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0Abstract
The increasing number of known exoplanets raises questions about their de-
mographics and the mechanisms that shape planets into how we observe them
today. Young planets in close-in orbits are exposed to harsh environments due
to the host star being magnetically highly active, which results in high X-ray
and extreme UV 
uxes impinging on the planet. Prolonged exposure to this
intense photoionizing radiation can cause planetary atmospheres to heat up,
expand and escape into space via a hydrodynamic escape process known as
photoevaporation. For super-Earth and sub-Neptune-type planets, this can
even lead to the complete erosion of their primordial gaseous atmospheres. A
factor of interest for this particular mass-loss process is the activity evolution
of the host star. Stellar rotation, which drives the dynamo and with it the
magnetic activity of a star, changes signi�cantly over the stellar lifetime. This
strongly a�ects the amount of high-energy radiation received by a planet as
stars age. At a young age, planets still host warm and extended envelopes,
making them particularly susceptible to atmospheric evaporation. Especially
in the �rst gigayear, when X-ray and UV levels can be 100 { 10,000 times
higher than for the present-day sun, the characteristics of the host star and the
detailed evolution of its high-energy emission are of importance.

In this thesis, I study the impact of stellar activity evolution on the high-
energy-induced atmospheric mass loss of young exoplanets. The PLATYPOS
code was developed as part of this thesis to calculate photoevaporative mass-loss
rates over time. The code, which couples parameterized planetary mass-radius
relations with an analytical hydrodynamic escape model, was used, together
with Chandra and eROSITA X-ray observations, to investigate the future mass
loss of the two young multiplanet systems V1298 Tau and K2-198. Further, in
a numerical ensemble study, the e�ect of a realistic spread of activity tracks on
the small-planet radius gap was investigated for the �rst time. The works in this
thesis show that for individual systems, in particular if planetary masses are
unconstrained, the di�erence between a young host star following a low-activity
track vs. a high-activity one can have major implications: the exact shape of
the activity evolution can determine whether a planet can hold on to some of its
atmosphere, or completely loses its envelope, leaving only the bare rocky core
behind. For an ensemble of simulated planets, an observationally-motivated
distribution of activity tracks does not substantially change the �nal radius
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distribution at ages of several gigayears. My simulations indicate that the overall
shape and slope of the resulting small-planet radius gap is not signi�cantly
a�ected by the spread in stellar activity tracks. However, it can account for a
certain scattering or fuzziness observed in and around the radius gap of the
observed exoplanet population.
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0Zusammenfassung
Die steigende Anzahl bekannter Exoplaneten wirft Fragen zu ihrer Demogra�e
und den Mechanismen auf, die Planeten in ihre heutige beobachtete Form
bringen. Junge Planeten, die sehr nah um ihren Wirtsstern kreisen, sind extre-
men Umgebungen ausgesetzt, da der Stern eine hohe magnetische Aktivit�at
aufweist. Das f�uhrt wiederum dazu, dass der Planet einer enormen R�ontgen-
und Extrem-UV-Strahlung ausgesetzt ist. Ist der Planet �uber einen l�angeren
Zeitraum dieser intensiven photoionisierenden Strahlung ausgesetzt, kann dies
dazu f�uhren, dass Planetenatmosph�aren sich aufheizen, ausdehnen und durch
einen hydrodynamischen Entweichungsprozess namens Photoevaporation ins
All entweichen, sozusagen verdampfen. Bei Planeten, in der Gr�o�enordnung von
Super-Erden und Sub-Neptunen, kann dies sogar zur vollst�andigen Erosion ihrer
Ur-Atmosph�aren f�uhren. Ein interessanter Faktor, der f�ur diesen Massenver-
lustprozess eine Rolle spielt, ist die Aktivit�atsentwicklung des Wirtssterns. Die
Rotation eines Sterns, die den Dynamo und damit die magnetische Aktivit�at
antreibt, �andert sich im Laufe der Lebensdauer eines Sterns erheblich. Dies hat
einen starken Ein
uss auf die Menge der hochenergetischen Strahlung, den ein
Planet mit zunehmendem Alter des Sterns empf�angt. In jungen Jahren besitzen
Planeten noch warme und ausgedehnte H�ullen, was sie besonders anf�allig f�ur
atmosph�arische Verdunstung macht. Insbesondere in den ersten Gigajahren,
wenn die R�ontgen- und UV-Strahlung 100 { 10,000 Mal h�oher sein kann als bei
der heutigen Sonne, sind die Eigenschaften des Wirtssterns und die detaillierte
Entwicklung seiner hochenergetischen Emission von Bedeutung.

In dieser Arbeit untersuche ich die Auswirkungen der Entwicklung der stella-
ren Aktivit�at auf den durch hochenergetische Strahlung verursachten atmosph�a-
rischen Massenverlust junger Exoplaneten. Der PLATYPOS-Code wurde im
Rahmen dieser Arbeit entwickelt, um die photoevaporativen Massenverlustraten
f�ur verschiedene stellare Alter zu berechnen. Der Code verkn�upft parametri-
sierte Planetenmasse-Radius-Beziehungen mit einem analytischen Modell f�ur
den hydrodynamischen Massenverlust. Er wurde zusammen mit Chandra- und
eROSITA-R�ontgenbeobachtungen dazu verwendet, den zuk�unftigen Massen-
verlust der beiden jungen Mehrplanetensysteme V1298 Tau und K2-198 zu
untersuchen. Dar�uber hinaus wurde in einer numerischen Ensemblestudie erst-
mals der E�ekt einer realistischen Verteilung von stellaren Aktivit�ats-Tracks
auf das sogenannte Radius-Tal bei kleinen Planeten untersucht. Die Arbeiten
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in dieser Dissertation zeigen, dass f�ur einzelne Systeme, insbesondere wenn
die Planetenmassen unbestimmt sind, der Unterschied zwischen einem jungen
Wirtsstern, der einem Track mit niedriger Aktivit�at gegen�uber einem solchen
mit hoher Aktivit�at folgt, gravierende Auswirkungen haben kann: Die genaue
Form der Aktivit�atsentwicklung kann dar�uber entscheiden, ob ein Planet einen
Teil seiner Atmosph�are beh�alt oder seine H�ulle vollst�andig verliert und nur
den nackten Gesteinskern beh�alt. F�ur ein Ensemble von simulierten Planeten
�andert eine durch Beobachtungen motivierte Verteilung von Aktivit�ats-Tracks
die endg�ultige Radiusverteilung der Planeten nach mehreren Gigajahren nicht
wesentlich. Meine Simulationen deuten darauf hin, dass die Form und Steigung
des sich ergebenden Radius-Tals bei Kleinplaneten nicht wesentlich von der
Streuung der stellaren Aktivit�ats-Tracks beein
usst wird. Eine gewisse Streuung
oder Unsch�arfe im Radius-Tal der beobachteten Exoplanetenpopulation kann
damit allerdings durchaus erkl�art werden.
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1 Thesis overview and list of included manuscripts

This thesis is divided into two parts: Part I serves as an introduction, and
Part II contains four chapters { one for each publication in a peer-reviewed
journal, in order of publication date. The four research papers, published
in or submitted to Monthly Notices of the Royal Astronomical Society and
Astronomische Nachrichten, form the core of this thesis.

