
that night 3 had the largest OH™ contamination, with practically
no unaffected signal from the planet. Thus, we kept the analysis
of that night for completeness, but a He I signal detection was
not expected for that night even if the planetary absorption was
there.

Figure 3 shows the transmission spectrum of He I derived for
each of the three nights. The transmission spectrum was calcu-
lated in two different ways. The first was by simply masking the
OH-affected regions of the spectrum. It is plotted in the figure in
black, and it is discontinuous in these affected regions. A second
way to calculate the spectra was to correct for OH™ contami-
nation, as described in Sect. 2.1. These spectra are over-plotted
in red and nothing is masked. The corrected and uncorrected
spectra were identical in the common regions.

In summary, we concluded from the figure that both nights
1 and 2 showed strong absorption features centered in the He I
110830 A triplet. While the scatter for night 1 was large due to
the low S/N of the observations, the absorption was clear for
night 2, reaching 1.5 + 0.3%. Following Nortmann et al. (2018),
and using the values in Tables 1 and 2, this translated into a plan-
etary radius increase of R,(1)/R, = 1.15 + 0.14, or an equivalent
scale height of AR, /Heq =77 + 9.

The absorption in night 1 nearly doubled that of night 2, but
there were strong residual features in the transmission spectrum,
at the few percent level, that were probably associated to low S/N
systematics and were affecting the absorption depth. Night 3,
represented at the same scale as night 2, did not show any signif-
icant absorption feature. The nightly retrieved absorption depths
from the transmission spectrum and the transit light curves (see
next section) are given in Table 3.

3.2. Spectro-photometric light curves

Spectro-photometric light curves from the spectral data were
useful to understand if the absorption features had a temporal
variability compatible with the planetary transit. Thus, in order
to monitor the temporal behavior of the excess He 1 absorption,
we calculated the transit light curves for this line. To do this,
we integrated the counts in band-passes of three different widths
(0.40, 0.74, and 0.97 A) centered on the two deepest lines of the
He 1 triplet. This integration was done in the planet rest frame.
The summation intervals are marked in Fig. 1. The methodology
that we followed to build the spectro-photometric light curves
was described by Nortmann et al. (2018) and Casasayas-Barris
et al. (2019). For GJ 3470b, the Rossiter-McLaughlin effect
on the transmission spectrum and photometric light curves is
expected to be negligible.

In Fig. 4 we plot the transit light curves for the He (23S)
absorption for each of the three nights. As in the case of the trans-
mission spectrum, a clear transit was detected only on night 2,
while the light curves for nights 1 and 3 were mainly flat. The
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Fig. 2. Observed 2D residual maps after dividing each spectrum by the master-out spectrum. Form top to bottom: nights 1, 2 and 3, respectively. The
data on the right and left panels are exactly the same, but in the right panel, the regions affected by OH™ contamination are masked to illustrate the
amount of usable data for each night. The maps comprise the region around the He 1 triplet, and are shown in the stellar rest frame. The horizontal
white bars mark the beginning (T1) and end (T4) of the transit. The tilted dashed lines mark the expected planetary trail of triplet. Note the different

color scale between night 1 and nights 2 and 3.
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Fig. 3. Mid-transit (T2-T3) transmission spectrum around the Hel triplet
for nights 1, 2 and 3, from top to bottom, respectively. The black line
shows the spectral regions unaffected by OH™ lines, while the red line
marks the spectral regions affected, and corrected for, OH™ emission.
The blue vertical lines mark the helium triplet line center positions. Note
the different absorption scale between night 1 and nights 2 and 3.

Table 3. Comparison table of absorption depths retrieved for each
individual night.

Night TS TS-Nc LC
1 24+09 35+09 21+09
2 1.5+£03 22+03 14+05
3 04+0.2 04+03

Notes. TS means the value retrieved from the averaged absorption over
0.4 A-wide bin (green shadow in Fig. 1). TS-Nc is the same calculation
over the transmissions spectrum without accounting for OH-corrected
regions (i.e., considering black points only). LC refers to the absorption
depth retrieved from the transit light curves between second (T2) and
third (T3) contacts. For the transmission spectrum the error is simply
calculated as the rms over the continuum region 1082.5-1083 nm.

error bars took into account the individual scatter of each spec-
trum and the number of points integrated. For night 1, there were
a few outliers that coincided in time with ingress and egress,
and may resemble of a transit feature, but there was no statisti-
cally significant additional absorption during transit. Given the
low S/N of the data, this was not surprising as the construction
of spectro-photometric light curves from high-dispersion spec-
troscopy requires a higher S/N (Casasayas-Barris et al. 2020).
The non-detection of a transit signal for night 3 was consistent
with the flat transmission spectrum for the same night.

For the clear transit of night 2, we observed a transit dura-
tion roughy coincident with the expected ingress and egress
times. The retrieved depth of the transit was consistent with that
retrieved from the transmission spectrum analysis (Table 3). An
extra absorption extending further than the egress (tail structure)
might be present, but it was not statistically significant within our
error bars. New observations minimizing OH™ emission contam-
ination and with larger telescopes will be needed to explore this
issue. For night 2 we also observed an “emission-like” feature
just before the transit, which is already visible in the 2D residual
maps in Fig. 2 as a dark blue region just before the transit start.
Currently, we have no explanation for this.
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Fig. 4. Spectro-photometric light curves of the He (23S) absorption of
the transit of GJ 3470b for each of the three nights: 1 to 3 from top
to bottom, respectively. The light curves have been constructed using
three different wavelength integration intervals: 0.40 A (green), 0.74 A
(blue), and 0.97 A (red). Note the different absorption scale between
night 1 and nights 2 and 3.

4. Modeling the He 1 absorption

As previously done in the case of HD 209458 b (Alonso-Floriano
et al. 2019), we modeled here the He (2°S) absorption of
GJ 3470b. Briefly, we used a one-dimensional hydrodynamic
and spherically symmetric model together with a non-local
thermodynamic equilibrium (non-LTE) model to calculate the
He (23S) density distribution in the upper atmosphere of the
planet (Lampon et al. 2020). The hydrodynamic equations were
solved assuming that the escaping gas has a constant speed of
sound, vs = +/kT/u, where k is the Boltzmann constant, 7 is
temperature, and y in the mean molecular weight. This assump-
tion leads to the same analytical solution as the isothermal
Parker wind solution. However, the atmosphere is not isother-
mal. Instead the temperature is such that the 7'/u ratio is constant
with altitude, thatis, vs = \/k T /u = /k Ty /i1, where j1is the aver-
age mean molecular weight calculated in the model, and T is
a model input parameter that is very similar to the maximum
of the thermospheric temperature profile calculated by hydrody-
namic models that solve the energy balance equation (see, e.g.,
Salz et al. 2016). The He (23S) absorption was later computed
by using a radiative transfer code for the standard primary tran-
sit geometry (Lampdn et al. 2020). The absorption coefficients
and wavelengths for the three metastable He 1 lines were taken
from the NIST Atomic Spectra Database'. Doppler line shapes
were assumed at the atmospheric temperature used in the helium
model density, and an additional broadening produced by turbu-
lent velocities was included as described in the reference above.

! https://www.nist.gov/pml/atomic-spectra-database
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Fig. 5. Transmission spectrum of the He I triplet during transit. Mea-
sured absorption (+), and their respective estimated errors, are shown in
black. The data are the same as in Fig. 3 but with a three-point running
mean applied. The cyan curve shows the absorption profile when only
the Doppler and turbulence broadenings are included. The red curve is
the best-fit model obtained for an effective temperature of 6000K, a
mass-loss rate (M) of 3x 10'°gs™' and a H/He mole-fraction ratio of
90/10. This calculation included, in addition to the Doppler and turbu-
lence broadenings, the broadening induced by the radial velocities of
the model and an additional blue net wind of —3.2 km s~!. The positions
of the three He I lines are marked by vertical dotted lines.

The component of the radial velocity of the gas along the line of
sight (towards the observer, i.e., arising from the planet day- and
night-sides around the terminator) was also included in order to
account for the motion of He (23S) as predicted in the hydro-
dynamic model. From the modeling results, we found that the
He (23S) distribution is significantly more extended than in the
case of HD 209458 b. Hence, we found it necessary to perform
the integration of the He (23S) absorption up to 10 Rp.

Figure 5 shows the observed transmission spectrum of
night 2, together with a calculation performed with the model
described above for an effective temperature of 6000K and a
sub-stellar mass-loss-rate of 3 x 100 g s1.

The inclusion of the broadening of the lines due to tur-
bulence (v, = V5T /3m, where m is the mass of a helium
atom), in addition to the standard Doppler broadening, was not
enough to explain the measured broadening in the observations
(cyan line in Fig. 5). However, when we included the broad-
ening due to the component of the radial velocities of the gas
calculated in our model along the observer’s line of sight, (see
Eq. (15) in Lampén et al. 2020), then we were able to explain
the absorption line width (red curve in Fig. 5). Because of the
weak surface gravity of this planet, the obtained radial veloci-
ties were rather large, even at relatively short radii. In particular,
we obtained radial velocities in the range of 5 to 20kms~! for
r = 1-10 Rp. These velocities, particularly at low radii, induce a
rather significant broadening as shown in Fig. 5. Nevertheless,
we observed that the peak of the absorption was slightly shifted
to blue wavelengths, indicating that there may be a net blue wind
flowing from the day to the night side, for which we estimated
a net velocity shift of —=3.2 + 1.3kms~!. This result is similar
to that of —1.8kms~! found by Alonso-Floriano et al. (2019)
for HD 209458b, which was also interpreted as a net day-to-
night thermospheric wind. Our model, being 1D and spherically
homogeneous, was not able to predict any net blue or red com-
ponent. Hence, the calculation shown in Fig. 5 (red curve) was
obtained by imposing a net shift of —3.2kms~! on the radial
velocities computed by our model.
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Table 4. Physical planet parameters for GJ 3470b, HAT-P-11 b, and GJ 436 b.

HAT-P-11b &9  GJ436b -1

Parameter GJ 3470 b (-9
Host sp. type M2.0V
Radius [Ryyp] 0.36 = 0.01
Mass [Myyp] 0.036 = 0.002
Density [gcm™] 1.036 + 0.119
Teq (K] 733 £ 23
Fruy [ergs™' cm™2] 1435 + 80
Age [Gry] <3

He (23S) Absorption [%] 1.5+0.3

K4V M2.5V
0.389 + 0.005 0.374 + 0.009
0.0736 + 0.0047 0.0728 + 0.0024
1.658 + 0.127 1.848 + 0.163
832+ 10 686 + 10
2109 + 153 197 £9
6.5+£5.0 6.0£5.0

1.08 + 0.05 <0.41

References. (VBiddle et al. (2014); @Kosiarek et al. (2019); ®Dragomir et al. (2015); ®this work; ®Yee et al. (2018); © Allart et al. (2018);
™ Alonso-Floriano et al. (2015); ®Turner et al. (2016); ®Nortmann et al. (2018); ‘@ Torres et al. (2008).

Our 1D hydrodynamic and spherically symmetric model was
based on the assumption of a constant sound speed and, hence, it
was unable to discriminate among the temperature and the mass-
loss rate. That is, both quantities are degenerate. However, it had
the advantage of being computationally very efficient, which
allowed us to explore a wide range of atmospheric tempera-
tures and mass-loss rates that were compatible with the He 23S)
absorption. Hence, this measurement significantly constrained
the parameter space of those quantities. We performed calcula-
tions by covering a range of maximum temperatures from 6000
to 9000 K and found that the mass-loss rate, M, is confined to a
range of 3 x 10'° g s7! for T = 6000 K to about 10 x 10'° gs~! for
T =9000 K.

For HD 209458 b, Lampé6n et al. (2020) derived mass-loss
rates of 1.3x10'% and 1.3x 10! gs™! for those temperatures
(derived for a H/He ratio of 98/2), which are slightly smaller at
about 6000 K but slightly larger at a temperature of 9000 K than
those derived here for GJ 3470 b for the canonical H/He ratio of
90/10. However, if considering the same H/He ratio, the mass-
loss rates are about a factor of 10 larger in GJ 3470 b than in HD
209458 b.

The mass-loss rate of GJ 3470b derived by Bourrier et al.
(2018) was in the range of (1.5-8.5)x 10" gs~!. The lower
limit was derived assuming the mass-loss rate of only neutral
hydrogen atoms (that is, neither H* nor helium were included),
while the upper limit was obtained by using the energy-limited
approach. Our value at 6000 K is about twice their lower limit,
but both are consistent since they only include neutral hydrogen.
Our rate at a temperature of 9000 K is slightly larger than their
upper limit.

5. Discussion and conclusions

Here we report the detection of He I absorption in the upper
atmosphere of GJ 3470b. To understand this observation in a
broader context, it is important to compare the properties of
GJ 3470 b with two other well-studied Neptune planets: GJ 436 b
(Butler et al. 2004; Gillon et al. 2007) and HAT-P-11 b (Bakos
et al. 2010). All three planets have very close radius values (see
Table 4, where the physical properties of all three planets are
summarized). GJ 436b and HAT-P-11b have also nearly the
same mass, density, and age (Demory et al. 2013; Fraine et al.
2014), while GJ 3470b is less massive and only about half the
average bulk density.

For GJ 436b, very significant extra absorption during tran-
sit has been observed in Lya. Both Kulow et al. (2014) and

Ehrenreich et al. (2015) detected an extended transit with a
comet-like tail structure, reaching a depth of almost 50% of
the stellar flux. Despite this, absorption in He during transit
has not been detected, and Cauley et al. (2017) suggested that
the large cloud of neutral hydrogen surrounding GJ 436b is
almost entirely in the ground state. While a strong absorption
in He (2°S) was theoretically predicted by Oklop¢i¢ & Hirata
(2018), Nortmann et al. (2018) found no detectable evidence
for it. However, Salz et al. (2016) showed that the concentra-
tion of ionized hydrogen in GJ 436b is significantly lower than
in GJ 3470b at high altitudes (at radii larger than ~3 Rp, the
region where according to our model the He (23S) is mainly
formed). We recall that the major formation process of He (23S)
is recombination from He* + e~. Thus, a lower density of ionized
hydrogen leads to a lower electron concentration and, conse-
quently, to a less efficient He (2°S) formation, which is in line
with the observations of Nortmann et al. (2018). In the case of
HAT-P-11b, there are no published detections of extra absorp-
tion either in Ha or Lya, but Allart et al. (2018) detected a strong
signature of He (23S) absorption during transit.

For GJ 3470 b, based on ultraviolet observations of the Lya
absorption, Bourrier et al. (2018) estimated a mass-loss rate of
(1.5-8.5)x 10'°gs~!, comparable to that of hot Jupiters, and
concluded that the planet could already have lost up to 40% of its
mass over its 2 Gyr lifetime. This observation is roughly in line
(depending on the actual thermospheric temperature) with the M
derived from our analysis of the observed He (23S) absorption
described above. We obtained a value of (3—10) x 10'° g s~! for a
temperature range of 6000-9000 K. Those values are also com-
parable to the ones obtained by Lampén et al. (2020) for He (23S)
M of the hot Jupiter HD 209458 b. We caution, however, that
there is a strong dependency of these values on the assumed
H/He ratio values, which are currently unknown. Lampén et al.
(2020) derived similar mass-loss rate by using H/He = 98/2,
imposed by the Ly measurements, but they had large errors as
only the wings of the line were detected. If we used only the
He (2S) measurements and assumed the same H/He = 90/10
for both HD 209458 b and GJ 3470 b, then the mass-loss rate of
GJ 3470b would be about a factor 10 larger than caculated in
Sect. 4.

It is of particular interest to consider why planets with such
similar physical properties display very different upper atmo-
spheric escape properties. As discussed in Nortmann et al.
(2018), the formation of the He 1 110830 A triplet in exo-
planet atmospheres is directly linked to the stellar irradiation
with 1 < 504 A, which ionizes the neutral helium atoms, with
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a subsequent recombination with electrons. Therefore, it is
essential to know the X-ray and extreme ultraviolet (XUV) irra-
diation in this spectral range. The X-ray observations of GJ 3470
reveal a moderately active star (log Lx /Ly, = —4.8) with some
flaring variability (Sanz-Forcada et al., in prep.). The analysis of
the X-ray spectrum and ultraviolet lines was used to construct
a coronal model and calculate a spectral energy distribution in
the full range 1-1200 A (Bourrier et al. 2018, and Sanz-Forcada

et al., in prep.). The XUV luminosity in the 5-504 A range is
Lxuv He = 5 X 10% erg s™!, yielding an irradiation in this band at
the distance of GJ 3470b of fxyv ge = 1435erg s ecm™2. Thus,
the fxuv.pe of GJ 3470Db is similar to that of HAT-P-11b, but
it is almost one order of magnitude larger than that of GJ 436b
(Table 4). While the youth and lower density of GJ 3470 b com-
pared to the other two Neptunes surely plays a role, our results
suggest that He (23S) ionization is mainly driven by XUV stellar
irradiation.

As mentioned above, we previously analyzed the He (2°S)
absorption detection in the hot Jupiter HD 209458 b (Alonso-
Floriano et al. 2019; Lampén et al. 2020), another CARMENES
target of our He I survey. We noticed two significant differences.
First, the He (2°S) absorption profile of GJ 3470 b is significantly
wider than in HD 209458 b. Secondly, our model showed that the
absorption in GJ 3470 b takes place mainly in the outer regions.
Both facts suggest that GJ 3470 b has a rather expanded atmo-
sphere with strong winds prevailing in its upper thermosphere.
These results are in line with its lower gravity with respect to
HD 209458 b. Moreover, we found that the M/T relationship
derived from the measured He (23S) absorptions are rather dif-
ferent: GJ 3470b exhibits comparable or even larger M (for
the same temperature) than the hot Jupiter HD 209458 b. These
results suggest that escape of GJ 3470 is possibly driven by a
different process than in HD 209458 b.
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ABSTRACT

Context. HD 209458 b is an exoplanet with an upper atmosphere undergoing blow-off escape that has mainly been studied using
measurements of the Lya absorption. Recently, high-resolution measurements of absorption in the He I triplet line at 10830 A of
several exoplanets (including HD 209458 b) have been reported, creating a new opportunity to probe escaping atmospheres.

Aims. We aim to better understand the atmospheric regions of HD 209458 b from where the escape originates.

Methods. We developed a 1D hydrodynamic model with spherical symmetry for the HD 209458 b thermosphere coupled with a non-
local thermodynamic model for the population of the He I triplet state. In addition, we performed high-resolution radiative transfer
calculations of synthetic spectra for the helium triplet lines and compared them with the measured absorption spectrum in order to
retrieve information about the atmospheric parameters.

Results. We find that the measured spectrum constrains the [H]/[H*] transition altitude occurring in the range of 1.2 Rp—1.9 Rp.
Hydrogen is almost fully ionised at altitudes above 2.9 Rp. We also find that the X-ray and extreme ultraviolet absorption takes place
at effective radii from 1.16 to 1.30 Rp, and that the He I triplet peak density occurs at altitudes from 1.04 to 1.60 Rp. Additionally, the
averaged mean molecular weight is confined to the 0.61-0.73 gmole™' interval, and the thermospheric H/He ratio should be larger
than 90/10, and most likely approximately 98/2. We also provide a one-to-one relationship between mass-loss rate and temperature.
Based on the energy-limited escape approach and assuming heating efficiencies of 0.1-0.2, we find a mass-loss rate in the range of
(0.42-1.00) x 10" g s~" and a corresponding temperature range of 7125-8125 K.

Conclusions. The analysis of the measured He 1 triplet absorption spectrum significantly constrains the thermospheric structure of
HD 209458 b and advances our knowledge of its escaping atmosphere.

Key words. planets and satellites: atmospheres — planets and satellites: individual: HD 209458 b —

planets and satellites: gaseous planets

1. Introduction

Close-in exoplanets receive considerable high-energy irradiation
that triggers an outgoing bulk motion and expands their atmo-
spheres. This in turn results in a very efficient mechanism for
atmospheric mass loss. In some cases, the velocity reaches super-
sonic values that give rise to the so-called blow-off escape. This
escape process is key for understanding the formation and evolu-
tion of observed (exo)planets. Lecavelier des Etangs et al. (2004)
showed that such an efficient escape could lead to the loss of a
significant fraction of the atmosphere in hot Jupiters, or even
to a complete atmospheric loss in some hot Neptunes. In the

Article published by EDP Sciences

same vein, Locci et al. (2019) showed that the occurrence of gas
giants of less than 2 My, in young stars is higher than in old
ones. Furthermore, evaporation escape has also been invoked
to explain the distribution with respect to the star—planet sep-
aration of super-Earths and mini-Neptunes (Jin & Mordasini
2018). Observations of extended atmospheres and their mod-
elling are therefore essential for understanding the physical
conditions that trigger evaporation escape and for obtaining
a deeper understanding of planetary diversity, formation, and
evolution.

The first detection of an evaporating atmosphere was
reported by Vidal-Madjar et al. (2003), who observed the
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Ly line in absorption in the atmosphere of HD 209458 b and
concluded that the signal originated from escaping hydrogen.
Subsequent studies, both theoretical (e.g., Yelle 2004; Tian et al.
2005; Penz et al. 2008; Sanz-Forcada et al. 2010, 2011; Koskinen
et al. 2013; Salz et al. 2016) and observational (Vidal-Madjar
et al. 2003, 2004, 2008, 2013; Ballester et al. 2007; Ballester
& Ben-Jaffel 2015; Linsky et al. 2010; Ehrenreich et al. 2008;
Ben-Jaffel & Hosseini 2010; Jensen et al. 2012), supported the
prediction that the extended atmosphere of HD 209458 b can
be explained by a highly effective escape. Following this thread,
hydrodynamic escape models were used to explain the observa-
tions of the absorption excess in Lya and ultraviolet (UV) in
other planets, such as in HD 189733 b, WASP-12b, GJ 436 b,
GJ 3470 b, and KELT-9 b (Vidal-Madjar et al. 2013; Ehrenreich
et al. 2008, 2015; Lecavelier des Etangs et al. 2010, 2012; Fossati
etal. 2010; Haswell et al. 2012; Bourrier & Lecavelier des Etangs
2013; Ben-Jaffel & Ballester 2013; Kulow et al. 2014; Lavie et al.
2017; Yan & Henning 2018).

Lya observations are restricted to space-based telescopes
and are significantly affected by absorption in the interstellar
medium, which leads to a scarcity of observational data. The
Her1 23S — 23P triplet, hereafter He(2’S), composed of three
lines at 10830.33, 10830.25, and 10 829.09 IOA, is not strongly
absorbed by the interstellar medium (Indriolo et al. 2009) and
can be observed from the ground. Seager & Sasselov (2000)
studied transmission spectra for close-in planets and estimated
significant absorption of He(2?S) that could be observable, par-
ticularly when the planet has an extended atmosphere. More
recently, Oklopci¢ & Hirata (2018) developed a model suitable
for estimating He(23S) absorption in extended atmospheres.

