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Abstract

About 5000 exoplanets have been discovered since the first discovery of the exoplanet
around a sun-like star in 1995. There are many exoplanets that are not analogous to
our solar system. Hot Jupiters are close-in gas giant planets. In order to understand
planetary systems in general, including planets in our solar system, it is necessary to
understand the formation and evolutionary processes of such close-in planets. Due to the
intense UV light from the host star, the upper atmosphere of hot Jupiters hydrodynamically
escapes. Such an escape process has a significant impact on the evolution of close-in
planets. In order to comprehend the thermo-chemical structure of the atmosphere and
atmospheric escape, detailed radiation hydrodynamics models are required. We can study
transit signatures to track these escape outflows. Lyman-α transit absorption is a useful
tracer of the atmospheric escape of hot Jupiters. Theoretically, radiation hydrodynamics
simulations are needed to understand the structure of the outflow from the observational
transit signals.

The radiation hydrodynamics simulation is used to comprehend the composition and
structure of the upper atmosphere. Classical theoretical models have investigated the
extreme-ultraviolet radiation as a dominant heating process. We investigate far-ultraviolet
as another heating process. We find that far-ultraviolet heating is significant in planets
around hot stars. The classical photoionization heating drives the escape around cooler
stars, such as solar type stars. Our results suggest that the close-in planets around hot stars
experience intense mass loss and evolve very differently from the typical hot Jupiters. Far-
ultraviolet heating may be an origin of the observed paucity of low-mass, close-in planets
around relatively hot stars.

We also study the observational signals of the atmospheric escape. In order to interpret
the observational signals of the planetary outflow, it is necessary to understand the geom-
etry of the outflow. Stellar winds from the host star can change the shape of the outflow.
We perform hydrodynamics simulations of the planetary outflow with the strong stellar
wind in a self-consistent manner. We find that the Lyman-α absorption depth due to the
outflow strongly depends on the strength of the wind because the strong stellar wind can
confine the atmosphere. Interestingly, the mass-loss rate is almost independent of the wind.
We also investigate Hα absorption which can be observed by ground-based telescopes. We
find that the Hα transit depth is almost independent of the wind strength because the
lower layers of atmosphere contribute to the absorption. Our results suggest that the ob-
servations of both lines are useful to determine the stellar wind parameters and the high
energy ultraviolet flux around planets. We also discuss the effect of time-dependent stellar
activities on the observational signals.



Finally, we study the physics which dominates the structure of the upper atmosphere
and the escape. We introduce the relevant temperatures and timescales of the planetary
gravity, the photoheating, and the gas expansion. We clarify the physical conditions that
classify the atmospheric escape. One of the conditions relates to the transition point be-
tween the energy-limited and the recombination-limited regime which are the classification
of the atmospheric mass loss driven by UV radiation. We also calculate the planetary
evolution with the mass loss of the atmospheric escape due to the UV heating and find
that the mass loss regime changes with the evolution of the planet and the host star.
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Chapter 1

Introduction

1.1 Discovery of close-in exoplanets

Since the first discovery of an exoplanet around a sun-like star (Mayor and Queloz 1995),

observations have discovered about 5000 exoplanets (Figure 1.1), revealing a diversity of

exoplanets that are not analogous to our solar system. Before the first discovery, we only

knew the solar system as a planetary system and the theory of formation and evolution

focused on the solar system (Kyoto model, Hayashi et al. 1985). After the discovery of

exoplanets such as close-in gas giant planets, we knew the diversity of the planetary system

and found that the previous classical theory was not sufficient.

Among the exoplanets discovered, close-in gas giants are called hot Jupiters. The first

discovered exoplanet, 51 Pegasi b, is a hot Jupiter. The name comes from the high surface

temperature due to the intense radiation from the host star. The orbital separation of

hot Jupiters is typically about 0.05 AU and the orbital period is about less than 10 days.

Although there is no strict definition of mass, a planet with a mass greater than 0.1

Jupiter mass (> 0.1MJ) is called a hot Jupiter, and a planet with a mass of 0.03-0.1

(0.03 − 0.1MJ) Jupiter mass (MJ = 1.898 × 1030 g, from https://ssd.jpl.nasa.gov/

planets/phys_par.html) is called a hot Neptune. Most hot Jupiters are tidally locked,

with the same side facing to the host star. Hot Jupiters are known to have large radii

relative to their mass, but the reason for this is not known. Understanding their formation

and evolution is important for understanding the origin of planetary systems in general,

including our solar system.

1



2 Introduction

Fig 1.1: The cumulative number of planets discovered versus the year of discov-
ery. The color represents the detection method. The data are taken from httpls:

//exoplanetarchive.ipac.caltech.edu/index.html.

Not only the giant planets but also the small rocky planets have been discovered (e.g.

Kepler mission, Borucki et al. 2011; Dressing and Charbonneau 2015). The environments

of such planets may be habitable for life (e.g. TRAPPIST-1 system, Gillon et al. 2017).

Some rocky planets have been found in a habitable zone where the liquid water can exist

(Gillon et al. 2017). The formation and evolution of such small planets may be influenced

by the presence of close-in gas giants. In this sense, the formation and evolution process

of hot Jupiters are fundamental objects also in the context of astrobiology.

Such close-in planets can be detected by transit methods (e.g. HD 209458 b, Henry et al.

2000; Charbonneau et al. 2000; Castellano et al. 2000). There are many other methods

to detect exoplanets. For example, the radial velocity method uses the variation of the
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radial velocity of the star due to the presence of planets. This method is also common in

observations of exoplanets and was used to discover of the first exoplanet around the sun-

like star (51 Pegasi b, Mayor and Queloz 1995). We can know the mass of the planet from

the radial velocity. As we can see in Figure 1.1, most of the planets have been discovered

using the transit method or the radial velocity. The recent development of the observation

allows us to detect exoplanets by direct imaging (Lagrange et al. 2010), but the number of

direct imaging detections is still small because the low contrast makes it difficult to detect

the planets.

We focus on the transit method in this thesis because of the high detectability of close-

in planets. The transit method uses the fact that the observed flux from the host star

decreases as the planet crosses in front of the star (Figure 1.2). We can see that the Kepler

space telescope (NASA) has detected ∼ 3000 planets using the transit method.

Fig 1.2: The schematic figure of the transit method. The light curve of the star changes
due to the transiting planets. When a planet crosses in front of a star, the flux from the
star decreases periodically.

1.2 Statistical properties of exoplanets

There are many discovered exoplanets and we can use the statistical properties of exo-

planets to understand their formation and evolution. The metallicity dependence of hot
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Jupiters is one of the most important features. In the context of astronomy, the term

“metal” refers to elements heavier than helium (such as carbon, oxygen, and iron). The

metallicity Z is defined as the mass ratio of elements other than hydrogen and helium.

The mass ratio of hydrogen and helium are also denoted as X,Y . These values satisfy

X + Y + Z = 1. The solar values are X⊙ = 0.7381, Y⊙ = 0.2485, Z⊙ = 0.0134 from

the recent observations (Asplund et al. 2009), mainly from the solar spectroscopy and the

modeling of the photosphere. The metallicity of stars is sometimes given as the ratio of the

abundance of iron and hydrogen in the star compared to the ratio of iron and hydrogen in

the sun as:

[Fe/H] = log(Fe/H)∗ − log(Fe/H)⊙ (1.1)

Fig 1.3: Metallicity distribution of hot Jupiter host stars.

For the star with the same metallicity as the sun, [Fe/H] = 0. Metallicity is an impor-
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tant property of the host star and the planet-metallicity correlation has been extensively

investigated in many studies (Gonzalez 1997; Laughlin 2000; Mortier et al. 2013). Fig-

ure 1.3 shows the metallicity distribution of hot Jupiter host stars. Metal-rich stars tend

to have hot Jupiters. The metallicity correlation can be explained by the self-enrichment

or by planetary formation in the protoplanetary disk. In the self-enrichment scenario, the

accretion of rocky material due to the migration of hot Jupiters pollutes the surface of

the host star. In the planetary formation scenario, giant planets may form more easily in

the metal-rich protoplanetary disk. The results of the recent studies have supported the

protoplanetary disk origin scenario (Johnson et al. 2010; Adibekyan 2019).

The democracy of the exoplanets is helpful in understanding how the environment

affects the planetary evolution and formation. We note that the observational bias and/or

the correlation of parameters can be an origin of the statistical properties. For example,

young stars are born in the metal-rich environments, and thus the young stars tend to

have high metallicity. The planet-metallicity correlation in hot Jupiters may be a result

of the age-metallicity correlation. According to the recent study, both the metallicity and

the age of the host star affect the occurrence rate of the hot Jupiters. The relatively

high occurrence rate of observed hot Jupiters around young stars (Hamer and Schlaufman

2019) suggests that planetary evolution affects the democracy of hot Jupiters. One of the

possible scenario is orbital decay. Hot Jupiters can lose the angular momentum within the

lifetime of their host stars. The large transit depth of hot Jupiters is useful for observing

and testing theoretical models of the atmosphere.

1.3 Atmosphere of close-in planets

Detailed transit spectroscopy allows us not only to detect the existence of planets but

also to study the physical and chemical quantities of the planets and the structure of the

atmosphere (e.g. Charbonneau et al. 2002). The wavelength dependence of the transit

depth reflects the atmospheric thermo-chemical structure of the atmosphere, such as the

atmospheric composition and the temperature profile. The chemical composition is related

to the formation and the evolution process. Hydrogen dominates the gas composition of the

protoplanetary disk similar to the composition of the solar photosphere. The composition

of the atmospheres of rocky planets such as the earth is different from that of the sun. The

primordial atmosphere may have similar composition because the gas of the protoplanetary

disk accretes onto the planet. In the case of relatively low-mass planets (rocky planets),

the planets lose the primordial atmosphere. In the case of the gas giants, the hydrogen
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dominates the atmosphere because they can retain much of the primordial atmosphere.

The upper atmosphere of the close-in planets is heated by the intense radiation from the

host star and escapes hydrodynamically (Watson et al. 1981). The hydrodynamic escape is

a key process in the atmospheric evolution. Such an escaping atmosphere has been observed

using the transit method (Vidal-Madjar et al. 2004). We need the theoretical atmospheric

structure to obtain the mass-loss rate of the planets from the transit light curve. Detailed

hydrodynamics simulations with photochemistry of the atmospheric escape are needed

to understand the planetary evolution and the observed transit signature. The chemical

composition of the atmosphere is difficult to determine because we cannot determine the

composition by the simple chemical equilibrium for some species. In the case of the chemical

equilibrium, we can obtain the number density of each species by minimizing the Gibbs free

energy. However, the photochemistry and advection make the composition more complex.

In this sense, the hydrostatic calculation is not sufficient.

As observations have progressed, the statistical properties of exoplanets have become

clearer, and many have been studied in the context of planetary formation and evolution.

We are now able to link physical models to observed planetary properties, not only for

individual planets, but also for planets in general. In the case of the close-in planets, the

escape process has a significant impact on the evolution. It is necessary to reveal the

detailed structure of the upper atmosphere of hot Jupiters by hydrodynamics simulations

before further UV observations by future space telescopes.

1.4 Aims and structure of the dissertation

In this thesis, we perform radiation hydrodynamics simulations of the atmospheric escape

of close-in planets to understand the thermo-chemical structure of the upper atmosphere

and the observational transit signals. We review the basics of the atmospheric escape

and the observational signature in Chapter 2. We introduce the problems in the previous

theoretical models and observations that cannot be explained by the classical models.

We describe our radiation hydrodynamics model in Chapter 3. In Chapter 3, we fo-

cus mainly on the far-ultraviolet (FUV) radiation heating process which determines the

atmospheric escape rate of hot Jupiters around hot stars. The classical models have only

considered extreme-ultraviolet (EUV) radiation and have not dealt with the FUV heating.

We use the detailed radiation hydrodynamics simulations with FUV heating to investigate

the atmospheric structure of exoplanets around hot stars that emit intense FUV radiation.

The aim of the Chapter 3 is to understand the mass loss in hot Jupiters in general.



1.4 Aims and structure of the dissertation 7

The shape of the escaping atmosphere depends not only on stellar radiation but also

on the stellar wind. The hydrodynamics simulations with the stellar wind are essential for

the interpretation of the observational transit signals. There are some previous theoretical

studies of the effect of the stellar wind on the atmosphere. Many of the previous studies

have not calculated the structure of the planetary outflow and the wind simultaneously or

have not followed the multi-dimensional effect (Christie et al. 2016; Esquivel et al. 2019;

Matsakos et al. 2015; Schneiter et al. 2016; Vidotto and Cleary 2020; Villarreal D’Angelo

et al. 2014, 2021). Our model investigates the interplay between the wind and the planetary

atmosphere using self-consistent hydrodynamics simulations. We discuss the model with

the wind in Chapter 4. We can use the model to study the escaping outflow that absorbs

the stellar radiation. We develop the models about not only for the mass loss but also for

the outflow structure with the stellar wind effect. We also study the wind effect on the Hα

transit absorption which has been observed by recent ground-based telescopes but has not

been investigated by theoretical models. We propose a combination of observational transit

signals that can be used to understand the stellar wind and the high-energy ultraviolet from

the host stars.

We discuss the relevant physics of the upper atmosphere and the classification of the

observed close-in planets in terms of the physical conditions governing the escape of the

atmosphere in Chapter 5. There are many theoretical simulations of the atmospheric escape

of close-in planets. The physical conditions that determine the strength of the planetary

atmospheric escape and the observed transit signals are not clear. We first derive the

physical conditions for the atmospheric escape. We apply our theoretical framework to the

observed close-in planets and investigate the underlying physics of the observed atmospheric

escape process. We also investigate the planetary mass and orbital evolution in Chapter 5.

The aim of Chapter 5 is to understand the atmospheric structure of the simulations based

on physics.



Chapter 2

Atmospheric escape of exoplanets

In this chapter, we review the atmospheric escape processes in exoplanets. The mass loss

due to the atmospheric escape alters the planetary evolution. An understanding of such

escape processes is necessary to understand the observed statistical properties that may

reflect the evolution and formation process of planetary systems. In the previous chapter,

the huge number of discovered planets makes it possible to investigate the statistical prop-

erties as an essential tool. The escape process is a key process in the planetary evolution

especially for the close-in planets. We also explain the problems of the classical theoretical

models revealed by recent observations.

2.1 Basics of atmospheric escape

Planets lose their atmospheres through many processes. We review the theoretical and

observational understanding of the thermal escape processes in this section. Non-thermal

processes can be important in some planetary atmospheres. For example, the charge ex-

change process where a collision between an ion and an atom transfers the kinetic energy to

the atom dominates the hydrogen loss in the earth. There are many possible non-thermal

escape processes and they play a critical role in particularly cooler planets and heavier

elements. In such environments, elements cannot escape by thermal processes because of

their higher mass and lower thermal energy. Many observed exoplanets are close-in, and

the heating by the intense radiation from the host star is significant. The atmospheric

evolution and the structure of the outflow are dominated by the thermal processes. We

focus on the thermal processes in this thesis.

8
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2.1.1 Jeans escape

Atoms and molecules in the upper atmosphere can escape if the velocity exceeds the escape

velocity. √
2kT

m
>

√
2GMp

Rp
(2.1)

where k is Boltzmann’s constant, T is the gas temperature, m is the mass of atoms or

molecules, Mp is the planetary mass and Rp is the planetary radius. This escaping process

is called hydrostatic escape (Jeans escape, Jeans 2009; Catling and Zahnle 2009). Such

escape process can be occurred at the point where the mean free path equals to the scale

height as:
1

σana
∼ kT

mg
(2.2)

where σa is the collisional cross section, na is the number density, and g is the planetary

gravitational acceleration. In the case of hydrogen at earth, the temperature is T ∼ 1000

K and the cross section is σH ∼ 4.5 × 1016 cm2. The density at the exobase becomes

nH ∼ 3× 107 cm−3.

We can define the escaping parameter as:

λ =
GMpm

kTRp
(2.3)

This parameter is the ratio of the gravitational potential and the thermal energy. In the

case of the Jeans escape, λ ≫ 1.

In reality, the particles in the high velocity tail of a Maxwell distribution can escape.

The escaping flux Φ can be calculated by integrating over the Maxwell distribution f(v)dv

(Seager and Deming 2010; Tian 2015).

Φ =

∫ ∞

vesc

∫ 2π

0

∫ 0

π/2
f(v) cos θ sin θdθdφdv (2.4)

=
nvth
2
√
π

(
v2esc
v2th

+ 1

)
exp

(
−v2esc

v2th

)
(2.5)

∝
√

1/Texo exp

(
− GMpm

kTexorexo

)
(2.6)

where the subscript exo represents the physical quantities at the exobase where the particles

are collisionless due to the low density as expressed in the above equation, and vth is the

thermal velocity. If we consider the hydrogen escape in the earth, we can find that the
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escape flux is Φ ∼ 1010 cm−2 s−1 and the mass-loss rate is ṀH ∼ 105 g/s. Diffusion is a

bottleneck for the real hydrogen escape in the earth because it limits the downward supply

of hydrogen. The mass-loss rate is larger than the real value. We can also find that the

Jeans escape is negligible for heavier elements because the thermal velocity is low. For

example, the thermal velocity of oxygen atoms is about one fourth of that of hydrogen

atoms and the exponential term becomes very small.