Part I gives the reader background information on the three main topics of
this thesis: (i) exoplanet demographics and the radius{gap feature seen in the
observed population of small exoplanets (Ch. 2), (ii) the formation and evolution
of planetary atmospheres, with particular focus on the photoevaporative mass-
loss process (Ch. 3), and (iii) the importance of understanding the host star,
its current X-ray emission as well as its activity evolution (past and future)
in determining the fate of planets and their primordial planetary atmospheres
(Ch. 4).

Part II contains four independent chapters, which, however, all share a
common motive: to study the role of the host star activity evolution on the
high-energy-induced atmospheric mass loss of exoplanet atmospheres, with
focus on young and X-ray bright star{planet systems. Chapters 5 and 8
explore two individual, young multi-planet systems, V1298 Tau and K2-198,
and the expected mass-loss histories of their planets. For both systems, X-ray
observations with Chandra and eROSITA lay the foundation for subsequent
numerical simulations of the atmospheric mass loss. Chapter 6 describes the
code PLATYPOS, which was developed to conduct all mass-loss simulations
contained within this thesis, and Ch. 7 is a purely numerical ensemble study to
investigate how a realistic spread of stellar activity tracks in
uences the mass
loss of a simulated population of small exoplanets and the observable properties
of the radius gap. Lastly, Ch. 9 presents some concluding remarks. It highlights
the contribution of the �ndings made in this thesis for the �eld, and discusses
future perspectives.

All four manuscripts and the contributions of L. Ketzer to each paper are
listed below.
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Chapter 1 Thesis overview and list of included manuscripts

1. X-ray irradiation and evaporation of the four young planets around V1298
Tau

Poppenhaeger, K.; Ketzer, L.; Mallonn, M.
Monthly Notices of the Royal Astronomical Society. Volume 500, Issue 4,
Pages 4560�4572 (2021).
DOI: 10.1093/mnras/staa1462

Contribution: For this �rst publication, I am the second author, but with
large contributions to the �nal work. While the X-ray and optical data were
analyzed and interpreted by K. Poppenhaeger and M. Mallonn, the second half
of the paper is my contribution. I used the measured X-ray luminosity of the
host star as input to perform mass-loss calculations for the four planets around
V1298 Tau. All calculations and plots in the discussion have been produced by
me, as well as the majority of the associated text. This work is based on an
early version of the publicly available python code PLATYPOS, which I started
to develop as part of this project, and expanded upon later in subsequent works.

2. Estimating photoevaporative mass loss of exoplanets with PLATYPOS

Ketzer, L.; Poppenhaeger, K.
Astronomische Nachrichten. Volume 343, Issue 4, e210105 (2022).
DOI: 10.1002/asna.20210105

Contribution: For this paper, I am the lead author. The paper explains the
building blocks of the atmospheric mass-loss code PLATYPOS (which was
developed by me), and all the extensions made to the code since its �rst usage
in the V1298 Tau publication. I wrote the initial draft for the publication and
gathered feedback from my co-author, K. Poppenhaeger.
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Thesis overview and list of included manuscripts Chapter 1

3. The in
uence of host star activity evolution on the population of su-
per{Earths and mini{Neptunes

Ketzer, L.; Poppenhaeger, K.
Monthly Notices of the Royal Astronomical Society. Volume 518, Issue 2,
Pages 1683�1706 (2023).
DOI: 10.1093/mnras/stac2643

Contribution: I am the lead author of this study, which investigated, for the
�rst time, the e�ect of a spread of stellar activity tracks on the exoplanet
radius gap. In the paper, we use the code PLATYPOS to conduct en ensemble
study of an observationally-motivated planet population, evolving the planetary
sample across a range of di�erent stellar activity tracks from infant age to
several Gyr. I conducted all numerical simulations, as well as the subsequent
analysis and scienti�c exploration of the resulting data. While I wrote the
majority of the initial draft, my co-author K. Poppenhaeger gave me scienti�c
advice throughout the di�erent stages of the project and contributed to parts
of the text in the discussion section.

4. Three young planets around the young K{dwarf K2{198: High{energy
environment, evaporation history and expected future

Ketzer, L.; Poppenhaeger, K.; Baratella, M.; Ilin, E.
Submitted to Monthly Notices of the Royal Astronomical Society on May
15, 2023; referee report received on July 2, 2023. Revised version to be
resubmitted.

Contribution: I am the lead author of this study. For this paper, we use all
available literature data, as well as updated eROSITA X-ray measurements,
to determine the age of the star{planet system. I performed the photometric
analysis of the light curve using Kepler and TESS archival data to determine
the rotation period of the star, E. Ilin used her code AltaiPony to investigate

ares and their frequency in the lightcurve. M. Baratella performed an analysis
of the spectroscopic data to determine the stellar lithium abundance, and K.
Poppenhaeger contributed the updated X-ray 
ux measurements of the host
star. I conducted the remaining analysis and interpretation of the data, and
performed the mass-loss calculations with the previously developed PLATYPOS
code. K. Poppenhaeger, E. Ilin and M. Baratella contributed to the text in the
context of their respective contributions and gave feedback. K. Poppenhaeger
also gave input on the discussion.
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Part I

Introduction





2 Exoplanet discovery and demographics

The discovery of planets orbiting stars other than the Sun (so-called exoplanets)
is considered one of the most thrilling astronomical �ndings of recent decades.
Crowned with a Nobel Prize in 2019, the �rst unambiguous detection of an
exoplanet around a solar-like star, 51 Pegasi b, by Mayor & Queloz in 1995, has
opened the door to an ever-growing �eld of exoplanetary science. Since then,
more than 5,000 new exoplanets have been discovered, in particular thanks to
dedicated space-borne observing missions (Borucki et al., 2010; Howell et al.,
2014; Ricker et al., 2015). An interesting fact about the newly-discovered
distant worlds is that no star{planet system discovered so far resembles our own
home { the solar system. This, however, is not surprising, because the methods
used to detect and con�rm planets around stars other than our own are biased
towards certain types of planets that can be more easily detected than others.
The �rst puzzling example was indeed 51 Pegasi b, which shows no resemblance
to any planet known in the solar system. The planet, which has a size similar
to the cold gas-giant Jupiter (the largest planet in the solar system, orbiting
the Sun in 11.2 years), revolves around its host star with a remarkable speed,
namely in 4.23 days (much closer than Mercury's orbit). Today, such close-in
giant planets are known as 'Hot Jupiters'. In addition to this new and peculiar
class of exoplanets, a plethora of diverse star{planet systems outside our solar
system have been discovered, challenging our conventional understanding of
the formation and evolution of star{planet systems. Studying these unique
systems can not only give new insights into the origin and destiny of distant
worlds, but also our own.