He(23S) absorption was detected for the first time in the
atmosphere of WASP-107 b with the Wide Field Camera 3
(WFC3) onboard the Hubble Space Telescope (HST; Spake et al.
2018), and almost simultaneously with the high-resolution spec-
trograph CARMENES (Calar Alto high-Resolution search for M
dwarfs with Exoearths with Near-infrared and optical Echelle
Spectrographs; Quirrenbach et al. 2016, 2018) at the 3.5 m Calar
Alto Telescope in the atmospheres of WASP-69 b (Nortmann
et al. 2018), HAT-P-11 b (Allart et al. 2018), and HD 189733 b
(Salz et al. 2018). A few more observations were also recently
performed. Thus, HAT-P-11 b data were acquired with WFC3
(Mansfield et al. 2018), whereas CARMENES was also used
to observe WASP-107 b (Allart et al. 2019) and HD 209458 b
(Alonso-Floriano et al. 2019).

In this work we analyse the new He(23S) observations of
HD 209458 b reported by Alonso-Floriano et al. (2019). Based
on the fact that this absorption probes the region where the
escape originates, we aim at gaining a better understanding of
the atmosphere of HD 209458 b and establishing tighter con-
straints on its mass-loss rate, temperature, and composition (e.g.
the H/He ratio). To this end, we developed a 1D hydrodynamic
and spherically symmetric model together with a non-local ther-
modynamic model for the He(23S) state similar to that reported
by Oklop¢i¢ & Hirata (2018). The overall model computes
the He(23S) radial distribution that it is then entered into a
high-resolution line-by-line radiative transfer model in order to
compute He(2S) absorption profiles. Synthetic spectra are then
compared with the observed one in order to derive the properties
of the escaping atmosphere.

This paper is organised as follows: Sect. 2 summarises the
observations and Sect. 3 describes the modelling of the He(23S)
radial densities and its absorption. The results, and a discus-
sion on comparisons with previous works for the mass-loss rate,
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Fig. 1. Spectral transmission of the He triplet at mid transit. Data points
and their respective error bars are shown in black (adapted from Alonso-
Floriano et al. 2019). The orange dash curve is the best fit obtained for
a temperature of 6000 K, a mass-loss rate (M) of 1.9 x 10° gs™!, and
an H/He mole-fraction ratio of 90/10 (see Sect. 4). We note that these
values have changed with respect to those reported in Alonso-Floriano
et al. (2019). The magenta line is a modelled absorption of the helium
triplet moving along the observer’s line of sight with —13kms~! with
respect to the rest-frame of the planet and using the appropriate He(23S)
density to fit the measured spectrum. The cyan curve is the total mod-
elled absorption. The positions of the three helium lines are marked by
vertical dotted lines.

temperature, and H density, are presented in Sect. 4. The main
conclusions are summarised in Sect. 5.

2. Observations of He 1110 830 A absorption

Here we briefly summarise the observations reported by Alonso-
Floriano et al. (2019) of the helium excess absorption from the
atmosphere of HD 209458 b using CARMENES (see Fig. 1).
The He excess absorption peaks at a value of 0.91+0.10% at
mid-transit. The core of the absorption shows a net blueshift of
1.8+ 1.3kms™!, suggesting that the helium envelope moves at
that velocity, in the line of sight from the Earth with respect to
the rest-frame of the planet. This velocity is rather low, simi-
lar to that reported by Snellen et al. (2010) from observations of
the carbon monoxide band near 2 um that occurs in the lower
thermosphere, and suggests that the He triplet absorption takes
place at relatively low altitudes (within a few planetary radii, see
Sect. 4 below). .

Figure 1 also shows excess absorption near 10 829.8 A. Since
the absorption is well above the estimated errors, it might be
caused by an additional atmospheric absorption component.
However, it is largely blue shifted, by around 13kms~', and
therefore could be due to atmospheric escape occurring beyond
the thermosphere. Alonso-Floriano et al. (2019) constructed the
light curve of the He I signal (see their Fig. 5) and obtained
an average in-transit absorption of ~0.44%, about a factor two
smaller than the peak absorption. However, there is no clear
evidence for pre- or post-transit absorption signals.

We assumed a one-dimensional hydrodynamic and spheri-
cally symmetric model for analysing this absorption. This sim-
plification is justified because: (1) the bulk of the absorption
takes place at relatively low radii, well below the Roche lobe
height, and with rather low wind velocities; (2) there are no clear
signs of asymmetry in the absorption; and (3) the light curve
does not exhibit signs of pre- or post-transit absorption — for
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Table 1. System parameters of HD 209458.

Parameter Value Reference

R, 1.155 fg:g%g Ry Torres et al. (2008)
M, 1.119 £ 0.033 M,  Torres et al. (2008)
Tett 6065 +50K Torres et al. (2008)
[Fe/H], 0.02 +0.05 Santos et al. (2004)
a 0.04707 #0004 au  Torres et al. (2008)
Rp 1.359 %008 Ryyy  Torres et al. (2008)
Mp 0.685 *0013 My, Torres et al. (2008)

example there are no cometary-like tail features. This model also
has the advantage that it is computationally very efficient with
respect to 1D models that solve the energy balance equation, and
is about one order of magnitude faster than the model of Garcia-
Muiioz (2007; priv. comm.) and about two orders of magnitude
faster than the model of Salz et al. (2016). It also allows us to
explore a wide range of atmospheric parameters, and yet gives
reasonable density distributions (see, e.g. the comparison with
the model of Salz et al. 2016 in Sect. 3.1 and Fig. 3 below).

The analysis of the velocity shifts in the He(2S) absorption
is potentially interesting because it would provide us information
about the 3D velocity distribution and maybe also break some
of the degeneracy between temperature and mass-loss rates.
Our model, as it is one dimensional and spherically symmet-
ric, cannot explain net blue or red shifts and therefore such an
analysis is beyond the scope of this paper. Nevertheless, in order
to better fit the measured spectrum we assume a velocity of
—1.8kms~'along the observational line of sight superimposed
on the radial velocities of our model. In the following sec-
tions we describe the He triplet density model and the radiative
absorption calculations used to constrain the characteristics of
the escaping atmosphere of this planet.

3. Modelling of the helium triplet density and the
absorption

We computed the He(2?S) radial density by means of a 1D
hydrodynamic and spherically symmetric model (see, e.g. Yelle
2004; Tian et al. 2005; Garcia-Muinioz 2007; Koskinen et al.
2013; Salz et al. 2016) and following the methods discussed
in Oklop¢i¢ & Hirata (2018). The hydrodynamic equations for
mass and momentum conservation, for a steady-state radial
atmospheric outflow are given by

4 pr) _ 0
dr

and

iy L GMe )

dr  p(r) dr r2

where r is the distance from the centre of the planet; p and v
are the mass density and bulk radial velocity of the gas, respec-
tively; p is the gas pressure; G the gravitational constant; and Mp
is the planet mass (see Table 1). The momentum equation con-
tains only the forces induced by the gravity of the planet and the
gas pressure, neglecting other forces such as the stellar gravita-
tional pull and fluid viscosity. We also consider the atmosphere

as an ideal gas, p = pk T /u, where k is Boltzmann’s constant,
T is temperature, and u is the gas mean molecular weight. The
pressure gradient can then be written as

dp _ kT(r)dp d (kT(r)
o am ar TP dr( 1(r) ) ®

The derivative of Eq. (1) gives

1 dp

PeRTR @

o(ir)y dr 1’

and including Eqgs. (3) and (4) into the momentum continuity
equation (Eq. (2)), this becomes

dv 2 1 dv 2
U(r)a + vs(r) (—m a — ;) (5)
L deie)  GMy
dr 7

where vy(r) = [k T(r)/p(r)]l/2 is the gas speed of sound.

To solve Eq. (5) we need to incorporate the energy and
species continuity equations into the system, which requires the
use of computationally expensive numerical methods. Our aim
is to develop a very fast hydrodynamic model in order to explore
and constrain the mass-loss rate and temperatures imposed by the
He(23S) absorption measurements. To that end, we assume here
a constant speed of sound, vs g, which allows us to decouple the
momentum equation from the energy budget equation and obtain
a simple expression for Eq. (5) that can be solved analytically.
This expression is known as the isothermal Parker wind approxi-
mation, previously studied by Parker (1958) for describing stellar
winds, and can be written as

L@ @_1:g_GMP (6)
o(r)dr | o2, r u§0r2'

However, our approach does not require temperature to be
necessarily constant, but to have the same inverse altitude depen-
dence as u(r) so that the ratio 7'(r)/u(r) is constant, i.e. vso =
172
[k T(r)/u(r)] .
We obtain the constant speed of sound from

kTo\'?
Deo = (—“) : )
M

where we introduce a constant temperature 7y and the corre-
sponding average mean molecular weight u of the gas. This
quantity is calculated using Eq. (A.3), which is constructed such
that it provides an accurate calculation of the integrals over
velocity and radius of the hydrodynamic equations.

Below we discuss (see Sect. 3.1) the validity and scope of
this approach. In particular, the total density of our model closely
matches that obtained by more comprehensive models when the
constant speed of sound is equal to the maximum speed of sound
of those models. Under these conditions, the T of our model is
very close to the maximum of the temperature profile obtained
by those models.

Equation (6) has infinite solutions but only one has a physi-
cal interpretation in terms of escape: the transonic solution that
describes a subsonic velocity of the gas at distances below the
sonic point (the altitude where wind velocity is equal to the
speed of sound) and supersonic beyond that point (see, e.g.
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Table 2. Production and loss processes included in the He(23S) model.

Name Process Rate @ References

Ju H+hy - H'+e” See text Osterbrock & Ferland (2006)

ay H*+e > H 2.59 x10713(T/10%)~0-700 Osterbrock & Ferland (2006)

Jue's He(1'S) + hv — Het + e~ See text Brown (1971)

@ He* + e~ — He(1!S) 1.54 x10713(T /10%)~0-486 Benjamin et al. (1999)

Juss He(23S) +hy — Het + e~ See text Norcross (1971)

3 He* + e~ — He(23S) 2.10 x10~13(T/10%)70-778 Benjamin et al. (1999)

g1z He(1'S)+e” > He(2’S) +e™ 210 x107* (/230 exp(—1281) 713 Bray et al. (2000); Oklop¢i¢ & Hirata (2018)

G1a He(238)+e” > He(2!S) +e™ 210 x107° (/230 exp(-%32) B3=  Bray et al. (2000); Oklop¢i¢ & Hirata (2018)

g3, He(2’S)+e — He(2'P)+e~ 2.10x1078 1/% exp(—%) % Bray et al. (2000); Oklopci¢ & Hirata (2018)

031  He(2’S)+H — He(1'S)+H  5.00 x10710 Roberge & Dalgarno (1982); Oklop¢i¢ & Hirata (2018)

Qe He' +Ho He(1'S)+H* 12510715 (20)% Glover & Jappsen (2007); Koskinen et al. (2013)
0.

Oue He(1'S)+H* — He*+H 175 x10711 (X0 ? exp(=Z2%0)  Glover & Jappsen (2007); Koskinen et al. (2013)

Ay He(2’S) — He(1'S) + hy 1.272 x10~* Drake (1971); Oklopéi¢ & Hirata (2018)

Notes. Units are [cm™ s™!] for the recombination and collisional processes and [s!] for the other processes. r;; are the effective collision

strengths taken from Bray et al. (2000) at the corresponding temperatures.

Parker 1958; Lamers & Cassinelli 1999). Integrating Eq. (6) and
selecting the solutions that cross the sonic point, we have

o(r) ox vA(r) 3 (rs)2 o ( 2r, . 3)
Us0 P 2v§’0 “\r P\ 32)

where rs=G Mp/2 Ug,o is the radial distance of the sonic point.
Of the two possible solutions of Eq. (8) the transonic one is the
solution that provides the velocity profile of the hydrodynamic
escape.

Integrating Eq. (1) and taking into account spherical symme-
try, the mass-loss rate, M, can be expressed by

®)

M =477 p(r)u(r), 9)

and including the velocity profile from Eq. (8), the density profile

results in

2 3 2
) |22 -2 20 (10)
Ps r 2 2U§’0

where ps is the gas density at the sonic point.

The radial distribution of the species H, H*, helium singlet,
hereafter He(1'S), He*, and He(23S), are obtained by solving
their respective continuity equations,

ofi

—U(r)—+P,-+L,»=O,
or

(1)
where the first term accounts for advection, f; is the fraction of
species i (i.e. with respect to the total — neutral, ionised, and
excited atom concentrations — of species i), P; is the production,
and L; is the loss term.

The production and loss terms and corresponding rates
included for the different species are essentially those considered
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by Oklopci¢ & Hirata (2018), but two additional processes have
been included: the charge exchange reactions, Qp. and Qe+,
which were taken from Koskinen et al. (2013); see Table 2.

Thus, production and loss incorporate photo-ionisation and
recombination processes of atomic hydrogen (processes Jy and
ag in Table 2). For helium, these processes include photo-
ionisation (Jye1s and Jyesg), recombination (@ and «3), colli-
sional excitation and de-excitation with electrons (g3 and g3),
collisional de-activation with H atoms (Q3;), charge exchange
between atoms and ions (Qye and Qpe+), and the radiative
relaxation of the helium triplet state (A3;). Double ionisation
processes for helium were not considered, and we assume that
the charge exchange reactions between helium and hydrogen
do not significantly affect the concentration of the latter. Fur-
thermore, we assume that the electrons produced from helium
ionisation are negligible in comparison to the production from
hydrogen ionisation.

The hydrogen photo-ionisation cross sections were taken
from Osterbrock & Ferland (2006) and the photo-ionisation cross
sections for the helium triplet and singlet states were taken from
Norcross (1971) and Brown (1971), respectively (see Fig. 2). The
photo-ionisation rates are calculated as usual,

Amax

0= [ ok epi-nma (12)
Amin

and

OEDY f " rn) dr (13)

where Anyin and Ay.x correspond to the wavelength range of
photo-ionisation, 7,(r) is the optical depth, F, is the stellar flux
density at the top of the atmosphere, and o;(1) and n;(r) are the
absorption cross section and number density of species i (H and
He), respectively.



M. Lampén et al.: Modelling of He(23S) in HD 209458 b

10* 11077
= 2
o 10
o €
; S
§ 10 4107 ¢
2 9
L I3
x
T 1072

107 107

100 . 1000

Wavelength (A)
Fig. 2. Flux density for HD 209458 at 0.04707 au (left y-axis) as calcu-
lated here (black) and for the modern Sun (solar maximum) as reported
by Claire et al. (2012) and scaled up to the size of HD 209458 (orange).
We note that the resolution of the two spectra is different. The H, He
singlet, and He triplet ionisation cross sections (right y-axis) are also
shown.

The flux of HD 209458 in the 5-1230 A range was calcu-
lated using a coronal model based on XMM-Newton observations
of this star (Sanz-Forcada et al. 2010, 2011) that are combined
to improve their statistical significance in the spectral fit, reach-
ing a 3.2—0 detection. No substantial variability was registered
in the X-rays observations, although the number of measure-
ments is small. The coronal 1-T model, log T(K)= 6.0f8:(3),
log EM (cm™)=49.52*022 Lx=6.9%x 10 ergs™!, is comple-
mented with line fluxes from observations with the Cosmic
Origin Spectrograph onboard HST published by France et al.
(2010) in order to extend the model towards lower temperatures
(log T(K) ~4.0-6.5). No substantial amount of emitting material
is expected for higher temperatures. The XUV (5-920 A) mod-
elled luminosity is 1.5x 10?8 ergs™!, which is about 2.6 times
higher than in Sanz-Forcada et al. (2011). For the 1230-1700 A
range we used current observations with the Space Telescope
Imaging Spectrograph taken from the HST archive!. At 1 >
1700 A we used the stellar atmospheric model of Castelli &
Kurucz (2004) scaled to the temperature, surface gravity, and
metallicity of HD 209458 (see Table 1). The resulting stellar
flux for the spectral range 5-2600 A at the orbital separation of
the planet (0.04707 au) is shown in Fig. 2. This flux shows sev-
eral differences with respect to the solar flux (see, e.g. Claire
et al. 2012; Linsky et al. 2014). Thus, it shows a weaker Ly«
continuum but more prominent emission lines in the 600-912 A
region. Also, the continuum in the 950-1200 A range is signifi-
cantly weaker, although this is expected to have a minor effect on
the He(23S) population. In order to analyse the effects of these
phenomena on the He(23S) density we performed some tests as
shown in Sect. 3.2.

Equations (8), (10), (A.3), and (11) are solved iteratively until
convergence is reached, ensuring a fully consistent model. As
the abundances of neutral and ionised species and electrons vary
with r, so does the mean molecular weight. We assume pre-set
neutral gas composition of H and He (we considered H/He mole-
fraction ratios of 90/10, 95/5, and 98/2). To ease the numerical
convergence of the model, we select the minimum value of
(atmosphere fully ionised in the first iteration). The p(r) and
v(r) profiles derived from the solution of Egs. (8) and (10) with

I STIS/G140L combined spectra were acquired on the dates 9 Oct.
2003, 19 Oct. 2003, 6 Nov. 2003 and 24 Nov. 2003.
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Fig. 3. Comparison of temperatures (upper panel) and their corre-
sponding density profiles (lower panel). Upper panel: black line is the
temperature resulting from the maximum speed of sound of Salz et al.
(2016) and our averaged mean molecular weight; the cyan line is the
maximum of the temperature profile of Salz et al. (2016), and magenta
is their temperature profile. Lower panel: density profiles calculated by
Salz et al. (2016) (magenta) and those calculated using our model (black
and cyan).

this initial g value enter into the system of continuity equations
(Eq. (11)) to obtain the abundances of the neutral and ionised
species, from which we calculated a new mean molecular weight
profile, u(r). The sequence is repeated until the u(r) profiles in
two subsequent iterations differ by less than 1%. In our model we
assumed the lower boundary to be the pressure level of 1 mbar,
corresponding roughly to a distance of 1.04 Rp or ~3800 km
above Rp=1 (Rp=1 at 1 bar).

3.1. Validity of the hydrodynamic model

In order to check the validity of our constant-speed-of-sound
approach, we compared our results with those obtained by Salz
et al. (2016), who solved the energy equation and did not include
any assumption on temperature. For that comparison, we used
the same HD 209458 b bulk parameters, mass-loss rate, H/He,
and XUV stellar flux. We performed the calculations for two
T, temperatures: (1) that obtained when considering the largest
speed of sound computed by Salz et al. (2016) and the average
mean molecular weight obtained in our model (Eq. (7)); and (2)
the maximum of the temperature profile computed by Salz et al.
(2016). Figure 3 shows these latter two temperature profiles and
the one calculated by Salz et al. (2016), as well as the corre-
sponding total density profiles. Except for altitudes very close to
the lower boundary (r < 1.15 Rp), the density that we obtain with
the temperature corresponding to the maximum speed of sound
in Salz et al. (2016), 8750 K, agrees with that computed by these
latter authors. This result should not be surprising because for the
maximum of the speed of sound, its derivative is zero and then
the equations of the full model reduce to those in our model, i.e.
Eq. (5) reduces to Eq. (6).
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Fig. 4. Density profiles of the helium triplet state showing the mass-
loss rate dependence for a temperature of 4250K (top panel) and the
temperature dependence for a mass-loss rate of 3.16 x 10'!'g s~ (bottom
panel). An H/He ratio of 90/10 was assumed.

The temperature T =8750K is also close to the thermo-
spheric maximum temperature calculated by Salz et al. (2016).
Moreover, the density obtained for the maximum of the tem-
perature profile of Salz et al. (2016), Tp=9125K, still gives
very good agreement with that of Salz et al. (2016), although at
altitudes close to the lower boundary, where the He(2?S) absorp-
tion is most important (see Fig. 9), the agreement is slightly
poorer. Furthermore, the temperature profile obtained in our
approach, dictated by vy, max(Salz) = [k T(r)/p(r)]]/ 2 s equal
to Tp = 8750 K at an altitude close to 1.6 Rp, which corresponds to
the location of the photo-ionisation front, that is, where most of
the stellar radiation is absorbed. We also performed this compar-
ison with two other planets, HD 189733b and GJ 3470b, which
show different parameters and maximum of their temperature
profiles at significantly different altitudes (Salz et al. 2016). Since
we obtain similar results, the input temperature to our model, T,
can be considered as a good proxy (within ~10%) for the maxi-
mum temperature obtained in the hydrodynamic models that also
solve the energy budget equation.

3.2. He(2°S) densities

Figure 4 shows several He(2®S) density profiles and their depen-
dence on the mass-loss rate (upper panel) and temperature (lower
panel) for an H/He ratio of 90/10. As a general trend, for a
given temperature, smaller mass-loss rates give rise to higher
He(23S) peak densities and more compressed (narrower lay-
ers of) He(23S) density profiles. Conversely, at larger mass-loss

A13, page 6 of 14

10’4E T T T T T 3 109
[ {105
%)
. 101 7-§
b e
10°.8
“ 00k "%
£ C
i 10° 8
(e}
F 1 (&

1 0_7 it A S 1 1 1 1 04

1.0 1.5 2.0 25 3.0 3.5 4.0

Radius (Rjp)

Fig. 5. Production and loss rates of He(2?S) (labelled as in Table 2, left
y-axis) for the case of 6000K and a mass-loss rate of 4.2x 10° gs~!.
The blue line corresponds to the production by recombination and the
red lines to the losses. Also shown are the concentrations of the species
directly involved in the recombination (right-y axis): the electrons (in
cm™3, black solid line) and the [He*]/[He] ratio (scaled by 5x 10% in
cyan). An H/He ratio of 90/10 was assumed.

rates, the He(23S) density has a broader shape and its maximum
occurs at larger planetary radii. Regarding the effect of temper-
ature, for a given M, we can see that the peak of the He(23S)
density occurs at smaller radii for larger temperatures, whereas
colder thermospheres produce higher He(23S) abundances.

To understand this behaviour we analysed the production and
loss terms of Eq. (11). As an example, Fig. 5 shows the produc-
tion and loss terms of He(23S) for a temperature of 6000 K and
a mass-loss rate of 4.2 x 10° gs™!. The production of He(23S)
is dominated by the recombination of He™ with electrons, a3,
having its maximum contribution at about 1.2—1.4 Rp. The elec-
tron density is mainly driven by H photo-ionisation, Jy, whereas
the electron productions from the photo-ionisation of He(1'S)
and He(23S) are negligible. In turn, the He* production is deter-
mined by the helium photo-ionisation, Jye1s, and the charge
exchange process, Qy.; and its losses are mainly controlled by
the recombination with electrons, @; and a3, and the charge
exchange process Qy.+. At high altitudes, where He ionisation is
very effective, the He* concentration is dominated by its photo-
ionisation, Jye1s, but at lower altitudes the photo-ionisation
production and the losses by recombination with electrons deter-
mine the resulting He™ profile (see Fig. 5). The production of
He(23S) by collisional excitation, g3, is very small, i.e. below
the lower limit of the scale of Fig. 5. We found that the inclu-
sion of the charge-exchange processes Qp. and Qy.+ produces a
net loss of He*, which translates into a reduction of the He(23S)
concentration peak (~15% for this case).