We can apply the same procedure for hot Jupiters Mp = MJ , Rp = 1010 cm, T =

10000K. The density is nH = 4 × 106 cm−3 and the mass-loss rate is Ṁp ∼ 104 g/s. This

value is quite smaller than that of hydrodynamic escape rate in the next section. Previous

studies have also investigated the effect of the Jeans escape in the context of hot Jupiters

(Lecavelier des Etangs et al. 2004). They have found that the Jeans escape rates were not

large enough to have an effect on the planetary evolution.

2.1.2 Hydrodynamic escape

Intense radiation from the host star heats the upper atmosphere and the gas expansion

causes the escape. In this process, the planetary gravity cannot stop the hydrodynamic

outflow. We will introduce the detailed heating and cooling processes that determine

the thermo-chemical structure of the atmosphere and the escaping process. Typically,

Extreme-Ultraviolet (EUV;> 13.6 eV) radiation is a dominant heating source in the upper

atmosphere because the upper atmosphere is optically thin for ultraviolet in many cases.

EUV photons photoionize hydrogen atoms and the photoelectrons thermalize into the gas

by the reaction:

H + hν(>13.6 eV) −−→ H+ + e− (2.7)

Not only hydrogen atoms but also metal atoms provide photoelectrons and contribute

to the heating. In this thesis we focus on the gas giants whose upper atmosphere consists

of mostly hydrogen atoms and we only consider the photoionization heating due to the

hydrogen.

The hydrodynamic outflow is similar to the solar corona as discussed by Parker 1958.

The velocity of the outflow becomes supersonic at a critical point. If we consider the

isothermal outflow, the critical point is given by

rs ∼
GMp

2c2s
(2.8)

where cs is the sound speed. The continuity equation and the equation of motion can be
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given as:

4πr2ρv = const (2.9)

v
dv

dr
+

1

ρ

dp

dr
= −GMp

r2
(2.10)

where we assume spherical symmetry. From these equations, we have

1

v

dv

dr

(
1− v2

c2s

)
=

2rs
r2

− 2

r
(2.11)

and this equation has a transonic solution as:

log
v

cs
− 1

2

v2
c2s

+
2rs
r

+ 2 log
r

rs
=

3

2
(2.12)

And we can derive the density profile from the continuity equation:

ρ = ρs exp

(
2rs
r

− 3

2
− v2

2c2s

)
(2.13)

In this solution, the velocity of the gas v is subsonic at r < rs and becomes supersonic at

r > rs. In the case of the solar wind, the velocity reaches the sonic speed at rs ∼ 8× 106

km. In the above equations, we assume the isothermal but the temperature of the real

atmosphere depends on the altitude because of the cooling by the radiation and the gas

expansion.

It is important for understanding the evolution of close-in planets to estimate the mass-

loss rate due to the hydrodynamic escape. Classically the simple well-known equation of the

mass-loss rate equation below (Watson et al. 1981) is widely used for planetary population

synthesis models:

Ṁ = π
ϵFEUV RpR2

EUV

GMp
(2.14)

where ϵ is the efficiency, FEUV is the EUV flux, and REUV is the effective planetary radius

for EUV where the optical depth τEUV becomes ∼ 1. The heating efficiency is about 10%

and does not exceed 25% (Ionov and Shematovich 2015). In the case of the Earth, the

EUV flux is about 1 erg/s/cm2. The flux is proportional to the inverse square of the

orbital separation a−2 and ∼ 400erg/s/cm2 for close-in planets with the semi-major axis

a = 0.05 AU. Such a system to which this formula can be applied is characterized as an

energy-limited system.

From the formula, we can see that the hydrodynamic escape becomes significant for

close-in (the EUV flux is larger) and low-mass (the planetary gravity is weak) planets. The
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effect of the stellar gravity is sometimes also considered in some studies (Erkaev et al. 2007)

because the outflow does not need to escape to infinity, but need to escape the outside of

the planetary Roche lobe. The corrected mass-loss rate is given by

Ṁ = π
ϵFEUV R3

p

GMpK
(2.15)

where K is the parameter which accounts for the tidal effect. Erkaev et al. 2007 showed

that K can be approximated as:

K = 1− 3

2ϵk
+

1

2ϵ3k
(2.16)

ϵk =
RRoche

Rp
(2.17)

where RRoche ∼ a(Mp/3M∗)1/3 is the Roche lobe radius. The formula assumes that the

efficiency is independent of the stellar and planetary properties. In reality, this assumption

is not correct for high FEUV planets. For such planets, the photoionization and recombina-

tion rates are in equilibrium and the system becomes recombination-limited. In this case,

the density at the τEUV = 1 base is mHnHII and the ionization-recombination equilibrium

can be written as

ΦEUVσ0nHI ∼ n2
HIIαrec (2.18)

where αrec is the Case B recombination coefficient (Storey and Hummer 1995) and σ0 is

the photoionization cross section of neutral hydrogen atoms. As a result, the mass-loss

rate for the planet with Mp = 0.7MJ , Rp = 1.4RJ can be given as:

Ṁ ∼ 4× 1012
(

FEUV

5× 105 erg cm−2 s−1

)1/2

g s−1 (2.19)

There are many theoretical models to investigate the hydrodynamic escape of hot

Jupiters (Lammer et al. 2003; Yelle 2004; Garćıa Muñoz 2007; Murray-Clay et al. 2009; Tri-

pathi et al. 2015). The physical conditions that separate the two regimes, the energy-limited

and the recombination-limited, will be explained in Chapter 5. We will also construct the

analytical model of the escape due to the EUV heating including the stellar gravitational

effect in the later part of the thesis.

Heavier elements can also escape by being carried with the outflow, in contrast to the

Jeans escape. This process dominates the mass-loss rate of close-in planets. The stellar

surface activities are related to the EUV emission, and the EUV flux from the photosphere
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is small for many stars. The chromospheric and coronal emission dominate the high-

energy flux from the solar-type star (Güdel 2004; Jardine et al. 2006). The EUV flux

determines the mass-loss rate of close-in planets but it is difficult to determine the flux

from observations. In general, young stars are active and the mass loss due to the EUV

flux is significant in young systems. The observational study has revealed the relationships

between the stellar age and the EUV luminosity LEUV (erg/s) as shown in Sanz-Forcada

et al. 2011.

logLEUV = (29.12± 0.11)− (1.24± 0.15) log τ (2.20)

where τ is the stellar age in Gyr. If we assume the mass-loss rate can be written as in

Equation 2.15,
∫
Ṁdt ∝ τ−0.24. The intense photoevaporation takes place in young systems

and the accumulated mass loss is dominated by the mass loss in young age. The X-ray

luminosity is also used to estimate the EUV luminosity, since it is related to the stellar

surface activity. The X-ray luminosity of very young stars can be given as Jackson et al.

2012:

LX

Lbol
=

{
(LX/Lbol)sat (t < tsat)

(LX/Lbol)sat(t/tsat)−α (t > tsat)
(2.21)

where LX , Lbol are the X-ray luminosity and the bolometric luminosity of the stars and

(LX/Lbol)sat is the X-ray to bolometric luminosity ratio at the stellar age t = tsat. They

found that tsat ∼ 108year,α ∼ 1.2 in FGK stars. EUV luminosity is difficult to observe but

it may be saturated in very young stars such as pre-main-sequence stars. In the planets

of the early solar system, the hydrodynamic escape thus may be important and dominant

in mass-loss rates. In the early Venus, the hydrodynamic escape of hydrogen may occur

because of the high water mixing ratio and the intense high-energy flux from the young

sun (Kulikov et al. 2006). It is also important to note that in such cases, in contrast to the

Jeans escape, heavy elements such as oxygen may also be dragged by the escaping outflow

of hydrogen atoms and alter the evolution of the atmospheric composition of early rocky

planets.

Far-ultraviolet (FUV; < 13.6 eV) photons can also heat the atmosphere but this effect

has not yet been investigated. The stellar FUV luminosity depends strongly on the spectral

type of the star. The stellar spectrum can be approximated by blackbody radiation, but

differs slightly from blackbody radiation due to absorption and emission in the stellar

atmosphere. The contribution of the chromosphere to the FUV is dominant for cool stars,

and the photosphere dominates in hot stars (Figure 2.1). The FUV luminosity of 10000 K

stars is 4-5 orders of magnitude larger than that of solar-like stars. The FUV heating may
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be important for close-in planets around a hot star but has not been studied because of

the small number of such planets. Such planets around hot stars have been found in recent

observations (e.g. KELT 9b; Gaudi et al. 2017, KELT-20b; Lund et al. 2017) and detailed

radiation hydrodynamics simulations are needed to reveal the escape process in such an

extreme environment. We introduce FUV photoheating processes in the upper atmosphere

of hot Jupiters and the hydrodynamics simulations with the FUV heating processes in the

Chapter 3.

Fig 2.1: Stellar photospheric spectra of a hot star at 1AU (Blue, Teff = 10000K), a solar-
type star (Yellow, Teff = 5800K), and a cool star (Red, Teff = 3000K) at 1 AU. The arrow
shows the range of FUV wavelength (6eV - 13.6 eV). The spectra is calculated the data
from Husser et al. 2013.
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Fig 2.2: Schematic figures of thermal escape processes. In (a) Jeans escape, some particles
with enough velocity can escape but particles in lower atmosphere cannot escape due to
the collisions. In (b) hydrodynamic escape, the gas expansion due to the radiation heating
drives the escaping outflow.

2.1.3 Magnetic field effect

The planetary magnetic field can affect the escaping outflow because the outflow can be

highly ionized due to the photoionization of hydrogen atoms by the intense EUV radiation

from the host star (Trammell et al. 2014). If the planet has a strong dipole magnetic field

and the field is closed at low latitudes, the atmosphere can escape only at high latitudes

where the field is open. Owen and Adams 2014 has introduced a dimensionless parameter

that represents the ratio between the ram pressure of the outflow and the magnetic field

pressure as:

Λp =
2Ṁpv

B2
pr

2
(2.22)

∼ 2× 10−4 ×
(

Ṁp

1010 g/s

)(
vp

10 km /s

)(
Bp

1G

)−2

×
(

Rp

1010 cm

)−2( r

Rp

)4

(2.23)

where vp is the velocity of the outflow and Bp is the planetary magnetic field at the surface.

When the planetary magnetic field is strong enough Bp > 0.1G, the outflow is controlled

not only by stellar UV heating but also by the planetary magnetic field. In such a strong

magnetic field environment, the mass-loss rates of planets are reduced by about an order

of magnitude (Owen and Adams 2014; Khodachenko et al. 2015). We will focus on the

non-magnetized environments due to the uncertainty of the magnetic field of exoplanets.

The shape and the strength of the magnetic field of exoplanets are still unknown but should
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be investigated by detailed magnetohydrodynamics simulations with radiative transfer in

future studies.

2.2 Transit observations of atmospheric escape

Not only the planet itself but also the existence of the atmospheric escape can be ob-

served using the transit method. The effective radius of a planet depends on the observed

wavelength and we can use the different wavelengths to follow the vertical structure of the

atmosphere. The extended atmosphere beyond the Roche radius represents the existence of

the escape. If the escaping atmosphere outside the Roche lobe absorbs the stellar photons,

then the transit depth becomes

δ >

(
RRoche

R∗

)2

(2.24)

The absorption due to the extended atmosphere can be detected in some lines. The

Lyman-α line flux from the host star is commonly used to detect such an extended atmo-

sphere because of its large transit depth. Such Lyman-α absorption was first detected by

Vidal-Madjar et al. 2003 in HD209458b after its first discovery by the transit method. The

absorption is also detected in the Neptune-mass planet GJ436b (Ehrenreich et al. 2015).

The Lyman-α transit depth is large because the cross-section σLyα = 6 × 10−14 cm−2

(Hansen and Oh 2006) is large and the density at the point where the optical depth be-

comes unity can be given as:

nHI ∼
1

σLyαRp
∼ 2× 102 cm−3

(
Rp

RJ

)−1

(2.25)

In some observations, the absorption due to the tail-like escaping atmosphere after the

transit has been observed (Bourrier and Lecavelier des Etangs 2013; Ehrenreich et al. 2015).

Figure 2.3 shows a schematic picture of the absorption of the escaping atmosphere and the

transit spectrum. The Lyman-α from the host star is absorbed by neutral hydrogen gas

in the interstellar medium (ISM) in its line center and we cannot detect the transit in the

center but can detect only the absorption in the blue/red wing. Typically, the significant

absorption can be seen at ∼ 100 km s−1 in the transit. The typical sound speed of the 104K

gas is ∼ 10 km s−1 and the acceleration mechanisms are required. There are two possible

mechanisms to explain such high-velocity absorption. One is the radiation pressure from

the host star. Some simulations have succeeded to reproduce the high-velocity absorption

(Bourrier and Lecavelier des Etangs 2013; Beth et al. 2016). Another scenario is the charge
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exchange with the stellar wind. The high-energy protons in the wind become rapid neutral

hydrogen atoms through the charge exchange process. Some hydrodynamics simulations

show that both charge-exchange and the radiation pressure are important to explain the

observed absorption signals (Tremblin and Chiang 2013; Bourrier et al. 2016). The details

of the line spectrum are not well understood and the origin of the acceleration is still

unknown. Detailed radiation hydrodynamics simulations of the planetary outflow can

reveal the origin. The Lyman-α observations have revealed the post-transit absorption

due to the absorption of the escaping atmosphere and such absorption after transit is the

evidence for the tail-like structure of the neutral hydrogen atmosphere.

Recent observations have also revealed the non-detection of the Lyman-α absorption

in close-in planets that may receive the intense EUV radiation (Rockcliffe et al. 2021).

The existence of such systems suggests that the planet has already lost the primordial

hydrogen and helium atmosphere, or that some unknown factors prevent the absorption

by the outflow (e.g. high EUV flux also photoionizes the escaping neutral hydrogen or

strong stellar wind confines the escaping outflow).

Fig 2.3: Schematic figure of the transiting planet with escaping atmosphere (left) and the
Lyman-α transit observations (right). The blue curve shows the Lyman-α flux from the
star before the transit and the orange curve shows the flux during transit and after transit.
In the line center, the ISM absorbs the stellar flux (shaded region).
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The Lyman-α line emission is difficult to observe in many systems although the transit

depth itself is large because the space telescope is required. Recently, some other lines have

been proposed to study atmospheric escape. Helium transits become major for searching

the escaping atmosphere. The 10833 Å absorption due to the excited metastable helium

has been proposed (Oklopčić and Hirata 2018) and used for this purpose. The 10833 Å

photons excite helium atoms to the 23S level of which the transition probability is low

because the radiative decay is forbidden. The important point is that we can measure the

absorption using ground-based telescopes rather than space telescopes and high-resolution

spectroscopy may be possible. Transit observations of these lines sometimes do not directly

detect the escaping atmosphere but provide the information about the escaping atmosphere.

We also explain more details and discuss the helium line in the later chapter. Other UV

metal lines also show large transit depths in close-in planets (e.g. OI and CII in HD209458b

Vidal-Madjar et al. 2004) and can be used to study the structure of the upper atmosphere.

2.3 The effects of atmospheric escape on the planetary evo-
lution

The atmospheric escape process is important for understanding the evolution of close-in

exoplanets. The mass loss due to the escape changes the planetary mass evolution and

affects the democracy in the case of close-in planets.

Recent observations have found that the number of close-in planets with radius Rp ∼
1.5R⊕ − 2R⊕ is small. This statistical property is called the photoevaporation valley and

the atmospheric escape process can be an origin of the bimodality. Figure 2.4 shows the

size distribution of the planets. We can find the scarcity of planets with Rp ∼ 2R⊕. We

have removed some planets as discussed in Fulton et al. 2017 to avoid contamination of

less well-observed planets. We removed the planets with host large magnitude (m > 14.2)

of the host star and with a long orbital period (P < 100 day). We also removed planets

with the large impact parameter b > 0.7 because the uncertainty of the planetary radius

increases due to the influence of the limb-darkening when b is large. The total number of

filtered planets in the figure is 1062.
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Fig 2.4: Size distribution of planets. The valley exists around Rp ∼ 2R⊕. The number of
filtered planets is 1062.