2.1 Detection methods

Over the last few decades, numerous fascinating and unusual exoplanets have
been discovered. The �rst detection was achieved by measuring periodic radial
velocity variations in the stellar light with ground-based spectrographs (Mayor
& Queloz, 1995). This method exploits the fact that a planet's gravitational
pull on the star causes a wobbling of the star along the line-of-sight to the
observer, which results in measurable blue- and redshifts in the stellar spectrum
(see Fig. 2.1). As of today, however, the transit method stands out as the most
successful detection method for planets beyond our solar system. Thanks to
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Chapter 2 Exoplanet discovery and demographics

dedicated space-based photometric missions like Kepler (Borucki et al., 2010;
Howell et al., 2014) and TESS (Ricker et al., 2015), several (hundred) thousand
stars (e.g. 150,000 stars for Kepler) can be continuously monitored over the
period of weeks to years. The time-series data is then vetted for periodic dips
in the stellar brightness caused by a planet transiting the stellar disc in the
line-of-sight to the observer and blocking out up to a few percent of the total
light of a star. For Sun-like stars, this fraction is usually only at most 1%, but
for later spectral types, i.e. stars with smaller stellar radii, this fraction can be
of the order of a few percent for large, Jupiter-sized planets.

Other successful methods, but with a signi�cantly lower detection rate,
include microlensing, direct imaging or astrometry. Microlensing is a technique
that detects exoplanets by observing the magni�cation of light from a distant
star due to the gravitational lensing e�ect caused by a foreground exoplanet
(Griest & Sa�zadeh, 1998), direct imaging captures images of exoplanets directly,
separate from their host stars, using a coronograph to block out the stellar
light which usually outshines the planet (Lagrange et al., 2010), and astrometry
exploits the fact that exoplanets induce tiny changes in a star's position caused
by the gravitational pull of an orbiting planet (Sozzetti, 2010).

Due to di�erent detection methods exhibiting di�erent biases, e.g. the transit
method being favorable for large planets in close orbits around small, low-mass
stars, or the radial velocity method favoring more massive planets close in, it is
crucial to account for these detection biases as well as any other observational
limitations due to astrophysical sources like stellar activity, or any instrumental
e�ects. It is the inherent distribution of exoplanets that theories of planet
formation and evolution must reproduce (Cumming et al., 2008; Winn &
Fabrycky, 2015).

Figure 2.2 shows the demographics of exoplanets discovered so far, color-
coded by their detection method. Only exoplanets which either have measured
masses or upper limits are shown, which is why the number of planets in the
plot, around 3,000, is lower than the total number of detected exoplanets, which
is currently around 5,000.

2.2 Exoplanet demographics and the small-planet
radius gap

The main objective in the �eld of exoplanet demographics is to determine
the occurrence rate or frequency distribution of planets, as well as possible

8



Exoplanet demographics and the small-planet radius gapSection 2.2

Figure 2.1: Illustrations of the two most successful exoplanet detection methods.
The radial velocity method (left) detects exoplanets by measuring a star's subtle
motion caused by an orbiting planet's gravity. This planet-induced stellar \wobble"
can be observed in blue- and redshift of the stellar light. The transit method (right)
observes the slight dimming of a star's brightness when an exoplanet passes in front
of it. Both methods have been successful in discovering and characterizing numerous
exoplanets. Figure credit: The European Space Agency.

patterns in this distribution, as a function of various physical parameters that
could impact their formation and evolution, across a wide spectrum of such
parameters (Gaudi et al., 2021). This, for example, includes properties related
to the planet itself, like radius, mass and orbital properties (semi-major axis,
orbital period, eccentricity), as well as host star-properties like stellar mass,
radius, luminosity, e�ective temperature, activity level or age. Finally, any
environmental characteristics of the star{planet system, such as the presence of
multiple planets (multi-planet systems), or the conditions during its formation
(birth environment) are of interest.

The over 5,000 con�rmed exoplanets can be categorized into di�erent groups
based on their planetary parameters. Figure 2.2 shows the observed present-day
exoplanet distribution in mass vs. semi-major axis space. Planets can be
grouped into four main classes:

i) Hot Jupiters have orbital periods less than 7 days and masses above 100
Earth masses (" � ) (or � 0.3 Jupiter masses (" jup)). They are readily detectable,
but represent, with an occurrence rate of< 0.5{1% among nearby Sun-like main-
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Chapter 2 Exoplanet discovery and demographics

Figure 2.2: Distribution of the almost 3000 con�rmed exoplanets with mass con-
straints (measured masses or upper limits). Shown here is planetary mass against
semi-major axis, with the di�erent planetary detection methods color coded. For
reference, around 50% of planets in the sample come with a mass estimate, while
roughly 30% have a mass measurement with upper and lower limits, and of those,
50% have an error of less than 15%. Solar-system planets are marked with yellow
stars, and the shaded squares label the di�erent classes of observed exoplanets.
While some features seen in this diagram are authentic, many of them are due to
selection e�ects. For instance, the paucity of planets in the lower-right corner of
the plot arises due to the lack of sensitivity of transit, radial velocity and direct
imaging methods to planets in this parameter space. In contrast, the nearly equal
number of hot Jupiters and cold Jupiters results from ground-based surveys being
primarily sensitive to close-in, large and massive hot Jupiters, which leads to their
over-representation. The data shown here has been taken from NASA's Exoplanet
Archive (https://exoplanetarchive.ipac.caltech.edu/, accessed on 18. May 2023).
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sequence stars, only a tiny fraction of the overall planet population (e.g. Batalha
et al., 2013).

ii) Cold Jupiters or longer-period giant planetsare classi�ed by having orbital
periods in the range of hundreds to thousands of days, masses similar to or
greater than Jupiter, and often times found to have substantial eccentricities
(Perryman, 2018, see Ch. 65 for a review). These planets tend to be more
similar to the classical gas giants in our solar system. Roughly 5-10% of the
FGK1 main-sequence dwarfs in the local galactic neighborhood host a planet
in this cold gas giant regime, implying that such planets are almost ten times
more abundant than hot Jupiters (Winn & Fabrycky, 2015).

iii) Sub-or mini-Neptunes are, similar to hot Jupiters, a rather surprising
class of planets, having no analog in the solar system. With radii between
roughly 1.8-4.5 Earth radii (' � ), they are of the order or smaller than Neptune
or Uranus in our own solar system (for reference, Neptune has a radius of
about 4' � and a mass of almost 17" � ). Most sub-Neptunes have been found
in close orbits with periods less than 100 days (for reference, Mercury has
an orbital period of 88 days). They show a broad range of compositions,
ranging from rocky Earth-like cores beneath gaseous envelopes of various sizes
to water worlds or planets containing signi�cant ice fractions. Regardless of
the exact composition, their observed low densities indicate that they must
contain signi�cant fractions of volatile material and typically have hydrogen-
and helium-dominated atmospheres to explain their large observed radii (Rogers,
2015).

iv) Rocky planetsand super-Earths are planets with radii smaller than
approximately 1.8' � . As the name suggests, they are rocky and made up of a
mixture of iron and silicates. Planets in this terrestrial regime might also host
secondary atmospheres, for example, from out gassing due to volcanic activity
(Kite & Barnett, 2020; Tian & Heng, 2023).