Given the importance of H photo-ionisation in the produc-
tion of He(23S), it can be seen that a thinner atmosphere (i.e.
weaker M or warmer thermosphere, see Fig. 6) produces ion-
isation of H at lower altitudes and hence effectively produces
He(23S) at this region. In contrast, for larger M or colder ther-
mospheres, the density is higher and the absorption of the
stellar flux takes place mainly at higher altitudes. Additionally
we observe in Fig. 4 a broader extension of [He(23S)] (square
brackets indicate concentration) at larger M, which is due to the
weaker vertical gradient of the total density at higher altitudes
(see Fig. 6). For these conditions, the attenuation of the stellar
flux occurs more progressively with altitude than at low altitudes
where the density abruptly increases (see Fig. 6). In addition to
this, the hotter the gas is, the more expanded and thinner the
thermosphere is.
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Fig. 6. Total atmospheric density profiles for several mass-loss rates and
temperatures of 5000 K (solid) and 10000 K (dotted). An H/He ratio of
90/10 was assumed.

Losses of He(23S) are controlled by different processes. The
major loss is due to photo-ionisation, Jyess, at higher altitudes
and the collisional deactivation with electrons, ¢34, at lower
altitudes. Collisional deactivation with H, Qs3;, and advection
are about one order of magnitude smaller than photo-ionisation
and collisional deactivation with electrons. Overall, the helium
triplet concentration is mainly controlled by the stellar flux:
on the one hand, by the electron production from H photo-
ionisation, which heavily depends on the stellar flux at 600—
912 A (see Fig. 2), and on the other hand, by the losses through
photo-ionisation of He(2S), which mainly depends on the stellar
flux at ~1000-2600 A (see Fig. 2). Hence, the ratio of the stellar
flux in these two regions, 600-912 A and ~1000-2600 A, will
impact the He(2?S) density favouring a larger He(23S) density
as the ratio increases.

As discussed above, we performed some tests using the solar
flux scaled to the size of HD 209458 (see Fig. 2) for temperatures
ranging from 6000 to 10000K and M from 10° to 10'' gs~'.
When using this flux, the production terms of He(23S), i.e. the
photo-ionisation rates Jy and Jy1g, change by factors of ~0.46
and ~2.3, respectively, while the loss term, Jy.3s, decreases by a
factor of ~0.44; overall, this produces an increase in the He(2°S)
concentration of a factor of approximately 2.4.

Different He(2?S) density profiles are obtained when con-
sidering different H/He ratios, mass-loss rates, or temperatures.
However, the same mechanism described above applies. The
helium triplet abundance is largely determined by the stellar flux
via H photo-ionisation as well as by the density, which largely
controls the atmospheric region where the stellar flux is fully
absorbed.

3.3. Spectral absorption

The spectral absorption of the He triplet lines was calculated
computing the radiative transfer following the usual transit
geometry (see Fig. 7). The transmission, 7,(r), along the line of
sight (LOS) x at a radius r over the planet reference surface for an
infinitesimal field of view of the planet’s atmosphere (see Fig. 7,
top) at frequency v can be written as (see, e.g., Lopez-Puertas &
Taylor 2001, p. 64)

TOA
T,(r) = exp [— f k,(x) n(x) dx } , (14)

TOA

TOA

_—
oz | — \\

\U

Fig. 7. Basic sketch (not to scale) of the side view (fop) and front view
(bottom) of the typical geometry of the primary transit.

where k, is the absorption coefficient of the radiative transition
and n(x) is the concentration of the absorbing gas, the helium
triplet state in our case, and TOA stands for the top of the
atmosphere.

The absorption coefficient can be expressed as k, = K f,,
where K is the integrated absorption coefficient and f, is the line
shape. The latter is usually taken as a Lorentz, Doppler, or Voigt
profile. Here, as most of the absorption comes from low-pressure
regions, we assumed a Doppler profile which in general accounts
for temperature and the turbulent broadening, for example

L exp [ [y = o + (v0/€) Vwinal®
ap \r ad ’
where c is the speed of light and v, the central frequency of the
line. The Doppler line width, ap, is given by

Hx) = (15)

2kT S5kT

. (16)

ap =
3m

—* Uturb with Ulurb -

where vy, is the turbulent velocity, and m is the mass of the atom
or molecule. We note that in Eq. (15) we have included a term
with vying, the mean velocity of the gas along the line of sight
(towards the observer), in order to account for possible motion of
the absorbing gas. This dependence can take place either along
the LOS ray pencil, x (top panel of Fig. 7), or along the radial
and azimuth dependencies of the vying, 7 and ¢ (lower panel of
Fig. 7).

The absorption of the whole atmosphere, A,, is obtained by
integration of the absorption for the area covered by infinitesimal
spherical rings of thickness dr and then integrating over all radii
r and polar angles ¢ of the atmosphere,

27 TOA
A, = f f Ry + 1) [1 = T5(r, )] dr dg, (17
0 0
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where Rj, is the radius of the planet. We include the integration
over the polar angle, ¢, in order to account for potential atmo-
spheric inhomogeneities in the density or velocity of the helium
triplet state along this coordinate.

The absorption coefficients, K, and the frequencies, vy,
for the three lines from meta-stable helium levels were taken
from the NIST Atomic Spectra Database”. The He(2S) density
profiles were calculated as described above in this section. Tem-
perature was kept constant, as given by the helium triplet density
model. As most of the absorption is expected to take place at
atmospheric regions below the Roche limit (see below), here we
did not include the broadening of the lines due to turbulence
(Vurb =0 in Eq. (15)). The vyinq included in the nominal calcu-
lation corresponds to the line-of-sight component of the radial
velocity outflow obtained in the density model of Sect. 3.

4. Results and discussion

To analyse the mid-transit absorption spectra of Fig. 1, the
thermospheric model described in Sect. 3 has been run for a
temperature range of 4000—11 500 K in steps of 125 K. The mass-
loss rate interval is 108-10'2gs™! in eight steps per decade.
This results in a total of 2013 simulations for each set of H/He
abundances.

Subsequently, we computed the spectral transmission for
each of the helium triplet profiles. In these radiative transfer cal-
culations, we included the temperature and the escape velocity
profile v(r) (see Eq. (8)) from the model. No turbulence term
was included, as most of the absorption comes from radii below
the Roche limit. Nevertheless, we performed a test for the case
of Fig. 1 by including this term in the broadening of the line and
found a less precise fitting; that is, the modelled line profile is
wider than the measured profile.

A bulk Doppler blueshift of 1.8kms™ was included in
the absorption calculation, as suggested by the observations.
The additional absorption observed at around —13kms™' (the
magenta curve in Fig. 1) has not been included in these calcu-
lations (e.g. in the computation of y?, see below). The reason
is that this absorption seems to emerge from very high altitudes
and possibly from material already ejected by the planet, but we
are interested in determining the temperature and mass-loss rates
of the bulk atmosphere.

The absorption spectra were computed at a very high reso-
lution (wavelength step of 1077 A) and then convolved with the
CARMENES line spread function. We performed the integration
over the radius, r in Fig. 7, from the lower boundary condition
of the He triplet model (1.04 Rp) up to the Roche lobe boundary,
located at 4.22 Rp (Salz et al. 2016).

In order to analyse the extent to which absorption contributes
beyond that limit, we also computed the absorption including
the atmosphere extended up to 10Rp. The results show that
for M smaller than 10'! gs~! the additional absorption for radii
beyond that boundary is very small; in particular, for M of
~3.7x10° gs™! at a temperature of 6000K (Fig. 1) it is negli-
gible (below 0.3%). This result is consistent with the light curve
shown in Fig. 5 in Alonso-Floriano et al. (2019) which does not
show signs of relevant ingress or egress absorption.

We compared the synthetic spectra to the measured one (see
an example in Fig. 1) and calculated the y? in the spectral interval
of 10829.9-10831.5 A (avoiding the —13 kms~! component) for
each of them. In this way, we obtained all possible pairs of M
and T which are compatible with the measured absorption.

2 https://www.nist.gov/pml/atomic-spectra-database
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Fig. 8. Contour map of the x> of the model of the helium triplet
absorption compared to that measured by CARMENES as reported by
Alonso-Floriano et al. (2019). The y? has been scaled by 10° (or, equiv-
alently, the reduced y? scaled by a factor of 3.8). An H/He ratio of 90/10
was assumed. The small black dots represent the grid of models. The
white curve highlights the best fitting simulations.

The results of the y* computations for H/He of 90/10, our
nominal case, are shown in Fig. 8. The white curve highlights
the best-fitting simulations. According to these results, the mea-
sured absorption is consistent with pairs of (T, M) ranging
from (4625K, 103 g s™h to (11500K, 10" gs‘l). The relation-
ship between temperature and M is not linear, being steeper at
lower T and M values, and flatter at high temperatures.

In order to better understand the escaping atmosphere we
plotted a selection of the He(2S) densities in Fig. 9 (top panel
for an H/He ratio of 90/10) that fit the observed absorption spec-
trum and cover the full range of temperatures and M. This figure
shows that the majority of the He(2*S) profiles peak at very short
distances, in the range of 1.04—1.10 Rp. The few profiles with
peaks at distances greater than 1.30 Rp are more extended and
generally correspond to higher temperatures and larger mass-loss
rates. Another relevant feature of the atmospheres that best fit the
measured absorption is that they all have a very similar averaged
mean molecular weight, close to 0.69 g mole~!. This value cor-
responds to a partially ionised thermosphere, between the fully
ionised (&1 =0.65) and the neutral (z=1.3) thermospheres.

As the atmospheric model provides [H*], we also anal-
ysed [H]/[H*] for the different atmospheres that fit the observed
He(23S) absorption. In Fig. 10 we show the H mole fraction pro-
files for the same atmospheres as shown in Fig. 9. We see that
for an H/He of 90/10 (top panel) most of the atmospheres repro-
ducing the measured He(23S) absorption have a rather sharp
[H]/[H*] transition region occurring at altitudes ranging from
about 1.04 to 1.09 Rp. That is, the measured He(23S) spectrum
suggests that the atmospheric hydrogen of HD 209458 b is fully
ionised at altitudes above ~1.6 Rp, which is in agreement with
the mean molecular weight of ~0.69 g mole~! mentioned above.

4.1. Sensitivity to the H/He ratio and comparison with
previous H densities

We further explored whether or not we can constrain the
H concentration with the measured He(23S) spectrum. The
H abundance in HD 209458 b has been derived from Lya
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Fig. 9. He(2S) concentration profiles that best fit the measured absorp-
tion (see Figs. 8 and 12). Shown is a selection of the profiles along the
black, cyan. and orange lines in Fig. 12, covering the whole range of
temperatures and mass-loss rates of those figures. Panels from top to
bottom are for H/He ratios of 90/10, 95/5, and 98/2, respectively.

absorption measurements in several studies (see, e.g. Garcia-
Muioz 2007; Koskinen et al. 2013; Salz et al. 2016). We then
compared our derived H density from the He(23S) fit with the
ones reported in these latter studies. We found that, in general,
our derived H densities for the usual H/He ratio of 90/10 (see
Fig. 11, top panel) are significantly lower at all altitudes. This
prompts us to consider other H/He densities in order to ascertain
whether or not they can explain these discrepancies. Therefore,
we repeated all the calculations above for the larger H/He ratios
of 95/5 and 98/2. There are several processes that could lead to
a larger H/He than the canonical value of 90/10. For example,
as He is not chemically active, depending on the location of the
He homopause, its abundance can be lower than its canonical
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Fig. 10. Range of the hydrogen molar fraction profiles resulting from
the fit of the measured absorption (see Figs. 8 and 12) for three H/He
ratios, covering the whole temperature and mass-loss rate ranges of
those figures. The solid thicker lines are the mean profiles.

value at lower altitudes due to diffusive separation (see, Fig. 14 in
Moses et al. 2005). Another possible process of depletion He in
the upper atmosphere of a giant planet is the He sequestration in
the interior of the planet due to the formation of an H-He immis-
cibility layer (Salpeter 1973; Stevenson 1975, 1980; Wilson &
Militzer 2010).

The most noticeable effect of increasing the H fraction (and
thus decreasing the He abundance) is a global decrease of
the thermospheric mass density. Therefore the thermosphere is
lighter and, for given conditions of temperature and mass-loss
rate, it is more expanded. Figure 13 (top panel) shows the change
in the HD 209458 b density when assuming an H/He ratio of
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Fig. 11. Range of the neutral hydrogen concentration profiles resulting
from the fit of the measured absorption (see Figs. 8 and 12) for three
H/He ratios, covering the whole temperature and mass-loss rate ranges
of those figures. The solid thicker lines are the mean profiles. The H den-
sity derived from Lya measurements reported by Garcia-Muiioz (2007),
Koskinen et al. (2013), and Salz et al. (2016) is also shown.

95/5. Here we observe large changes in the density of close to
two orders of magnitude for lower temperatures at low distances.
The H density also shows large decreases (Fig. 13, middle panel),
following the total density very closely. We also see the effects of
absorption of the stellar radiation mainly for lower temperatures;
that is, a change in the slope of the H density ratio at distances
close to 1, 2, 3, and 4.5 Rp (for M of 10°-10'? g s in response
to the penetration of radiation to deeper altitudes for smaller
H/He ratios.
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Fig. 12. Lines corresponding to the (7, M) pairs of the model that best
fit the helium triplet absorption as measured by CARMENES. The black
curve shows the results for an H/He ratio of 90/10 (e.g. white curve in
Fig. 8). The cyan and orange lines correspond to the best fit obtained
when assuming H/He ratios of 95/5 and 98/2, respectively.

As a consequence of the lower total density, and lower H
density, for a larger H/He ratio, the helium triplet density also
mainly follows the behaviour of H, and therefore we generally
obtain smaller He(2S) densities (Fig. 13, bottom panel). It is
also worth noting that the peak of the He(2>S) density moves to
slightly lower altitudes for larger H/He.

The results of fitting the measured He(23S) spectrum when
using H/He of 95/5 and 98/2 in the model are shown in the
corresponding figures: Fig. 12 (cyan and orange lines) for the
constrained (M, T) pairs; Fig. 9 (middle and bottom panels) for
the He(23S) density; and in Figs. 10 and 11 (middle and bottom
panels) for the H mole fraction and H density, respectively.

Regarding the (M, T) relationship, this curve moves to colder
temperatures and larger mass-loss rates for higher H/He (see
Fig. 12), which is the consequence of a smaller He(23S) den-
sity. In order to fit the measured spectrum we need to lower 7" or
increase M in order to increase the He(2?S) concentration (see
Fig. 4). For the relatively high H/He ratio of 98/2, the measured
spectrum implies relatively low temperatures and high mass-loss
rates.

Figure 9 (middle and bottom panels) shows the He(2S) den-
sities for the higher H/He of 95/5 and 98/2. In comparison to the
result obtained for the commonly used H/He ratio of 90/10, the
concentrations peak at generally lower values. These peaks are
located at larger radii, and the profile shapes are wider. The cho-
sen H/He ratio used in the fitting of the He(23S) absorption also
dictates the ionisation level of the atmosphere. Figure 10 shows
that the atmosphere of HD 209458 b is ionised at higher altitudes
for larger H/He.

By inspecting the results obtained for the H density for the
three H/He ratios considered here (see Fig. 11), it seems that
the derived H densities that agree better with those derived from
previous Lya measurements correspond to the 98/2 ratio (lower
panel).

4.2. Comparisons of temperatures and mass-loss rates to
those of previous works

Several models with different approaches and assumptions have
been developed for studying the processes that drive the escape
in HD 209458 b. A summary is listed in Table 3 for comparison.



M. Lampén et al.: Modelling of He(23S) in HD 209458 b

L S L A B A |
H/He=95/5
1.00

T T T T T

0.10

Ratio (Density)

T T T

0.01

1=
©
12
c
1o
1=

T T T T T

1.00

T T T T

T

0.10

Ratio (H Density)

T

T

0.01

TTTTT

T T T T

T

T T

T

o

o

=
T

Ll

1 " " " 1

2 4

(o]
—_
o

6
Radius (R;)

Fig. 13. Ratios of the total atmospheric mass density (fop panel), the
neutral H number density (middle panel), and the He(23S) density
(bottom panel) for several mass-loss rates and temperatures of 5000
(solid) and 9000 K (dotted) for an H/He ratio of 95/5 relative to the
densities for an H/He ratio of 90/10.

Before discussing them, we should recall that our mass-loss rates
refer to the total mass of hydrogen and helium, and that they
were computed at the substellar location instead of the globally
averaged values reported by some authors, the latter being four
times smaller. When necessary, we translate globally averaged to
substellar values.

One of the approaches for escape modelling is to consider a
particle model, which focuses on the exosphere or the unbound
region. With the aim of interpreting HD 209458 b observa-
tions of HI Lya, Vidal-Madjar et al. (2003) built a particle

model where the atmosphere is composed of atomic hydro-
gen only. These latter authors considered the stellar radiation
pressure and the planetary and stellar gravity. Thereby, they
determined a lower limit for the substellar mass-loss rate of
0.4 x 10" gs~!. This value, when compared to those derived
here (we consider that our case of an H/He ratio of 98/2 gives
the better overall agreement for the He(2°S) and Ly« absorption;
see Fig. 12, orange curve) would implies a temperature of about
7000 K, which seems plausible although generally lower than
those calculated in different models (e.g. Salz et al. 2016). Higher
temperatures lead to stronger mass-loss rates, which is consistent
with Vidal-Madjar et al. (2003) since they provide a lower limit.

Similarly, Bourrier & Lecavelier des Etangs (2013) devel-
oped a 3D model for an atomic hydrogen exosphere including
stellar radiation pressure. These latter authors suggested a sub-
stellar mass-loss rate range of (0.04 —4.0) x 10" g s~!. This wide
range of mass-loss rates is compatible with our results but
does not significantly constrain the temperature range because,
according to Fig. 12 (orange curve), the temperature varies in a
wide range: 5125-11 500 K.

Other studies using hydrodynamic models have focused
on thermospheric rather than exospheric simulations. In these
approaches, several 1D models with spherical geometry have
been developed. For example, Tian et al. (2005), in their case for
an atmosphere of atomic hydrogen and a heating efficiency of
n=0.6, predicted a maximum substellar mass-loss rate of 2.4 X
10" gs~! for a temperature profile that grows monotonously
with altitude from 800K at 1 Rp to ~20000K at 3 Rp. For this
mass-loss rate, we derive from Fig. 12 a temperature close to
10500 K, which is significantly lower than most of the values
predicted by Tian et al. (2005). Nevertheless, Shematovich et al.
(2014) concluded (see discussion below) that heating efficiencies
smaller than 0.2 probably yield more accurate mass-loss rates.
Thus, the results from Tian et al. (2005) probably represent an
overestimation of temperature.

Also, using atomic hydrogen thermospheric models and
assuming heating efficiencies of 0.6 and 0.1, Penz et al.
(2008) estimated substellar mass-loss rates of 1.4x 10'! and
0.52x 10" gs~!, and maximum temperatures of 9500 and
6300K located near 1.5 Rp, respectively. For these mass-loss
rates, we derive from Fig. 12 temperatures close to 9100 K (for
their = 0.6), and of 7200 K (for their 7 = 0.1), which is compara-
ble for 7= 0.6 but slightly higher than that of the latter authors for
n=0.1. We note, however, that they include only hydrogen. Thus,
if we were to consider a lower He abundance in our analysis, our
results would be in better agreement with theirs.

Garcia-Mufioz (2007) studied the hydrodynamic escape of
HD 209458 b for different atmospheric compositions. The most
relevant case is that with a complete chemical scheme (H,
He, C, O, N and D) and an H/He ratio of ~91/9 (his DIV1
case), for which this latter author estimated a mass-loss rate of
5.0x 10" gs!. Furthermore, the maximum temperature found
by this latter author is 12 500K at radii of 1.2 Rp. For his mass-
loss rate we derive from Fig. 12 (orange curve) a temperature of
11 500K or even larger, which is in good agreement with that
computed by Garcia-Mufoz.

Koskinen et al. (2013) carried out simulations for a ther-
mosphere composed of H, He, and heavier elements (C, O, N,
Si, Mg, Na, K and S). For their C2 case, which is the most
representative, these latter authors obtained a mass-loss rate of
1.6x 10" gs~! with a heating efficiency of 0.44, and a maxi-
mum temperature of 12000K at a distance of 1.5 Rp. For this
mass-loss rate we obtain a temperature of about 9100 K, which
is significantly lower than theirs.
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Table 3. Comparison of temperature and mass-loss rates with other works.

Fxuv H/He Rxuv K n@ M® T TT(:i)s work  Model @ References
(ergcm™2s71) (Rp) (x10"gs ') (x10°K) (x10°K)
100/0 50.4 >70  3DP 1)
© 100/0 0.04-4.0 51-11.5 3DP 2)
() 100/0 0.6 2.4 Seetext 105  HD 3)
1976 100/0 0.6 1.4 9.5 9.1 HD 4)
1976 100/0 0.1 0.52 6.3 7.2 HD 4)
2900 91/9 See text 5.0 12.5 11.5 HD (®)]
1800 0.44 1.6 12.0 9.1 HD (6)
1148 90/10 See text 0.74 9.1 7.8 HD @)
#) 3.0 1.0 1.0 <40® see text  EL (8)
910 1.0 0.65 1.0 <1.8® <9.8 EL 9)
1148 1.25 1.0 0.21 0.74 7.8 EL (10)
2400 98/2 1.16-1.30 0.76 0.1-0.2® 0.42-1.00 7.13-8.13 This work

Notes. “ Averaged heating efficiencies. Particle models (3DP) do not include this parameter. ¥’ Substellar mass-loss rates. Globally averaged mass-
loss rates were translated to substellar when necessary, multiplying by 4. ¢“Maximum temperature. Given only for hydrodynamic (HD) models.
@Temperature of our model for a 98/2 H/He abundance, corresponding to the M of the compared model. “Type of model: 3D particle estimation
(3DP), Hydrodynamic model (HD) and Energy-limited (EL). “”"Lower limit of mass-loss rate. ®Three to four times the current solar XUV flux.
W Current solar XUV flux. @Upper limit of mass-loss rate. ¥’ Ryyy range derived in this work for the assumed heating efficiency range (0.1-0.2).

(®Range taken from Shematovich et al. (2014).

References. (1) Vidal-Madjar et al. (2003); (2) Bourrier & Lecavelier des Etangs (2013); (3) Tian et al. (2005); (4) Penz et al. (2008); (5) Garcia-
Muiioz (2007); (6) Koskinen et al. (2013); (7) Salz et al. (2015); (8) Lammer et al. (2003); (9) Sanz-Forcada et al. (2011); (10) Salz et al. (2016).

For an atomic hydrogen and helium thermosphere of 90/10,
Salz et al. (2016) estimated a mass-loss rate of 0.74 x 10'! gs~!
with a maximum temperature of 9100 K near 1.4 Rp. For that
mass-loss rate our He(23S) absorption implies a temperature of
about 7750K (Fig. 12, orange curve, H/He of 98/2), which is
significantly lower than the temperature of Salz et al. (2016). It
is interesting to note that Salz et al. (2016) obtained an H density
that underestimates the Ly observations. For an H/He ratio of
90/10, our H density derived from the He(23S) absorption also
underestimates the Lya absorption (see top panel in Fig. 11). In
order to fit the Ly observations, Salz et al. (2016) supplied the
required extra H using an H-only (no helium) model. In our case,
to obtain a good fit to both the He triplet and Ly« absorption, we
also need to decrease the H/He ratio; suggesting that a value of
98/2 could be enough.