Some studies (Owen and Wu 2013, 2017; Owen 2019) have argued that this valley can

be explained by the hydrodynamic escape due to the UV heating. They found that the

mass-loss timescale Matm/Ṁp as a function of the atmospheric mass fraction f = Matm/Mp

has a local minimum around f ∼ 1 and a local maximum around f ∼ 0.01. When the

atmospheric mass fraction f is large enough, the atmosphere doubles the planetary radius

and increases the absorption of the UV flux. The mass loss timescale then becomes short.

This trend continues until the self-gravity of the atmosphere can reduce the radius. The

number of planets around f ∼ 1 is small due to the short timescale. Recently, the core-

powered mass loss has also been proposed as the origin (Ginzburg et al. 2018; Gupta and

Schlichting 2019; Gupta et al. 2022). In the core-powered scenario, the heat due to the

planetary formation drives the escape. This process also drives hydrodynamic escape but
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the driving heating source is different from the classical hydrodynamic escape. There are

two regimes in the core-powered mass loss. The first regime is the energy-limited regime

and the mass-loss rate can be given as:

ṀE
core ∼

Lrcb

gRp
(2.26)

where Lrcb is the planetary luminosity at the radiative-convective boundary Rrcb. As the

core of planet cools, the mass-loss rate above becomes small. In the Bondi-limited regime,

the mass-loss rate is given as:

ṀB
core = 4πR2

scsρrcb exp

(
− GMp

c2sRrcb

)
(2.27)

The minimum value of the two mass-loss rates is the physical upper limit of the mass-

loss rate of the core-powered mass loss. It is difficult to distinguish between the effect of

the UV-driven escape and the core-powered mass loss because the mass-loss rate in both

scenarios depends on the stellar luminosity. The main difference is that the core-powered

mass loss can be significant in the young planets and the classical escape due to UV heating

can explain the existence of the outflow around old planets. We will focus on the classical

hydrodynamic escape and neglect the core-powered mass loss because the observed transit

signals are detected not only in young systems but also in old systems.

The impact of the atmospheric escape is also important in the evolution of the Jupiter-

mass giant planets (Kurokawa and Nakamoto 2014). The strong gravity of the giant planets

suppresses the intense mass loss, and the planets may not lose entire of the atmosphere

during the host star’s lifetime. In the case of relatively low-mass planets, the mass loss

process has a strong influence on the evolution.

The probability of a transit can be written as

P(transit) ∼ R∗
a

∝ P−2/3 (2.28)

and we may find more short period planets due to the observational bias. However, we

notice a dearth of planets with mass Mp < MJ and short period P < 5 day (Figure 2.5,

Szabó and Kiss 2011; Mazeh et al. 2016). This implies the planetary formation/evolution

in such systems reduce the probability of the existence.
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Fig 2.5: The observed close-in exoplanets in the period-mass plane. The desert exists
around relatively light(Mp < MJ) and short period (less than a few days).

Recent studies show that the statistical properties of close-in planets depend on the

temperature and metallicity of the host star (Szabó and Kálmán 2019). The boundary of

the desert depends on the temperature of the host star. In the case of cool host stars, the

boundary of the period is around 9 days, and 21 days in the hot stars. The metallicity also

has an impact on the desert. Around the desert, three-quarters of the planets are found

around high-metallicity stars and have short orbital periods (∼ 10 days). Low-metallicity

planets tend to have longer periods. These stellar temperature and metallicity dependencies

are found around the desert and are not found outside of the desert. These features suggest

that the stellar temperature and metallicity are important parameters that determine the

formation and evolution of planets and that the observational bias may not be the origin.

The EUV luminosity weakly depends on the stellar temperature, and the photoioniza-
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tion heating rate is independent of the metallicity of the systems because the photoioniza-

tion of hydrogen atoms itself is independent of the metal elements. The metal elements

can cool the atmosphere by radiative coolings and reduce the effective heating rate. The

previous outflow models with EUV photoionization are not sufficient to understand the

mass-loss process. The radiation hydrodynamics simulations with FUV heating are neces-

sary to understand the general systems.

2.3.1 The effects of the atmospheric escape on the planetary orbital evo-
lution

The mass loss due to the intense radiation has impact on not only the planetary mass

evolution but also on the orbital evolution of close-in planets (Jackson et al. 2016; Fujita

et al. 2022). The orbital angular momentum can be given as

L ∼ Mp

√
GM∗a (2.29)

and the time derivative of L is given as

L̇

L
=

Ṁp

Mp
+

1

2

ȧ

a
(2.30)

We can find that the time derivative is positive and that the planetary orbit expands

with time. If we assume the time derivative of the angular momentum of the system as

L̇ = (1− χ)Ṁpa2Ω, we obtain

ȧ

a
∼ −2χ

Ṁp

Mp
− (1− χ)

Ṁp

M∗
(2.31)

We can see that the time derivative is positive regardless of the parameter 0 < χ < 1. The

parameter χ represents the fraction of the angular momentum conserved in the system

and depends on the geometry of the escaping outflow. We can neglect the mass loss of

the host star during the main sequence whose mass loss is not significant. Note that

as the star evolves and the mass loss becomes significant, the orbital expansion due to

the change in the stellar mass becomes important. If we assume the typical hot Jupiter

Mp = MJ , Ṁp = 1011g/s, a = 0.05AU around a solar type star M∗ = M⊙ and χ = 0.5,

the time scale of the migration is about 6 × 1011 year. Thus, this type of migration is not

significant in the typical hot Jupiters. The mass loss due to EUV photoionization heating

leads to ∼ 10% orbital expansion in Gyr in the case of the super earth.
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The escaping atmosphere may accumulate and form a torus around the host star. The

mass of the torus can be given as:

Mt = 2π

∫
drrΣ (2.32)

where Σ is the surface density of the torus. The theoretical calculation has found that the

surface density around the planet is about ∼ 0.01 g cm−2 (Kurbatov and Bisikalo 2021).

The tidal interaction between the torus and the planet also plays an important role in the

orbital evolution. This migration is similar to the migration in the protoplanetary disk

which might be the origin of the formation of close-in gas giant planets. In addition to the

mass-loss effect in the above equation, such a tidal interaction may cause the migration of

close-in planets.

The time derivative of angular momentum can be written using the tidal torque τ

(Papaloizou and Terquem 2006) as:

L̇ = −2π

∫ ∞

r′
drrΣτ (2.33)

τ =
C0

π

G2M2
pa

(r′ − a)2
Ωp − Ω

(aΩp − r′Ω)3
(2.34)

The 1D simulation has found that the initial orbit 0.3 AU may become 0.047 AU

through the tidal interaction. We will discuss such orbital evolution with mass loss due to

the photoionization heating in the upper atmosphere in Chapter 5. This type of migration

has a significant effect on the orbital evolution of close-in gas giant planets that can supply

enough sufficient gas to the torus, but may not be important for rocky planets that cannot

retain a primordial atmosphere. To understand the statistical properties of hot Jupiters,

detailed models of orbital evolution with the planetary mass loss and the torus due to the

accumulation of the atmospheric escape are also required.

2.4 Summary

We summarize the current understanding of the atmospheric escape in exoplanets. There

are many possible escape processes, but hydrodynamic escape is a dominant process for

close-in planets. In this process, the heating in the upper atmosphere due to the intense

radiation from the host star drives the hydrodynamic outflow. The outflow structure and

the mass-loss rate depend on the UV radiation. Previous studies have focused on the EUV
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photoionization heating of hydrogen atoms. FUV heating has not been investigated, but it

can be significant around hot stars which emit intense FUV radiation from the photosphere.

We can observe the escaping outflow from their transit signatures. The Lyman-α

absorption is a classical line absorption to observe the existence of the outflow. The large

cross-section allows us to detect the thin upper atmosphere. The absorption signal can

be detected even after the transit of some close-in planets, indicating the existence of the

outflow. Recent observations have found the close-in planets with Lyman-α non-detection.

The origin of such non-detection and the quantitative condition that determines the physics

and the existence of absorption are still unknown.

The atmospheric escape process is a key process for understanding the observed prop-

erties of exoplanets and determines the evolution of the close-in planets. The sub-Jupiter

desert and the radius valley are thought to be the result of the mass loss due to the UV

radiation from the host star. The radiative hydrodynamics simulation gives us the detailed

thermo-chemical structure to investigate the observational signals and the mass-loss rates

that determine the planetary evolution.



Chapter 3

Radiation hydrodynamics
simulations of the escaping process
with FUV heating

In this chapter, we describe our radiation hydrodynamics simulations of the atmospheric

escape of hot Jupiters. We discuss the effect of FUV heating on the atmospheric escape in

this chapter. FUV heating may be significant in close-in planets around hot stars which

have been discovered recently. The multi-dimensional radiation hydrodynamics simulations

in Chapter 3 and Chapter 4 were carried out on Cray XC50 at Center for Computational

Astrophysics, National Astronomical Observatory of Japan.

3.1 Methods: Radiation hydrodynamics simulations of at-
mospheric escape of hot Jupiters

We develop the radiation hydrodynamic code with multi-species chemistry (Nakatani et al.

2018a,b; Mitani et al. 2020, 2022) using the public hydrodynamic code PLUTO (Mignone

et al. 2007). Our code is also used for other objects (e.g. protoplanetary disks, Nakatani

et al. 2018a,b, minihalos, Nakatani et al. 2020). We summarize the implemented physics

in our code. We choose a hot Jupiter around a hot A-star as a fiducial setting to inves-

tigate intense FUV heating effect on the atmospheric escape and the planetary evolution

(Table 3.1). Recent observations have found such exoplanets, such as KELT-9b. In the

case of KELT-9b, the temperature of the host star is about 10000 K. We assume 2D ax-

isymmetry in our simulation to follow the structure and to save computational cost. In the

radiation hydrodynamics simulations, we have to solve the hydrodynamic equations with

25
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the radiative transfer. The equations are

∂ρ

∂t
+∇ · ρv⃗ = 0 (3.1)

∂ρvR
∂t

+∇ · (ρvRv⃗) = −∂P

∂R
− ρ

∂Ψ

∂R
(3.2)

∂ρvz
∂t

+∇ · (ρvz v⃗) = −∂P

∂z
− ρ

∂Ψ

∂z
(3.3)

∂E

∂t
+∇ · (Hv⃗) = −ρv⃗ ·∇Ψ+ ρ(Γ− Λ) (3.4)

where ρ, v⃗, P,Ψ are gas density, velocity, pressure, and gravitational potential of the star

and planet including the centrifugal force term. We configure plane-parallel stellar radi-

ation coming from the negative z direction (Figure 3.1). Because the mass of the upper

atmosphere is considerably lower than that of the planet, we ignore its self-gravity. The

relevant heating (Γ) and the cooling (Λ) rates which change the total energy and enthalpy

of the gas per unit volume E,H. We also follow non-equilibrium chemistry

∂nHyi
∂t

+∇ · (nHyiv⃗) = nHRi (3.5)

where yi = ni/nH and Ri represent the abundance and the reaction rate, respectively. The

implemented reactions and their rates are given in Table 3.2. The potential is given as:

Ψ = −GMp

r
− GM∗

r∗
− 1

2

GM∗r2∗
a3

(3.6)

We use the equation of state

e =
kT

µmH(γ − 1)
(3.7)

P =
ρkT

µmH
(3.8)

We calculate the mean molecular weight neglecting heavy elements:

γ = 1 +
yHI + yHII + yH2 + ye

3
2yHI +

3
2yHII +

5
2yH2 +

3
2ye

(3.9)

The total energy and enthalpy of the gas per unit volume E,H can be given as:

E =
1

2
ρv2 (3.10)

H = E + p (3.11)
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The computational domain is defined on a region with R = [0, 4] × 1010 cm and z =

[−4, 4]×1010 cm. The domain is configured with the numbers of cells (NR, Nz) = (480, 960).

To solve the equations, the boundary conditions and the initial conditions are required.

We use the isothermal hydrostatic atmosphere as the initial condition. In the isothermal

hydrostatic atmosphere, from the balance between the pressure gradient and the planetary

gravity, we get the density profile as:

ρ(r) = ρp exp

[
GMp

c2s

(
1

r
− 1

Rp

)]
, (3.12)

where r, ρp and cs are the radius measured from the center of the planet, the density

at the surface of the planet (r = Rp), and the sound speed at the surface, respectively.

The innermost atmosphere should not affect the dynamical structure of the upper escaping

outflow. We fix the temperature and the density in the inner boundary at every time

step to avoid non-physical inflow/outflow. The pressure gradient is larger in the inner

region. We set the inner boundary region to save the computational cost. We check that

the structure of the atmospheric escape is almost independent of the location of the inner

boundary and the resolution.

We also set the outer boundary conditions to avoid the unphysical accumulation of

escaping gas. The density contrast is set to unity at the outer boundary. At the symmetry

axis, we use conventional reflective axisymmetric boundary conditions.

Fig 3.1: Schematic figure of our simulations. The host star is placed outside the computa-
tional domain and the planet is placed at the center of the domain.
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Table 3.1: Model parameters in the fiducial run

Stellar parameters
Stellar Mass M∗ 3M⊙
Stellar Radius R∗ 1.6R⊙
Stellar EUV photon emission rate 4.4× 1038 photons/s
Stellar FUV luminosity 1.5× 1034 erg/s
Planetary parameters
Planet Mass Mp 0.3 MJ

Planet Radius Rp 1RJ

Semi-major axis a 0.045 AU
Metallicity Z 0.1Z⊙
Dust-to-gas mass ratio 0.001

Table 3.2: Reactions and rate coefficients in our simulations. TeV is the gas temperature
in eV and T is the gas temperature in K.

Reaction Reaction Rate Coefficient
H + e −−→ H+ + 2 e exp(−32.71396786+13.536556 lnTeV−5.73932875(lnTeV)2+

1.56315498(lnTeV)3 − 0.2877056(lnTeV)4 + 3.48255977 ×
10−2(lnTeV)5 − 2.63197617 × 10−3(lnTeV)6 + 1.11954395 ×
10−6(lnTeV)7 − 2.03914985× 10−6(lnTeV)8)

H+ + e −−→ H+ γ exp(−28.6130338 − 0.72411256 lnTeV − 2.02604473 ×
10−2(lnTeV)2 − 2.38086188 × 10−3(lnTeV)3 − 3.21260521 ×
10−4 lnTeV)4 − 1.42150291 × 10−5(lnTeV)5 + 4.98910892 ×
10−6(lnTeV)6 + 5.75561414times10−7(lnTeV)7 −
1.85676704× 10−8(lnTeV)8 − 3.07113524× 10−9(lnTeV)9

H+H+ −−→ H +
2 + γ 10−19.38−1.523 log10 T+1.118(log10 T )2−0.1269(log10 T )3

H +
2 +H −−→ H2 +H+ 6.4× 10−10

H2 +H+ −−→ H +
2 +H 3.0× 10−10 exp(−2.1050× 104/T )

H2 + e −−→ 2H + e 4.4× 10−10T 0.35 exp(−1.02× 105/T )
H2 +H −−→ 3H k1−a

H kaL, kL = 1.12× 10−10 exp(−7.035× 104/T ), kH = 6.5×
10−7T−1/2 exp(−5.2×104/T )(1− exp(−6000/T )), a = 4.0−
0.416 log10(T/10

4)− 0.327(log10(T/10
4))2

H +
2 + e −−→ 2H 2.0× 10−7T−1/2

3H −−→ H2 +H 5.5× 10−29T−1

2H + H2 −−→ 2H2 5.5× 10−29T−1/8
2H2 −−→ 2H + H2 k1−a

H kaL, kL = 1.18 × 10−10 exp(−6.95 × 104/T ), kH =
8.125×10−8T−1/2 exp(−5.2×104/T )(1−exp(−6000/T )), a =
4.845− 1.3 log10(T/10

4) + 1.62(log10(T/10
4))2

2H −−→ H+ + e + H 1.7× 10−4k1
H− +H −−→ H2 + e 4.0×10−9T−0.17 for (T > 300K), 1.5×10−9 for (T < 300K)



3.2 Heating and cooling processes 29

3.2 Heating and cooling processes

The heating rate Γ and the cooling rate Λ determine the thermal structure of the upper

atmosphere. We describe the heating/cooling rate implemented in our simulation code

in this section. We also explain the atmospheric structure of our simulations with FUV

heating in the heating section.