A surprising discovery is that these small, low-mass (� 20" � ) planets, with
orbital periods less than 100 days, and radii between Earth and Neptune, are
very abundant. They show a ubiquity almost on the order of unity: about half
of Sun-like stars host a planet of super-Earth or sub-Neptune class (Mullally
et al., 2015; Winn & Fabrycky, 2015) (later type K and M stars even host
roughly 2 planets per star (Dressing & Charbonneau, 2015)), making them

1FGK refers to the classi�cation of stars based on their spectral characteristics. The
term FGK represents the spectral types of stars, with F being hotter, G being similar to our
Sun, and K being slightly cooler. FGK stars are relatively common and include stars like our
Sun, with temperatures ranging from approximately 5,500 to 7,500 K.
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the most common type of known exoplanets. This abundance contradicted the
predictions of traditional planet-formation theories, according to which close-in
super-Earth or sub-Neptune planets were expected to be rare (e.g. Ida & Lin,
2010). However, the unexpectedly high number of such planets prompted the
development of new theories suggesting that small planets can form directly in
short-period orbits, rather than forming farther from the star and migrating
inward (e.g. Hansen & Murray, 2012; Chiang & Laughlin, 2013).

Figure 2.3 shows the observed exoplanet population in a di�erent way {
namely in mass vs. radius space, together with the empirical mass-radius
relationships for exoplanets around older stars (Chen & Kipping, 2017a; Otegi
et al., 2020a). Regarding the general pattern observed in the planetary mass-
radius relationship, it is evident that low-mass planets exhibit compact sizes
due to their composition: they are primarily mad-up of solid materials. On
the other hand, planets with higher masses exhibit larger sizes as they are
primarily composed of gaseous elements. In addition to this general trend, the
mass{radius plot reveals di�erent regimes, starting from rocky planets up to
about 2' � in radius on the lower mass end, and extending into a regime of
larger mass and radius, where planets host signi�cant fractions of volatile and
gaseous material in their envelope. Scatter increases in the volatile-rich regime,
where observed masses for a given planetary radius can vary due to di�erences
in core versus envelope fractions. Planets in the gas-giant regime, extending
all the way to brown dwarfs, also follow their own mass{radius relation. For
completeness, brown dwarfs are also shown in Fig. 2.2 and 2.3. They gap
the bridge between the most massive planets and lowest-mass stars, and are
distinguished from planets as they are massive enough to fuse deuterium.

The small{period radius gap

The identi�cation of a signi�cant population of planets with masses and radii
intermediate between those of terrestrial planets and gas giants found within
our own solar system has been one of the most remarkable recent �ndings in
the �eld of planetary science. Among this ever-growing number of di�erent
exoplanets, the ones with orbital periods less than 100 days and radii in the
super-Earth and sub-Neptune regimes are of particular relevance for this thesis.

With the thousands of newly discovered planets by the Kepler space telescope
(Borucki et al., 2010; Howell et al., 2014), two striking features in the distribution
of exoplanet radii were revealed. One is a paucity of short-period sub-Neptune-
sized planets (Lundkvist et al., 2016; Berger et al., 2018), also known as the
Neptune desert, and the second is a relatively clean gap in planetary radii
around 1.8-2' � (Fulton et al., 2017a; Owen & Lai, 2018; Van Eylen et al., 2018a;
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Figure 2.3: Mass{radius relation of mature exoplanets. Four di�erent regimes are
recognizable, starting with the rocky, terran worlds, followed by a Neptunian regime,
where planets host signi�cant volatile envelopes. At even larger masses and radii,
Jovian worlds make up the class of the largest exoplanets. Brown dwarfs and the
lowest mass stellar population is also included at the very right end of this plot. It
is easily noticeable that, compared to the rocky regime, the scatter in the volatile
regime is much larger, indicating a broader range of possible planetary con�gurations
within this mass and radius regime. The red lines represent the power-law �ts to
the four di�erent regimes, i.e. the corresponding mass{radius relations. Figure from
Chen & Kipping (2017b).
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Hardegree-Ullman et al., 2020). This feature was �rst noticed in the histogram
of planetary radii, which shows a clear bimodality with a de�cit around 1.8' � .
Since it could not be attributed to any observational limitations (planetary
detection methods are equally sensitive in detecting planets with radii below
and above 1.8' � ), it has to be of physical origin. With increasing precision on
stellar and thus exoplanet radii (Petigura et al., 2017), this feature also emerged
in radius{period space. As can be seen in Fig. 2.4 (zoom-in), there is a thin,
almost empty band in the exoplanet population { the so-called `radius valley'
or small-planet radius gap { which has been demonstrated to correlate with
the planetary orbital period or irradiation, with a slight decrease in gap radius
towards larger periods. This supports the hypothesis that atmospheric mass
loss plays a signi�cant role in shaping the observed substructure. Theoretical
studies had previously predicted this phenomenon (Owen & Wu, 2013; Lopez
& Fortney, 2013a), before it was later con�rmed by observations.

An increasing number of planetary mass measurements using radial velocity
follow-up and transit timing variations (TTVs) (Marcy et al., 2014; Hadden &
Lithwick, 2017) have revealed another interesting correlation. Planets with radii
smaller than approximately 1.8-2' � exhibit densities consistent with a rocky
composition similar to Earth, while those with larger radii have lower densities
indicating the presence of gaseous envelopes(Rogers, 2015). The radius gap
seems to form a narrow transition region between a population of predominantly
rocky super-Earths below the gap, and more volatile-rich, sub-Neptune type
planets residing above the gap. These gaseous envelopes, primarily composed
of hydrogen and helium (short: H/He), are susceptible to mass loss, especially
the ones of lower-mass planets. In this mass-loss scenario, a planet can either
hold on to some of its atmosphere and remain above the gap with somewhat
larger radii due to the remaining gaseous envelope, or, if the mass loss is too
extreme, drop below the gap as a bare rocky core. While giant impacts (e.g.
Liu et al., 2015; Wyatt et al., 2020) can account for some mass loss, the two
dominant physical processes that have been proposed for explaining the radius
gap are photoevaporation and core-powered mass loss.

Photoevaporation is an externally induced mass-loss mechanism that occurs
when the high-energy radiation (X-rays and extreme UV) from the host star
heats the upper planetary atmosphere and launches a hydrodynamic out
ow.
This mechanism has been studied extensively (e.g. Watson et al., 1981a; G•udel,
2007; Owen & Jackson, 2012a; Lopez et al., 2012), and can explain the hot
Neptunian desert at very short orbital periods (� 3 days), where irradiation
levels and thus mass-loss rates are extreme, as well as the radius gap. Addition-
ally, core-powered mass loss, driven by the internal luminosity of the cooling
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Figure 2.4: Distribution of planetary radius vs. orbital period of roughly 4,000
exoplanets with measured radii. Hot Jupiters conglomerate at the top left of the plot,
having the largest radii at orbital periods of less than a few days. Close-in, low mass
planets, i.e. sub-Neptunes and super-Earths, are dominant in numbers, and populate
the lower left corner of the plot. The Neptune desert, a region at intermediate radii
and very short orbital periods, is labeled, together with the locations of Jupiter and
Saturn (stars) for reference. The zoom-in shows a subsample of planets with a radius
precision better than 10% in gray, together with small astroseismic sample with
highly accurate stellar parameters determined from asteroseismology (Van Eylen
et al., 2018b) in red and orange. The red data points represent planets which have
been identi�ed to belong to the rocky super-Earth population below the radius gap,
whereas the planets in gold belong to the volatile-rich sub-Neptune class above the
radius gap. The approximate location of the small-planet radius gap or valley is
indicated by the black dashed line. The data shown in gray has been taken from
NASA's Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu/, accessed on
13. June 2023).
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planetary core, is a mostly internally-driven mechanism to explain observed
exoplanet population (e.g. Ginzburg et al., 2018; Gupta & Schlichting, 2019).
In contrast to photoevaporation, this mechanism acts on much longer Gyr
timescales. Recently, gas accretion during the gas-poor phase of disk evolution
(Lee et al., 2022), and the existence of water- and ice-worlds (e.g. Zeng et al.,
2019; Venturini et al., 2020) have also been put forth as mechanisms to explain
the radius dichotomy of close-in exoplanets.