Overall, we observe that although the ranges of mass-loss
rates and temperatures in the literature are rather broad, they gen-
erally agree well with the constrained M(T) curve found in this
work (orange curve in Fig. 12). Only the values derived by Tian
et al. (2005) and Koskinen et al. (2013), both larger than ours,
fall relatively far from the derived constraints.

4.3. Energy-limited escape models

Estimates of the evaporation mass-loss rate of HD 209458 b have
also been obtained by using the energy-limited approximation
(Watson et al. 1981; Erkaev et al. 2007; Lammer et al. 2009).
The main assumption of this model is that the escape is limited
by the Fxyy, and it is useful for constraining the atmospheric
mass-loss rate or the heating efficiency. With this approach, the
substellar mass-loss rate, Mgy, can be written as

47T Rp R%(UV n FXUV
MEL = >
G K(&) Mp

(18)
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Fig. 14. Ranges of the photo-ionisation coefficient of H, J profiles that
fit the measured absorption (Fig. 12) for the different H/He ratios.

where Rxyy is the atmospheric expansion radius, defined as
the altitude where the optical depth is unity (Watson et al.
1981); K(€) = 1 — 1.5 + 0.5¢&3 is the potential energy reduc-
tion factor, with & = (Mp/M,()l/3 (a/Rp). This mass-loss rate is
sometimes corrected by a factor that compensates for the under-
estimated kinetic and thermal energy gains. Here, however, we
use uncorrected values.

We calculated the heating efficiency, ngp, resulting from
our He(23S) analysis using the aforementioned approach. To
that end, we included in Eq. (18) the XUV stellar flux that we
used, Fxyy =2.4x10° erg em2s7! (see Sect. 3), K=0.76, and
the Rxuy values resulting from the model fit to the He(23S)
absorption (see Fig. 14). The resulting heating efficiencies are
shown in Fig. 15.

As discussed above, Shematovich et al. (2014) modelled the
thermal-escape-related heating efficiency for HD 209458 b and
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Fig. 15. Heating efficiency derived from the He(23S) absorption mea-
surements (see Fig. 12) under the energy-limited escape approximation
(see Eq. (18)) for H/He of 90/10, 95/5, and 98/2. Dotted lines correspond
ton=0.1 and 0.2.

concluded that n values smaller than 0.2 produce more realistic
mass-loss rates. If we impose 17 =0.1-0.2 and use the energy lim-
ited approach, our results of Fig. 15 limit the substellar mass-loss
rate to the range of (0.42-1.00)x10'! gs~! (on the basis that the
H/He ratio of 98/2 gives the best fit to the H density), which,
together with the results of Fig. 12, leads to a temperature range
of 7125-8125 K (see Table 3, last row).

Depending on the values used for the different parameters in
Eq. (18), we find a wide range of mass-loss rate and heating effi-
ciency estimates for HD 209458 b. For instance, Salz et al. (2016)
estimated a heating efficiency of 0.21 using a mass-loss rate of
0.74 x 10" gs~!. These values are in good agreement with those
obtained in this work.

This approach has also been used to provide upper limits
to the mass-loss rate, that is, when all radiation is thermalised
(n=1). Thus, Lammer et al. (2003) estimated an upper limit for
the mass-loss rate of ~40x10'! gs~! using a calculated expan-
sion radius of ~3 R, and assuming K=1.0. This value is, in
effect, a very high upper limit as it is much larger than those
derived in this work for reasonable temperatures (<11 500 K) of
~4x10'" gs7! (see Fig. 12).

Sanz-Forcada et al. (2011) estimated an upper limit of
1.8x10'' gs7! assuming K = 0.65, Rxyv equal to unity, and
Fxuv=910ergcm=2s~!. This upper limit agrees with our results.
We note that these latter authors used a simplified value for Rxyv
and an Fxyy flux that is 2.6 times lower than ours.

5. Conclusions

We present observational constraints on the thermosphere of
HD 209458 b obtained from an analysis of the mid-transit
He(23S) spectral absorption measurements reported in Alonso-
Floriano et al. (2019). Under the assumption of an upper
atmosphere in blow-off escape, we modelled its thermosphere
using a 1D hydrodynamic model with spherical symmetry, cou-
pled with a non-LTE model for the population of the He(2°S)
state. The model provides, among other quantities, profiles of
the He(23S) concentrations, which were included into a radia-
tive transfer model to calculate He(2?S) absorption spectra. By
comparing these spectra to the measured He(2?S) spectrum of
Alonso-Floriano et al. (2019), we constrained the mass-loss rate,

temperature, He(23S) densities, and the degree of ionisation in
the upper atmosphere of HD 209458 b. We also compared the
derived H densities with previous profiles derived from the Lya
absorption in order to further constrain the H density as well as
the H/He ratio.

One of the main results we found is the close relationship
between mass-loss rate and temperature for a wide range of these
parameters (see Fig. 8). Additionally, we found that this relation-
ship changes with the assumed H/He ratio (see Fig. 12). For a
given temperature, the lighter the atmosphere, the stronger the
mass-loss rate; and, for a fixed mass-loss rate, the lighter the
atmosphere, the cooler the atmosphere. The H/He degeneracy
was partially constrained by comparing with previous H density
derived from Lya absorption measurements. Globally, we found
that an H/He ratio of 98/2 gives a better overall fit to both the
He(23S) and Lya measured absorption.

From the analysis performed for the considered ranges of
M=108-10"?gs™! and temperature of 4000 to 11500K, we
obtain the following results: (i) we find that the He(23S) peak
density is located in the altitude range of 1.04-1.60 Rp; (ii) we
obtain an [H)/[H*] transition altitude ranging from about 1.2 to
1.9 Rp; (iii) we obtain an effective radii of the XUV absorption
in the range of 1.16-1.30 Rp; (iv) the averaged mean molecu-
lar weight of the gas ranges from 0.61 to 0.73 gmole™!; and (v)
we find that the thermospheric H/He ratio should be larger than
90/10, the most likely value being about 98/2.

Thus, the He(23S) absorption spectrum significantly con-
strains the thermospheric structure of HD 209458 b and
advances our knowledge of its escaping atmosphere. In partic-
ular, we show that the H/He ratio should be larger than 90/10,
that hydrogen is almost fully ionised ([H]/[H"]<0.1) at alti-
tudes above 2.9 Rp, and that He(23S) is accumulated at low
thermospheric altitudes.

Comparing our results with previous works we find that,
overall, they generally agree well with the constrained M(T)
curve found in this work (orange curve in Fig. 12). Only the val-
ues derived by Tian et al. (2005) and Koskinen et al. (2013), both
larger than ours, fall relatively far from the derived constraints.

Assuming the energy-limited approach, we derive the heat-
ing efficiency as a function of the mass-loss rate (see Fig. 15).
If we additionally assume the heating efficiency range of 0.1-0.2
derived from the detailed study of Shematovich et al. (2014), we
conclude that the most probable substellar total mass-loss rate is
in the range of (0.42-1.00)x10'! gs~!, and that the temperature
ranges from 7125 to 8125 K.

Our model, as it is inherently limited by its one dimension
and spherical symmetry, cannot explain any net (either blue or
red) shifts. Future work on the analysis of the observed net
blueshift components and on possible cometary outflows with
3D modelling is encouraged.
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Appendix A: Calculation of the average mean
molecular weight

From Eq. (5), considering the constant temperature Ty, we have

o )@ KTy (__1 dv g)
dr  w(r) v(r) dr r (AD)
d(l/ﬂ)
+kTy 1 r2 =0.

By integrating Eq. (A.l) and re-arranging its terms, we
obtain

G M,
kT,

f ' do f F dr
= —+2 —,
v V() no T
where r¢ is the upper boundary distance of our model (10 Rp),
and vy and gy are the bulk radial velocity and mean molecular
weight, respectively.

The mean molecular weight, u(r), enters in the first, second,

and third terms of Eq. (A.2). Thus, we construct an expression
for :

T dr 1 vf Ly
. H(r)ﬁ +k_Toju; u(r) v(r) do +f u(r)d(1/w)

1/po

(A2)

ﬁ:

Uy 1/pe
G M, M(r)— +f u(ryu(rydv + kT fu p(r)d(1/p)
Ho

1/ue
GMf fv(r)dv +kTofH d(1/w)
o 1/uo

(A3)
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ABSTRACT

Characterising the atmospheres of exoplanets is key to understanding their nature and provides hints about their formation and evo-
lution. High resolution measurements of the helium triplet absorption of highly irradiated planets have been recently reported, which
provide a new means of studying their atmospheric escape. In this work we study the escape of the upper atmospheres of HD 189733 b
and GJ 3470 b by analysing high resolution He 1 triplet absorption measurements and using a 1D hydrodynamic spherically symmet-
ric model coupled with a non-local thermodynamic model for the He 1 triplet state. We also use the H density derived from Ly«
observations to further constrain their temperatures, mass-loss rates, and H/He ratios. We have significantly improved our knowledge
of the upper atmospheres of these planets. While HD 189733 b has a rather compressed atmosphere and small gas radial velocities,
GJ 3470b, on the other hand with a gravitational potential ten times smaller, exhibits a very extended atmosphere and large radial
outflow velocities. Hence, although GJ3470b is much less irradiated in the X-ray and extreme ultraviolet radiation, and its upper
atmosphere is much cooler, it evaporates at a comparable rate. In particular, we find that the upper atmosphere of HD 189733 b
is compact and hot, with a maximum temperature of 12 400’:‘3‘88 K, with a very low mean molecular mass (H/He=(99.2/0.8)+0.1),
which is almost fully ionised above 1.1 Rp, and with a mass-loss rate of (1.1+0.1) x 10'' gs~!. In contrast, the upper atmosphere of
GJ 3470b is highly extended and relatively cold, with a maximum temperature of 5100+900 K, also with a very low mean molecular
mass (H/He=(98.5/1.5)*]2), which is not strongly ionised, and with a mass-loss rate of (1.9+1.1) x 10" gs™'. Furthermore, our re-
sults suggest that upper atmospheres of giant planets undergoing hydrodynamic escape tend to have a very low mean molecular mass

(H/He 2 97/3).
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1. Introduction

Observations of atmospheres undergoing hydrodynamic escape
provide critical information about their physical properties and
can also offer important hints about their formation and evolution
(e.g. Baraffe et al. 2004, 2005; Owen & Wu 2013, 2017; Lopez &
Fortney 2013; Mufioz & Schneider 2019). Hydrodynamic atmo-
spheric escape is the most efficient atmospheric process of mass
loss (see e.g. Watson et al. 1981; Yelle 2004; Tian et al. 2005;
Garcia-Muiioz 2007; Salz et al. 2015). This process occurs when
the gas pressure gradient overcomes the gravity of the planet at

planets and satellites: atmospheres — planets and satellites: gaseous planets — planets and satellites: individual:

some atmospheric altitude, as it is heated via photo-ionisation.
Therefore, the stellar irradiation, mainly X-ray and extreme ul-
traviolet (XUV) radiation, as well as the near-ultraviolet (NUV)
radiation in exoplanets orbiting hot stars (Mufioz & Schneider
2019), triggers hydrodynamic atmospheric escape generating a
strong wind that substantially expands the thermosphere of the
planet and ejects the gas beyond the Roche lobe.

Lya observations can probe hydrodynamic atmospheric es-
cape and provide important information about the planetary up-
per atmosphere (Vidal-Madjar et al. 2003). However, Lya can
only be observed from space. Moreover, geocoronal emission
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contamination and interstellar medium absorption dominate the
core of the line, leaving only their wings with potential exoplan-
etary information (see e.g. Vidal-Madjar et al. 2003; Ehrenreich
et al. 2008). Observations of X-ray radiation and ultraviolet lines
from heavy elements (e.g. O1and Cm) in exoplanets undergoing
hydrodynamic atmospheric escape have similar limitations (see
e.g. Vidal-Madjar et al. 2004; Ben-Jaffel & Ballester 2013; Pop-
penhaeger et al. 2013).

Observations of the He1 23S-23P lines! (hereafter He(23S)
lines) and Ha are not seriously limited by interstellar absorption
(see e.g. Spake et al. 2018; Nortmann et al. 2018; Allart et al.
2018; Mansfield et al. 2018; Allart et al. 2019; Yan & Henning
2018; Casasayas-Barris et al. 2018; Wyttenbach et al. 2020).
Therefore, detailed studies of the absorption line profile are fea-
sible. For instance, Lampén et al. (2020) have recently analysed
the He(23S) absorption in the atmosphere of HD 209458 b and
derived a well-constrained relationship between the mass-loss
rate and temperature, as well as key atmospheric parameters such
as the He(2°S) density, the [H]/[H*] transition altitude, and the
XUV absorption effective radii.

In addition, as He(23S) measurements probe different atmo-
spheric altitudes than the H lines, it is possible to reduce the
degeneracy significantly by combining information from both
elements. Indeed, by comparing the hydrogen density profile re-
trieved from Lya by Salz et al. (2016) with that derived from
He(23S) observations, Lampoén et al. (2020) found H/He =~ 98/2
in the upper atmosphere of HD 209458 b, which is significantly
higher than the commonly used value of 90/10 (e.g. Oklop¢i¢ &
Hirata 2018; Mansfield et al. 2018; Ninan et al. 2020; Guilluy
et al. 2020). Moreover, by constraining the upper atmospheric
H/He ratio, we can gain important insights on the formation, evo-
lution, and nature of the planet (see, e.g. Hu et al. 2015; Malsky
& Rogers 2020). Therefore, it is important to measure the H/He
ratio in other evaporating atmospheres.

The exoplanets HD 189733 b and GJ 3470 b undergo hydro-
dynamic escape, as was probed by the Lya and oxygen ob-
servations in HD 189733 b (Lecavelier des Etangs et al. 2010,
2012; Bourrier et al. 2013; Ben-Jaffel & Ballester 2013), and
by Lya and He(23S) observations for GJ 3470b (Bourrier et al.
2018; Pallé et al. 2020; Ninan et al. 2020). These planets have
rather different physical properties. Salz et al. (2016) estimated
that HD 189733 b, with a high gravitational potential, has a hot
thermosphere with weak winds, whereas GJ 3470 b, with lower
gravitational potential, has a relatively cool atmosphere with
strong winds. Both exoplanets are also rather different from
HD 209458 b, as they have distinct bulk parameters and are ir-
radiated at different XUV fluxes. To date, He(23S) spectral ab-
sorption has been observed in HD 189733 b by Salz et al. (2018)
and Guilluy et al. (2020), as well as in GJ 3470 b by Pallé et al.
(2020) and Ninan et al. (2020).

In this work we aim to improve the characterisation of
the upper atmospheres of HD 189733b and GJ3470b from
the He(23S) spectral absorption measurements taken with the
high—resolution spectrograph CARMENES ? (Quirrenbach et al.
2016, 2018) by Salz et al. (2018) and Pallé et al. (2020), re-
spectively. To that end, we applied a 1D hydrodynamic model
with spherical symmetry together with an He(2?S) non-local
thermodynamic equilibrium (non-LTE) model to calculate the

I At wavelengths 10832.06, 10833.22, and 10833.31 A in the vacuum,
often referred to as their air wavelengths of 10830 A.

2 Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrographs, at the 3.5 m Calar Alto
Telescope.
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He(23S) concentration and gas radial velocity distributions. Sub-
sequently, we used a high-resolution radiative transfer model for
calculating the synthetic spectra as observed by CARMENES
and compared them with the measurements. By exploring a
wide range of input parameters, we derived constraints on the
mass-loss rate, temperature, H/He composition, He(2S) density,
[H]/[H*] transition altitude, and XUV absorption effective radii.
Finally, we compared our H densities with those retrieved from
Lya measurements in previous studies in order to constrain the
H/He composition.

The paper is organised as follows. Sect.2 summarises the
He(23S) observations of HD 189733 b and GJ3470b; Sect.3
briefly describes the modelling of the He(23S) density, the gas
radial velocities, and the He(23S) absorption; Sect. 4 shows and
discusses the results obtained; and in Sect. 6 we present a sum-
mary and our conclusions.

2. Observations of He1 triplet absorption of
HD 189733 b and GJ 3470 b

The He(23S) absorption profiles analysed here were observed in
the atmospheres of HD 189733 b and GJ3470b by Salz et al.
(2018) and Pallé et al. (2020), respectively, with the high-
resolution spectrograph CARMENES. We briefly summarise
these observations below.

HD 189733 b shows a significant He excess absorption at
mid-transit, with a mean absorption level of 0.88 +0.04%, and
of 0.24+0.12% and 0.46+0.06% for the ingress and egress
phases, respectively. The absorption (in the planetary rest
frame) appears shifted to blue wavelengths by —3.5 +0.4kms™!
and —12.6+1.0kms™' during the mid-transit and egress, re-
spectively, and it appears shifted to red wavelengths by
6.5+3.1kms™! during the ingress. We caution, however, as Salz
et al. (2018) remarked, that these velocities could be potentially
affected by stellar pseudo-signals. Another important feature is
that the ratio between the absorption in the stronger He(2°S)
line, caused by the two unresolved lines centred at 10833.22 and
10833.31 A, and the weaker one centred at 10832.06 A (hereafter
He 1,310833/He 1410832) 1s 2.8 + 0.2, which is much smaller than ex-
pected from optically thin conditions.

GJ 3470b shows a 1.5 +0.3% He absorption depth at mid-
transit (Pallé et al. 2020). Unfortunately, the individual spec-
tra during ingress or egress do not have a sufficient signal-
to-noise ratio (S/N) to probe for any blue or red shifts. The
mid-transit spectrum appears shifted to blue wavelengths by
—-3.2+1.3kms™!. The analysis of these absorption profiles is
discussed in Sect. 4.1.

3. Modelling the He1 triplet
3.1. Helium triplet density

We calculated the populations of the He(23S) by using the model
described in Lampén et al. (2020). Briefly, we used a 1D hydro-
dynamic model together with a non-LTE model to calculate the
He(23S) density distribution in the substellar direction (the one
that connects the star-planet centres) in the upper atmosphere
of the planets. We assumed that the substellar conditions are a
representative of the whole planetary sphere, so that a spherical
symmetry was adopted. The mass-loss rate derived under this as-
sumption is a valid estimate for the whole atmosphere when di-
vided by a factor of ~4 to account for the 3D asymmetric stellar
irradiation on the planetary surface (see e.g. Murray-Clay et al.
2009; Stone & Proga 2009; Tripathi et al. 2015; Salz et al. 2016).
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Table 1. System parameters of HD 189733 and GJ 3470.

Parameter Value Reference

HD 189733

d 19.775+0.013pc ~ Gaia DR2@

R, 0.805+0.016 R, Boyajian et al. (2015)
M, 0.846 tg:ggg Mg de Kok et al. (2013)
Tes 4875 +43K Boyajian et al. (2015)
[Fe/H]. -0.03 +£0.05 Bouchy et al. (2005)
a® 0.0332+0.0010au  Agol et al. (2010)
RY 1.23+0.03Ry,,  Baluevetal. (2015)
Mp 1.162 fg:g;g My de Kok et al. (2013)
GJ 3470

d 29.45 £ 0.05 pc Gaia DR2@

Ry 0.474+£0.014 R,  Pallé et al. (2020)

M, 0.476 £0.019 M,  Pallé et al. (2020)

Tefr 3725+54K Pallé et al. (2020)
[Fe/H], +0.420+0.019 Pallé et al. (2020)

a 0.0348 £0.0014au  Bonfils et al. (2012)
Rp 0.36 +0.01 Ryyp Pallé et al. (2020)

Mp 0.036 +0.002 My,,  Pallé et al. (2020)

Notes.  Gaia Collaboration et al. (2018). ® From a/R,, = 8.863(20) by
Agol et al. (2010) and R, by Boyajian et al. (2015). © From Rp/R, =
0.15712(40) by Baluev et al. (2015) and R, by Boyajian et al. (2015).

The hydrodynamic equations were solved assuming that the

escaping gas has a constant speed of sound, vy = \/kT(r)/u(r),
where k is the Boltzmann constant, 7'(r) is temperature, and p(r)

is the mean molecular weight. This assumption leads to the same
analytical solution as the isothermal Parker wind solution. How-
ever, the atmosphere is not assumed to be isothermal, but the
temperature varies with altitude in such a way that the T'(r)/u(r)
ratio is constant. That is to say we assume vy = \/k Ty/iz where
is the average mean molecular weight, calculated in the model,
and T is a model input parameter which is very similar to the
maximum of the thermospheric temperature profile calculated
by hydrodynamic models that solve the energy balance equa-
tion (see, e.g. Salz et al. 2016). The temperature ,T, the mass-
loss rate, M (of all species considered in the model), and the
H/He mole-fraction ratio (i.e. the composition of the upper at-
mosphere) are input parameters to the model. The physical pa-
rameters of the planets, such as their mass, Mp, and size, Rp,
introduced in the model, are listed in Table 1.

The model computes the radial distribution of the concen-
trations of the following species: neutral and ionised hydrogen,
H° and H*, respectively, as well as helium singlet and ionised
helium, He(1'S) and He*, and He(23S). In addition, it also cal-
culates the radial velocity of the gas. The production and loss
terms and the corresponding rates are listed in Table 2 of Lam-
pén et al. (2020). They represent a minor extension of those con-
sidered by Oklop¢i¢ & Hirata (2018), where two additional pro-
cesses were included: the charge exchange reactions, Qg and
Ope+» from Koskinen et al. (2013). Other parameters such as the
H, He(1'S), and He(23S) photo-ionisation cross sections were
taken as in Lampo6n et al. (2020).
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Fig. 1. Upper panel: Emission measure distribution of HD 189733 cal-
culated using the line fluxes measured in the HSLA/COS summed spec-
trum. The 3-T model used to fit XMM-Newton summed EPIC spectra is
also displayed. The thin lines represent the relative contribution func-
tion for each ion (the emissivity function multiplied by the EMD at
each point), following same colour code as in lower panel. The small
numbers indicate the ionisation stages of the species. Lower panel:
Observed-to-predicted line flux ratios for the ion stages in the upper
panel. The dotted lines denote a factor of 2.

In the model we established the lower boundary conditions
where hydrodynamic escape originates. This is usually assumed
to occur at ubar—nbar levels (see, e.g. Garcia-Muifioz 2007;
Koskinen et al. 2013; Salz et al. 2016; Murray-Clay et al. 2009),
although its geometric altitude is uncertain as it depends on the
pressure, temperature, and composition below, which are nor-
mally unknown. In Sects.4.1.1 and 4.1.3, we discuss the effects
of the lower boundary conditions on the absorption profiles of
these planets. Nominally, we assumed that hydrodynamic es-
cape originates at 1.02 Rp (slightly higher than the optical radius)
with a density of 10'* cm™3. The density at the lower boundary
was chosen large enough so that the XUV radiation is fully ab-
sorbed by the atmosphere above, but it is consistent with the val-
ues given by the hydrostatic models below (see, e.g. Salz et al.
2016).