3.2.1 Cooling processes

The cooling processes also determine the thermo-chemical structure and the escaping out-

flow. We consider several radiative cooling processes in the model. The most important

radiative cooling process is the radiative recombination cooling. The electron energy is lost

by the recombination of the hydrogen ions and the cooling rate can be written by

Λrec =
2

3
kT Rrec ne nH+ (3.13)

where Rrec is the rate coefficient of the recombination (Spitzer 1978). The Lyman-α cooling

due to the collisional excitation can be given as:

ΛLyα =

(
7.5× 10−19e−118348K/T

1 +
√

T/100000K
erg cm−3 s−1

)
nenH (3.14)

Previous models have found that the Lyman-α cooling dominates the recombination cooling

(Murray-Clay et al. 2009) and we also check that Lyman-α cooling is the dominant cooling

process in our simulations. We also compute the OI line cooling which can contribute to

the total cooling rate in the atmosphere. The cooling rate can be given as:

ΛOI = ΣjxjΣAji∆Eji (3.15)

where xj is the population of level j, and Aji,∆Eji are the Einstein coefficient and the

transition energy of j → i transition. We calculate the level population by the statistical

equilibrium:

xiΣj ̸=icij = Σi ̸=jxjcji (3.16)

We can calculate cji from the collisional excitation/de-excitation rate (Osterbrock and

Ferland 2006; Santoro and Shull 2006). We find that the metal line cooling is not significant

in the total cooling rate unless the metallicity of the atmosphere is significantly large.
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In the planetary outflow, not only the radiative cooling processes but also the adiabatic

cooling is significant. The cooling rate can be given as:

Λadi = −P
d

dt

1

ρ
, (3.17)

The expansion of the gas causes the adiabatic cooling. This cooling is also called PdV

cooling in the context of the atmospheric escape. The cooling rate dominates in the upper

region of the outflow and the process cools the gas.

3.2.2 EUV heating

The EUV heating can drive the escape and it is a unique radiative heating process in

many previous studies. The radiative transfer for EUV photoionization of hydrogen can

be written as:

Fν(a) =
Φν

4πa2
exp(−σνNHI) (3.18)

where a is the distance to the host star, ν is a frequency of photons, Fν is the EUV flux,

and σν is the absorption cross section. The column density of the neutral hydrogen is given

as:

NHI =

∫
drnHI (3.19)

where nHI is the number density of the neutral hydrogen. The absorption cross section can

be written as Osterbrock and Ferland 2006:

σν = 6.3× 10−18

(
hν

hν1

)−3

cm2 (3.20)

where hν1 = 13.6 eV and the photoionization rate and heating rate are given as:

Rion =
nHI

nH

∫ ∞

ν1

dνσνFν (3.21)

ΓEUV =
1

ρ
nH

∫ ∞

ν1

dνσνh(ν − ν1)Fν (3.22)

The flux depends on the spectral shape. We assume the blackbody spectra and the tem-

perature is 104 K. We find that the results are almost independent of the temperature of

the blackbody. In our code, we use the luminosity of the EUV photons ΦEUV ( s−1) as a

parameter. In previous studies, X-ray radiation also contributes to the heating rate in the

same process. Such heating due to the high-energy radiation is significant in young systems

with high X-ray luminosity. In this study, we focus on the observed typical hot Jupiters

and we neglect the heating due to the X-ray. We have checked the atmospheric structure

with the EUV heating and found that the structure was consistent with previous studies.
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3.2.3 FUV heating

Far-ultraviolet photons can also heat the atmosphere and contribute to the escape. FUV

photons cannot photoionize hydrogen atoms. There are several FUV heating processes that

may contribute to the heating in the atmosphere. We introduce three heating processes

that might be a dominant heating source in the upper atmosphere and the results of

the simulations with each heating process. In this section, we show the results of our

simulations with FUV heating and discuss the physical conditions which determines the

FUV heating effect on the atmospheric escape.

The first FUV heating process is the photoelectric heating of the dust grains. This

process affects the structure of ISM and widely known in the context of the ISM. In this

process, the dust grains provide photoelectrons and the photoelectrons thermalize into

gas. The existence of dust grains is necessary for this process. The size distribution and

the amount of dust grains in the upper atmosphere are not known. We assume the ISM-

like dust properties as a fiducial case and investigate the dust amount dependence. We

implement the photoelectric heating rate of Bakes and Tielens 1994:

Γpe = 10−24 ϵpeGFUVnHZ/Z⊙ ergs s−1 cm−3 (3.23)

ϵpe =
4.87× 10−2

1 + 4× 10−3(GFUV

√
T/ne)0.73

+
3.65× 10−2(T/104 K)0.7

1 + 2× 10−4GFUV

√
T/ne

(3.24)

where ϵpe is the heating efficiency that depends on the gas temperature T , electron density

ne and local normalized FUV flux GFUV, and nH is the hydrogen nuclei number density.

In our code with FUV photoelectric heating, we use the FUV flux defined by GFUV =

FFUV exp(−1.8AV)/(1.6×10−3 erg s−1 cm−2), where FFUV is the FUV flux in erg s−1 cm−2,

and AV = 5.34 × 10−22NH(Z/Z⊙)mag cm2 is the visual extinction. The efficiency of the

photoelectric heating depends on the size distribution of the dust grains and the UV spectral

shape.
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Fig 3.2: The snapshots of the fiducial planet with FUV photoelectric heating at t = 1.2 days
(top), t = 5.8 days (middle), and t = 23days (bottom). The FUV flux is injected from the
left side of the panel. In each panel, the upper half shows the density profile and the lower
half shows the temperature profile, and the arrows show the gas velocity field.
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Figure 3.2 shows the snapshots of the simulations with FUV photoelectric heating.

The system reaches a quasi-steady state within a few days after the initial condition. The

dynamical timescale is much shorter than our computational time. We find that the FUV

photoelectric heating can drive the atmospheric escape. Figure 3.3 shows the time-averaged

radial profiles of the fiducial case. We can see that the FUV heating rate dominates the

heating and the cooling due to the gas expansion dominates the cooling.

In this process, the existence of the dust grains like PAHs in the upper atmosphere is

required. In our simulations, the gas temperature reaches ∼ 104K, above the sublimation

temperature of graphite of ∼ 2200K at nH ∼ 1013 cm−3 (Baskin and Laor 2018). Thus the

sublimation of the dust grains can reduce the photoelectric heating and suppress the mass-

loss outflow driven by the FUV radiation. In the planetary outflows where the temperatures

are ∼ 104K, the collision with the helium atoms can sputter the carbon of the PAHs

(Micelotta et al. 2010). The lifetime of PAHs can be estimated from the results of Micelotta

et al. 2010:

τPAHs =
NC

RT
∼ 106−10s (3.25)

where RT is the rate coefficient for collisional destruction. We should also consider the

dust formation rate. Theoretical chemical calculations (Morley et al. 2012; Lavvas and

Koskinen 2017) show that the dust formation rate in the upper atmosphere is low. Thus,

the dominant dust supply process is transport from the inner region. The small dust

grains which can contribute to the FUV photoelectric heating rate in our simulations can

be dragged by the upward outflow. The drag force exerted on a moving grain in a gas with

temperature T and number density n is given by

Fdrag ≈ 2πa2gkTn× 8s

3
√
π

(
1 +

9π

64
s2
)
, (3.26)

where ag is the grain radius and s =
√

µv2/2kT with µ is the mean molecular mass (Baines

et al. 1965; Draine 2011). Equating the drag force to the gravitational force, we derive

GMpMd

r2
× 3

√
π

16πa2gkTn
= s

(
1 +

9π

64
s2
)

> s =
√

µv2/2kT

(3.27)

Hence, if the atmosphere is escaping at a speed greater than

vc = 10.1m s−1 ×
(
Mp

MJ

)(
r

RJ

)−2( ag
10Å

)

×
(

ρd
3 g cm−3

)( n

1012 cm3

)−1
(

T

103K

)−1/2( µ

mp

)−1/2

,

(3.28)
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the dust grains can be transported to upper layers by the drag force. This lifetime should

be compared with the hydrodynamical timescale, the sound crossing time of τ = Rp/cs ∼
104 s. Clearly, the destruction of PAHs is unimportant in the escaping atmosphere of the

hot Jupiters we study here.

Fig 3.3: The radial profile of the fiducial atmosphere with dust photoelectric heating. In
the upper panel, the radial profiles of physical quantities are shown. In the bottom panel,
the heating and cooling rates in our simulation are shown. The solid curves show the
heating rates and the dashed curves show the cooling rate profiles.
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Fig 3.4: The schematic figure of pumping process. Lyman-Werner photons excite molecular
hydrogens. Excited hydrogens are either photodissociated or de-excited by collision.

The second one is the heating through H2 pumping process. The Lyman-Werner pho-

tons (11.2 eV-13.6 eV) excite the molecular hydrogens. The excited H2 are dissociated

or de-excitated through collision (Figure 3.4). The photodissociation and collisional de-

excitation heat the atmosphere.

About 10 % of the excited hydrogen molecules dissociate. We also calculate the pho-

todissociation of H2. The heating rate of H2 photodissociation is given by:

Γdiss = ∆EdissRdissnH2
, (3.29)

where Rdiss represents the photodissociation coefficients (Draine and Bertoldi 1996).

Rdiss ∼ 4× 10−11GFUVβnH2
s−1 (3.30)
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Fig 3.5: Snapshots of the fiducial planetary atmosphere at t = 1.2days (left), t = 5.8days
(middle), and t = 12days (right). Radiation from the central star are injected from left
side of the figure. In each panel, the upper half shows the H2 abundance and the lower
half shows the temperature profile, and the arrows show the velocity of the gas.

where GFUV is the local FUV flux normalized by 1.6 × 10−3 erg/cm/s and β is the self-

shielding factor given by:

β =

⎧
⎨

⎩
1 (NH2

< N0)(
NH2
N0

)−0.75
(NH2

> N0)
(3.31)

where NH2
represents the column density of the molecular hydrogen and N0 = 1014 cm−2.

The heating rate of the collisional de-excitation is also given by:

Γpump = ∆E∗(9Rdiss)

(
1 +

ncr

nH

)−1

nH2
, (3.32)

where ncr is the critical density. In general, the heating rate of the de-excitation is 1-2

orders of magnitude larger than that of the photodissociation and the heating through the

photodissociation has only a small contribution to the total heating rate. Figure 3.5 shows

the planetary atmosphere with FUV heating through H2 pumping process. The heating

through H2 pumping can drive the atmospheric escape as well as the FUV photoelectric

heating of dust grains.

The last FUV heating process is Balmer absorption (Garćıa Muñoz and Schneider 2019).

The photoionization of the excited hydrogen atoms at the n = 2 level causes the heating.

This process has been investigated in the simulation of KELT-9b which is a known hot

Jupiter around the hottest star. In the Balmer absorption process, the excited hydrogen

atoms absorb low-energy ultraviolet photons and the photoelectrons thermalize into gas.

The photoionization rate coefficient of n = 2 → ∞ is 7 orders of magnitude larger than that
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of n = 1 → ∞ in the planetary atmosphere around hot stars due to the strong radiation

(Garćıa Muñoz and Schneider 2019). Theoretical simulations show that the heating due

to the Balmer absorption is significant for planets around hot stars. The heating rate can

be given as:

ΓBalmer =
1

ρ
n2

∫ ∞

ν1

dν σνh(ν − ν1)Fν (3.33)

where σν is the photoionization cross section and hν1 = 3.4 eV. We use the stellar spectra

of Husser et al. 2013 for Fν . We can assume the optical depth τbalmer = 0. We can calculate

the cross section neglecting the bound-free Gaunt factor and using the analytical formula

(Mihalas 1978):

σν =

(
64π4mee10

3
√
3ch6

)
1

n′5ν3
(3.34)

where n′ = 2. We find that the integration part of Equation 3.33 is ∼ 4.8×10−8 erg/s, 2.3×
10−10 erg/s for the planet (a = 0.045 au) around the host stars ( Teff = 10200K, log g =

4.0 cm/s2, Teff = 6500K, log g = 4.5 cm/s2). To calculate the heating rate, we also need

to know the level population of the hydrogen atoms because our simulations do not follow

the level population of hydrogen atoms and the heating rate is proportional to the n = 2

level population.

The photoelectric heating by dust grains depends on the amount of dust. The last two

heating processes are independent of the existence of dust. The heating rate through H2

pumping process depends on the amount of molecular hydrogen and the formation process

is important to maintain the amount of molecular hydrogen. We implement chemical

reactions including the formation reactions for molecular hydrogen (Table 3.2).

Figure 3.6 shows the radial profiles of the chemical reaction rates. We find that the

photodissociation rate is balanced by the formation rate of molecular hydrogen (H− reac-

tion and three-body reaction). In the absence of dust in the upper atmosphere, molecular

hydrogen is formed through chemical reactions and the H2 pumping process could be sig-

nificant. The pumping heating is significant even in the metal-poor planetary atmosphere

around the host star.

Figure 3.7 shows the heating rate profile of hot Jupiters around hot A-stars (Teff =

10000K). In the case of the ultra-hot Jupiters around the hot star, such as KELT-9 b,

the heating due to the Balmer absorption dominates below 10−9 bar and the heating due

to the pumping has a minor effect although it is also larger than the heating due to the

photoionization of ground state hydrogen atoms in the lower region. The high temperature
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Fig 3.6: Radial profiles of chemical reaction rates of hydrogen. Solid curves and dashed
curves represent the formation rate and destruction of hydrogen molecule.

of the atmosphere can increase the population of hydrogen atoms at the n = 2 level and

reduce the abundance of the molecular hydrogens by dissociation. Planets like KELT-9 b

may experience a more extreme mass loss due to the Balmer absorption process than the

mass loss due to the EUV photoionization of hydrogen atoms at the ground state.

However, in the case of the planets around relatively cool A-stars like HAT-P-57 b

(Hartman et al. 2015, Teff = 7500K), the pumping heating becomes comparable to the

Balmer absorption in P > 0.1µbar because of the relatively low temperature of the gas of

the atmosphere leading to a low population of the excited n = 2 hydrogen atoms. Figure 3.8

shows the similar profile of HAT-P-57 b case. This may indicate that the pumping heating

is significant in planets around hot stars with semi-major axis a > 0.1AU because the FUV

flux also depends on the distance to the host star.
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Fig 3.7: Radial profiles of heating rate in hot Jupiters around hot A-stars (Teff = 10000K).
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Fig 3.8: Radial profiles of heating rate in HAT-P-57 b. The planetary mass is Mp = 1.85MJ

and the radius is Rp = 1.4RJ. We set the effective temperature of the host star is 7600K.
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3.3 The impact of the FUV driven escaping outflow on the
observed planetary distributions

We find that the mass-loss rate is dominated by FUV heating in close-in planets around

hot stars because the FUV luminosity is significantly large. We investigate the stellar tem-

perature dependence of the mass-loss rates due to FUV photoelectric heating (Figure 3.9).

We find that the FUV photoelectric heating can drive the mass loss around hot stars, while

classical EUV photoionization heating drives the outflow around cooler stars (Teff < 6500

K). The strong FUV radiation can drive the strong atmospheric escape and the mass-loss

rate becomes higher. Our simulation is consistent with the previous studies of hot Jupiters

around solar-type stars.

Fig 3.9: The stellar temperature dependence of the mass-loss rates by FUV photoelectric
heating. The dots show the results of our simulations. The solid curve shows the mass-loss
rate estimated by the FUV photoelectric heating efficiency.
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Fig 3.10: The metallicity dependence of the FUV luminosity. The dots show the FUV
flux ratio to the solar metallicity and same temperature stars. FUV luminosity is obtained
from the theoretical spectra (Husser et al. 2013).

This stellar temperature dependence is consistent with the dependence of the observed

sub-Jupiter desert. We also investigate the dependence of the dust abundance on the mass-

loss rates because the dust abundance in the upper atmosphere of hot Jupiters is not clear.

The small amount of dust grains results in a low photoelectric heating rate and the low

mass-loss rate. We find that the FUV photoelectric heating can drive the mass loss when

the dust-to-gas mass ratio is large enough D/G > 10−5. If we assume that the amount of

dust in the atmosphere is proportional to the stellar metallicity, the mass-loss rates become

smaller in metal-poor systems. We also find that the mass loss due to the photoelectric
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heating can be given as:

Ṁ = ϵpe
πR3

pFUV(1AU)

GMp

( ap
1AU

)−2
(3.35)

= 1.5× 1012 ϵ

(
FFUV

1030erg/s

)

×
(
Rp

Rj

)3(Mp

Mj

)−1 ( ap
0.045AU

)−2
g/s (3.36)

The heating efficiency determines the mass-loss rate similar to the typical energy-limited

mass-loss rates due to EUV photoionization heating.

We also note that the FUV luminosity depends on the stellar metallicity. The opacity of

the stellar atmosphere depends on the free electrons from metals. The metal-rich stars tend

to have low FUV luminosities. Figure 3.10 shows the metallicity dependence of the FUV

luminosity. We compute the FUV luminosity from the theoretical spectra of Husser et al.

2013 by integrating the flux in FUV wavelength. We note that the metallicity dependence

is important around cool stars, such as solar-type stars, and that the FUV luminosity is

almost independent of the stellar metallicity in hot stars. As we discussed in the previous

section, the FUV heating is significant in hot stars. The metallicity dependence of the

FUV flux may be important around intermediate stars (Teff ∼ 7000 K ). In the case of

the observed planets, many of the host stars are late type stars. Our FUV heating due

to the H2 pumping and the Balmer absorption is consistent with the stellar temperature

dependence of the sub-Jupiter desert.