The combination of gaseous envelopes around lower-mass planets (and thus
a much smaller gravitational pull than Jupiter-mass planets), makes them
prone to escaping. This has led to the detection of planetary tails composed of
escaping gas, primarily through the hydrogen Lyman-alpha line (e.g Ehrenreich
et al., 2015; Bourrier et al., 2018; Zhang et al., 2022), and more recently
through helium absorption (Spake et al., 2018; Mans�eld et al., 2018; Damasso
et al., 2023). The method used to detect material escaping from the planetary
atmosphere is called transmission spectroscopy, and is based on detecting the
distinct absorption features present in the stellar light as it passes through the
planetary atmosphere just when the planet transits in front of its host star. It
enables the investigation of the atmospheric conditions of exoplanets, detect
out
ow signatures and constrain the chemical composition of the atmospheres
of transiting exoplanets. Studying out
ows in young planetary systems is
particularly intriguing, as it can provide insights into planetary evolution models
and help distinguish between di�erent mass-loss processes. Although detecting
and characterizing young planets is challenging due to the high activity levels
of their host stars, dedicated campaigns have increased the number of known
young planets, o�ering valuable insights into the role of photoevaporation in
early exoplanet evolution. Noteworthy systems with detected out
ow signatures
include GJ 436b, which shows an extended egress absorption of a few tens of
percent, indicating the probable existence of a comet-like tail trailing the
exoplanet (Kulow et al., 2014; Ehrenreich et al., 2015), and K2-100b, a highly
irradiated planet at the border of the hot Neptunian desert, estimated to be
around 750 million years young. Ongoing evaporation is causing a signi�cant
reduction in the size of this planet over the next few billion years (Barrag�an
et al., 2019a; Gaidos et al., 2020). Atmospheric escape has also been detected
in four young (less than 1 billion years) mini-Neptunes. The measurements
indicate the loss of the remaining hydrogen-rich atmospheres for all the planets
(Zhang et al., 2022, 2023). All these �ndings suggest that photoevaporation is
an e�cient mechanism for stripping primordial gaseous atmospheres of planets
orbiting Sun-like stars, transforming planets from gas-rich mini-Neptunes above
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the radius gap into rocky super-Earths below the gap. Details on exoplanet
mass-loss mechanisms and photoevaporation will be given in Sec. 3.2.
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3 Formation and evolution of planetary atmospheres

To investigate the origin and evolution of exoplanetary atmospheres, it is impor-
tant to have some comprehension of the initial stages of exoplanet formation.
Young planets are still warm from their formation, and their atmospheres might
not have cooled and settled yet. This makes them vulnerable to internal and
external factors like atmospheric mass loss, which can in
uence individual
systems and shape the exoplanet population we observe today. After high-
lighting some basic planet formation details in the �rst part of this chapter,
the second part addresses di�erent mechanisms for loosing material from the
planetary atmosphere to space. The main focus is on hydrodynamic escape, a
mass-loss process driven by the high-energy irradiation from the host star, and
of particular importance for young, close-in exoplanets around active stars.

3.1 Young planets and their primordial planetary
atmospheres

Depending on the formation location and conditions in the protoplanetary disk,
there are di�erent channels for planet formation. The scenario of interest for
this thesis is the accretion of nebula-based hydrogen/helium-rich gas envelopes.
For planets within roughly 0.3 au around Sun-like stars, this is the favored
formation scenario (e.g. Ra�kov, 2006; Ikoma & Hori, 2012). Starting with the
coagulation of dust grains, followed by the accretion of planetesimals, a rocky
planetary core, often assumed to be of Earth-like, iron-silicate composition,
grows in size and mass (see e.g. Venturini et al., 2020, for the accretion of
super-Earth cores). In this core-accretion model, such a core, if below a critical
mass, is not massive enough for runaway gas accretion and thus the formation of
a gas-giant-like planet. Instead, the accreting protoplanetary core can capture
some amount of nebula gases (from a few % up to a few 10% of the total
planetary mass), forming a hydrogen-rich proto-atmosphere around the rocky
core. Numerical studies suggest that the accretion of planetesimals with a mass
just over � 0.1" � is enough to capture large amounts of nearby nebular gas from
the protoplanetary disk, forming a dense and optically thick hydrogen/helium-
rich atmosphere (e.g. Ikoma et al., 2000). Early terrestrial solar system planets,
including Earth and Venus, are also thought to have accumulated a thick layer
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of hydrogen gas from the planetary nebula during their formation phase, and to
later have lost their initial, or also called primordial atmosphere due to various
escape processes (further discussed in Sec. 3.2).

In current simulations of planetary formation and evolution, the �rst � 100 Myr
of planetary evolution are in
uenced by the assumed initial conditions. In
particular, the initial entropy (a measure of the thermodynamic state of the
planet's interior) at the end of the accretion phase governs, for a given mass,
the subsequent evolution of a planet's luminosity and radius. Simulations (such
as those presented in Mordasini et al. (2012a)) indicate that during the age
range of 10 to 50 million years, planets tend to move from a wide distribution
of radii at a given mass towards a more uniform mass{radius relationship (like
the ones shown in Fig. 2.3), and continue their gradual cooling and subsequent
contraction afterward.

Planets which are formed under the so-called `cold start' scenario (`start'
referring to the beginning of the cooling, i.e. the end of the accretion phase),
meaning with low initial entropy, are not expected to undergo signi�cant radius
changes as they age. For example, the young-ish planet K2-100b already follows
the mass{radius relationship of older planets, despite its moderately young
age of approximately 700 Myr (Barrag�an et al., 2019b). Only recently, it was
discovered that the� 20 Myr-old Saturn- to Jupiter-sized infant planet V1298
Tau b has a density comparable to that of the gas giant planets in our solar
system and other known giant exoplanets that are considerably older. This
might suggest that at least some giant planets contract and evolve even more
rapidly than anticipated, which poses a challenge to current models of planetary
evolution (Barrag�an et al., 2019c).