3.2. Stellar fluxes

A further input parameter required by the model is the stel-
lar XUV spectral flux. For HD 189733, a coronal model was
used to obtain the stellar emission in the range of 5-1200 A.
The model is based on the addition of all the XMM-Newton
observations available to date of this star, between 2007 and
2015 3. The EPIC spectra were combined for a total exposure

3 Proposals id. 50607, 60097, 67239, 69089, 69229, 74498, 74839.
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Fig. 2. Flux density (left y-axis) for HD 189733 (black) and GJ 3470
(orange) at 0.0332 au and 0.0348 au plotted at a resolution of 10 A, re-
spectively. The H, He singlet, and He triplet ionisation cross sections
(right y-axis) are also shown.

time of 461 ks (pn), 822ks (MOS1), and 896 ks (MOS2). The
coronal 3-Temperature model (log T(K)= 6.44 + 0.01, 6.88 =
0.01, 7.3 + 0.01, log EM(cm™3)= 50.59 + 0.03, 50.78 + 0.04,
50.56 + 0.01, Ly = 2.2 x 10¥ergs™") is complemented with
line fluxes (Table A.1) from the HST/COS FUV spectrum avail-
able from the Hubble Spectral Legacy Archive (HSLA) to ex-
tend the model (Tables A.2 and A.3) towards lower tempera-
tures (log T (K)~ 4.0-5.9), following Sanz-Forcada et al. (2011).
This model (Fig. 1) is a substantial improvement with respect to
the X-exoplanets model available in Sanz-Forcada et al. (2011).
The modelled spectral energy distribution (SED) fluxes now in-
dicate an EUV luminosity of Lgyvg = 1.6 X 10% erg s~ and
Leuvie = 5.1x 10?8 erg s~! in the ranges of 100-912 A and 100-
504 A, respectively. The SED covers the range of 5-1145 A, and
it was generated following Sanz-Forcada et al. (2011). The data
include several small flares, which were not removed on purpose,
in order to provide an average model of active and non-active
stages. We, therefore, used the summed HST/COS spectrum in
the range of 1145-1450 A. The SED calculated using our model
is consistent with the flux level observed in the actual HST ob-
servations of the star in the region of 1145-1200 A.
XMM-Newton observations of GJ 3470 were used to model
the corona of this star, complemented with HST/STIS spectral
line fluxes, as described in Bourrier et al. (2018). The quality of
the HST/COS spectra was not good enough to fix the UV contin-
uum in the spectral range of 1150-1750 A, due to poor statistics,
while HST/STIS coverage was limited to 1195-1248 A only.
Thus, the model SED was also used in this spectral range.

In order to extend the SED of both planets to 2600 A, we
used the stellar atmospheric model of Castelli & Kurucz (2004)
scaled to the corresponding temperature, surface gravity, and
metallicity (see Table 1). The composite SED for the spectral
range of 5-2600 A for both planets at their respective orbital
separations are shown in Fig. 2.

3.3. Spectral absorption

With the He(23S) calculations and gas radial velocities from
the model described above, we computed the He(23S) absorp-
tion by using a radiative transfer code for the primary transit
geometry (Lampén et al. 2020). The spectroscopic data for the
three metastable helium lines were taken from the NIST Atomic
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Spectra Database*. Doppler line shapes are assumed at the atmo-
spheric temperature used in the model density, and an additional
broadening produced by turbulent velocities can be included if
necessary (Vyrp = V5kT' /3m, where m is the mass of an He atom,
see Eq. 16 in Lamp6n et al. 2020). The component of the radial
velocity of the gas along the line of sight (LOS) towards the
observer is also included in order to account for the motion of
He(23S) as predicted in the hydrodynamic model. In addition
to the radial velocities, averaged winds (e.g. day-to-night and
super-rotation winds), and planetary rotation (see e.g. Salz et al.
2018; Seidel et al. 2020) can also be included in the radiative
transfer model, as required (see Eq. 15 in Lamp6n et al. 2020).

In this study, we performed the integration of the He(23S)
absorption up to 10 Rp. This is motivated because we found that
the He(23S) distribution of GJ3470b is rather extended (see
Sect. 4.3).

3.4. Grid of simulations

Here we have analysed the mid-transit absorption profiles of
HD 189733 b and GJ 3470 b (see Fig. 3) in a similar manner as in
Lampoén et al. (2020) for HD 209458 b. Briefly, from this model
and the measured He(23S) absorption, we could not unambigu-
ously determine the mass-loss rate and temperature of the plan-
etary atmosphere as these two quantities are degenerate in most
cases. Thus, for a given H/He composition, we ran the He(23S)
model for a range of temperatures and mass-loss rates and com-
puted the He(23S) absorption. As also shown by Lampén et al.
(2020), the temperatures and mass-loss rates are also degenerate
with respect to the H/He atomic ratio. We broke that degeneracy
by also fitting the H® density profiles of the model to those de-
rived from Lye measurements. To that end, we ran several sets
of models for H/He atomic ratios ranging from 90/10, our nomi-
nal case, t0 99.9/0.1 and to 99/1 for HD 189733 b and GJ 3470 b,
respectively.

Synthetic spectra from these simulations were compared to
the measured absorption profiles, and the corresponding reduced
x? values were computed by (see, e.g. Press et al. 2007)

N
2 (Trmea,i - Trmod,i)2

2 _X . 2
="~=— with = s
G v e T

where v = N — 2 is the number of degrees of freedom, N is
the number of fitted spectral points, T7ye,i and Trmeq; are the
measured and calculated transmissions, and o7 is the error of the
transmissions (see Fig. 3). For obtaining the uncertainties in the
derived parameters T and M with this method, we considered
the 95% confidence levels of the y? (not the reduced y?). In ad-
dition, we also explored the posterior probability distribution of
the three model parameters for the grid of model spectra dis-
cussed above by using the Markov chain Monte Carlo (MCMC)
method (Sect. 4.5).

4. Results and discussion
4.1. He 1 transmission spectra

Our aim is to concentrate on the mid-transit absorption, which
provides information about the main structure of the thermo-
spheric escaping gas, but not to explain all the He(23S) absorp-
tion features of those planets, nor their variations along the tran-
sit. In particular, the analysis of the velocity shifts in the He(23S)

4 https://www.nist.gov/pml/atomic-spectra-database.
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Fig. 3. Spectral transmission of the He triplet at mid-transit for HD 189733 b and GJ 3470 b (we note the different y-axis scale). Data points and
their respective error bars are shown in black (adapted from Salz et al. (2018) and Pallé et al. (2020), respectively). Wavelengths are given in
vacuum. The best-fit simulations are shown with red curves. For HD 189733 b, the best fit corresponds to a temperature of 10 000 K, a mass-loss
rate of 10° gs~! and an H/He mole-fraction of 90/10. For GJ 3470b, the best fit corresponds to a temperature of 6000 K, M=3.2x 10'° gs~! and
an H/He of 90/10. Other models are described in Table 2. The positions of the helium lines are marked by vertical dotted (weak) and dot-dashed

(strong) lines.

Table 2. Models used for the calculation of the absorption shown in Fig. 3.

Model Turbulent LOS components Lower Gas radial
broadening® boundary layer velocity
HD 189733 b
A No -3.5kms™" (100%) Yes This model?
B Yes —12kms~1(25%), -3.5km s~ (47%), 5km s~ (28%), No This model?
C Yes —12kms~'(25%), -3.5kms~1(47%), Skm s~ (28%), Yes This model?
D No -3.5kms™" (100%) Yes 40kms~'¢
GJ3470b
E Yes No component Yes No velocities
F Yes —32kms™! Vz Yes This model
G Yes No component at z < Rjgpe, =5 km s7! at 7> Righe Yes This model

Notes. @ Doppler broadening was included in all models. ’ From the hydrodynamic model of this work. The gas radial velocities for this planet

have negligible effects. ) As in Seidel et al. (2020).

absorption is potentially interesting because it would provide in-
formation about the 3D velocity distribution, its origin (e.g. day-
to-night and super-rotation winds, and planet’s rotation), and it
may also break some of the degeneracy between the temperature
and mass-loss rates. However, as our model is spherically sym-
metric, it cannot explain net blue or red shifts and, hence, such
analysis is beyond the scope of this paper. Nevertheless, in order
to obtain the best fit to the mid-transit spectra, we need to assume
some net velocities along the observational LOS superimposed
on the gas radial velocities of our model. Thus, before exploring
the range of temperature and mass-loss rates (see Sect.4.2), we
first discuss the shape of the mid-transit spectra and the required
additional velocities.

4.1.1. He(23S) absorption of HD 189733 b

According to the observations by Salz et al. (2018), HD 189733 b
shows a significant He excess absorption peaking at mid-transit
(see Fig.3), which is much stronger than that of HD 209458 b
(see Alonso-Floriano et al. 2019; Lampén et al. 2020). The ab-
sorption profile also exhibits a more pronounced displacement
to bluer wavelengths (—=3.5+0.4kms™!) and it is also signifi-

cantly broader. A similar net blue shift has been observed in
the He(2S) absorption of GJ 3470 b (see below and Pallé et al.
2020). Then, in order to obtain the best possible fit, we incorpo-
rated a net blue shift of —=3.5kms™! in our simulations.

A further analysis of the spectrum shows that, at typical ther-
mospheric temperatures for this planet, ~12 000K (see, e.g. Guo
2011; Salz et al. 2016; Odert et al. 2020), the Doppler broad-
ening is insufficient to explain the width of the absorption pro-
file (see Model A in left panel of Fig.3). To achieve a similar
width, we would need temperatures much higher than 20 000 K,
which do not seem very realistic. Including a turbulence broad-
ening component (see Sect.3.3), the profile broadens, but it is
still narrower than the measured absorption. In that calculation
we also included the component of the gas radial velocities of
our model along the observation LOS. However, since the ab-
sorption is confined to the first few thousands of kilometres and
our velocities at these altitudes are rather slow (see left panels
of Figs. 6 and 7), the induced broadening is negligible. Hence,
our hydrodynamic model alone is not able to explain the width
of the absorption profile.

A likely explanation of the broadening emerges from the in-
spection of the observed shifts of the absorption profile during
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the ingress and egress transit phases (Sect. 2, Salz et al. 2018).
These shifts can be produced by a combination of the plan-
etary rotation and strong net winds (probably of day-to-night
and super-rotational winds) (see e.g. Salz et al. 2018; Flowers
et al. 2019; Seidel et al. 2020), at altitudes ~1-2 Rp, where the
He(23S) absorption mainly takes place (see left panel of Fig.6).
In particular, Salz et al. (2018) derived an averaged wind in the
range of —11.6 to —13.6kms~! from the blue shift in the egress,
and an averaged wind in the range of 3.4 to 9.6kms~! from the
red shift in the ingress. Thus, we fitted the absorption by in-
cluding, in addition to the main atmospheric blue component at
—-3.5kms™!, a blue and a red atmospheric component. By per-
turbing the velocity and fractional contribution of those compo-
nents and minimising the y?, we found that the absorption pro-
file can be well reproduced by two components at —12kms~!
and Skms!, covering about 25% and 28% of the disk, respec-
tively (Models B and C in the left panel of Fig.3). We note
that those velocities are very similar to the mean values of the
winds derived by Salz et al. (2018) from the egress and ingress
phases. Also our red-shifted atmospheric fraction agrees very
well, although the blue-shifted fraction is smaller in our case
(mid-transit) than in the egress. These three components are in-
cluded when we analyse the best fit to the spectra, for example
in Model C (see Sect. 4.2).

Our model can also fit the absorption in the weaker He(23S)
line (near 10832 10\) (see Model C in left panel of Fig. 3). This is
due to the assumption of a lower boundary with a high enough
density so that it absorbs all the XUV flux reaching this altitude
(compare Models C, with a boundary condition, and B, with-
out a boundary condition, in that figure). As the strong stellar
radiation reaches the lower boundary of the upper atmosphere
of HD 189733 b (see left panel of Fig. 8), and since the stronger
lines are saturated at low altitudes, the relative absorption of the
stronger lines with respect to the weaker lines decreases.

However, in order to fit the He 1;9g33/He 1410832 ratio, we had
to increase the lower boundary density up to 10'® cm™3, which
agrees with the result of a very compressed annulus suggested by
Salz et al. (2018). At this high concentration, collision processes
become more important, increasing the production of He(23S)
via recombination, because of the increase in He* by charge-
exchange, and by electron collision (see Table 2 in Lampoén et al.
2020). These processes are more important at high temperatures
(see inset in Fig. 6). Overall, the fitting of the He 1;,0833/He 1110832
ratio in this planet requires a very compressed and hot lower
boundary.

It is worth noting that our model reproduces the measured
He1)10833/He 1310832 ratio of 2.8 better than the simple annulus
model of Salz et al. (2018), who obtained a value of 4.6. The
key difference is that while the annulus is optically thick to the
stronger lines in all its extension, 1.2 Rp, they are only optically
thick at the lower altitudes in our model.

4.1.2. Comparison with previous estimations of gas radial
velocities of HD 189733 b

Seidel et al. (2020) have recently re-analysed observations of
Na in HD 189733 b and have retrieved vertical upward winds,
for example, radial velocity winds, of 40+4 km s~! at altitudes
above 1 ubar. The region probed by them, however, is limited to
below ~16 000 km (see their Fig. 8) (1.2 Rp referred to the centre
of the planet), that is, the 1 ubar to ~1 nbar or, approximately,
(5-16)x10% km or (1.06-1.2) Rp region. They also suggest that
such high radial velocities could arise from the expanding ther-
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mosphere. Our model velocities are much lower than 40 km s~!
(see Fig.7, left panel); although, they could be affected by the
imposed null velocity at the base of our model at 1.02 Rp.

In order to verify if the shape of the measured He(23S) ab-
sorption profile is compatible with the value derived by Seidel
et al., we simulated an absorption profile with the He(2*S) den-
sities derived in this work, but by assuming that the atmosphere
is escaping at a constant radial velocity of 40kms™! at all alti-
tudes. The He(23S) abundances that fit the absorption (see left
panel of Fig. 6) have a very pronounced peak at the lower alti-
tudes of our model, 1-1.5 Rp. Hence, in essence, that is equiva-
lent to imposing a constant 40 kms~! velocity in that region. In
order to be conservative, we did not include the turbulent com-
ponent of the Doppler broadening in this calculation. The re-
sults show (see Fig.3, Model D in green) that at such a high
velocity, the He(23S) absorption profile would be much broader
than measured. At those altitudes, (1.06—1.2) Rp, the atmosphere
is still dense enough to drag all atoms at a similar radial ve-
locity (Murray-Clay et al. 2009). That is to say the velocities
derived from either He or Na should not differ significantly.
Hence, we conclude that such a high radial (vertical) velocity of
40+4kms~! is not compatible with the He(23S) measurements,
but this rather suggests that the gas radial velocities at those alti-
tudes are significantly smaller.

4.1.3. He(23S) absorption of GJ3470b

GJ 3470 b shows a significantly larger He excess absorption than
HD 189733 b (we note the different y-axis scale in Fig.3). Also,
the absorption profile of the two stronger lines that are com-
bined near 10833 A is broader. As for HD 189733 b, we have
included the Doppler and turbulence broadening in the calcula-
tion. This warm Neptune has a weaker gravity that leads to a
much more extended atmosphere which expands at larger veloc-
ities (see right panels of Figs.6 and 7). In fact, the velocities
are already significant at rather low radii. Thus, in contrast to
HD 189733 b, the component of the gas radial velocity along the
observer LOS produces a significant broadening. We observe in
Fig.3 (right panel) that the models that include the radial ve-
locities (F and G), in contrast to E, explain very well the ob-
served broadening without the need of blue or red components.
We should also note that (not shown in the figure) the turbulent
broadening is negligible compared to the broadening caused by
such high radial velocities, and hence it does not have any sig-
nificant impact on the line width.

As found in HD189733b (see above), as well as in
HD 209458 b (Alonso-Floriano et al. 2019), we also observe a
significant blue shift of the whole absorption, estimated to be
—3.2+1.3kms! (Pallé et al. 2020). This is intermediate between
the values measured in those two planets. Unfortunately, we do
not have ingress or egress spectra with a sufficient S/N (as we did
for HD 189733 b) to help us in understanding its origin. A likely
explanation is that it is also produced by day-to-night winds with
velocities along the LOS of —3.2kms~! (see model F in Fig. 3).
However, as GJ3470b has a very extended atmosphere, with
significant He(2?S) absorption beyond the Roche lobe (see left
panel of Fig.6), another plausible interpretation is an upper atmo-
sphere with no significant day-to-night winds below the Roche
radius (3.6 Rp, see Table 3) but with the unbound gas above the
Roche lobe blue-shifted by processes, such as stellar wind in-
teractions or stellar radiation pressure (see e.g. Salz et al. 2016).
Model G (red curve in right panel of Fig. 3) shows the absorption
of those simulations assuming that the gas above the Roche lobe
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Table 3. Planet parameters, the XUV flux, and EW(He(23S)) absorp-
tion.

Planet HD209458b HD189733b  GJ3470b
Mass (My,p) 0685 #0015 [.162 +0058 (36 +0.002
Radius (Ry,p)  1.359 0016 1.23 +003 0.36 00!
Gravity (gyup) 0.371 0.768 0.278
D (Dy,p) 0.504 0.944 0.100
Riobe (Rp)” 4.2 3.0 3.6
Fxuv® 2.358 56.74 3.928
EW (mA)? 5.3+0.5 12.7+0.4 20.7+1.3

Notes. Planetary mass and radius of HD 209458 b from Torres et al.
(2008). Those of HD 189733 b and GJ 3470b are taken from Table 1
and included here for easier comparisons. ” Gravitational potential.
® Roche lobe of HD 209458 b, HD 189733 b, and GJ3470b by Salz
et al. (2016), Eggleton (1983), and Bourrier et al. (2018), respectively.
© XUV flux in units of 10° ergem™2s! at 1 < 912 A at planetary dis-
tance, calculated from Lampén et al. (2020) for HD 209458 b and from
Fig. 2 for HD 189733 b and GJ 3470b. @ Equivalent width (EW) inte-
grated in the range of 10831.0-10834.5 A.

is escaping at an LOS velocity of —5.0kms~!. This scenario is
consistent with that proposed by Bourrier et al. (2018) to explain
the blue-shifted absorption signature of their Lya observations.

The absorption of the weaker He(23S) line near 10832 A is
also significantly broadened, and it is well reproduced within
the estimated error bars. We note though that, in contrast to
HD 189733 b, the stronger lines are not saturated at any radii
and hence the ratio of the strong to the weaker lines is larger in
this planet. Thus, the He(2?S) absorption of this planet is rather
insensitive to its lower boundary atmospheric conditions.

4.2. Constraining the temperatures and mass-loss rates by
the y* analysis

The T-M curves dictated by the He(2°S) absorption of both
planets show the typical behaviour of a positive correlation (see
Fig. 4). That is to say for a given He(2>S) concentration (imposed
by the measured absorption profile), if temperature increases,
the He(2?S) concentration decreases and its maximum tends to
move to lower altitudes (with smaller effective absorption areas)
which, in order to be balanced, requires an increase in M.

Different H/He compositions of the thermospheric gas show
different T—M curves, as was studied for HD 209458 b by Lam-
pén et al. (2020). For a given mass-loss rate and temperature,
the effect of increasing the H/He ratio results in a decrease in the
global mass density, and the hydrogen and He(2?S) concentra-
tions, (see Fig. 13 of Lampén et al. 2020). Then, to compen-
sate for the He(23S) absorption, the mass-loss rate has to be
increased. In summary, for a fixed temperature, the higher the
H/He ratio is, the higher the mass-loss rate required to reproduce
the He(23S) absorption.

In comparing the results of HD 189733b and GJ3470b
(Fig.4) with those of HD209458b (Fig. 8 of Lampén et al.
2020), we can appreciate that the T-M curves of HD 189733 b
and GJ 3470 b are better constrained. In the case of HD 189733 b,
the reduction of the degeneracy comes from the fitting of the
He1,10833/He 1410832 ratio and from the temperature broadening,
principally when including the turbulence.

The minima of )(12e for HD 189733 b are larger at temperatures
below ~10000 K and above ~12 500 K. For lower temperatures,
despite the high density in the lower boundary of this planet,
He(23S) density is too low for fitting the weaker line, similar to
Model B in Fig. 3; while at high temperatures, it is well fitted
(see Sect.4.1.1). At temperatures above ~12 500 K, the lines are
too broadened, particularly when including the turbulence, and
then the fitting is worse. It is interesting to look at the T/M con-
strain when neglecting the turbulence (see Fig. C.1). We see that
the constrain changes significantly, leading in general to larger
temperatures and mass-loss rates although the fit is not so good
(larger minimum y?2).

As the strong line of HD 209458 b and GJ 3470 is not satu-
rated at any altitude, the He1,10833/He 1310832 ratio does not con-
tribute to reduce the model degeneracy for these exoplanets. For
GJ 34700, as the broadening of the gas radial velocities is very
large, the effects of the turbulence are negligible.

In the case of GJ3470Db, the reduction of the degeneracy
comes from the large radial velocities (see right panel of Fig. 7).
As we can see in Fig.4 (right panel), y? is worse at tempera-
tures below about 5400K and higher than ~6900 K. At lower
temperatures, the velocities are smaller and the broadening of
the absorption profile narrower. The opposite occurs for higher
temperatures. Thus, radial velocities calculated by the hydro-
dynamic model help to constrain the 7-M curves of GJ 3470b.
However, HD 209458 b and HD 189733 b do not have such high
radial velocities, so they do not help to reduce the degeneracy in
these exoplanets.

We note that as the T-M degeneracy of HD 209458 b is not
reduced by fitting the He1,50833/He 1410832 ratio nor by the gas
radial velocities, Lampén et al. (2020) reduced it by applying
constraints on the heating efficiencies. This criterion, however,
cannot be used to reduce the degeneracy in HD 189733 b as heat-
ing efficiencies in this exoplanet are rather uncertain because of
the significant radiative cooling (see, e.g. Salz et al. 2015, 2016).