3.4 Summary

In this chapter, we investigate the effect of the FUV on the atmospheric escape. In many of

the previous theoretical simulations neglect the FUV effect and focus on the EUV heating

as the heating source. Ultra-hot Jupiters like KELT-9b have very hot host stars and such

stars emit strong FUV from their photospheres. We focus on such close-in gas giant planets

around hot stars which might experience the different evolution. There are three possible

heating processes by FUV; (i) photoelectric heating by dust grains, (ii) H2 pumping heating,

and (iii) Balmer absorption. We study all of the three processes. We find that the (i) dust

photoelectric heating dominates the heating rate and drives the atmospheric escape when

the upper atmosphere has a sufficient amount of dust grains. In a cooler host star case, the

FUV photoelectric heating rate becomes small and the classical EUV heating dominates
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due to the low FUV luminosity relative to the EUV. We also find that the (ii) H2 pumping

process and the Balmer absorption process dominate the heating rate even if there is no

dust grain in the upper atmosphere. In the case of very hot host star Teff ∼ 10000 K, the

(iii) Balmer absorption exceeds the heating rate of the H2 pumping process because the

high temperature results in the small amount of the molecular hydrogen. In the case of

intermediate temperature stars Teff ∼ 7000 K, the H2 pumping also becomes significant.

We conclude that the FUV heating is important for the atmospheric escape of hot Jupiters

around hot stars and enhances the mass-loss of planets. The lifetime of the planet can be

less than a Gyr and this may be consistent with the small number of hot Jupiters around

hot stars.



Chapter 4

Wind confinement of the escaping
atmosphere

The stellar UV radiation heating launches the planetary outflow and the flow can be

observed in the transit absorptions. We have not calculated the observational signal from

the upper atmosphere in the previous chapter. The upper atmosphere contributes Lyman-

α absorption and thus the structure of the outflow above the sonic point, which cannot

affect the mass-loss rate, is also important for understanding the observational signal. Not

only the EUV flux but also the wind effect can change the structure and the observational

signals. In this chapter, we discuss the stellar wind confinement effect which determines

the structure of the planetary outflow and the observational absorption signals. The wind

confinement may be an origin of non-detection of Lyman-α absorption in close-in planets

which has been found by recent observations. We perform the first radiation hydrodynamics

simulations of the escaping outflow with the stellar wind from the launching point to the

point where the stellar wind interaction occurs in a self-consistent manner. We discuss

the possible transit signature other than the classical Lyman-α absorption and investigate

the possibility of understanding the stellar wind effect from the observations. We finally

explain the impact of the stellar activity on the outflow and observational signatures. In

this chapter, “wind” refers to the stellar wind from the host star, and “outflow” refers to

the escaping outflow from the planet.

45
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4.1 Methods: Radiation hydrodynamics simulations of the
atmospheric escape with the stellar winds from the host
star

The escaping outflow interacts with the stellar wind. This interaction can modify the

escaping outflow and affect the observed transit absorption during the transit. Hydrody-

namics simulations show that the wind can confine the planetary outflow and reduce the

transit depth (e.g. Matsakos et al. 2015; Christie et al. 2016; Shaikhislamov et al. 2016;

Khodachenko et al. 2017; Villarreal D’Angelo et al. 2018; McCann et al. 2019; Odert et al.

2020; Vidotto and Cleary 2020; Carolan et al. 2020, 2021b; Villarreal D’Angelo et al. 2021).

For young planetary systems, where the host star is active and generates a powerful stellar

wind, the wind effects on the transit signals can be significant. The stellar wind can also

suppress the atmospheric escape in close-in planets (Adams 2011; Lecavelier des Etangs

et al. 2012a; Garćıa Muñoz et al. 2020).

To understand the observed transit signature, the multi-dimensional hydrodynamics

simulations of the geometry of the outflow are required. Most of the previous studies have

performed simulations without self-consistent calculation of the upper atmosphere from the

launching point, and have investigated only the Lyman-α transit signal. Recent ground-

based observations of the atmospheric escape and the upper atmosphere have used other

lines (e.g. Helium triplet line), but most of the theoretical simulations have focused on the

classical Lyman-α transit. To investigate the wind effect on the new transit observations

is one of the aims of this study.

We implement the quiescent stellar wind in our radiation hydrodynamics code in the

previous chapter. Our code includes the EUV photoionization effect and solves the non-

equilibrium chemistry as in Chapter 3. The gas density, temperature, and velocity are set

to be a solar wind value for the boundary condition. The fiducial model parameters are

listed in Table 4.1. In this chapter, we only consider heating by EUV photoionization of

hydrogen atoms because the EUV heating rate dominates the heating source and drives

the escape in typical hot Jupiters around solar-type stars as discussed in the previous

chapter. The young active stars tend to have high EUV luminosities and the effect of FUV

heating may be smaller than that of EUV photoionization heating. Our fiducial model

sets the stellar wind strength in terms of the mass-loss rate, which is equal to the solar

value Ṁ⊙ = 2× 10−14M⊙ yr−1. We set the wind velocity and the wind temperature to be

the solar value. The wind density can be calculated from the mass-loss rate of the star,

the semi-major axis, and the velocity of the wind. We also investigate the planets around
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active stars with strong stellar wind. In the case of strong stellar wind, we assume that the

speed of the wind is the same as in the fiducial case and change the wind density. We run

simulations with Ṁ∗ = 1 Ṁ⊙, 10 Ṁ⊙, 100 Ṁ⊙ case to investigate the shape of the outflow

around active stars (e.g. young M dwarfs). Our fiducial EUV flux is similar to that of the

solar-type star. Young active stars typically have high EUV emissivity. We will discuss the

EUV flux effect on the absorption signals. In these simulations, we neglect the metal line

cooling and consider hydrogen recombination cooling (Spitzer 1978) and Lyman-α cooling

of HI (Anninos et al. 1997) as the major radiative cooling processes because the metal

cooling is negligible for typical atmosphere of hot Jupiters as discussed in Chapter 3. Our

models correspond to zero metal Z = 0 atmosphere in this sense.

Table 4.1: Model parameters in the fiducial run

Stellar parameters
Stellar Mass M∗ 1M⊙
Stellar Radius R∗ 1R⊙
Stellar EUV photon emission rate ΦEUV 1.4× 1038 s−1

Stellar wind strength 2× 10−14 M⊙ yr−1

Stellar wind velocity 540 km/s
Stellar wind temperature 2× 106 K
Stellar wind density 2.5× 103 g/cm3

Planetary parameters
Planet Mass Mp 0.3MJ

Planet Radius Rp 1RJ

Semi-major axis a 0.045AU

4.2 Structure of the escaping atmosphere and the observa-
tional transit signals

Figure 4.1 shows the snapshots of our simulations with Ṁ∗ = 1 Ṁ⊙, 10 Ṁ⊙, 100 Ṁ⊙. The

EUV photoionization of hydrogen atoms heats the atmosphere and the temperature of the

outflow reaches ∼ 5000K. We can see that the planetary outflow interacts with the stellar

wind in the upper atmosphere and the wind confines the outflow in the direction of the

host star.

The pressure balance determines the confinement (Figure 4.2) and can be expressed
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approximately as

kBρp(r)Tp(r)/µmH = ρ∗(r) v
2
∗(r) (4.1)

where ρp(r), Tp(r) represent the density and temperature of the planetary atmosphere at

the contact point r, µ is the mean molecular weight, mH is the hydrogen atomic mass, and

ρ∗(r), v∗(r) are the density and velocity of the wind. To examine this, we run additional

simulations with different wind velocities fixing Ṁ∗. We have found that a higher wind

velocity results in stronger confinement of the atmosphere. We can assume spherical sym-

metry because the properties of the outflow on the day-side are close to the properties of

the spherical case, the mass-loss rate of the planet is

Ṁp = 4πr2ρpvp, (4.2)

and that of the host star is

Ṁ∗ = 4πa2ρ∗v∗. (4.3)

Then the effective confinement radius is estimated to be

reff =

√
Ṁp

Ṁ∗

kBTp

µmHvpv∗
a

≈ 4× 1010 cm

(
Ṁp

3× 1010 g/s

)1/2(
Ṁ∗

Ṁ⊙

)−1/2(
Tp

5000K

)−1/2

×
(

vp
1× 105 cm/s

)−1/2( v∗
540 km/s

)−1/2 ( a

0.045 au

)

(4.4)

We confirm that the approximated radius is close to the radius obtained by our results as

seen in Figure 4.2.

In our simulations, the system reaches the quasi-steady state within a few days after the

initial condition. The hydrodynamic timescale of the system is a few hours. In the fiducial

run, the heating rate of EUV photoionization is about 106 erg g s−1 and the photoionization

timescale is a few 10 hours. The photoionization timescale determines the time for the

system to reach equilibrium. We assume the static EUV flux in our models. The EUV

flux in actual planets can be variable for some reasons. If the host star has flare activities

like the sun, the EUV flux may change with relatively short timescale (Nishimoto et al.

2020). The system cannot reach the quasi-steady state during such short time activities.

The eccentricity of planets may reflect the history of orbital evolution. For orbits with

non-zero eccentricity, the incident EUV flux varies with time about the orbital period and
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the system can reach the quasi-steady state because the orbital period is comparable or

longer than a few days. In the case of active host stars, the timescale becomes shorter due

to the high EUV flux and the system reaches the equilibrium quickly. We also note that

the timescale of the transit is a few hours and we cannot estimate the effect of the EUV

variation due to the eccentric orbit from the observations.

We also examine the wind effect on the mass loss and find that the mass-loss rate

of the planet is independent of the strength of the stellar wind unless the stellar wind

is strong enough to confine the upper atmosphere at the launching point. The mass-

loss rates in our simulations are around ∼ 2 × 1010g/s as shown in Table 4.2. We run an

additional simulation with Ṁ∗ = 1000Ṁ⊙ to investigate the extreme environment although

the observations of the stellar wind suggest such wind may be unlikely. An extremely

intense stellar wind Ṁ∗ > 1000Ṁ⊙ can completely confine the outflow, and the mass-loss

rate becomes significantly small in such a case. The base of the outflow is determined by

the ionization balance between the EUV photoionization and the radiative recombination:

FEUV

hν0
σν0nHI,base ∼ n2

HII,baseαrec (4.5)

The base density of the wind is proportional to the square root of the EUV flux. The

intense EUV radiation can launch a strong outflow that absorbs the stellar lines and the

confinement effect becomes relatively small. The extremely strong stellar wind Ṁ∗ >

1000Ṁ⊙ can confine the planetary outflow to the launching point, but unrealistically strong

winds are required to confine the outflow completely in the case of young stars which emit

intense EUV flux.

Transit signals can be used to observe the existence of the escaping outflow and the

thermo-chemical structure of the upper atmosphere. Recent Lyman-α observations have

revealed the existence of close-in planets without Lyman-α absorption although the EUV

flux is strong. The quantitative understanding of such Lyman-α non-detection condition

is necessary to know the structure of the upper atmosphere from the recent observations.

To interpret the recent transit observations, we calculate the transit depth using the at-

mospheric structure of our simulations with the stellar wind effect.
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Fig 4.1: Our results of simulations with Ṁ∗ = 1 Ṁ⊙, 10 Ṁ⊙, 100 Ṁ⊙ stellar wind from the
host star at t = 5.8 day after the initial conditions. EUV radiation and the wind from the
host star are injected from the left side of each panel. The density is given in the upper
half, the temperature is shown in the lower half, and the arrows denote the gas velocity.
The solid lines in upper panels show neutral hydrogen abundance becomes 0.9.
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Fig 4.2: Pressure radial profile of our fiducial model (Ṁ∗ = 1Ṁ⊙). The thermal pressure
(blue) of the outflow dominates in inner region and the ram pressure (orange) of the stellar
wind dominates the total pressure (green) in the outer region.

Table 4.2: Planetary Mass-loss rates with different stellar winds

Stellar Wind strength Mass-loss rate (g/s)
1 Ṁ⊙ 2.9× 1010

10 Ṁ⊙ 2.2× 1010

100 Ṁ⊙ 2.3× 1010

4.2.1 Lyman-α transit signal

Lyman-α absorption has been used to observe the planetary outflows since shortly after

the beginning of observations of exoplanets (Vidal-Madjar et al. 2003; Ben-Jaffel and Sona
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Hosseini 2010; Koskinen et al. 2010; Bourrier and Lecavelier des Etangs 2013). The hy-

drodynamics simulations have been used to interpret the observed Lyman-α absorption

(e.g. Murray-Clay et al. 2009; Tripathi et al. 2015; Christie et al. 2016; Allan and Vidotto

2019; Carolan et al. 2020).The wavelength of Lyman-α is 121.6 nm and in ultraviolet. The

absorption by neutral hydrogen atoms in the the ground state contributes to the transit

signal. We explain the calculation of the transit depth in general. The procedure have

been used for different studies (e.g. Allan and Vidotto 2019). The transit depth δν is given

as:

δν =

∫
2πR(1− e−τν )dR

πR2
∗

(4.6)

where τν is the optical depth at frequency ν. The optical depth is given as:

τν =

∫
niσφνdz (4.7)

where σ is the absorption cross-section at the line center, φν is the line profile, and ni is

the number density of absorber. In the case of planetary atmosphere, at a certain altitude,

the optical depth exceeds one and becomes optically thick. The cross-section is given as:

σ =
πe2f

mec
(4.8)

where f is the oscillator strength of the transition (Lyman-α;f = 0.41641, Hα;f = 0.64108

from NIST Catalog) and c is the speed of light. The Voigt line profile is given by a

convolution of a Gaussian and a Lorentz distribution.

φν ∝
∫ ∞

−∞

e−x2

χ2 + (∆u/uth − x)2
dx (4.9)

where uth =
√

2kBT/mH is the thermal velocity and χ is the damping parameter.

We explain the wind effect of the Lyman-α absorption in this section. The transit

depth is proportional to the square of the effective radius of the planet, and we detect

nHI ∼ 102 cm−3 by Lyman-α. If we assume that the ionization degree is about ∼ 10−2,

we observe nH ∼ 104 cm3 by Lyman-α absorption and we can see that such an upper

atmosphere of escaping outflow is confined by the wind in Figure 4.1. Figure 4.3 shows the

Lyman-α transit depth of our simulations. The confinement by the strong wind reduces

the Lyman-α transit depth and the depth strongly depends on the stellar wind strength.

The peak is blue-shifted by ∼ 10 km/s due to the wind pressure. 10Ṁ⊙ wind can reduce

the Lyman-α by half. Our results suggest that the outflow may be affected by the strong
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wind in the case of Lyman-α non-detected close-in planets. We note that the transit depths

are time-dependent and vary a few 10%. Such absorption by the tail may affect the transit

signal of close-in planets with relatively weak EUV radiation from the host star.

Fig 4.3: The Lyman-α transit depths for different stellar wind strengths (Ṁ∗ =
1 Ṁ⊙, 10 Ṁ⊙, 100 Ṁ⊙). The shaded region indicates the line center (−30 km/s < v <
30km/s). The peaks are blue-shifted due to the stellar wind.

We assume 2D axissmmetry in our simulations as in the previous chapter. The con-

tribution from the tail structure can be significant. The tail scale length can be given

as:

Rt =
u

Ω
(4.10)

where u is the velocity of the outflow and Ω is the angular velocity of the planet. The ratio

Rt is typically a few planetary radii, which can be large enough to absorb the Lyman-α
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emission from the star. We assume that the tail size is Rt and the impact parameter

b = 0. We can assume that the density of the tail to be similar to the density behind the

planet in our simulations, and the ionization fraction can be estimated from the ionization

equilibrium. The Lyman-α cross section is ∼ 8 × 10−18 cm2 and the density of the tail is

∼ 106 cm−3. The tail is nearly fully ionized with XHI ∼ 10−2 because of the intense EUV

radiation.

4.2.2 Hα transit signal

The Lyman-α transit absorption depth can be observed by the space telescope and cannot

be observed in some cases. This makes it difficult to observe the Lyman-α absorption

although the transit depth itself is very large. Future observations have been performed

by the lines which can be observed by ground-based telescopes. The Hα absorption is

one of the example of such signals which observed by ground-based telescopes. For future

observations, it is necessary to study the effect of the stellar wind on the Hα absorption.

The line center of the Hα emission is not absorbed by ISM, in contrast to the Lyman-α

transit observation. The upper atmosphere, which absorbs the Hα, does not provide direct

evidence of atmospheric escape because it exists within the Roche lobe, but on the other

hand, understanding the structure of the upper atmosphere from the Hα observations can

provide insight into the escaping atmosphere.

The population of excited hydrogen at n = 2 depends on collisional and radiative

processes. There is a detailed non-LTE scheme for stellar atmospheres (Munafò et al. 2017).