In contrast, infant planets with ages of a few 10s of Myr, which formed
under the so-called 'hot start' scenario, where accretion energy is not dissipated
e�ciently, end up with higher envelope entropy and e�ective temperature once
accretion stops (Fortney et al., 2007; Bara�e et al., 2008). As a consequence,
these planets possess enlarged, in
ated radii and low densities due to their
unsettled nature and leftover heat from the accretion process. Their warm and
pu�y gaseous atmospheres then cool and contract under gravity, leading to a
gradual decrease in the planetary radius over several hundred million years. An
example is the� 20 Myr-old massive Jupiter-type planetV Pic b, which shows
indications of having been formed under 'hot start' conditions (Snellen & Brown,
2018a). For lower-mass planets, structural evolution models predict that due to
the short cooling timescale at infant ages, enlarged, low-mass planets undergo
a rapid cooling and subsequent contraction phase, which erases any di�erences
resulting from the choice of initial entropy by� 10-100 Myr (Marley et al., 2007;
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Lopez & Fortney, 2014a; Howe & Burrows, 2015). These low-mass planets,
however, still host extended envelopes after the initial contraction phase, which
then cool and thermally contract over the next Gyr. This means that planets
are largest when they are young, and thus have a larger cross-section to interact
with the stellar environment, for example through the absorption of high-energy
radiation (for more details see Sec. 3.2.1).

It is commonly assumed that planets form around the time the star is born,
and thus planet and host star age hand-in-hand. A lot is happening to a planet
in its early stages, where enlarged and pu�y atmospheres might be particularly
vulnerable to external forces. This makes young planets highly intriguing { they
can provide insights into the processes that lead to the formation of mature
planetary systems like our own. For reference, in this thesis context, young
planetary systems have ages less than a Gyr, with infant systems having an
age younger than100Myr.

3.2 Escape of planetary atmospheres

It has been recognized decades ago that atmospheric escape plays a crucial role
in the evolution of terrestrial planets within our own solar system (for a review
see Tian, 2015). After the loss of their primordial atmospheres, which were
captured from the nebula during formation, solar system terrestrial planets
underwent di�erent evolutionary paths. Venus, for example, due to its proximity
to the Sun, has likely undergone thermal atmospheric escape and lost its oceans
rapidly. A wet middle atmosphere, i.e. the presence of water vapor in the
thermosphere, is ideal for the dissociation of water though UV photons and the
subsequent escape of the light hydrogen, possibly even dragging heavier species
like oxygen along (Kasting & Pollack, 1983; Kumar et al., 1983; Chasse��ere,
1997). Mars, with its low gravity, most likely never built up a dense atmosphere
during the �rst few 100 Myr after its formation, and probably experienced
gradual erosion due to the cumulative e�ect of numerous small impact events
(Melosh & Vickery, 1989). Even today, the thin atmosphere of Mars still
su�ers measurable atmospheric mass loss though Jeans escape (see Sec. 3.2.1 for
details on this process). For the Earth, hydrodynamic escape models suggest
that the early atmospheric hydrogen concentration could have been of the
order of a few percent or greater (e.g. Tian et al., 2005), before having been
eroded via hydrodynamic escape processes driven by the young and active
Sun. These examples illustrate that di�erent atmospheric escape processes have
shaped the terrestrial planets in the solar system over the course of their lives.
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Speci�cally, non-thermal escape processes have played a role in the evolution
of the atmospheres for Venus, Earth and Mars, and still are in action today.
These processes became more important after the �rst few 100 Myr, where
the Sun was no longer saturated in X-ray and extreme ultraviolet (EUV) and
planetary irradiation levels became comparable to the present-day solar values.

For exoplanets, of which many are in even closer orbits (P< 100 days) around
their host stars, the presence of gas-rich envelopes has posed the question about
the stability of their atmospheres (e.g. Koskinen et al., 2007a). The observation
of extended hydrogen clouds around transiting planets, like the hot Jupiter
HD209458b (Vidal-Madjar et al., 2003), have led to the development of models
to understand the hydrodynamic escape from hot Jupiters (Yelle, 2004; Tian
et al., 2005; Garc��a Mu~noz, 2007; Murray-Clay et al., 2009a), and later from
lower-mass hot and warm sub-Neptunes (Lopez et al., 2012; Lopez & Fortney,
2013a; Owen & Wu, 2013; Jin et al., 2014). In these close-in planets, the intense
X-ray and EUV (together: XUV) radiation from the central star impinging on
the upper planetary atmosphere dissociates the hydrogen present in molecular
form and leads to the ionization of the remaining atomic hydrogen (e.g. Yelle,
2004). The thermosphere is heated to several thousand degree Kelvin, causing
the upper atmosphere to expand signi�cantly, and thus making it only weakly
gravitationally bound. As a consequence, the gas can escape rapidly from the
planet's gravitational well in the form of a hydrodynamic out
ow.

While non-thermal escape processes, like the interaction of the atmosphere
with charged particles in the solar/stellar wind, can have a signi�cant impact
on the erosion of planetary atmospheres at later ages (like it is the case for solar
system bodies today (e.g. Lammer et al., 2008; Tian, 2015)), thermal escape
mechanisms, in particular hydrodynamic escape or (photo-)evaporation, are
expected to dominate the atmospheric mass loss early on (when stars emit the
highest XUV 
uxes), and/or for close-in planets (under intense stellar XUV
irradiation). Thermal escape processes are discussed in more detail in the
following Sec. 3.2.1, and a brief overview over non-thermal escape processes is
given in Sec. 3.2.2.

3.2.1 Thermally driven mass loss

Thermal escape processes are in action when the planetary atmosphere under-
goes signi�cant heating from the host star. This is especially true for close-in
planets in harsh irradiation environments, and/or planets around young stars,
which are particularly active and emit large amounts of high-energy photons. A
widely used parameter with regard to thermal atmospheric escape is the Jeans
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parameter. It is given by the ratio of the gravitational binding energy of a gas
particle over the thermal energy of the gas (see e.g. Chamberlain & Hunten,
1987; Fossati et al., 2017):

_ =
�" pl`< H

: B) ' pl
(3.1)

where� is the gravitational constant, : B the Stefan-Boltzmann constant," pl
and ' pl the mass and radius of the exoplanet, respectively, and` the mean
particle mass in units of the mass of a hydrogen atom (< H). The temperature
) is not the planetary equilibrium temperature, but rather the temperature at
the exobase, which is much higher due to the upper atmosphere being heated
by high-energy photons. The exobase is a narrow transition region from a
collision-dominated to a basically collisionless atmosphere, assuming conditions
of hydrostatic equilibrium. The collision-dominated region below the exobase,
where the bulk of ionization and dissociation of molecules takes place, is known
as the thermosphere, and the collisionless region above the exobase is called
the exosphere (Garc��a Mu~noz, 2007; Koskinen et al., 2007b).

For large_, the gas layer is tightly bound and thermally driven escape happens
on a molecule-by-molecule basis, better known as Jeans escape. With decreasing
_, thermally driven escape starts to occur in the form of an organized, radial
out
ow, referred to as hydrodynamic escape. For_ � 1”5, the internal energy
of the gas molecules is close to or starts to exceed their gravitational binding
energy, and the gas simply 
ows away from the planet in a hydrodynamic
blow-o� state.

Jeans escape

Jeans escape is an atmospheric mass-loss process that is governed by the
thermal motions of gas particles in the upper planetary atmosphere and occurs
when _ is large, gas particles are tightly bound to the planet, and/or have
relatively small thermal energies, i.e. low thermal speeds, compared to their
gravitational potential energy. If one assumes a collisional, isothermal gas layer
in hydrostatic equilibrium, the temperature determines the average velocity of
each gas particle and the particles will follow a Maxwell velocity distribution. If
the thermal energy, i.e. temperature, in the upper atmosphere is high enough, a
small fraction of individual gas particles in the high-velocity tail of the velocity
distribution will achieve speeds greater than the escape velocity at the exobase,
and are able to break free from the gravitational pull of the planet and escape
into space (Jeans, 1925). Light gases, such as hydrogen and helium, which
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have low molecular masses, are particularly susceptible to this kind of mass
loss. Jeans escape is a process that leads to a gradual loss of atmospheric
gases over long periods of time, especially in cases where the exoplanet is
exposed to intense stellar radiation or other heating mechanisms that elevate
the temperature of the upper atmosphere.