We have found that the mass-loss rates of GJ3470b are
much larger than those of HD 189733 b (Fig. 4); they are more
than a factor of 10 for similar temperatures and an H/He ratio
of 90/10. For larger H/He ratios, this difference decreases. Us-
ing the T-M curve of HD 209458 b as a reference (Lampén et al.
2020, reproduced in Fig. 5), we observe that the corresponding
curves for HD 189733 b and GJ3470b are located in opposite
regions, below and above that of HD 209458 b. On the one hand,
the mass-loss rate of HD 189733 b is more than one order of
magnitude smaller than that of HD 209458 b, and it is located
at higher temperatures. The larger XUV flux of HD 189733 b
(see Table 3) favours its larger temperatures. However, its larger
gravity prevents its evaporation, resulting in much lower mass-
loss rates. On the other hand, GJ3470b is not only irradiated
in the XUV at higher levels than HD 209458 b (although only
slightly), but it also has a much smaller gravity (see Table 3).
Both factors favour its larger mass-loss rate, although the sec-
ond is by far the most important. Those factors lead to a very
extended atmosphere for GJ3470b and a rather compressed
one for HD 189733 b (see Fig.6); while the He(2?S) concen-
tration drops by a factor of 10 in ~7 Rp for GJ3470b, it takes
only ~0.5Rp for HD 189733 b. Likewise, the velocities of at-
mospheric expansion of GJ3470b are significantly larger than
those of HD 189733 b (see Fig.7). It is important to note that
for GJ 3470b, the velocities are already significant at very small
radii, which, together with the large He(23S) abundances at these
distances, contribute to a significant broadening of the absorp-
tion profile (see Sect. 4.1.3).
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Fig. 4. Contour maps of the reduced y? of the He(23S) absorption for HD 189733 b (left panel) and GJ3470b (right panel) for an H/He ratio
of 90/10. We note the different scales of temperatures and M. Dotted curves represent the best fits with filled circles denoting the constrained
ranges for a confidence level of 95% (see Sect. 3.4). Over-plotted are also the curves and symbols for several H/He ratios, as labelled. The labels
correspond to the hydrogen percentage, e.g. ‘90’ for an H/He of 90/10 and ‘95’ for H/He=95/5 (see Sect. 4.4). The black dots represent the grid of

the simulations.

‘IO12 E T T T T T 3

/U)\ 1011 ? E
é C 3]
© L ]
LSE‘E L i
w 101 -
(7] F E
o E ]
| F ]
= C ]
& " o HD189,90/10
= 10°k A © HD189, 99.5/0.5_|
3 0 HD209, 90/10 3

F e HD209, 98/2 1
0GJ34,9010 ]

- e GJ34, 99/1 .

108 S 1 ¥ ! 1 !
4000 6000 8000 10000 12000 14000

Temperature (K)

Fig. 5. Ranges of temperature and mass-loss rates for HD 209458 b,
HD 189733 b, and GJ3470b for H/He ratios of 90/10 and 99.5/0.5,
90/10 and 98/2, as well as 90/10 and 99/1, respectively. Dotted lines
show the ranges explored and symbols correspond to the constrained
ranges (see Sect.3.4). The values for HD 209458 b were taken from
Lampén et al. (2020). The limited ranges (symbols) for this planet were
obtained from heating efficiency considerations.

4.3. He(2’S) density profiles and ionisation of the upper
atmosphere

In this section we show the derived He(23S) densities, gas ra-
dial velocities, and the ionisation state of the upper atmospheres
of HD 189733 b and GJ 3470 b. The He(23S) density profiles for
our nominal case of H/He=90/10 are shown in Fig. 6 (the pro-
files for the derived H/He ratios are shown in Fig.B.1). The
densities of HD 189733 b peak at its lower boundary. GJ 3470 b
shows more extended He(23S) density profiles with lower values
at lower altitudes and larger values at higher altitudes. The peaks
of the density profiles for this planet are also well confined to the
range of 1.3—-1.5 Rp.

The results for the gas radial velocities are shown in Fig. 7 for
the nominal H/He=90/10, and in Fig. B.2 for the derived H/He
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ratios. GJ 3470 b is already expanding at large velocities at rather
low altitudes, which is supported by the rather wide observed
absorption profile. Fig. 3 shows (right panel, Model E, orange)
that if these radial velocities are not included, the He(23S) line
profile would be significantly narrower.

The resulting ionisation fronts can be seen in the H* mole
fractions plotted in Fig. 8 for the nominal and the derived H/He
ratios. The ionisation front of HD 189733 b is closer to the
planet’s lower boundary and narrower than that of GJ3470b.
That is, for HD 189733 b, the stellar flux is strongly absorbed in
a narrow altitude interval near the lower boundary, while in the
case of GJ 3470, it is absorbed progressively in a wide range of
altitudes at relatively large distances. Nonetheless, the effective
absorption radius, Ryyy, the distance where the optical depth
for the XUV radiation is unity (Watson et al. 1981), is 1.02 Rp
(i.e. the lower boundary) for HD 189733 b and is in the range
(1.02-1.12) Rp for GJ3470b. As the planetary XUV cross sec-
tion varies with Riuv’ the stellar radiation energy absorbed by
GJ 3470b increases due to the hydrodynamic atmospheric es-
cape, while that of HD 189733 b remains constant.

4.4. Constraining the H/He composition by the y* analysis

As in Lampén et al. (2020), we constrained the H/He ratio by
matching the H° abundance profiles imposed by the He(2°S)
observations with those derived from Ly« absorption measure-
ments. By constraining the H/He ratio, we also reduced the 7-M
degeneracy (see Fig. 4).

For HD 189733 b, we compared our H’ abundance profiles
to those retrieved by Salz et al. (2016) and Odert et al. (2020)
from Ly« absorption measurements. These authors analysed the
observations of Lecavelier des Etangs et al. (2012) using a 1D
hydrodynamic model and assuming substellar conditions to be
representative of the whole planet. While Salz et al. (2016) re-
port a good fit of the Ly absorption, Odert et al. slightly overes-
timate it. We performed Lya absorption calculations and found,
in effect, that the profile of Salz et al. (2016) fit the observations
of Lecavelier des Etangs et al. (2012) better. In addition we ob-
tained that the errors in these measurements are well embraced
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by the H? profile of Salz et al. (2016) when scaled by factors of
0.1 and 10 (see upper panels in Fig. 9).

From the analysis of y? (i.e. the profiles that fit the measured
He(23S) within the minimum y? values, see Sect. 3.4), we found
that the H model density profiles for H/He ratios of 90/10, 95/5,
and even for 98/2 (see upper left panel of Fig. 9) are significantly
lower than that of Salz et al. (2016), including their estimated
uncertainties, at all altitudes. Also, for an H/He ratio of 99.9/0.1
and larger values, the H® Ly density profile is clearly overes-
timated (upper right panel in Fig. 9). This analysis suggests that
an H/He composition of ~99.5/0.5 is more probable (upper mid-
dle panel in Fig.9). It is worth mentioning that using the XUV
flux from the X-exoplanets model by Sanz-Forcada et al. (2011),
which is about a factor of 3 smaller than that used here, we ob-
tained a good agreement with an H/He of 98/2. That is to say,
including the effects of several small flares in the stellar model
(see Sect. 3.2), we obtained a more ionised atmosphere and then
a higher H/He.

In the case of GJ3470b, Salz et al. (2016) calculated the H°
density for this planet, but they could not verify it because of
the lack of Lya absorption measurements. More recently, how-
ever, Bourrier et al. (2018) measured the Lya absorption and
concluded that the Salz et al. model underestimates the H’ den-
sity. As for HD 189733 b, we also performed Lya absorption cal-

culations and found that the profile of Salz et al. (2016) actually
fit the observations of Bourrier et al. (2018) rather well. Further,
we found that the errors in those observations are covered by
the H® profile of Salz et al. (2016) when divided by V10 and
multiplied by 10 (see lower panels in Fig. 9).

Our y? analysis for GJ 3470 b shows that the H® density pro-
files obtained with H/He ratios of 90/10 and 95/5 are signif-
icantly lower than those of Salz et al. (2018) at all altitudes
(bottom left panel in Fig.9). They agree rather well, however,
within the estimated uncertainties, for H/He ratios of 98/2 and
99/1 (bottom middle panel in Fig. 9). For H/He ratios larger than
99.5/0.5, most of the H° density profiles that fit the He(23S)
absorption fall outside the estimated uncertainties of the HO
Lya profile and hence are rather unlikely (bottom right panel
in Fig. 9).

4.5. MCMC analysis

In order to investigate the posterior probability distribution of
model parameters for the described grid of models in Sec-
tion 3.4, and to determine if the simultaneous MCMC fit con-
strains the parameters further by sampling the parameter-space
effectively, we used a python implementation of emcee (Good-
man & Weare 2010; Foreman-Mackey et al. 2013), called MCKM.
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The MCKM handles any arbitrary number of model parameters
over regular (Cartesian) or irregularly spaced parameters, as well
as any arbitrary number of data points and their respective co-
variance matrices.

We simultaneously fitted the observed He spectra and the
H? density derived from Ly observations to constrain the tem-
peratures, mass-loss rates, and H/He ratios of HD 189733 b and
GJ 3470b (see Fig. 10). We initialised 1000 walkers with uni-
form priors and with their range being the same as in the y?
method to avoid differences between the two methods from dif-
ferent priors. Overall, the best models are consistent with the ob-
servations and no systematic residual is noticeable, except for the
HO density in the case of GJ 3470 b, where our models underes-
timate the density at low altitudes, R<2 Rp. This could be due to
the fact that we fitted global H density profiles (i.e. not at indi-
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vidual altitudes) and all of our modelled H? profiles are system-
atically smaller than the profile of Salz et al. (2016) at R<2 Rp.
Further, because of the extended atmosphere of this planet, the
atmospheric absorption at small radii is comparatively small and
therefore has a weaker weight in the fitting of the whole atmo-
sphere. Thus, both facts together could explain the underestima-
tion.

Figure 11 shows the corner plot of the retrieved thermo-
spheric parameters of HD 189733 b (red) and GJ 3470 b (blue).
From this analysis, we find that the effective temperature,
mass-loss rate, and H/He of HD 189733 b are T=12 400f‘3‘88 K,
M=(1.120.1) x 10" g s™!, and H/He =(99.2/0.8)+0.1, respec-
tively. The retrieved values for GJ3470b are T=6500*30 K,

M=1.74*21x 10" gs7', and H/He=(97.1/2.9)*92.
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Fig. 10. Bayesian inference of upper thermospheric conditions for HD 189733 b and GJ 3470b. (a) Comparison of the best-fit model spectra
(blue shaded area) and of the measured He triplet line for HD 189733 b (red data points). (b) Residual of the fitted models for HD 189733 b. The
dotted horizontal lines mark 3-c. (c) Comparison of the best-fit model H density (shaded blue area) and of the estimated H® density from Lya
measurements for HD 189733 b (red data points). For the models, the blue area corresponds to the region of the posteriors between the 16 and 84%

quantiles. (d), (e), and (f) are similar to (a), (b), and (c), but for GJ 3470 b.

4.6. Retrieved temperatures, mass-loss rates, and H/He
composition

The results obtained by both the y? and the MCMC analysis
are generally consistent. That is particularly clear in the case of
HD 189733 b, for which the best fit of the H/He ratio derived
from x? is very close to 99.5/0.5 and from the MCMC method
we obtained H/He =(99.2/0.8)+0.1. The small uncertainty de-
rived from the MCMC analysis is remarkable. Generally, one
would expect a larger uncertainty range from the MCMC anal-
ysis than from the y? method, as the parameter space explored
is wider. As explained above, a possible reason for the narrow
MCMC posteriors might be that the MCMC fits the density pro-
file at higher altitudes, but y? is fit at lower altitudes, particu-
larly in the case of GJ3470b. The total number of data points
at higher altitudes are more than that of the lower altitudes and
hence a narrower posterior from such fit is not unexpected. The
x? analysis suggests that they might be underestimated. Over-
all, as the most likely H/He ratio derived from both methods are
very similar, we adopt the MCMC results of 7=12400%30 K,
that is, with an uncertainty of about 400 K; a mass-loss rate of
M =(1.1+0.1) x 10! gs~!, which is very well constrained (see
the almost flat T/M curves for high H/He ratios in left panel

of Fig.4), and an H/He = (99.2/0.8)+0.1, with possibly slightly
larger uncertainties.

For GJ3470b, we have seen above that the MCMC analy-
sis systematically underestimates the H” density at low altitudes.
This could be the reason of the significantly smaller derived

H/He ratio by this method, H/He=(97.1/2.9)*9>, than that sug-

gested by the y? analysis of 99/1 (in the range of 98/2-99.5/0.5;
bottom panels in Fig.9). The general trend is to obtain larger
HO densities for larger H/He ratios. The H/He ratio has a rather
important impact on the mass-loss rate of this planet, as well as
on the temperature (see the rather steep T/M curves in the right
panel of Fig. 4). Hence, the derived H/He has a significant impact
on the resulting temperature and mass-loss rate ranges. Given the
systematic underestimation of the H’ density by MCMC, we are
more inclined to adopt the H/He values and uncertainties derived
from the > method, which also embraces the high probability
peak value at H/He=97 of MCMC (see Fig. 11). Thus, we con-
clude with a 7 =5100+900 K, an M = (1.9+1.1)x10'! gs~!, and
an H/He=(98.5/1.5)f}:(5’ for GJ 3470b.

It is interesting to note that of the three exoplanets undergo-
ing hydrodynamic escape which have been analysed thus from
their He(23S) and Lya observations (HD 209458 b by Lampén
et al. (2020), and HD 189733 b and GJ 3470b in this work), all
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Fig. 11. Posterior probability distribution of our grid of models with
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distribution for each parameter for HD 189733 b (red) and GJ3470b
(blue). The marginalised uncertainties are given as 16% to 84% quan-
tiles. In the density maps, 1- and 2-o are given as 1-e™*3~0.393 and
1-e720~0.865, respectively, as are common for multivariate MCMC re-
sults.

show higher H/He ratios than the widely assumed 90/10, despite
having rather different bulk parameters. Hence, this work sug-
gests that an enrichment of H over He seems to be common in
the upper atmospheres of giant exoplanets undergoing hydrody-
namic escape.

One possibility to explain our results is that the escape of
these atmospheres originates above the homopause, where, due
to diffusive separation, the atmosphere is enriched in H over the
heavier He atoms (see, e.g. Fig. 14 in Moses et al. 2005). Our
results, however, could also be consistent with an origin of the
escape near the homopause, at least for GJ 3470b, as Hu et al.
(2015) have shown that such enrichment is possible in Neptune
and sub-Neptune exoplanets if the H mass-loss rate is compa-
rable to its diffusion-limited mass-loss rate. This escape of H-
enriched gas can lead, in the case of Neptune and sub-Neptunes,
to an He and metal enrichment in the lower atmosphere with
further consequences on their composition (e.g. abundances of
carbon and oxygen-bearing species) (Hu et al. 2015; Malsky &
Rogers 2020). Furthermore, according to these authors, it may
even change the mass-radius relationship of the planet. In addi-
tion, our results are consistent with the depletion of atmospheric
He by other processes as well, for example, with the formation of
an H-He immiscibility layer in the interior of giant planets, as it
produces He sequestration from the upper atmosphere (Salpeter
1973; Stevenson 1975, 1980; Wilson & Militzer 2010). This re-
sult also suggests that the H/He ratio might play a more impor-
tant role than expected in the detectability of He(23S). In addi-
tion to the spectral shape and intensity of the XUV stellar irra-
diation (see, e.g. Oklopci¢ 2019), high H/He ratios could help to
explain the non-detection of the He(23S) in some highly irradi-
ated exoplanets, such as GJ 1214 b and GJ 9827 d (as suggested
by Kasper et al. 2020) as well as K2-100b (Gaidos et al. 2020).
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5. Comparison of temperatures and mass-loss
rates with previous works

5.1. HD 189733b

Guilluy et al. (2020) observed the He(23S) absorption with
the GIANO-B high-resolution spectrograph at the Telescopio
Nazionale Galileo. They measured an He(23S) mid-transit ab-
sorption of 0.75+0.03%, slightly lower than the 0.88+0.04% by
Salz et al. (2018); this was possibly due to the lower resolving
power of GIANO-B with R =50 000 compared to CARMENES
with R~80400, as argued by Guilluy et al. (2020). These au-
thors analysed their measurements with a 1D hydrodynamic
isothermal Parker wind model (Parker 1958) for the thermo-
sphere, and with a 3D particle model (Bourrier & Lecave-
lier des Etangs 2013) above 1.2 Rp, the altitude where they es-
timated the gas becomes non-collisional. We applied a hydrody-
namic model for the whole upper atmosphere because, as shown
in our calculations, the altitude where the gas becomes non-
collisional occurs far beyond the Roche lobe (in agreement with
Salz et al. 2016; Odert et al. 2020). They estimated a T—M rela-
tionship that favoured a thermosphere with a 7 ~12 000K and
an He(23S) density of 70 atomscm™ at 1.2 Rp assuming solar-
like H/He composition. Despite the different modelling and as-
sumptions between the two analyses, our derived He(23S) dis-
tribution for the case of H/He=90/10 and T=12000K (see
Fig. 6) agrees well with their He(23S) density at 1.2 Rp. How-
ever, as we have shown in Sect. 4.6, our comparison with the
Lya measurements suggests an H/He composition of ~99.2/0.8,
which leads to a higher mass-loss rate, M ~10x10'° g s~! (instead
of M=0.4x10""gs™! for H/He=90/10), for T=12000K (see
Fig. 4).

Salz et al. (2016) simulated the upper atmosphere of
HD 189733b assuming that it is composed by ~90/10 of
H/He, and using an incident Fxyy ~2.09x10* erg cm~2s7!,
They used a comprehensive 1D hydrodynamic model and fit-
ted the Lyo measurements of Lecavelier des Etangs et al.
(2012). The resulting maximum temperature was 11 800 K and
the mass-loss rate was M ~1.7x10'° gs~!. For the same H/He
composition, mass-loss rate, and maximum temperature, we
overestimated the measured He(23S) absorption. Our results,
M=(1.1£0.1)x 10" gs~'and T=12400*330K, show that our
mass-loss rate range is larger by a factor of ~6.3 than that of Salz
et al., while the maximum temperature is in good agreement. We
note, however, that our stellar flux (see Table 3) is larger by a
factor of 3 than that used by Salz et al., and our derived H/He
composition is ~ 99.2/0.8.

Odert et al. (2020) modelled the upper atmosphere of
HD 189733 by also using a hydrodynamic approach for fit-
ting the Lya measurements of Lecavelier des Etangs et al.
(2012). They assumed a thermosphere composed of H only
and irradiated by Fxyy ~ 1.8 x10*ergcm™s~!. They obtained
a maximum temperature of 11000K and a mass-loss rate
of 5.4x10'gs™!. We can see that our mass-loss rate range,
M=(1.1+0.1) x 10" gs~!, is larger by a factor of ~2; our de-
rived H/He composition is ~99.2/0.8, which is close to the H-
only composition assumed by Odert et al.; and our temperature
range, T=12 400f§88 K, is slightly larger than that obtained by
Odert et al. Therefore, considering that our Fxyy is larger by a
factor of 3, our results are in good agreement with those of Odert
et al.

Overall, we obtain similar mass-loss rates as Guilluy et al.
(2020), when considering only the He(23S) absorption, but larger
rates by a factor of ~25 when also considering the Lya absorp-
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tion. Salz et al. (2016) and Odert et al. (2020) derived mass-loss
rates from Lya measurements only. Our evaporation rates (con-
strained by both He(23S) and Ly measurements) are larger (by
a factor ~6.3) than those of Salz et al., who assumed an H/He
composition of ~90/10; however, they are in good agreement
(slightly larger by a factor of ~2) with those of Odert et al., who
assumed an H-only atmosphere.

5.2. GJ3470b

Ninan et al. (2020) observed the He(23S) absorption with the
Habitable Zone Planet Finder near-infrared spectrograph (HPF),
on the 10 m Hobby—Eberly Telescope at the McDonald Obser-
vatory. They measured an equivalent width of the He(23S) mid-
transit absorption of 0.012+0.002 A, which is lower than that
calculated here of 0.0207 A from the observations of Pallé et al.
(2020). We note that differences could come from the different
resolution power, as HPF has R~ 55000, or from the different
spectral integration interval (we include the absorption of the
weak line, i.e. from 10831.0 to 10834.5 A). They found that the
model by Salz et al. (2016) overestimates their He(2?S) mea-
surements for this exoplanet, which agrees with our results.

Bourrier et al. (2018) modelled the upper atmosphere of
GJ 3470b with a parametrised thermosphere and a 3D particle
model for non-collisional altitudes, assuming a thermospheric
solar-like composition of H and He and a temperature of 7 000 K.
They fitted their Lya observations obtaining an H? mass-loss rate
of ~1.5x10'0 gs‘l. Our derived total (i.e. all neutral, ionised,
and excited species) mass-loss rate is M=(1.9+1.1) x10'" gs~!,
which agrees with the lower limit imposed by their H? mass-loss
rate.

Salz et al. (2016) modelled the upper atmosphere
of GJ3470b with a comprehensive hydrodynamic model.
For an H/He composition of ~90/10 and a Fxyy =
7.8 x10° ergcm 257!, they estimated a M ~ 1.9x10'! gs~! and
a maximum thermospheric temperature of ~8600K. For the
same H/He composition, mass-loss rate, and maximum temper-
ature, we overestimated the He(2?S) absorption, which agrees
with Ninan et al. (2020). Our results, M=(1.9+1.1) x10" gs~1,
T=5100+900 K, and H/He=(98.5/1.5)*1"2, show that our mass-
loss rates agree with those derived by Salz et al., although the
temperature range is lower. We note, however, that our Fxyy is
about a factor of 2 lower (see Table 3).

Overall, by using the same solar H/He ratio, mass-loss rate,
and temperature as Salz et al. (2016), we overestimated the
He(2?S) measurements of CARMENES, which agrees with the
analysis of Ninan et al. (2020) from their HPF measurements.
Our mass-loss rates, constrained by He(23S) and Lya obser-
vations, agree with those of Salz et al., but for a higher H/He
composition (98.5/1 .S)ﬂzg. Also, our results agree with the lower
limit of the mass-loss rate derived by Bourrier et al. (2018) from
their Lya measurements.

6. Summary

In this work we have studied the hydrodynamic atmospheric
escape of the hot Jupiter HD 189733 b and the warm Neptune
GJ 3470b by analysing the mid-transit He(23S) absorption mea-
surements observed with CARMENES (Salz et al. 2018; Pallé
et al. 2020). We used a 1D hydrodynamic model with spheri-
cal symmetry (assuming substellar conditions apply to the whole
planetary surface) and a non-LTE model for computing the pop-
ulation of He(23S). As a further constraint, we also used the neu-

tral hydrogen density derived from Lya measurements in previ-
ous studies.

The analysis of HD 189733 b shows that the lower bound-
ary conditions are very important in explaining the anomalously
large absorption in the weaker He(2°S) line, which is caused by
the hot and rather compressed upper atmosphere of this planet.
It is worth mentioning that the absorption ratio of the weaker to
stronger He(23S) lines helps in constraining the mass-loss rate
and lower boundary conditions of its atmosphere. Thus, spectro-
graphs with sufficient resolution for discriminating the weak and
strong lines provide further information about the evaporating
planets.

The radial velocities of our hydrodynamic model for
HD 189733 b are too low to explain the broad absorption pro-
file of this planet. In order to fit it, we need to incorporate blue-
shifted components at —3.5kms™! and —11.5kms~! covering
nearly half and a quarter of the atmosphere’s terminator, respec-
tively, as well as a red component at 5.5 km s~! with 28% of the
terminator coverage. We also found that a thermospheric con-
stant radial velocity of 40kms~!, as derived by Seidel et al.
(2020), substantially overestimates the width of the He(2°S)
lines, suggesting that such a large velocity is unlikely.