In the collisional processes, collisional excitation and de-excitation due to the collisions

with electrons, protons, and neutral hydrogen atoms contribute to the population. In

the radiative processes, the contribution of the bound-bound, bound-free, and free-free

radiative transitions should be considered. It is difficult to implement these processes

in our hydrodynamics simulations because the large number of the related transitions

of multi-levels significantly increases the computational cost. Such detailed calculations

can be performed in 1D. In the observational transit signals of the planetary wind, the

multi-dimensional geometry should be taken into account. Therefore, we adopt the post-

processing to calculate the level population.

We calculate the n = 2 level population in order to obtain Hα transit depth. In our

hydrodynamic code, we have not considered the level population as we mentioned. We
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calculate the population using the 2p, 2s population of Christie et al. 2013:

n2

n1
=

n2p + n2s

n1s
≃ 10−9

(
5R∗
a

)2

e16.9−(10.2 eV/kBTLyα,∗)

+ 1.627× 10−8

(
T

104K

)0.045

e11.84−118400K/T

× 8.633

log(T/T0)− γ

(4.11)

where TLyα,∗ ∼ 7000K is the excitation temperature for the solar Lyman-α, T0 = 1.02K

and γ = 0.57721 . . . is the Euler-Mascheroni constant. The 2s level population is larger

than n = 2p level in the high temperature (> 5000K ) region and n = 2 abundance is

about 10−9 in the planetary atmosphere of our simulations. In the Lyman-α transit depth,

we neglect the n = 2 level population considering the much greater population of the

n = 1 ground state. After we get the density of hydrogen atoms at level n = 2, we can

calculate the optical depth for Hα as we calculate in Lyman-α transit depth. We detect

the atmosphere nH ∼ 1012 cm−3 by Hα transit.

Figure 4.4 shows the Hα transit depth of our simulations. Due to the small amount of

hydrogen at the n = 2 level, the transit depth at the line center is quite smaller than that

of Lyman-α. The transit depth at the line center is about 1% in our simulations. These

values are in agreement with the observations of close-in planets (HD 189733 b;Jensen et al.

2012; Cauley et al. 2017, KELT-9b; Yan and Henning 2018, KELT-20b; Casasayas-Barris

et al. 2018, HAT-P-32 b; Czesla et al. 2022, WASP-121b; Cabot et al. 2020, WASP-33b;

Yan et al. 2021, WASP-52b; Chen et al. 2020). The absorption depth of Hα is almost

independent of the strength of the wind. The relatively lower part of the atmosphere

contributes to the absorption because the amount of hydrogen atoms at the n = 2 level

is quite small in the upper part where the ground state hydrogen can absorb Lyman-α.

The difference in the dependence of Hα and Lyman-α on the stellar wind strength helps

to determine the stellar wind parameters and EUV flux. We cannot determine the EUV

flux and the stellar wind strength without Hα.

We can estimate the EUV luminosity from the transit depth of Hα because the transit

depth depends only on the EUV flux from the host star. The non-detection of Lyman-α

transit is not the evidence of the absence of the atmospheric escape and future observations

of Hα transit can reveal the presence of escape and the wind environment for close-in

planets without Lyman-α absorption. The typical transit depth of Hα is ∼ 0.01 and the

observational error in Hα absorption is about a few 10% (Jensen et al. 2012; Czesla et al.

2022). The EUV flux from the Hα observations and hydrodynamic model has an error of a
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Fig 4.4: The Hα transit depths calculated using our simulation outputs similar to the
Lyman-α transit depth.

few 10%. The Lyman-α transit depth depends on the stellar wind strength and the EUV

flux. The observational error of the Lyman-α absorption is typically 10−50 %. The stellar

wind strength obtained from our model may have an error of up to one order of magnitude.

We can obtain the information about the stellar wind from the Lyman-α transit depth and

the EUV flux from the Hα. Figure 4.5 shows the relationships between the observed transit

depth and the stellar properties. If Hα absorption is strong, the EUV flux is strong, and if

Hα is weak, the EUV flux is also weak. Furthermore, in the former case, a strong Lyman-α

indicates a weak stellar wind, and a weak Lyman-α absorption indicates the existence of

the strong stellar wind. Our model suggests that the combination of Lyman-α and Hα

transits is important for understanding the upper atmosphere of close-in exoplanets.

We also note that, in the case of Hα, the n = 2 level population is extremely small in

the thin tail and the tail contribution can also be negligible. Our calculated Hα depths
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Fig 4.5: The schematic plot of the observational transit depth and the stellar properties
(EUV flux and stellar wind strength).

are thus realistic even though we neglect the tail-like structure bent by the Coriolis force

in the calculations.

4.2.3 Other lines

As we introduce in Chapter 2 , recent observations by ground-based telescopes have used

the helium triplet lines to track the planetary outflow. To obtain the transit signals from

the atmospheric structure, we should obtain the population of helium similar to the Hα

case. There are several planets with helium absorption in transit (GJ 3470b; Palle et al.

2020; Ninan et al. 2020, WASP-69b; Nortmann et al. 2018, HD 189733 b; Guilluy et al.

2020, HD 209458 b; Alonso-Floriano et al. 2019, HAT-P-32 b; Czesla et al. 2022). There are
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many radiative transitions and collisional transitions in the helium energy levels Figure 4.6.

Our radiative hydrodynamics simulations have not included the level population of

helium atoms. We estimate the level population by the post-process. We follow the tran-

sition rates in detailed calculation (Oklopčić and Hirata 2018). The transition coefficients

of collisions with electrons can be given as

qij = 2.1× 10−8

√
13.6 eV

kT
exp

(
−Eij

kT

)
Υij

ωi
(4.12)

and the values in the helium transitions are q13a = 4.5 × 10−20 cm3 s−1, q31a = 2.6 ×
10−8 cm3 s−1, q31b = 4.0× 10−9 cm3 s−1. The transition coefficient of collision with neutral

hydrogen atoms is given as Q31 ∼ 5 × 10−10. And the radiative transition from the

metastable to the ground state is slow A31 = 1.272× 10−4 s−1. The photoionization of the

metastable and the ground state of helium plays an important role in the population of 23S

triplet in which the helium atoms absorb 10830 Åphotons. The photon with hν > 24.6eV

can photoionize the ground state helium and hν > 4.8eV photon can ionize the helium

in the triplet state. The EUV photons with hν > 24.6eV increase the metastable helium

and the FUV photons with hν > 4.8eV decrease the metastable helium. The helium

10830Åabsorption is not observable in close-in planets around hot stars with strong FUV

luminosity.

The photoionization cross section of the helium at the ground state is given as Brown

1971:

σHe

σH
=

{
6.53(hν/24.6 eV)− 0.22 (24.6 eV < hν < 65.4 eV)

37.0− 19.1(hν/65.4 eV)−0.76 (65.4 eV < hν < 1 keV)
(4.13)

where σH is the photoionization cross section of hydrogen atoms. We assume that the

number of the photoionization photons of helium (40 eV) is 3× 1013. The photoionization

rate is about Φ1 ∼ 8× 10−5 s−1.

We use the photoionization cross section for metastable helium from Norcross 1971. We

assume the photospheric spectrum Teff = 5800K, log g = −4.5 of the data from Husser

et al. 2013 and find the photoionization rate for a = 0.05AU is φ2 ∼ 3 s−1. The recombina-

tion coefficients are α1 = 1.54× 10−13 cm3 s−1,α2 = 1.49× 10−14 cm3 s−1 from Osterbrock

and Ferland 2006. If we assume the steady state, the transition rate should be balanced.

We assume that the attenuation of the UV is negligible in the above photoionization rates.

We can also neglect the contribution of electrons from the photoionization of helium atoms

due to the small abundance.



4.2 Structure of the escaping atmosphere and the observational transit signals
59

Fig 4.6: The energy structure of Helium atoms. The solid arrows show the radiative
transitions and the dashed arrows show the transition due to collisions.

Figure 4.7 shows the transit depth for helium 10830Åabsorption. The depth depends

on the stellar wind strength. The transit depth in the solar wind case is larger than Hα and

similar to the previous study without stellar wind (Oklopčić and Hirata 2018). The stellar

wind strength dependence of helium absorption is between Hα and Lyman-α because the

intermediate layer contributes to the absorption.
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Fig 4.7: The Helium triplet transit depths calculated using our simulation outputs similar
to the Lyman-α transit depth.

Recent observations have revealed the existence of other heavy elements in the upper

atmosphere of hot Jupiters (Ba, Azevedo Silva et al. 2022). The existence of such heavy

elements may suggest the strong outflow in the ultra-hot gas giants. In the previous chapter,

we investigate such a strong outflow driven by intense FUV radiation. The strong wind

may also suppress the metal line absorptions. In the future study, detailed hydrodynamics

simulations with heavy elements and stellar wind confinement can be used to reveal the

structure of the upper atmosphere.
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4.3 The effect of the time dependence of the stellar activity
and the magnetic fields

The stellar activities are time-dependent. Such activities change the shape of the planetary

outflow. The frequency of strong flares can be estimated from observations. The strong

flare activities are associated with coronal mass ejections (CMEs). The mass ejection

changes the shape of the outflow by its ram pressure like stellar winds.

If we focus on the flare frequency f(Eflare), which corresponds to the flares that can con-

fine the upper atmosphere and reduce the absorption during the transit (Eflare > 1032 erg),

the occurrence rate is estimated by using the power-law relationship f(Eflare) ∝ E−2
flare

(Maehara et al. 2017),
∫ ∞

1032 erg
f(Eflare) dEflare ∼ 1− 100 year−1 (4.14)

The probability of observing a transit during a flare is less than 1% even if we consider

all the flare activities, which can cause an order of magnitude larger mass loss than the

solar steady wind. Even though the CME activity in the other stars may be less intense

(Leitzinger et al. 2014), it can still be substantial in extremely young active systems. Young

stars are more likely to have powerful flares than older stars because they are more active

(Feinstein et al. 2020). This may only be significant if the age is less than 50 Myr. The

spectral type of the star also affects the frequency of powerful flares. The rate is several

orders of magnitude higher for M dwarfs than for G-type stars. This shows that severe

flares are common around M dwarfs and that CMEs affect the Lyman-α transit almost

every time it passes across. Strong stellar activity can reduce the Lyman-α transit around

K- and M-type stars, but the Hα transit can still be seen.

Because of ionization, the magnetic field may also have a significant impact on planetary

outflows and stellar winds. The planetary magnetic field’s pressure is less intense than the

outflow’s thermal pressure in the case of rocky planets (Zhang et al. 2021). The effect

of the planetary magnetic field has been investigated in previous studies using magneto-

hydrodynamics models of hot Jupiters (Matsakos et al. 2015; Carolan et al. 2021a; Odert

et al. 2020; Villarreal D’Angelo et al. 2018). We can use the ratio of the pressure of outflow

to the magnetic pressure to investigate the effect of the planetary magnetic fields. For a

magnetic field of ∼ 10G, the magnetic pressure is PB ∼ 1µbar. A strong magnetic field

like Jupiter can suppress the wind confinement effect on the planetary outflow. Detailed

simulations with a radiative transfer are needed to evaluate the wind effect with the strong

planetary magnetic field, as suggested by Cauley et al. 2019.
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The stellar magnetic field also enhances the pressure of the wind. The interaction be-

tween the magnetized wind and the planetary outflow is highly complex and variable (Har-

bach et al. 2021). When the planet crosses the current sheet, the magnetic and dynamical

pressure changes by up to an order of magnitude. The detailed 3D magnetohydrodynamic

model (Garraffo et al. 2017) has revealed that the magnetic pressure dominates in the case

of inner planets such as TRAPPIST-1b (a = 0.01 AU) and the dynamic pressure dominates

in the case of the outer planets such as TRAPPIST-1h (a = 0.06 AU). The effect of the

stellar magnetic field can be estimated as we introduced in Chapter 2. The strength of the

field can be given as:

B ∼ B0

(
R0

r

)3

(4.15)

where B0 is the surface field strength. The magnetic pressure of stellar magnetic field

around planets can be given as:

PB∗ ∼ 2.5× 10−14 bar

(
B∗
1G

)2 ( a

0.05AU

)−6
(
R∗
R⊙

)6

(4.16)

The pressure strongly depends on the semi-major axis, and the pressure for typical hot

Jupiters around the solar-like star is less than the ram pressure of the wind. If the semi-

major axis is quite small a ∼ 0.015AU, the magnetic pressure exceeds the ram pressure.

For such planets, the magnetic field also confines the escaping outflow and the Lyman-

α transit signal may decrease. It seems difficult to confine the escaping outflow to the

planetary surface for the magnetic field because the pressure of the outflow is around

> 10−9 bar and the very small orbital separation a < 0.01AU is required if we assume

the solar magnetic field. We can neglect the planetary magnetic field as an origin of the

pressure confinement unless the host star is magnetically active and/or the planets are

very close-in. However, the magnetic field may change the geometry of the wind and the

outflow. In this sense, further detailed simulations may reveal the detailed geometry of the

outflow.

4.4 Summary

In this chapter, we investigate the geometry of the outflow that determines the transit

absorption signals using radiation hydrodynamics simulations that include the stellar wind

in a self-consistent manner. The stellar wind confines the escaping outflow by the ram

pressure. The balance between the thermal pressure of the outflow and the ram pressure
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of the wind determines the shape of the outflow. We find that the Lyman-α transit signal

depends on the strength of the wind because the confinement reduces the effective radius.

Extremely strong wind Ṁ∗ > 100Ṁ⊙ significantly suppresses the Lyman-α absorption. We

also investigate the Hα transit depth because the Lyman-α transit cannot be observed by

ground-based telescopes. We find that the Hα absorption is almost independent of the

strength of the wind. The contribution from the upper region is small in the case of Hα, in

contrast to Lyman-α due to the small amount of the excited hydrogen atoms in the upper

atmosphere. The absorption depth of both lines depends on the strength of the EUV flux

from the host star because the escaping outflow becomes strong if the EUV flux is strong.

If we use only the Lyman-α transit signal, the strength of the wind and the EUV flux

degenerate. We can use the Hα absorption signal in addition to Lyman-α to solve the

degeneracy. We also investigate the effect of stellar activity on the observational signal.

The CMEs may have impacts on the observations by the confinement. The activity is

time-dependent and the frequency depends on the stellar type. We find that in the case of

M-dwarfs, which can be very active, the CMEs can confine the atmosphere very frequently

and the observational signals can be affected by almost every transit.



Chapter 5

Physical conditions of the
planetary wind

In this chapter, we discuss the physics of the escaping atmosphere which determines the

thermo-chemical structure and the transit signals. One of the goals of this chapter is

to determine which of the many exoplanets are most affected by stellar winds, based on

a physical understanding. We only consider EUV photoionization heating because FUV

heating processes become dominant around hot stars, and EUV heating dominates plan-

ets around solar-type stars as discussed in Chapter 3. Finally, we discuss the planetary

evolution with the mass loss driven by intense UV radiation from the host star.

5.1 Relevant physics of the atmospheric escape

The physics of the escaping outflow is determined by photoheating, gravity, and gas ex-

pansion. Despite many radiation hydrodynamics simulations, the physics of mass loss due

to the UV heating under various conditions is not well understood. We introduce the typ-

ical timescales for these physical effects in order to understand the physics in the upper

atmosphere heated by EUV photons.

We can define the gravitational temperature from the planetary mass as:

kTg =
GMpµmH

Rp
(5.1)

The temperature indicates the strength of the planetary gravity. The sound speed at

the gravitational temperature is equal to the escape velocity around the planet. The

equilibrium temperature Teq can be determined from the balance of the photoheating and

64
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the cooling

FEUV

hν
σνnHI ∼ n2

HII (5.2)

ΛLyα ∼ FEUVσνnHI (5.3)

From these equations, the equilibrium temperature becomes ∼ 104K for EUV photoioniza-

tion heating of hydrogen atoms. This equilibrium temperature is same as the temperature

of photoionized gas in other astrophysical situations such as ISM. The real gas temper-

ature of the system cannot exceed the equilibrium temperature. We can also define the

gravitational radius using the sound speed at the equilibrium temperature ceq as:

Rg =
GMp

(ceq = 10 km/s)2
(5.4)

The gravitational radius represents the place where the planetary gravity can retain the

gas with the temperature Tgas = Teq. If the gas at the equilibrium temperature is in the

upper layers above this radius, it can easily escape against the planet’s gravity.