Hydrodynamic escape or photoevaporation

As opposed to Jeans escape, where the upper atmosphere is in hydrostatic
equilibrium, a second regime of thermally driven atmospheric escape can be
reached. If temperatures are high and the bulk of particles below the exobase
have energies exceeding their gravitational potential energy, a hydrodynamic
wind is launched, and the atmosphere can reach a blow-o� state (Parker, 1958;
•Opik, 1963; Lammer et al., 2003). As high stellar X-ray and EUV (XUV)

uxes ionize particles and deposit energy in the upper atmosphere, the gas
is heated and starts to expand. When light gas particles, like hydrogen and
helium, move upwards and are further accelerated, they can reach escape
velocities. This scenario occurs if the bulk of the gas below the exobase moves
fast enough to reach supersonic speeds. As the gas streams upwards and radially
outwards, it drags the remaining atmosphere along, launching an out
owing
wind. Hydrodynamic escape can be a very e�cient mass-loss mechanism
because the whole exosphere evaporates: as long as the heating continues, the
upper atmosphere will be re�lled by the upwards 
owing gas of the dynamically
expanding region below the exobase, and will be subsequently lost to space. To
sustain such substantial hydrodynamic escape, a signi�cant energy source at a
speci�c altitude is necessary. While this energy can be supplied by X-rays (� 10
{ 100�A), especially in the case of young active stars (Owen & Jackson, 2012a),
it is primarily the stellar extreme ultraviolet emission (� 100 { 912�A) that
provides the radiation power necessary for dissociating and ionizing hydrogen
(912�A is the Lyman limit, i.e. the wavelength threshold below which photons
absorbed by neutral hydrogen will ionize hydrogen in the ground state) in
planetary atmospheres (Murray-Clay et al., 2009a; Sanz-Forcada et al., 2011a;
Wang & Dai, 2018a). The overall atmospheric mass loss is in
uenced by the
combined input of both X-rays and EUVs (< 912�A), since they both contribute
to the heating of the upper atmosphere and consequently drive the escaping
wind.

In 1981, Watson et al. (1981a) proposed that based on the basic principle
of conservation of energy, the out
owing mass-
ux should be \energy-limited",
meaning that the upstream conductive heat 
ux must be balanced by the
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Figure 3.1: Illustration of the thermal escape processes. Jeans escape, where the
fastest moving atoms and molecules escape one by one from the uppermost layer of
the atmosphere, is shown on at the top, hydrodynamic escape at the bottom. In this
process, which is also known as photoevaporation, the stellar high-energy photons
impinging on the upper atmosphere cause signi�cant heating (shown in yellow and
orange). As a result, the gas expands, reaches escape velocities and escapes from the
planet in the form of a hydrodynamic wind. Figure adopted from Catling & Zahnle
(2009).
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adiabatic cooling of the expanding gas. If one assumes that a planet absorbs a
signi�cant fraction of the incoming XUV photons at a thin layer at some radius,
' XUV, which is roughly where the optical depth of high-energy photons is equal
to unity, then, in the absence of additional sources of heating or cooling, the
incoming high-energy 
ux must be counterbalanced by the expansion work
on the atmosphere, which ultimately lifts the material out of the planet's
gravitational well. If during this process minimal energy is lost through cooling
radiation and internal energy changes (Murray-Clay et al., 2009a), the mass
loss is said to be in the energy-limited regime, and the mass-loss rate (¤" Elim)
is then constrained by the deposition of stellar radiative energy and scales
linearly with the incident 
ux of high-energy radiation (e.g. Lammer et al.,
2003; Lecavelier Des Etangs, 2007):

¤" Elim = � n
¹c' XUV

2º� XUV

 �" pl• ' pl
= � n

3V2� XUV

4� d pl
• (3.2)

where" pl is the mass,dpl the density, � XUV the high-energy 
ux (X-rays and
EUVs combined) received by the planet, and a factor to take into account
that the gravitational boundary of the planet is modi�ed by the nearby host
star. The e�ciency of the heating is given byn, and usually is estimated to
take on values around 10 to 30% (e.g Owen & Wu, 2013; Salz et al., 2016a) for
planets in the mass regime of sub-Neptunes. This factor takes into account
that not 100% of the incoming high-energy radiation is converted directly
into kinetic energy of the out
owing gas particles, but some energy is used
for chemical reactions or stored in the form of thermal energy. Observations
of a planetary X-ray transit (Poppenhaeger et al., 2013a) and hydrodynamic
mass-loss simulations (e.g. Salz et al., 2016b) show that planetary atmospheres,
when heated and expanded, make a planet appear much larger in size when
observed in X-ray or EUV wavelengths compared to the optical. This increased
absorption cross-section at high-energies is comprised in theV-parameter, which
is de�ned asV = ' XUV• ' pl, where' pl and ' XUV the planetary radii at optical
and XUV wavelengths, respectively.

For close-in planets, another e�ect has to be taken into account. The host
star modi�es the planetary gravitational potential, making it a bit easier for
the gas to escape compared to the absence of a nearby host star. The factor 
encompasses the impact of Roche lobe over
ow (Erkaev et al., 2007), i.e. that
the gas does not need to escape to in�nity, but merely to the Roche lobe of
the planet. It can take on values of 1 for no Roche lobe in
uence andŸ 1 for
planets �lling signi�cant fractions of their Roche lobes.
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Theoretical studies have identi�ed multiple sub-regimes of hydrodynamic
escape in atmospheres dominated by hydrogen. These include the energy-limited
regime described above, the radiation-recombination limited regime, and the
photon-limited regime (e.g. Lammer et al., 2003; Murray-Clay et al., 2009a;
Owen & Jackson, 2012a; Owen & Alvarez, 2016; Kubyshkina et al., 2018a).
In case radiative losses dominate the energy budget as opposed to adiabatic
cooling due to the expansion of the gas, as is the case for high EUV 
uxes,
Murray-Clay et al. (2009a) showed that there is a di�erent scaling behavior for
the mass-loss rates. In this so-called radiation-recombination-limited regime,
where radiative recombination of hydrogen cools the gas e�ciently, the mass-loss
rate scales roughly with the square-root of the incident high-energy 
ux. In the
photon-limited regime, the mass-loss rate is purely limited by the incoming 
ux
of ionizing photons; this can happen for planets with very shallow gravitational
potentials.