In the case of GJ 3470 b, however, with a lower gravitational
potential, our hydrodynamic model predicts gas radial veloci-
ties large enough to explain the width of the He(23S) absorption
profile very well. This, in fact, helps in constraining its mass-
loss rate and temperature. Furthermore, the measured absorption
profile exhibits a net blue shift at —3.2 km s~!, which we can be
explained either by a net blue wind of the whole atmosphere at
that velocity or by a combined atmosphere with a null blue shift
below the Roche lobe and expanding at —5kms™! above.

These two planets have a similar He(23S) absorption, but
rather different bulk parameters (see Table 3). In particular, the
gravitational potential of HD 189733 b is near a factor of 10
larger and GJ 3470 b is irradiated in the XUV at about a factor of
14 smaller. In consequence, the characteristics of their upper at-
mospheres also differ significantly. Thus, while HD 189733 b has
a rather compressed and warm atmosphere (12400300 K) with
small gas radial velocities, GJ 3470b exhibits a very extended
and cooler (5100+900 K) atmosphere with large radial veloci-
ties. Also, while the upper atmosphere of HD 189733 b is almost
fully ionised beyond ~1.1Rp, GJ 3470 b exhibits a very wide ion-
isation front (from ~1.25 Rp to far beyond its Roche lobe). Over-
all, the gravitational potential and the irradiation balance result
in comparable mass-loss rates, M=(1.1+0.1) x 10'" gs~! versus
M=(1.9+1.1)x 10" gs~! for HD 189733 b and GJ3470b, re-
spectively. The very different characteristics of these objects
make them very suitable archetypes for benchmark studies on
atmospheric loss.

We have further found that both planets have upper atmo-
spheres with very low mean molecular masses (H/He=97/3—
99.5/0.5). It is remarkable that the three exoplanets with evap-
orating atmospheres that have been studied so far by using both
He(23S) and Lya observations (HD 209458 b, HD 189733 b, and
GJ 3470b) all show higher H/He ratios than the commonly as-
sumed 90/10, despite having very different bulk parameters. This
H-enrichment of the upper atmospheres could be explained, on
the one hand, by the escape originating above the homopause,
where the atmosphere is expected to be depleted in He by dif-
fusive separation. Another possibility, particularly in the case of
the warm Neptune GJ 3470b, is that the escape originates from
deeper altitudes, around the homopause, according to the predic-
tion of Hu et al. (2015) of an H-enriched upper atmosphere for
Neptune and sub-Neptunes undergoing hydrodynamic escape.
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They further predict that it could lead to an He-enrichment of the
lower atmosphere, with important consequences on their atmo-
spheric composition (abundances of carbon and oxygen-bearing
species) and even on their mass-radius relationship. Our results
also suggest that the H/He ratio might play a more important
role than expected in the detectability of He(23S). The confir-
mation of this important result definitely calls for the study of
other escaping atmospheres with concomitant He(2°S) and Lya
measurements and for performing an independent analysis.

Here, we have analysed the He(2?S) mid-transit absorp-
tion spectra of HD 189733 b and GJ3470b with a 1D spher-
ical model. However, comprehensive multi-fluid magneto-
hydrodynamic 3D models are needed to provide more detailed
information about the spatial and velocity distribution of the gas,
the origin of the non-radial winds, and the influence of other pro-
cesses (e.g. stellar wind, radiation pressure, or magnetic field in-
teractions). In particular, the analysis of the ingress and egress
spectra of these planets would be very valuable.
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Appendix A: Data for calculating the stellar flux of
HD 189733.

Data used in the modelling of the stellar flux of HD 189733 in
Sect. 3.2. The spectrum was downloaded from the Hubble Spec-
tral Legacy Archive (HSLA); a sum of 42 HD 189733 spec-
tra were acquired with the COS/G130M grating. The expo-
sures were taken in 2009, 2013, and 2017 (proposals IDs 11673,
12984, and 14767).

Table A.1. HST/COS line fluxes of HD 189733¢.

Ton Amodel 108 Tnax Fops S/N Ratio Blends

Nev 1145.5959 5.5 7.09e-17 4.5 -0.02

Sim  1206.5019 49 1.10e-14 39.9 -0.75

Ov 1218.3440 5.5 2.19e-15 39.8 0.21

Nv 1238.8218 54 3.32e-15 259 0.05

Nv  1242.8042 5.4 1.58e-15 17.6 0.03

St 1253.8130 4.6 1.56e-16 9.6 0.03

Su 1259.5210 4.6 2.70e-16 11.7 0.04

Sin  1260.4240 4.6 5.00e-16 15.2 -0.78

Sin  1264.7400 4.5 1.95e-15 18.5 0.12 Siul265.0040
Sim  1296.7280 49 1.13e-16 6.6 0.07

Sim  1298.9480 49 4.36e-16 7.4 0.37 Siml298.8940
Sim  1303.3250 49 1.36e-16 7.9 0.06

Sin  1309.2770 4.6 6.49¢-16 11.0 0.02

Cun  1323.9080 4.8 9.90e-17 59 -040 Cul323.9540
Cuo  1334.5350 4.7 8.96e-15 33.6 -0.31

Cun 1335.7100 4.7 1.72e-14 428 0.16 Cul335.6650
Femr 1364.2950 4.6 1.53e-16 9.8 0.01

Ov 1371.2960 5.5 2.96e-16 11.2 -0.02

Sirv  1393.7552 5.0 6.91e-15 25.8 -0.02

O 1401.1570 5.3 4.52e-16 10.8 -0.75

Sitv  1402.7704 5.0 3.55e-15 20.1 -0.01

Siv  1406.0160 5.1 6.40e-17 5.8 -0.48

“ Line fluxes (in erg cm~2 s~') measured in HST/COS HD 189733 spec-
tra. log Thax (K) indicates the maximum temperature of formation of
the line (unweighted by the EMD). ‘Ratio’ is the log(Fops/Fprea) Of the
line. Blends amounting to more than 5% of the total flux for each line
are indicated.

Table A.2. Emission measure distribution of HD 189733.

log 7 (K) EM (em™)* | log7 (K) EM (cm™)
4.0 51.40: 5.0 50.00+9:10
4.1 51.25: 5.1 49.90+0:19
42 51.10: 52 49.707030
43 50.90+020 53 49.40250
4.4 50.807020 54 49.05+003
45 50.55+005 5.5 48.85+010
46 50.30702 5.6 48.70251
47 50.20020 57 48.70:
48 50.15+013 58 48.80:
4.9 50.10%939 5.9 48.90:

Notes. @ Emission measure (EM=log f N.NudV), where N, and Ny
are electron and hydrogen densities, in cm™. Errors provided are not

independent between the different temperatures, as explained in Sanz-
Forcada et al. (2003).

Table A.3. Transition region abundances of HD 189733 (solar units* ).

FIP Solar photosphere HD 189733
X  (eV) Ref® (AGR9) [X/H]
Si 8.15 7.51 (7.56)  -0.57+0.15
Fe* 7.87 750  (7.67) -0.34
S 1036 7.12  (7.21)  -1.22+0.24
C 11.26 843 (8.56)  -0.87+0.29
O 1361 869 (8.93) -0.86+0.31
N 1453 7.83 (8.05)  -0.58+0.07
Ne 21.56 7.93 (8.09)  -0.95+0.23

Notes. @ Solar photospheric abundances from Asplund et al. (2009),
adopted in this table, are expressed on a logarithmic scale. Several val-
ues have been updated in the literature since Anders & Grevesse (1989,
AG89) and they have also been listed for easier comparison. ) Fe abun-
dance fixed to the coronal value (resulting from the fit of XMM-Newton
EPIC data).

Article number, page 15 of 16



A&A proofs: manuscript no. output

Appendix B: Results for different H/He
compositions

Results for the T-M maps, He(23S) densities, and gas radial ve-
locities for H/He compositions of 95/5, 98/2, and 99/1.
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Fig. B.1. He(23S) concentration profiles that best fit the measured ab-
sorption (i.e. the filled circles in Fig. 4) for HD 189733 b and an H/He
ratio of 99.5/0.5 (upper panel), as well as for GJ 3470 b and H/He=99/1
(lower panel).

Appendix C: Results for neglecting the broadening
turbulence

Results for the 7-M map for HD 189733 b when the turbulence
broadening is not considered.
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Fig. B.2. Gas radial velocities of the hydrodynamic model for the best
fit of the measured absorption (i.e. the filled circles in Fig. 4) for
HD 189733 b and an H/He ratio of 99.5/0.5 (upper panel), as well as
for GJ 3470 b and H/He=99/1 (lower panel).
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Fig. C.1. Contour maps of the reduced y* of the model of the helium
triplet absorption for HD 189733 b for several H/He ratios (as in Fig. 4,
left panel) when the turbulence broadening is not considered. The filled
circles highlight the best fits (constrained ranges). The black dots rep-
resent the grid of the models.
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ABSTRACT

Hydrodynamic escape is the most efficient atmospheric mechanism of planetary mass-loss and has a large impact on planetary evo-
Iution. Three hydrodynamic escape regimes have been identified theoretically: energy-limited, recombination-limited, and photon-
limited. However, no observational evidence of these regimes has been reported to date. Here, we report observational evidence of
these three regimes from the helium 1 triplet at 10830 A and Lya absorption. In particular, we demonstrate that HD 209458 b is in
the energy-limited regime, HD 189733 b is in the recombination-limited regime and GJ 3470 b is in the photon-limited regime. These
exoplanets can be considered as benchmark cases for their respective regimes.

Key words.

planets and satellites: atmospheres — planets and satellites: gaseous planets — planets and satellites: individual:

HD 209458 b — planets and satellites: individual: HD 189733 b — planets and satellites: individual: GJ 3470 b

1. Introduction

Understanding the diversity, evolution, and formation of plan-
ets requires a profound knowledge of their atmospheric escape.
This statement especially applies to planets that, at some stage in
their history, experience the most effective atmospheric process
of mass-loss, the hydrodynamic atmospheric escape. A plane-
tary atmosphere is in hydrodynamic escape when the absorbed
stellar high-energy flux is strong enough to produce substantial
heating of the atmosphere that triggers a massive gas outflow, ex-
pelling material beyond the Roche lobe of the planet. This pro-
cess can lead from a loss of a fraction of the original atmosphere
to its complete removal (see e.g., Baraffe et al. 2004; Baraffe
et al. 2005; Mufioz & Schneider 2019), and hence can shape the
current planetary population (e.g., forming the sub-Jovian desert
and the evaporation valley, Owen & Wu 2013; Lopez & Fort-
ney 2013). Hydrodynamic escape can also significantly change
the composition of the primordial atmospheres and thus affects
the planetary mass-radius relationship (see e.g. Hu et al. 2015;
Malsky & Rogers 2020).

Several models have been developed for studying plane-
tary atmospheres undergoing hydrodynamic escape (e.g. Watson
et al. 1981; Lammer et al. 2003; Yelle 2004; Tian et al. 2005;
Garcia-Mufioz 2007; Murray-Clay et al. 2009; Owen & Al-

varez 2016; Salz et al. 2016a; Bourrier & Lecavelier des Etangs
2013; Shaikhislamov et al. 2020). In particular, Murray-Clay
et al. (2009) studied the atmospheric mass-loss as a function
of the incident ultra-violet (UV) flux for a typical hot Jupiter.
They found that under high irradiation, the mass-loss rate was
not limited by the radiative energy deposited in the atmosphere,
but by the radiation-recombination equilibrium of the escaping
gas. When the mass-loss rate is limited by the energy deposi-
tion, it scales linearly with the incident UV flux, which is ef-
ficiently converted into the work that lifts the gas. When the
mass-loss rate is limited by the radiation-recombination equi-
librium, it approximately scales to the square root of the inci-
dent UV flux since a large fraction of the absorbed energy is
lost by radiative cooling. Owen & Alvarez (2016) found that
the mass-loss rate of moderately irradiated low gravity planets
can be limited by the number of incoming ionising photons,
instead of the absorbed energy or the radiation-recombination
equilibrium. In this limit, the mass-loss rate scales to the square
of the effective absorption radius of the planet. Therefore, it is
theoretically possible to identify three distinct hydrodynamic at-
mospheric escape regimes in hydrogen-dominated atmospheres:
energy-limited, recombination-limited!, and photon-limited.

' Also known as radiation/recombination limited.
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The classification of the hydrodynamic atmospheric escape
regimes is important when using the energy-limited approxi-
mation for estimating the planetary mass-loss rate (see, e.g.,
Murray-Clay et al. 2009; Bear & Soker 2011; Owen & Alvarez
2016; Salz et al. 2016b; Wang & Dai 2018). This approach,
used together with an average heating efficiency? in the range
of 10-20% (the most probable range in hydrogen-dominated at-
mospheres, Shematovich et al. 2014), largely overestimates the
mass-loss rate of planets that are in the recombination-limited
regime. It might also lead to significantly inaccurate results if
applied to atmospheres in the photon-limited regime, as the ef-
fective absorption radius could differ considerably from the plan-
etary radius. Hence, the applicability of this approach largely de-
pends on the hydrodynamic escape regime.

Despite the central role of the hydrodynamic escape regimes,
the lack of suitable observations has prevented their confirma-
tion. As Solar System planets do not currently undergo hydro-
dynamic escape, observers have to revert to extrasolar plan-
ets. While Lya absorption measurements are promising tracers
of this process, they can only be carried out from space and
are adversely affected by interstellar absorption and geocoro-
nal emission. This is not the case for the recent observations
of the He 1 2°S—23P triplet transitions?, hereafter He(2S) tran-
sitions, that provide new opportunities to explore the hydrody-
namic atmospheric escape, because these lines can be observed
with ground-based telescopes and they are not affected by inter-
stellar absorption (e.g. Spake et al. 2018; Nortmann et al. 2018;
Allart et al. 2018).

By analysing high-resolution He(23S) absorption spectra,
Lampoén et al. (2020, 2021) constrained several parameters of
the upper atmospheres of the hot Jupiters HD 209458 b and
HD 189733 b, and of the warm Neptune GJ3470b. The three
planets undergo hydrodynamic escape, as shown by derivation of
supersonic outflow velocities (see e.g. Vidal-Madjar et al. 2004;
Ben-Jaffel & Ballester 2013; Lampén et al. 2021). These planets
have different bulk parameters and stellar irradiation levels and
Lampén et al. (2020, 2021) found different upper atmospheric
characteristics, such as temperatures, mass-loss rates, and ioni-
sation profiles.

In this work we report observational evidence for the three
regimes of the hydrodynamic atmospheric escape theoretically
predicted, indicating that HD 209458 b is in the energy-limited,
HD 189733 b is in the recombination-limited and GJ3470Db is
in the photon-limited regime. To this end, we analyse the neutral
and ionised H distributions in the upper atmosphere of these exo-
planets, derived from their observed He(23S) and Lya absorption
spectra, and deduce their heating efficiencies.

2. Criteria to differentiate the hydrodynamic
atmospheric escape regimes

Physically, the three regimes can be distinguished by the produc-
tion and losses of neutral H (see Murray-Clay et al. 2009; Bear &
Soker 2011; Owen & Alvarez 2016) and also by the conversion
of the absorbed stellar radiative energy into the work that drives
the escape (see Murray-Clay et al. 2009; Salz et al. 2016b).

2 Defined in Sect. 2.2
3 At wavelengths 10832.06, 10833.22 and 10833.31 A in vacuum; of-
ten referred to as their air wavelengths of 10830 A.
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2.1. Ratio of recombination to advection rates

The steady-state continuity equation of neutral H species, H°,
can be expressed by (see Appendix A)

—Vr% + fH* ng+ g — fHU JH = 0,
r

where r is the distance from the centre of the planet; v, is the
bulk radial velocity of the gas; fio and fi+ are the mole fractions
of H?, and the ionised H, H™, respectively; ng- is the H" number
density; @y and Jy are the H recombination and photo-ionisation
rates. In addition, we define the recombination production rate,
Piec = fu+ nu+ ay, and the advection rate Pogy = —v, 0fo /0 1.

Similarly, like Owen & Alvarez (2016), we consider the ion-
isation front (IF) as the region where the atmosphere is partially
ionised. That is, from the altitude where fip is close to one
(fuo =0.95, where the optical depth of the X-ray and extreme
UV (XUV) radiation, Txyy, is > 1), up to the altitude where the
atmosphere is almost fully ionised (fijo <0.05 and 7xyy < 1). In
this region, the photo-ionisation rate is greater than the recombi-
nation rate, and advection is not negligible.

Following Murray-Clay et al. (2009) and Owen & Alvarez
(2016), the different hydrodynamic atmospheric escape regimes
are characterised as follows: (1) In the recombination-limited
regime, the IF region is very narrow compared with the scale
of the flow. The gas is almost in radiation-recombination equi-
librium (i.e., advection is negligible, Prec/Pagy>> 1) in practi-
cally all the upper atmosphere. (2) In the photon-limited regime,
the photo-ionisation rate is much faster than the recombination
rate so that the recombination process is negligible in the whole
upper atmosphere and then P../P,qy <1. Consequently, the IF
region occupies the whole upper atmosphere of the planet. (3)
The energy-limited regime is an intermediate case between the
recombination- and the photon-limited regimes. The IF is wide,
although it does not encompass the entire flow as in the photon-
limited regime. The advection and the recombination rates are
not negligible in the whole upper atmosphere.

ey

2.2. Heating efficiency criterion

The heating efficiency, 7, is usually defined as the fraction of the
absorbed stellar radiative energy, Wy, which is converted into
kinetic energy of the gas, namely,

Whv - We - Wcool

Wi, @

]7:

where W, is the rate of energy lost by photo-ionisation and
photo-electron impact processes (as excitation and ionisation of
atoms by collisions with photo-electrons, see e.g., Shematovich
et al. 2014); and W, is the radiative cooling rate, mostly pro-
duced by Lya and free-free emission (Salz et al. 2016b). Thus,
Why — We — Wi represents the energy from the absorbed stel-
lar radiation that is converted into kinetic energy of the gas
species (atoms, ions and electrons), the so-called thermal heat-
ing.

In the energy- and photon-limited regimes radiative cooling
is moderate or negligible, while in the recombination-limited
regime it is a considerable fraction of the absorbed energy. If
radiative cooling is neglected, the heating efficiency of stellar
XUV radiation is about 0.1-0.2 in hydrogen-dominated plane-
tary upper atmospheres (see e.g. Shematovich et al. 2014; Salz
et al. 2016b). Consequently, the heating efficiency of the energy-
limited and the photon-limited regimes is expected to be in
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the range of 0.1-0.2. In contrast, the heating efficiency of the
recombination-limited regime is expected to be much smaller
than 0.1 (see, e.g., Salz et al. 2016b).

3. Modelling the hydrodynamic escape of
HD 209458 b, HD 189733 b and GJ 3470 b

The H° and H* concentrations and heating efficiencies anal-
ysed here are based on the results obtained by Lampén et al.
(2020, 2021) from the analysis of the observations of the
He(23S) absorption taken with the high-resolution spectrograph
CARMENES* (Quirrenbach et al. 2016, 2018) and reported by
Alonso-Floriano et al. (2019), Salz et al. (2018) and Pallé et al.
(2020) for HD 209458 b, HD 189733 b and GJ 3470, respec-
tively. Lampén et al. (2020, 2021) used a 1D hydrodynamic
model with a non-LTE treatment for the He(23S) state in the sub-
stellar direction’, and derived well-constrained relationships be-
tween the mass-loss rate, M, and the temperature, 7', in the upper
atmosphere of these exoplanets. Additionally, by comparing the
H° density distribution with those derived from Ly measure-
ments, they constrained the H/He mole-fraction ratio and found
values of H/He=(99.2/0.8)+0.1 for HD 189733 b, H/He ~ 98/2
for HD 209458 b, and H/He=(98.5/1.5)f}:(5) for GJ 3470 b. Here
we use the T-M ranges for the representative H/He ratios of 99/1
for HD 189733 b, and 98/2 for HD 209458 b and GJ 3470b (see
Fig. 1).
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Fig. 1. Ranges of temperature and mass-loss rates for HD 209458 b,
HD 189733 b, and GJ3470b for H/He ratios of 98/2, 99/1 and 98,2,
respectively, derived by Lampén et al. (2020, 2021). Symbols show the
derived ranges and dotted lines the extended ranges (see Sec.4.1).

The He(2S) production is controlled by the electron con-
centration via recombination with He*, and by electron colli-
sion excitation of He(1'S) (see Oklopci¢ & Hirata 2018; Lam-
pén et al. 2020). As electrons are predominantly produced by
photo-ionisation of H and lost by advection and H* recombina-
tion, the He(2®S) concentration profile is mainly controlled by
the H production and loss rates. Therefore, by constraining the
He(23S) concentration profile, we simultaneously constrain the
production and loss rates of H.

4 Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrographs, at the 3.5 m Calar Alto
Telescope.

3 The direction that connects the star-planet centres. They assumed that
substellar conditions are representative of the whole planetary sphere,
as we do here.
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Fig. 2. Neutral H mole fraction profiles resulting from the measured
He(2S) and Lya absorption spectra for HD 189733 b, HD 209458 b,
and GJ3470b with the representative H/He ratios of 99/1, 98/2 and
98/2, respectively. The shade areas correspond to the temperature and
mass loss rates ranges (symbols) in Fig. 1. The solid thicker lines are the
mean profiles. The vertical dashed lines indicate the mean Roche lobes.

4. Results and discussion

In this section we discuss the hydrodynamic escape regimes on
the basis of the H’ and H* distributions and of the heating effi-
ciencies for the three planets.

4.1. Structure, productions and losses of the neutral H

The H mole fractions that result from the derived T—M ranges
(see symbols in Fig. 1) are shown in Fig.2. The fjj profiles
for HD 189733 b show a very narrow IF, confined at the lower
boundary (set up at 1.02 Rp for the three planets), well below its
Roche lobe located at 3.0 Rp. Accordingly, this planet shows a
wide fully ionised region. In contrast, GJ 3470b shows a very
extended IF, from about 1.2 Rp to far beyond its Roche lobe at
3.6 Rp. Therefore, no atmospheric region of GJ3470b is fully
ionised. The H® structure of HD 209458 b shows a relatively
wide IF, extending from the lower boundary to about 2.3 Rp,
which is wider than that of HD 189733 b but narrower than for
GJ 3470b, and below its Roche lobe (at 4.2 Rp). Thus, there
is a region almost fully ionised below the Roche lobe, as in
HD 189733 b, although narrower.

Figure 3 shows the ratio of recombination to advection terms,
Prec/Pady, for the derived T—M range of the measured He(23S)
and Lya absorption spectra for HD 209458 b, HD 189733 b and
GJ 3470b (see Fig. 1). For the case of HD 189733 b, recombi-
nation dominates in practically the whole upper atmosphere. In
contrast, the H® density is dominated by advection in the whole
upper atmosphere of GJ 3470b. In HD 209458 b, the H? density
is dominated by advection (Prc/ Pyay < 1) in the lower part of
the IF, but by recombination (P;e./ P,gy > 1) in the upper part of
the IF and above. That is, neither advection nor recombination
rates are negligible in the upper atmosphere of HD 209458 b.
Hence, according to the criteria discussed in Sec. 2.1, these re-
sults demonstrate that HD 189733 b is in the recombination-
limited, GJ 3470b is in the photon-limited and HD 209458 b is
in the energy-limited regime.