Finally, we can define the “ characteristic temperature” Tch (Begelman et al. 1983) as:

kTch =
Γ

cp/µmH

Rp

cch
(5.5)

where Γ is the photoheating rate, and cp is the specific heat at constant pressure. The

right-hand side represents the deposited EUV energy in the characteristic sound crossing

time. In the original work, the characteristic temperature has been used for the coronae

of accretion disks driven by Compton heating. The characteristic temperature represents

the temperature that the gas reaches before it expands to about the planetary radius

in the absence of cooling. The temperature can exceed the equilibrium temperature but

this does not mean that the real gas temperature becomes larger than Teq = 104 K. The

characteristic sound speed cch is given as:

cch =

(
ΓRp

cp

)1/3

(5.6)

The typical value of the sound speed in the upper atmosphere is ∼ 10 km/s. The character-

istic temperature represents how rapid the photoheating is compared to the gas expansion

and does not mean the typical temperature of the system. In the case of EUV photoiniza-
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tion heating of hydrogen atoms, the photoheating rate can be given as:

Γ =
1− x

m
F0δ⟨σ⟩⟨∆E⟩ (5.7)

= 1.2× 107 erg g−1 s−1

(
1− x

0.5

)(
m

1.4mH

)(
Φ

1041 s−1

)
(5.8)

×
( r

1au

)−2
(

δ⟨σ⟩⟨∆E⟩
10−18 cm2 × 1 eV

)
(5.9)

where x is the ionization degree, m is the gas mass per hydrogen nucleus, Φ is the EUV

photon flux, δ is the attenunation factor, ⟨σ⟩ is the average cross section of the photoion-

ization and ⟨∆E⟩ is the average deposited energy per photoionization. The rate depends

on the spectral shape. At higher energies, the cross section is smaller but the deposited

energy increases, so these effects cancel each other out overall.

The ratio between Tch and Teq is

Tch

Teq
=

(
RpΓ

c3eqcp

)2/3

=

(
Rp

Rg

)2/3(ΓGMp

cpceq

)2/3

(5.10)

From the second factor, we can define the critical flux as:

Fcr =
mcpc5eq

GMpσ∆E
(5.11)

= 5.8× 1012 cm−2 s−1

(
m

1.4mH

)( ceq
10 km s−1

)5
(5.12)

×
(
Mp

MJ

)−1( σ0
5× 10−18 cm2

)−1(∆E

1 eV

)−1( cp
5/2

)
(5.13)

and the ratio can be given as:

ξ =
Rp

Rg
(5.14)

Tch

Teq
∼ ξ2/3

(
F0

Fcr

)2/3

(5.15)

(5.16)

The parameters ξ, F0/Fcr are fundamental to determine the physical conditions of the

planetary outflow driven by EUV photoionization heating.
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We can also define the photoheating timescale and the gravitational timescale:

tg =

√
R3

p

GMp
(5.17)

th =
Rp

cch
(5.18)

From these timescales, we can also determine the dominant physics. The ratio between

the gravitational and photoheating timescales is

tg
th

= ξ5/6
(
F0

Fcr
ϵ(1− x)

)1/3

(5.19)

which represents the relative strength of the gravity to that of the photoheating. ϵ is an

attenuation factor which depends on the column density of the hydrogen. If the ratio is

larger than unity tg/th > 1, the photoheating is faster and the system loses the atmosphere

rapidly.

We perform 1D radiation hydrodynamics simulations with the EUV photoionization

of hydrogen atoms and the recombination of hydrogen atoms to understand the thermo-

chemical structure of the atmosphere. The equations of the 1D spherical symmetry case

are given in appendix. In the simulations, we assume that the Lyman-α cooling is the

dominant radiative cooling process as in the previous studies (e.g. Murray-Clay et al.

2009). We check that the thermo-chemical structure is similar to that in the previous 1D

simulations. We run simulations for the high EUV case (Tch > Teq) and the low EUV

case (Tch < Teq) for typical hot Jupiter (Mp = 0.7MJ , Rp = 1.4RJ). Figure 5.1 shows the

radial profile of the heating and cooling in our simulations. We find that the adiabatic

cooling dominates for the case of low EUV cases and the Lyman-α cooling dominates for

the case of high EUV planets. Tch/Teq can be used to distinguish the dominant cooling

process. The radiative cooling dominant regime is correspond to the recombination-limited

flows and the adiabatic cooling dominant regime is correspond to the energy-limited flows.

Our criterion can be calculated using only stellar and planetary properties. In the case of

typical hot Jupiters, Teq = Tch when the UV flux is ∼ 103 erg/cm2/s and this value is in

agreement with the previous simulations.
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Fig 5.1: Heating and cooling rate profile in low UV planet (top) and high UV planet
(bottom). Solid curve shows the photoionization heating. Dashed curves show the cooling
rate (red; Lyman-α cooling, greed; PdV work).
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Fig 5.2: Stellar gravity dependence of the planetary mass-loss rate. When the semi-major
axis is large, the gravity from the host star is smaller.

As we introduce in Chapter 2, the mass-loss rate also depends on the stellar gravity. We

run simulations with the different semi-major axes and fixed other parameters (planetary

mass, radius, UV flux, and stellar mass). Figure 5.2 shows the stellar gravity dependence

of the planetary mass-loss rates. We should take care of the timescale associated with the

stellar gravity. The timescales of the photoheating and the dynamics around the hill radius

can be given as:

th hill =
Rhill

(ΓRhill/cp)1/3
(5.20)

tdynamics =

√
a3

GM∗
(5.21)
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where Rhill is the hill radius. We find that we can use the ratio between the photoheating

and dynamical timescales th hill/tdynamics to determine whether the stellar gravity alters

the planetary outflow or not. If the ratio is much smaller than the unity (the photoheating

timescale is shorter than the dynamical timescale), the photoheating is fast enough, and

the stellar gravity cannot enhance the mass-loss rate. We can see that the mass-loss rates

become larger within a < 0.1AU and the rates are independent of the semi-major axis if

the semi-major axis is larger than a > 0.1AU. This is consistent with the condition of the

ratio.

We assume the EUV photoionization and neglect the FUV heating and metal line

coolings which may affect the temperatures and timescales we have introduced in this

chapter. Our model can also be used for planets with non-zero metallicity. As we discussed

in Chapter 3, FUV heating is inefficient for close-in planets around cool stars, such as solar-

type stars. The characteristic temperature is the same for close-in planets around cool stars,

even if we take FUV heating into account. In the case of planets around hot stars, we can

neglect EUV photoionization heating and the characteristic temperature is given as:

kT ′
ch =

ΓFUV

cp/µmH

Rp

cch
(5.22)

The metal coolings affect the equilibrium temperature. OI cooling can contribute to the

cooling rate for metal-rich planets (Z > 10Z⊙). If the metal coolings increase the total cool-

ing rate by factor of 2, the equilibrium temperature decreases and becomes T ′
eq ∼ 9500K.

The metal-rich planets tend to satisfy the condition T ′
ch/T

′
eq > 1, and planets around hot

stars also tend to have T ′
ch/T

′
eq > 1. The situation becomes complex if we consider the

FUV heating and the metal cooling in planets around hot stars. The characteristic tem-

perature in such planets is higher than that in planets without FUV heating. There are

several factors that change the equilibrium temperature. The metal line cooling reduces

the temperature and FUV heating increases the temperature. In the case of hot stars,

the FUV cooling effect is larger than the metal line cooling effect. As we discussed in

Chapter 3, the FUV flux is low in the high metallicity stars. This effect also reduces the

FUV heating rate by a factor of 2. The photoelectric heating of dust grains is larger for

metal-rich systems. If the dust grains are sufficiently abundant in the upper atmosphere,

the characteristic temperature becomes higher in metal-rich planets. If the heating due

to H2 pumping and Balmer absorption dominates the heating rate, the presence of metal

reduces the characteristic temperature.
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5.2 Classification of close-in exoplanets

Two physical conditions can be represented by straight lines in the ξ − F0/Fcr plane. We

plot observed exoplanets in ξ −F0/Fcr plane to understand the physical conditions in real

systems.

We can use the open-access dataset of observed exoplanets. The dataset includes the

planetary parameters (radius, mass, semi-major axis) and the stellar parameters (radius,

mass, age, metallicity). It also includes the detected atoms and molecules in the planetary

atmosphere. We choose close-in planets (orbital period P < 10 day) with the above

planetary/stellar parameters except for stellar age because the uncertainty in age is large

in general and difficult to determine. The EUV flux is intense in the case of a young host

star. We estimate the EUV luminosity using the empirical relationships in Sanz-Forcada

et al. 2011:

logLEUV = 29.12− 1.24 log τ (5.23)

where τ is the stellar age in Gyr. For stars whose ages were not given in the catalog, we

assumed the solar EUV luminosity. We note that the it is difficult to determine the stellar

age and the uncertainty is large in many planetary systems in contrast to the mass and

radius of the planets. The plot of the ξ − F0/Fcr plane may have a larger error in the

F0/Fcr direction than in the ξ direction. Figure 5.3 shows the distribution of the observed

exoplanets in the log(F0/Fcr)− log ξ plane. The two conditions above can be drawn by two

straight lines in the plane. The atmospheric escape in observed planets can be classified

into three regions by two lines. Our conditions can be used to distinguish whether the

hydrogen-rich atmosphere experience intense mass loss or not. We find that the EUV flux

is lower than the critical flux in the case of the two of the Lyman-α non-detected planets

and the mass loss is weak. K2-25 b receives intense EUV radiation from the host star and

the EUV flux is larger than the critical flux. We plot a few close-in planets do not show

the Lyman-α absorption (Lecavelier des Etangs et al. 2012b; Rockcliffe et al. 2021).

If we consider the metal coolings, the straight line of Teq = Tch moves to the bottom

side in the ξ − F0/Fcr plane because the equilibrium temperature slightly decreases with

the metallicity. In general, the observational error of EUV flux is larger than the effect of

FUV heating and metal line coolings on the equilibrium temperature and the characteristic

temperature.
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Fig 5.3: The observed planets in ξ − F0/Fcr plane. The colored points show the atomic
hydrogen detected close-in planets. Three black points show the Lyman-α non-detected
close-in planets. Blue points represent planets without the detection of hydrogen atoms in
the dataset. We note that the planets of blue points does not show the Lyman-α absorption
detection. Two lines show the physical conditions we introduced (Blue Teq = Tch, Orange
tg = th).

We also try the physical condition with the timescale around the hill radius in observed

close-in planets. Figure 5.4 shows the observed planets with the ratio between the timescale

of photoheating th hill and dynamics tdynamics around the hill radius. The timescale around

the hill radius can be used to distinguish whether the stellar gravity affects the atmospheric

escape or not. In the case of short period planets, the timescale of photoheating th hill is

shorter than the dynamics timescale tdynamics.
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Fig 5.4: The observed planets in ξ − F0/Fcr plane with timescale around hill radius. The
color of each points represents the ratio between the timescale of the photoheating and
dynamics. In planets represented by red points, the photoheating timescale is shorter than
the dynamic timescale.

5.3 Planetary evolution and physical conditions

In this section, we discuss the evolution of hot Jupiters with our mass-loss model based on

the physical understandings.

First, we consider the simple planetary evolution without orbital migration. The plan-

etary mass evolution in the early stage can be given as:

M(t) = Mini −
∫

dtṀ (5.24)

From this equation, we can find when the system reaches Tch = Teq. Figure 5.5 shows
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the evolution of the ratio Tch/Teq. We can find that the system reaches the energy-limited

(Tch = Teq) in about 10Gyr. And the planetary mass evolution is not significant as in the

previous study (e.g.Allan and Vidotto 2019). The evolution track in the ξ − F0/Fcr plane

should be the vertical straight line because of the small evolution of the mass and radius.

In this estimation, we assume the constant average density of the planet and semi-major

axis.

Fig 5.5: Planetary mass evolution (top) and the Tch/Teq evolution (bottom).

We also examine the evolution of planets of different mass. Figure 5.6 shows the

evolution track in the ξ−F0/Fcr plane. We find that the evolution track of the light planet

also depends on the mass evolution because the mass loss due to the escape is significant

for low-mass close-in planets.
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Fig 5.6: Planetary evolution of different mass Mp = 0.7MJ , 0.3MJ , 0.1MJ without the
orbital evolution due to the torus in ξ−F0/Fcr plane. The solid blue line shows Tch = Teq

condition.

As we briefly explained in Chapter 2, the escaping outflow may accumulate and form a

torus around the host star. Tidal interaction between the torus and the planet can cause

the migration of the planet as the planet in the protoplanetary disk. The close-in planet

may move inward. We calculate the planetary orbital evolution with planetary migration

due to the tidal interaction using the open source code (Kurbatov and Bisikalo 2021). We

briefly explain the equations which we solve with the code.

The 1D continuity equation and the angular momentum equation can be written as
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Pringle 1981; Kurbatov and Bisikalo 2021:

∂Σ

∂t
+

1

r

∂(rF )

∂r
= −Σ̇pe (5.25)

∂

∂t
(Σr2Ω) +

1

r

∂(rFr2Ω)

∂r
=

1

r

∂(r2W )

∂r
− Σ̇per

2Ω+ Στ (5.26)

where F is the radial mass flux and W is viscosity stress tensor.

The planetary migration can be given as:

da

dt
= − 4π

Mp

(
a

GMs

)1/2 ∫ ∞

r0

drrΣτ (5.27)

To solve the above equations numerically, we normalize the equations by the charac-

teristic quantities:

t0 =
1

Ω0
,Σ0 =

Ṁp

2πr20Ω0
(5.28)

ν0 = r20Ω0,Ω0 = Ω(r) (5.29)

where r0 is the inner boundary of the disk. After the normalization, the disk equation and

the migration rate are given as:

∂σ

∂s
+

1

x

(xf)

∂x
= − t0

Σ0

(
Σ̇pe +

dΣ0

dt
σ

)
(5.30)

f = − 3

x1/2
∂

∂x

(
x1/2nσ

)
+ ξ1/2x1/2ωσ (5.31)

n = αh2xβ (5.32)

ω =
2C0

π

(
Mp

Ms

)2 ξ1/2

(x− ξ)2
x3/2 − ξ3/2

(x1/2 − ξ1/2)3
(5.33)

da

ds
= −a

t0Ṁp

Mp

∫ ∞

1
dxxωσ (5.34)

These equations are written in dimensionless quantities: s = t/t0, x = r/r0,σ = Σ/Σ0, f =

F/F0, n = ν/ν0, ξ = a/r0, h = H0/r0. The parameters α,β are related to the viscosity.

From the observations of the protoplanetary disk α < 3 × 10−3 (Flaherty et al. 2017),

but the values for the torus due to the accumulation of the gas from the close-in planets

are unknown. We run simulations with various parameters. In general, the large value of

parameters increase the viscosity and the migration timescale becomes shorter.

As in the case of the atmospheric escape of hot Jupiters, the gas of protoplanetary disks

is heated by UV from the host star and escapes. Some theoretical simulations calculated
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the photoevaporation rate of the protoplanetary disk with an inner hole (Owen and Jackson

2012). The geometry is close to the case of the torus around the star. The mass-loss rate

of torus is given as:

Ṁt = 4.8× 10−9

(
M∗
M⊙

)−0.148( LX

1030 erg/s

)1.14

M⊙ /yr (5.35)

where LX is the X-ray luminosity. The X-ray luminosity also changes with the stellar age

like the EUV luminosity. We also use the mass-loss profile in Owen and Jackson 2012 to

get the photoevaporation rate Σpe. The rate profile is given as:

Σ̇ ∝ 1

r
(ab exp(by) + cd exp(dy) + ef exp(fy)) (5.36)

y = 0.95

(
M∗
M⊙

)−1 r − r0
1AU

, r > r0 (5.37)

where a = −0.438226, b = −0.10658387, c = 0.5699464, d = 0.010732277, e = −0.131809597,

f = −1.32285709 are the fitting parameter in Owen and Jackson 2012.

Previous simulations have shown that the photoevaporation of the torus reduces the

surface density and the migration rate can also reduce. The migration timescale without

the photoevaporation is about 107−8 year and 109 year with photoevaporation. As we

introduced in Chapter 2, many previous studies of planetary evolution have assumed the

energy-limited mass loss. In reality, this is not true for some close-in planets around young

stars and the many of observed hot Jupiters have young host stars. Thus, we should

consider the recombination-limited mass loss for the evolution of hot Jupiters. In this

calculation, we can neglect the stellar gravity effect on the mass loss because the effect

changes the mass-loss rate by a factor of 2.
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Fig 5.7: Orbital evolution of the fiducial planet (aini = 0.4au,α = 0.01,β = 1.5).

Figure 5.7 shows the orbital evolution of the fiducial planet. The planet moves inward

and the semi-major axis becomes ∼ 0.05 AU within a few Gyr.

Tch/Teq is almost constant unless the age reaches tsat = 108 yr. Then the ratio becomes

smaller to some extent. When the orbital migration becomes significant, the ratio becomes

larger. This transition may occur when the orbital migration speed is larger than the EUV

luminosity evolution speed:
(
ȧ

a

)2

>
L̇EUV

LEUV
(5.38)

We calculate the evolution of the Tch/Teq for various viscous parameters. We find that

the low viscous parameters lead to the low Tch/Teq value (Figure 5.8). We also investigate

the dependence of the initial semi-major axis (Figure 5.9). In the case of the small initial

semi-major axis, the transition occurs rapidly because of the rapid orbital migration.
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Fig 5.8: Tch/Teq evolution for various viscous parameters α = 0.01, 0.001,β = 1.5, 1.0.
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Fig 5.9: Tch/Teq evolution for various initial semi-major axis.

5.4 Summary

Although there are many theoretical studies of atmospheric escape, the physics govern-

ing the mass loss of the atmosphere even in the case of the simple hydrogen-dominant

atmosphere is unknown. The physics of the atmospheric escape is determined by gravity,

photoheating, and gas expansion. We introduce the relevant temperatures and timescales

in the upper atmosphere of close-in planets. We find that the equilibrium temperature

and the characteristic temperature determine whether the radiative cooling exceeds the

cooling due to the expansion of the atmosphere. Thus the temperatures can be used to

determine whether the mass-loss rates of the planets are in the energy-limited regime or

the recombination-limited regime. The gravitational and photoheating timescales can also

be used to determine whether planetary gravity can retain the atmosphere against the
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overflow of the upper atmosphere.

We classify the observed exoplanets using the relevant temperatures and timescales. We

find that the planets with hydrogen atom detection receive more intense radiation than the

critical flux determined by the planetary mass. The EUV flux of two of the Lyman-α non-

detection planets is less than the critical flux. For these planets, moderate radiation cannot

drive strong outflow. K2-25 b may receive intense EUV although the recent observation

has not detected Lyman-α absorption. In this planetary system, unknown factors (e.g.

wind confinement) may reduce the transit depth.

We also investigate the planetary evolution with our physical understanding. The

EUV luminosity evolution dominates the planetary evolution in typical hot Jupiters. The

transition between the recombination-limited and the energy-limited regime may occur in

a few Gyr. The orbital evolution can also have a significant effect on the evolution. We

find that orbital evolution makes planets more likely to become recombination-limited.

Our physically-motivated conditions provide a general understanding of the atmo-

spheric escape driven by EUV radiation and can be calculated without radiation hydrody-

namics simulations. We can use these conditions to select planetary systems suitable for

observing atmospheric escape and the wind effect.
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Summary and conclusion

Approximately 5000 exoplanets have been found since the first exoplanet around a solar-like

star was found. Hot Jupiters are gas giant planets with short orbital periods. It is crucial

to comprehend their formation and evolution processes to understand the diversity of the

discovered exoplanets. Intense radiation from the host star heats the upper atmosphere of

hot Jupiters and drives the hydrodynamic escape. The mechanism of atmospheric escape

is crucial for understanding the evolution of close-in exoplanets.

Most of the previous studies have considered EUV photoionization heating as a dom-

inant heating process in the upper atmosphere and have not considered FUV heating

processes. FUV photons from host stars can influence the heating rate in the upper at-

mosphere, especially around hot stars. The FUV luminosity of hot stars is more than ten

thousand times larger than the solar value. We first performed the radiation hydrodynam-

ics simulations with FUV heating processes in Chapter 3. There are three possible FUV

heating processes. The first one is photoelectric heating through dust grains. This process

is a popular process in the context of ISM. We find that the FUV photoelectric heating can

drive the atmospheric escape in hot Jupiters around hot stars. The existence of dust grains

in the upper atmosphere is required for the FUV photoelectric heating process. We show

that the photoelectric heating process can drive the escaping outflow if the dust-to-gas

mass ratio is sufficiently large (D/G > 10−5). The second process is the photon pumping

of molecular hydrogen. In this process, FUV photons excite the hydrogen molecules in

the atmosphere and the collisional de-excitation and photodissociation contribute to the

heating rate. The last process is Balmer absorption. The FUV photons photoionize hy-

drogen atoms at the excited level with principal quantum number n = 2. The last two

processes are independent of the existence of dust grains. We find that these processes can

82
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also drive the atmospheric escape around hot stars. The heating rate of Balmer absorption

is larger than that of the pumping process in the case of very hot host stars. In the case

of intermediate mass stars, the heating due to the pumping process becomes comparable

to the heating due to Balmer absorption. We find that these FUV heating processes are

dominant in the case of hot stars, and that the classical EUV photoionization determines

the atmospheric escape around relatively cool stars like solar-type stars. The results of our

simulations are consistent with the pervious theoretical simulations and observations of

hot Jupiters around solar-type stars at this point. Our results suggest that close-in planets

around hot stars experience different evolution due to the intense mass-loss driven by FUV

heating.

The geometry of the escaping outflow determines the spectroscopic feature of Lyman-α

absorption which has been used in the classical observations of the atmospheric escape of

hot Jupiters. The stellar wind interacts with the escaping outflow and changes the outflow

structure. Multi-dimensional radiation hydrodynamics simulations can reveal the atmo-

spheric structure and can be used to interpret the observational absorption signals. The

structure of the outflow has not been investigated by the detailed radiation hydrodynamics

simulations in a self-consistent manner. In Chapter 4, we focus on our radiation hydro-

dynamics simulations with stellar winds from host stars. We implement the effect of the

stellar wind in our simulations. We perform the simulations by resolving the atmospheric

structure from the place where the outflow is launched by the EUV photoionization to

the point where the wind interacts with the launched outflow. We find that the strong

stellar wind can confine the outflow and the Lyman-α absorption is reduced because the

effective absorption radius becomes smaller. The strong wind (Ṁ∗ > 100Ṁ⊙) can sig-

nificantly reduce the Lyman-α absorption. We also investigate other possible absorption

signals that can be observed by the ground-base telescopes. We find that Hα absorption

depth is almost independent of the stellar wind strength because the lower dense layer of

the atmosphere contributes to the transit depth. The difference in the stellar wind strength

dependence between Lyman-α and Hα absorption can be used to investigate the EUV flux

and the stellar wind parameters. We find that the mass-loss rate of the planet is almost

independent of the stellar wind strength because the wind cannot confine the outflow to

the launching point unless the wind is extremely strong (Ṁ∗ > 1000Ṁ⊙).

The physical understanding of the atmospheric structure can be helpful to understand

the mass-loss rate of the hot Jupiters and the planetary evolution. Photoheating, grav-

ity, and gas expansion determine the physics of the atmospheric escape. We introduce

the gravitational, equilibrium, and characteristic temperatures in Chapter 5. The gravi-
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tational temperature Tg represents the strength of the planetary gravity. The equilibrium

temperature Teq is determined by the balance between the photoheating and the radiative

cooling and becomes ∼ 104K in the case of the EUV photoionization heating of hydrogen

atom. The gas temperature cannot exceed the equilibrium temperature. The characteristic

temperature Tch represents the temperature which the gas can reach within the dynamical

timescale if we consider only the photoheating. The characteristic temperature can ex-

ceed the equilibrium temperature although the real temperature cannot reach. The ratio

Tch/Teq can be written by the ratio of the planetary radius to the gravitational radius and

the ratio of the EUV flux to the critical flux which can be determined by the planetary

mass (ξ, F0/Fcr). We find that the ratio Tch/Teq determines whether the system becomes

recombination-limited or energy-limited from the results of radiation hydrodynamics simu-

lations. If the ratio is larger than the unity Tch/Teq > 1, the recombination cooling exceeds

the cooling due to the gas expansion and the mass-loss rate is recombination limited. We

also find that many close-in planets with hydrogen atom detection is exposed to stronger

radiation EUV radiation than the critical flux. The EUV flux of the two of the close-in

planets without Lyman-α absorption is less than the critical value and the mass loss may

be weak. K2-25 b may be an exception. The planet does not show the Lyman-α absorp-

tion but is exposed to stronger EUV radiation than the critical value. This means that the

unknown factor like the stellar wind confinement reduces the transit signature. Typical

hot Jupiters reach the energy-limited regime in a few Gyr.

From our results of the predicted transit signals and future observations, we can es-

timate the EUV flux and the stellar wind parameters which are difficult to determine by

other methods. The estimated parameters are essential for understanding environments of

close-in exoplanets. Our radiation hydrodynamics codes can be used for not only for hot

Jupiters but also for close-in super earths which are planned to observe by future advanced

telescopes. We can easily determine suitable exoplanets to observe the atmospheric escape

from our physical understandings and classification of the atmospheric escape of close-in

planets. Our classification based on the physical understanding of photoheating can be

extended to other planets with other photoheating and radiative cooling processes, such as

observed water-rich exoplanets (e.g. TRAPPIST-1 system). The loss of water is directly

related to the habitable worlds outside of our solar system because the existence of water is

necessary for life. Our study also provides important insights into the atmospheric struc-

ture of terrestrial planets in the habitable zone and the possibility of life on their surfaces,

which are planned to be observed by telescopes such as JWST in the near future. Research

on exoplanets is steadily approaching answers to important questions such as the origin
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of life and whether human-like life exists on other planets. From this perspective, our

research has clarified a variety of atmospheric environments and developed a new theory

for the general atmosphere.



Appendix A

Appendix: Hydrodynamic
Equations in Various Geometry

Hydrodynamic equations are solved in hydrodynamic simulations. 3D cartesian, 1D spher-

ical, and 2D cylindrical equations are usually used in astrophysics. We introduce these

hydrodynamic equations in this appendix. The general forms of the hydrodynamic equa-

tions are derived from the mass conservation, the momentum conservation, and the energy

conservation. From the mass conservation, we have:

∂ρ

∂t
+∇ · (ρv) = 0 (A.1)

This equation is also called as a continuity equation. From the momentum conservation,

we have:

∂(ρv)

∂t
+∇ · (ρvv) +∇p = 0 (A.2)

where p is the gas pressure. From the energy conservation, we have:

∂(ρ(e+ 1
2v

2))

∂t
+∇ ·

[
(ρe+

1

2
ρv2 + p)v

]
= 0 (A.3)

where e is the internal specific energy.
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A.1 3D Cartesian case

The hydrodynamic equations in 3D Cartesian coordinates (x, y, z) can be gine as:

∂ρ

∂t
+

∂(ρvx)

∂x
+

∂(ρvy)

∂y
+

∂(ρvz)

∂z
= 0 (A.4)

∂(ρvx)

∂t
+

∂(ρvxvx)

∂x
+

∂(ρvxvy)

∂y
+

∂(ρvxvz)

∂z
+

∂p

∂x
= −ρ

∂Φ

∂x
(A.5)

∂(ρvy)

∂t
+

∂(ρvyvx)

∂x
+

∂(ρvyvy)

∂y
+

∂(ρvyvz)

∂z
+

∂p

∂y
= −ρ

∂Φ

∂y
(A.6)

∂(ρvz)

∂t
+

∂(ρvzvx)

∂x
+

∂(ρvzvy)

∂y
+

∂(ρvzvz)

∂z
+

∂p

∂z
= −ρ

∂Φ

∂z
(A.7)

∂E

∂t
+

∂(Hvx)

∂x
+

∂(Hvy)

∂y
+

∂(Hvz)

∂z
= ρ(Γ− Λ) (A.8)

where E,H are the total energy and enthalpy per unit volume:

E =
1

2
ρv2 +

ρkT

µmH(γ − 1)
(A.9)

H = E + p (A.10)

A.2 1D Spherical case

In the case of spherical coordinates (r, θ,φ), the equations have different forms. If we

assume spherical symmetry, the divergence can be written as:

∇ · F =
1

r2
∂(r2Fr)

∂r
(A.11)

We can write the hydrodynamic equations as:

∂ρ

∂t
+

1

r2
∂(ρr2vr)

∂r
= 0 (A.12)

∂(ρvr)

∂t
+

1

r2
∂(ρr2vrvr)

∂r
+

∂p

∂r
= −ρ

∂Φ

∂r
(A.13)

∂E

∂t
+

1

r2
∂(Hr2vr)

∂r
= ρ(Γ− Λ) (A.14)

A.3 2D Cylindrical case

In the case of cylindrical coordinates (R,φ, z), the divergence can be given as:

∇ · F =
1

R

∂(RFR)

∂R
+

1

R

∂Fφ

∂φ
+

∂Fz

∂z
(A.15)
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If we assume cylindrical symmetry, the hydrodynamic equations are given as:

∂ρ

∂t
+

1

R

∂(ρRvR)

∂R
+

∂(ρvz)

∂z
= 0 (A.16)

∂(ρvR)

∂t
+

1

R

∂(ρRvRvR)

∂R
+

∂(ρvRvz)

∂z
+

∂p

∂R
= −ρ

∂Φ

∂R
(A.17)

∂(ρvz)

∂t
+

1

R

∂(ρRvzvR)

∂R
+

∂(ρvzvz)

∂z
+

∂p

∂z
= −ρ

∂Φ

∂z
(A.18)

∂E

∂t
+

1

R

∂(HRvR)

∂R
+

∂(Hvz)

∂z
= ρ(Γ− Λ) (A.19)

We solve the above equations in our 2D simulations.
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mann, D. Yan, E. Nagel, F. Yan, J. H. M. M. Schmitt, J. Aceituno, P. J. Amado,

J. A. Caballero, N. Casasayas-Barris, Th. Henning, S. Khalafinejad, K. Molaverdikhani,
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Sean M. Andrews, Ágnes Kóspál, David J. Wilner, Eugene Chiang, Philip J. Armitage,

and Xue-ning Bai. A Three-dimensional View of Turbulence: Constraints on Turbulent

Motions in the HD 163296 Protoplanetary Disk Using DCO+. ApJ, 843(2):150, July

2017. doi: 10.3847/1538-4357/aa79f9.

Naho Fujita, Yasunori Hori, and Takanori Sasaki. Orbital Evolution of Close-in Super-

Earths Driven by Atmospheric Escape. ApJ, 928(2):105, April 2022. doi: 10.3847/

1538-4357/ac558c.

Benjamin J. Fulton, Erik A. Petigura, Andrew W. Howard, Howard Isaacson, Geoffrey W.

Marcy, Phillip A. Cargile, Leslie Hebb, Lauren M. Weiss, John Asher Johnson, Timo-

thy D. Morton, Evan Sinukoff, Ian J. M. Crossfield, and Lea A. Hirsch. The California-

Kepler Survey. III. A Gap in the Radius Distribution of Small Planets. AJ, 154(3):109,

September 2017. doi: 10.3847/1538-3881/aa80eb.
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G. Leto, A. Maggio, L. Malavolta, J. Maldonado, G. Micela, E. Molinari, V. Nascimbeni,

I. Pagano, M. Pedani, G. Piotto, and A. Reiners. The GAPS programme at TNG. XXII.



98 REFERENCE

The GIARPS view of the extended helium atmosphere of HD 189733 b accounting for

stellar activity. A&A, 639:A49, July 2020. doi: 10.1051/0004-6361/20203764410.48550/

arXiv.2005.05676.

Akash Gupta and Hilke E. Schlichting. Sculpting the valley in the radius distribution

of small exoplanets as a by-product of planet formation: the core-powered mass-loss

mechanism. MNRAS, 487(1):24–33, July 2019. doi: 10.1093/mnras/stz1230.

Akash Gupta, Lorraine Nicholson, and Hilke E. Schlichting. Properties of the radius val-

ley around low mass stars: predictions from the core-powered mass-loss mechanism.

MNRAS, 516(3):4585–4593, November 2022. doi: 10.1093/mnras/stac2488.

Jacob H. Hamer and Kevin C. Schlaufman. Hot Jupiters Are Destroyed by Tides While

Their Host Stars Are on the Main Sequence. AJ, 158(5):190, November 2019. doi:

10.3847/1538-3881/ab3c56.

Matthew Hansen and S. Peng Oh. Lyman α radiative transfer in a multiphase medium.

MNRAS, 367(3):979–1002, April 2006. doi: 10.1111/j.1365-2966.2005.09870.x.

Laura M. Harbach, Sofia P. Moschou, Cecilia Garraffo, Jeremy J. Drake, Julián D.
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Sgró. Magnetized winds and their influence in the escaping upper atmosphere of HD

209458b. MNRAS, 479(3):3115–3125, September 2018. doi: 10.1093/mnras/sty1544.

Carolina Villarreal D’Angelo, Aline A. Vidotto, Alejandro Esquivel, Gopal Hazra, and

Allison Youngblood. GJ 436b and the stellar wind interaction: simulations constraints

using Ly α and H α transits. MNRAS, 501(3):4383–4395, March 2021. doi: 10.1093/

mnras/staa3867.

A. J. Watson, T. M. Donahue, and J. C. G. Walker. The dynamics of a rapidly escaping

atmosphere: Applications to the evolution of Earth and Venus. Icarus, 48(2):150–166,

November 1981. doi: 10.1016/0019-1035(81)90101-9.

F. Yan, A. Wyttenbach, N. Casasayas-Barris, A. Reiners, E. Pallé, Th. Henning,
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