We also analysed other plausible T—M values beyond the de-
rived interval, hereafter ‘extended’ T-M range (see dotted lines
in Fig. 1). These T—M values are still compatible with the mea-
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Fig. 3. Upper row: production rates of H by recombination (solid lines) and advection (dashed lines) derived from fit of the measured He(2?S)
absorption spectra (see symbols in Fig. 1) in the atmospheres of HD 209458 b (left), HD 189733 b (middle) and GJ 3470 b (right) and the represen-
tative H/He ratios of 98/2, 99/1, and 98/2, respectively. Lower row: ratios of the recombination to the advection. The vertical dashed orange lines
indicate the mean Roche lobes. Note the different scales of the x and y axes for the different planets.

sured He(2?S) and Lya absorption although less likely, as they
yield a higher y2. With this, we aim to find out if they would af-
fect the classification with respect to the escape regime. Figs. B.1
and B.3 show the results for the P../P.qy ratios and the cor-
responding H® mole fractions, respectively. We found that the
extended T—M ranges for HD 189733 b and GJ 3470 b have the
same behaviour to that of the corresponding derived T—M ranges
(see Fig.3). In contrast, production terms for HD 209458 b at
temperatures below ~7000K (see Fig. B.1) are at the limit be-
tween the energy-limited and recombination-limited regimes, as
advection becomes less important compared to the recombina-
tion. However, when comparing the H density profiles for these
conditions with those derived from the Ly measurements by
Garcia-Muiioz (2007), Koskinen et al. (2013) and Salz et al.
(2016a), we found that the H® density profiles are significantly
smaller. We thus conclude that hydrodynamic regimes discussed
above for the three planets are not altered when considering the
extended T—M ranges.

We find that the classification of the escape regimes also
remains unchanged in these exoplanets if the commonly used
H/He fraction of 90/10 is assumed instead of the ratios derived
from He(23S) and Lya transmission spectroscopy (see Figs. B.2
and B.4).

For HD 189733 b, we used an XUV flux that accounts for
several small flares to provide an average model of active and
non-active periods (see Sect. 3.2 in Lampo6n et al. 2021). In order
to explore the hydrodynamic regime of this planet in quiescent
stages, we made a test using the XUV flux from the X-exoplanets
model by Sanz-Forcada et al. (2011), which is about a factor 3
smaller than the one used here. We found that the hydrodynamic
regime remains recombination-limited despite such a consider-
ably XUV flux decrease.

Article number, page 4 of 9

4.2. Heating efficiencies

To calculate the heating efficiencies of the upper atmospheres
of the planets, we follow the method of Salz et al. (2016b). Es-
sentially, we use the relationship between the heating efficiency,
n, and the mass-loss rate for the energy-limited approximation,
Mgy, (Watson et al. 1981; Erkaev et al. 2007), together with the
relationship M/Mg; = 4/5 derived by Salz et al. (2016b) to obtain

- i 47TRPR§(UV FXUV

5T GrkoM " @)

where M, and Rp, are the planetary mass and radius respectively,
Fxyv is the XUV stellar flux at the planetary orbital separation,
Rxyv is the effective absorption radius, the altitude where the
XUV optical depth is unity, and G is the gravitational constant.
K(&) =1-1.5¢£ + 0.5& is the potential energy reduction factor,
with & = (Mp IM )3 (a/Rp) where a is the planetary orbital sep-
aration and M, the stellar mass. Therefore, taking the M and
Rxuv obtained from the He(23S) measurements and the required
system’s parameters from Table B.1, we calculated their corre-
sponding 1 values (see Fig.4). The M values are taken from
Fig. 1 (ranges limited by the symbols) and the Rxyv values are
~1.02 Rp for HD 189733 b (i.e. the lower boundary), about 1.16—
1.30 Rp for HD 209458 b, and about 1.38-2.46 Rp for GJ 3470b.

As shown by thick lines in Fig.4, n reaches high values in
HD 209458 b and GJ 3470 b, while it remains very low (17 < 0.04)
for HD 189733 b. This indicates that HD 189733 b is in the
recombination-limited regime, as predicted (e.g., by Salz et al.
2016Db).

We note that the derived T—M range for HD 209458 b was
obtained by limiting the heating efficiency to the range of 0.1—
0.2 (Lampén et al. 2020), as shown in Fig. 4. Values of  <0.1,
would indicate a recombination-limited regime (see Sect.?2.2).
However, they correspond to temperatures below T ~7000K,
which, as discussed in Sec.4.1, are discarded on the basis of
Lya observations. Thus, we conclude that also from the heating
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efficiency argument, HD 209458 b is not in the recombination-
limited regime.

Heating efficiency remains almost constant with M in
GJ 3470b, in contrast to HD 209458 b. As the upper atmosphere
of GJ 3470 is very extended, an increase of M implies higher
Rxuyv (i.e. higher planetary XUV cross section), that prevents n
from increasing. The fact that 7 is nearly constant is equivalent to
stating that M och(Uv (see Eq. 3) which, according to Owen &
Alvarez (2016), indicates that GJ 3470 b is in the photon-limited
regime.

025 I ]
= 0'20: GJ3470b ]
= [ (Photon limited) ]
§ 015} -------- e e E
S [ ]
"‘6 L 4
© 0.10f ]
£ L i,
© r ]
£ 005} .

0.00F .

Mass loss rate (g/s)

Fig. 4. Heating efficiency, 7, versus mass-loss rate for HD 189733 b (or-
ange), HD 209458 b (cyan) and GJ 3470 b (black). H/He ratios of 99/1
for HD 189733 b and of 98/2 for HD 209458 b and GJ 3470 b were used.
Dotted lines show the extended T—M ranges and thick lines the derived
T—M ranges (see dotted lines and symbols respectively in Fig. 1).

5. Summary

Several theoretical studies have identified three distinct hydrody-
namic atmospheric escape regimes in hydrogen-dominated plan-
etary atmospheres: energy-limited, recombination-limited, and
photon-limited. In addition to the importance from the theoreti-
cal point of view, the classification of the hydrodynamic escape
regimes has important consequences for the estimation of the
mass-loss rate by models based on the energy-limited approach.
However, no observational evidence of these regimes have been
reported to date.

In this work, we studied the upper atmospheric H distribution
and the heating efficiencies derived from the analysis of the mea-
sured absorption spectrum of the He 1 triplet lines at 10830 A and
Lya of HD 189733 b, HD 209458 b, and GJ 3470b. We used a
1D hydrodynamic model with spherical symmetry coupled with
a non local thermodynamic model for the He triplet metastable
state concentration profile. We also calculated heating efficien-
cies following Salz et al. (2016b).

We found that in HD 189733 b the neutral H production is
governed by recombination in the whole upper atmosphere, giv-
ing rise to a very narrow ionisation front. In contrast, advec-
tion dominates the neutral H density in the entire upper atmo-
sphere of GJ 3470, leading to a very extended ionisation front.
HD 209458 b is an intermediate case between HD 189733 b and
GJ 3470 b where the advection and the recombination processes
are not negligible which forms a relatively extended ionisation
front.

The derived heating efficiencies for HD 209458 b and
GJ3470b are similar to those expected from the heating by

photo-electrons, while those of HD 189733 b are much lower.
Therefore, HD 209458 b and GJ 3470 b show little loss by radia-
tive cooling, in contrast to HD 189733 b. Additionally, we found
that M ocRg(UV in GJ3470b, which leads to a nearly constant
heating efficiency in the range of 0.15-0.17.

Following two different criteria, one based on the produc-
tions and losses of the neutral H, and the other based on en-
ergy balance considerations, we demonstrate that HD 189733 b
is in the recombination-limited regime, GJ3470b is in the
photon-limited regime, and HD 209458 b is in the energy-limited
regime. Thus, we provide observational evidence, based on the
He(2°S) and Lya measured absorption, of the three hydro-
dynamic escape regimes theoretically predicted in hydrogen-
dominated atmospheres. These exoplanets can be considered as
benchmark cases for their respective regimes.
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Appendix A: The steady-state continuity equation
of neutral H

The hydrodynamic continuity equation of mass can be expressed
by

M =477 pvy, (A.1)
where p, = ny my + nge mye; ny and nye are the number density
of H and He; and my and my. are the atomic mass of H and He,
respectively. Assuming that ny/ny. (hereafter H/He) is constant
with respect to r, then ny. = (H/He)™' ny. Therefore, p, = ny x,
where x = my + (H/He)™! mye, is constant. Thus, the mass-loss
rate can be expressed by

M =47 ng xv,. (A.2)
The continuity equation of H can be written as

1 8(r* nypo vy

—2m = nge e ap — nyp Ji, (A3)
r or
and, deriving,

2 0 0

o Ve + v il + l/tHoj = ny+ Ne @y — NYo JH. (A4)
r or or

Taking v, = M/(4 n r* ng x) from Eq. A.2, and re-arranging, we
have

1 0 0
Vr — |NH ﬂ — Ngo ﬂ = nyg+ Ne @y — NyHo JH. (AS)
ny or or
Taking into account that
Ofgo O (npo/ny) 1 ongp ony
- = = _ —, A.6
or or ng, g, S, (A-6)
and including it in Eq. A.5, we obtain
4]
Vi DY 51:0 = ng+ e @y — Agpe Jy- (A7)

Assuming n. = ny+, and re-arranging Eq. A.7, we finally obtain
Eq. 1.

Appendix B: Other tables and figures

In Table B.1 we provide the most relevant systems’ parameters
used in our calculations. In Figures B.1 to B.4 we show ratios
of recombination to advection and H mole fraction profiles for
the extended T—M ranges (dotted lines in Fig. 1), and for H/He
composition of 90/10 (see symbols in Fig.5 in Lampén et al.
2021).

Table B.1. System’s parameters.

System HD 209458  HD 189733  GJ 3470
M, M) @ 1.119*79033 0.846*00¢,  0.476*0919
a(au)® 0.04707+000046  (0332+0001 (), 0348+0.0014
Mp (Myyp)© 068510015 1.162100%8 003610002
Rp (Ryyp) © 1.359%00'8 1.23+003 0.360*0 0]
D (Dyyp) @ 0.504 0.944 0.100
Riohe (Rp)© 4.2 3.0 3.6
Fxyy 2.358 56.740 3.928

Notes. @ Stellar masses of HD 209458, HD 189733 and GJ 3470 from
Torres et al. (2008), de Kok et al. (2013) and Pallé et al. (2020) respec-
tively. ) Orbital separation from Torres et al. (2008), Agol et al. (2010)
and Bonfils et al. (2012). © Planetary mass and radius of HD 209458 b
from Torres et al. (2008); of HD 189733 b from de Kok et al. (2013)
and Baluev et al. (2015); and of GJ3470b from Pallé et al. (2020).
@ Gravitational potential. * Roche lobe of HD 209458 b, HD 189733 b
and GJ3470b by Salz et al. (2016a), Eggleton (1983) and Bourrier
et al. (2018) respectively. ¥ XUV flux in units of 10° ergcm™ s at
A1<912 A at planetary separation calculated by Lampén et al. (2020)
for HD 209458 b and from Lampén et al. (2021) for HD 189733 b and
GJ3470b.
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Fig. B.1. As Fig. 3 but for the extended T—M ranges (see dotted lines in Fig. 1). Upper row: rates of H by recombination (solid lines) and advection
(dotted lines). Lower row: ratios of recombination to advection. The vertical dashed orange lines indicate the mean Roche lobes. Note the different
scales of the x and y axes.
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Fig. B.2. As Fig. 3 but for an H/He ratio of 90/10 (see Fig. 5 in Lampén et al. 2021). Upper row: rates of H by recombination (solid lines) and
advection (dotted lines). Lower row: ratios of recombination to advection. The vertical dashed orange lines indicate the mean Roche lobes. Note
the different scales of the x and y axes.
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Lampén et al. 2021). The solid thicker lines are the mean profiles. The
vertical dashed lines are the mean Roche lobes.
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Conclusions

6.1 Summary

The characterisation of exo-atmospheres currently undergoing hydrodynamic escape
provides critical information of their nature, hints about their origin and evolution,
and also give us key clues to understand the observed planetary population and
the formation and evolution of the Solar System. However, only a few observations
of the hydrodynamic escape were available until very recently. Consequently, our
knowledge of this process is very limited.

The new observations of the He I triplet lines at 10830 A of highly irradiated planets
provide a new means of studying their atmospheric escape allowing to significantly
improve the characterisation of the upper atmosphere of exoplanets undergoing
hydrodynamic escape. Detailed studies of the absorption line profile are nowadays
feasible and the diversity in bulk parameters of exoplanets with the recent available
observations of He(23S) and Ly« lines, allows us to perform deeper studies and
to investigate their hydrodynamic regimes. In this thesis we exploit these new
measurements of He(23S) in conjunction with previous measurements of the H
Lya line. This constitutes one of the very first (if not the first) dedicated studies
of the evaporating atmospheres of gas giants by using the recent He(23S) and Ly«
absorption measurements.

In this thesis we present observations of the He(23S) absorption spectra of the
atmosphere of GJ3470b with the high-resolution spectrograph CARMENES, ob-
taining a 1.5+ 0.3% absorption depth. In our research, within the framework
of the CARMENES He 1 survey, we also observed the He(23S) absorption spectra
from HD 189733 b, and HD 209458 b (by Salz et al. (2018) and Alonso-Floriano
et al. (2019), respectively). However, we have not included these publications as
we aim to present a concise work focussed on the physical interpretation of the
observations.

We obtain observational constraints on the upper atmospheres of the hot Jupiters
HD 209458 b and HD 189733 b, and of the warm Neptune GJ3470b, from the
analysis of the mid-transit He(23S) spectral absorption reported by Alonso-Floriano
et al. (2019); Salz et al. (2018) and Pallé et al. (2020), respectively. This sample
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of planets are especially interesting because all of them undergo hydrodynamic
escape, have very different planetary and stellar bulk parameters, and the absorption
measurements of both He(22S) and Ly« lines are available.

We modelled the upper atmospheres of these planets using a 1D hydrodynamic
model with spherical symmetry, coupled with a non-LTE model for calculating the
population of the metastable He(23S) state. We assumed that substellar conditions
apply to the whole planet. The He(23S) concentration profiles were included into
a radiative transfer model to calculate He(23S) absorption spectra. Our model
allows the inclusion of Doppler broadening due to temperature and turbulence,
and the broadening induced by the gas radial velocities, non-radial winds (e.g.,
day-to-night and super-rotation winds) and the rotation of the planet. By comparing
the calculated and measured He(23S) spectra, we constrained key parameters of
the upper atmosphere of these planets as the mass-loss rate, the thermospheric
temperature, the He(23S) density profile, and the degree of ionisation. We also
compared our derived H densities with previous profiles derived from the Ly«
absorption and hence we were able to further constrain the H/He ratio.

We find that the upper atmosphere of HD 189733 b is compact and hot, with a
maximum temperature of 124001300 K, with a very low mean molecular mass
(H/He=(99.2/0.8)+0.1), with small gas radial velocities, which is almost fully
ionised above 1.1 Rp, and with a mass-loss rate of 1.071505 x 10! gs~!. Regarding
production and losses of neutral H, H°, in the outflow, we find that H° density is
produced by recombination in the whole upper atmosphere, giving rise to a very

narrow ionisation front and a low gas heating efficiency.

In contrast to HD 189733 b, the upper atmosphere of GJ 3470 is highly extended
and relatively cold, with a maximum temperature of 5100+900 K. Thermosphere
of this planet also has a very low mean molecular mass, H/He=(98.5/1.5) 12, but
large radial outflow velocities, and is not strongly ionised. We highlight that our
derived supersonic radial velocities demonstrate that GJ 3470 b undergoes hydro-
dynamic escape, which is not obvious if the whole parameters space is not fully
explored. Despite having a gravitational potential near a factor of 10 lower than
HD 189733 b, GJ 3470 b has a comparable mass-loss rate of (1.87+1.13) x 10! gs—1.
It is clear that the XUV irradiation of GJ3470b, ~14 times smaller than that of
HD 189733 b, compensates the gravitational effect. The H® density is widely dom-
inated by advection in all the upper atmosphere of GJ3470b, leading to a very
extended ionisation front and a large gas heating efficiency.

HD 209458 b seems an intermediate case between HD 189733 b and GJ3470Db, as

its upper atmosphere is extended, although not as GJ 3470 b, with an intermediate
temperature of 7625+500 K, a mean molecular weight of ~98/2, with intermediate

Chapter 6 Conclusions



gas radial velocities. The mass-loss rate of this planet is also comparable to those of
HD 189733 b and GJ 3470 b, with a value of (0.71£0.29) x 10'! gs~!. Our analysis
of this planet provides the first observational derivation of the H/He ratio of an
exoplanet and the first hint about the unexpected very low mean molecular weight.
Concerning the H° productions and losses, both processes, recombination and
advection, are not negligible in this planet, which leads to a large gas heating
efficiency.

It is remarkable that the three exoplanets with evaporating atmospheres so far
studied by using together their He(23S) and Ly« observations, (HD 209458 b by
Lampon et al. (2020), HD 189733 b by Lampon et al. (2021b) and GJ3470b by
Lampén et al. (2021b) and Shaikhislamov et al. (2020)), all show higher H/He
ratios than the widely assumed solar-like ~90/10, despite of having very different
bulk parameters. Hence, our results suggest that the upper atmospheres of giant
exoplanets undergoing hydrodynamic escape are very light (H/He = 97/3). It is
interesting to note that our derived mean molecular weight for GJ3470b agrees
very well with one estimated by Shaikhislamov et al. (2020). These authors used a
3D hydrodynamic model and, although their parameters space study is not as wide
as ours, they reached the same conclusion.

The knowledge of the atmospheric mean molecular mass is key in planetary stud-
ies. A very low mean molecular mass in the upper atmosphere agrees with the
scenario studied by Hu et al. (2015), who showed that fractionation between He
and H is important in short-period exoplanets undergoing hydrodynamic escape.
Fractionation can produce a considerable depletion of He in the escaping gas, which
could lead to He and metals enrichment (i.e., H depletion) in the lower atmosphere
(Hu et al., 2015; Malsky and Rogers, 2020). A significant H depletion in the lower
atmosphere could change the abundances of carbon and oxygen-bearing species.
Furthermore, it may change the mass-radius relationship of the planet. Besides, our
results are also consistent with the depletion of atmospheric He by other processes
as the formation of an H-He immiscibility layer in the interior of giant planets, as it
produces He sequestration from the upper atmosphere (Salpeter 1973; Stevenson
1975, 1980; Wilson & Militzer 2010). In addition, this result also suggests that the
H/He ratio might plays a more important role than expected on the detectability of
the He(23S), with the subsequent consequences for future observations.

One of the main gaps in the knowledge of the hydrodynamic escape is the lack of con-
firmation of the three regimes theoretically identified: energy-limited, recombination-
limited, and photon-limited. No observational evidence of these regimes has been
reported to date. In this thesis we provide observational evidence of the hydrody-
namic escape regimes in H/He atmospheres. Investigating the H® production and loss
processes, and the heating efficiencies of the upper atmospheres from the He(23S)

6.1 Summary
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and Ly« observations and our modelling, we have demonstrated that HD 209458 b
is in the energy-limited regime, HD 189733 b is in the recombination-limited regime
and GJ3470b is in the photon-limited regime. Accordingly, we think that these
exoplanets can be considered as benchmark cases of their respective regimes for
future studies.

6.2 Conclusion remarks

The main goal of this thesis is to contribute to the knowledge in planetary sci-
ence through the study of the upper atmospheres of giant exoplanets undergoing
hydrodynamic atmospheric escape.

The main achievements by this research can be summarised in:

1. We significantly improve the characterisation of the upper atmosphere of the
warm Neptune GJ 3470 b and of the hot Jupiters HD 209458 b and HD 189733 b.

2. We demonstrate that GJ 3470 b undergoes hydrodynamic escape.
3. We propose these three exoplanets as benchmark cases for evaporation studies.

4. We provide the first observational derivation of the H/He ratio from an exo-
planet.

5. We show the first observational evidence of an escaping outflow with very low
mean molecular weight.

6. We suggest there is a very low mean molecular weight tendency in upper at-
mospheres of H/He planets undergoing hydrodynamic escape. This challenges
the current status of outflows with solar-like composition.

7. We provide the first observational evidence of the three different hydrodynamic
escape regimes theoretically predicted.

Accordingly, we conclude that this research significantly contributes to the knowledge
of the exoplanets of the sample; strengthens hydrodynamic atmospheric escape
theory; and provides important hints that could help to understand the current
planetary population, the planetary evolution and formation, and the origin of the
Solar System.
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6.3 Future work

As shown in this thesis, hydrodynamic atmospheric escape plays a primary role in
planetary science. However, the knowledge of this process is very limited. To advance
our understanding of this process it is crucial to improve the hydrodynamic escape
theory; build more comprehensive and computationally efficient hydrodynamic
models; and to observe large samples of different classes of planets undergoing
hydrodynamic escape.

The success of CARMENES observing high-resolution He(23S) absorption spectra
point to a fast progress on the characterisation of exoplanets undergoing hydrody-
namic escape, as it demonstrates that key observations are feasible from ground
based telescopes. Indeed, several other high-resolution spectrographs (e.g. the
GIANO-B and the HPF spectrographs) began very recently to observe He(23S) in
evaporating atmospheres. Furthermore, new space telescopes (e.g. the James Webb
Space Telescope) will bring the possibility to continue collecting absorption spectra
of Lya and heavy species lines as HST, but in a wider spectral range and higher
resolution.

In this thesis we suggest that there is a very low mean molecular weight tendency
in the upper atmospheres of H/He planets undergoing hydrodynamic escape, but
more observational evidence from a larger sample of exoplanets are needed for
confirmation. He(23S) and Ly« observations are especially valuable for this end,
although Ha observations (in planets highly irradiated by stellar NUV) could be
also important for this objective. The CARMENES group is currently undertaking
a significant survey of planets with potential He I, and possibly Ha signatures.
Such observations, if successful in detecting these features in more exoplanets, will
significantly contribute to this end.

Computationally efficient 1D models are key for exploiting observational data and
retrieve key information about hydrodynamic escape, as shown in this thesis. Nev-
ertheless, more detailed studies about interactions between host star and planet
(e.g., stellar wind, radiation pressure or magnetic field interactions); spatial and
velocity distribution of the gas; and the origin of the non-radial winds, require
comprehensive multi-fluid magneto-hydrodynamic 3D models. Their main problem
is the computational cost, and therefore advances in computational techniques and
the increase of processing power will benefit significantly to the field.

In short, because of observations of high-resolution spectra of He(23S), Lya, Ha and
heavy species lines became feasible very recently; new instruments with improved
sensitivity and large telescopes are expected in the recent future; and computational

6.3 Future work
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power is continuously increasing; detecting and characterising planets undergoing
hydrodynamic atmospheric escape promise a significant advance in planetary science
in the next years.
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