Recent observational evidence suggests that giant planets exhibit all three
di�erent regimes (Lamp�on et al., 2021). Each regime involves distinct physics
related to the production and loss of neutral hydrogen, as well as the conversion
of absorbed stellar radiation into work, which ultimately drives the evaporation
and out
ow process. Complex hydrodynamic upper atmosphere models are
required to calculate the exact temperature and pressure structure of the atmo-
sphere to determine in which hydrodynamic mass-loss regime the planet falls in.
These models generally not only solve the system of hydrodynamic equations for
mass, energy and momentum conservation, they also try to incorporate radia-
tive transfer, thermodynamics, and photochemistry to account, for example, for
photoionization, dissociation, recombination, and hydrogen-LyU-cooling. While
sophisticated models provide better estimates of hydrodynamic escape (e.g.
Yelle, 2004; Kubyshkina et al., 2018b), they are complex and computationally
expensive. For this reason, the parametrized versions of hydrodynamic mass
loss are still used for �rst-order estimates or studies involving a large number
of planets (e.g. Owen & Wu, 2013, 2017; Mordasini, 2020; Kubyshkina et al.,
2018a).

The in
uence of a planetary magnetic �eld on the hydrodynamic wind is
not fully understood, but studies suggest that the highly ionized out
ow is
coupled to the planetary magnetic �eld, if present. In simulations by Owen
& Adams (2014); Arakcheev et al. (2017), a dipolar magnetic �eld suppressed
the strength of the mass loss in hot Jupiters by an order of magnitude. In
these simulations, only the magnetic �eld lines near the poles are open and
allow out
ow to occur. Further, interactions with the broader interplanetary
environment should be taken into account, too. On larger scales, it is the
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magnetized stellar wind that can interact with any planetary magnetic �eld and
the out
owing ionized particles. An increasing number of these state-of-the-art
simulations will further enhance our understanding of atmospheric mass-loss
processes in action and the complex environment that close-in exoplanets are
embedded in (see e.g. Harbach et al., 2021; Alvarado-G�omez et al., 2022).

3.2.2 Non-thermally driven mass loss

Non-thermal escape processes are well studied in the solar system (for a review
see Tian et al., 2013; Tian, 2015). They come into play when the velocity of
escaping particles does not depend on the temperature of the exobase, and
are often related to the presence of ions and their interactions with electric
and magnetic �elds. An example is ion pick up, a mechanism in which neutral
atoms and molecules in the exosphere, get ionized via photoionization, electron
impacts or charge exchange with the ions (mostly protons) in the solar/stellar
wind. If the planet is not protected by a strong magnetic �eld, or the upper
atmosphere is dynamically extended beyond the magnetopause of the planet
(e.g. in the early stages of a planet's life), the ions can be dragged along by the
magnetized solar/stellar wind and potentially escape the planet's gravitational
pull. Alternatively, neutral atoms can directly escape through a process known
as atmospheric sputtering. Collisions between energetic neutral particles in
the exosphere and solar/stellar-wind protons can induce a cascade of energy
and momentum transfer events, which leads to particles being ejected through
collisions or particles reaching velocities greater than the escape velocity and
becoming unbound. The magnetic �eld of a planet, which is usually not known
for exoplanets, plays an important role in the strength of di�erent escape pro-
cess, in particular those which involve interactions between charged particles.
It can either enable or suppress escape processes (e.g. Terada et al., 2009). Iron
pick up, for example, is e�cient for planets like Mars or Venus, which are not
protected by a strong magnetic �eld, and sputtering is mostly relevant for lower
gravity planets like Mars with weak or absent magnetic �elds. Photochemistry
can also drive atmospheric escape processes. High-energy photons from the
host star interact readily with molecules in the upper atmosphere, causing
photodissociation and photoionization. The ionized particles can then undergo
dissociative recombination, which produces suprathermal or \hot" atoms with
high kinetic energies, which can escape the upper atmosphere. Such photo-
chemical escape processes are most relevant to low-mass planets such as Mars
(e.g. Lammer & Bauer, 1991).
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3.2.3 Signi�cance and e�ectiveness of atmospheric escape
processes over time

In general, stellar XUV 
uxes, as well as the strength of the plasma out
ow
from the host star (which includes the magnetized stellar wind, coronal mass
ejections or the stellar energetic particle 
ow) control the e�ciency of the
various thermal and non-thermal atmospheric escape processes. Since the
magnetic dynamo weakens as stars age and spin down, the e�ciency of di�erent
escape processes is strong function of age and changes throughout a planet's
life (Lammer, 2013). The evolutionary relevance and e�ciency of di�erent
processes can be summarized in three phases. The �rst phase, which is also the
most e�cient mass-loss period, happens in the �rst few 100 Myr of a planets'
life, when the host star is young and very active. A planet like the early
Earth, for example, easily loses light elements like hydrogen and helium to
hydrodynamic escape, which is powered by the high XUV irradiation levels.
The fate of a planet in this formative stage depends on the XUV evolution of
the host star (and main topic of this thesis), the orbital distance and gravity
of the planet, as well as the constituents of its atmosphere. By the time
planets are a bit more settled and stars have started their spin down and thus
activity decrease, Jeans escape becomes more important. In this second phase,
the upper atmosphere might still be expanded, but the out
owing gas does
not reach escape velocity and thus there is no bulk mass loss anymore. The
extended upper atmosphere can also interact with the stellar wind, and ion
pick up processes can lead to some amount of mass loss. For low mass planets
without strong magnetic �elds, sputtering and suprathermal electrons from
photochemical escape processes become relevant, too. Even magnetic �elds
sometimes cannot shield the planet from the eroding stellar wind, in particular
in the early stages if the upper atmosphere is expanded and extends beyond
the planetary magnetosphere. Then, the wind plasma 
ow from the central
star drives non-thermal atmospheric mass loss. By the age of a few Gyr, a
planet, like the Earth, enters the third and last phase. The XUV 
uxes have
decreased to moderate to low 
uxes, similar to the present day Sun, making
thermal escape processes much less e�cient. All processes in principle work,
but in moderate or negligible fashion compared to the period when the star
was young and active. Planets considered in this thesis orbit their host star
much closer than Earth, which means they receive high XUV 
uxes not just at
the infant stages, but up to a few Gyr. This makes hydrodynamic escape the
dominant escape mechanism considered in all works included in this thesis.
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Planets and their atmospheres evolve hand in hand with their respective host
star. They are in
uenced by the stellar environment they are embedded in, in
particular, by the high-energy photons emitted from the stellar chromosphere
and corona, which can ionize the hydrogen in a planet's upper atmosphere. This
leads to a heating of the gas up to a few thousand Kelvin and the subsequent
launch of a planetary wind that continuously ablates mass from the planetary
atmosphere (see Ch. 3). Speci�cally, close-in, young planets, which orbit active
host stars, are bombarded with huge amounts of X-ray and extreme ultraviolet
radiation (e.g. Ribas et al., 2005a; Sanz-Forcada et al., 2010a; Jackson et al.,
2012a). Young stars rotate more rapidly, which leads to increased magnetic
activity and larger amounts of XUV emission, as compared to older stars. For
example, a star like the sun emitted over 100-10,000 times more XUV photons
at an age of 100 Myr than it does today. As discussed in Sec. 3.1, young planets
host extended atmospheres and therefore absorb a more signi�cant fraction of
this high-energy 
ux, resulting in increased mass-loss rates (see Sec. 3.2 for
details). To more accurately describe the mass loss that planets undergo early
on, it is crucial to understand and properly model the evolution of the host-star
activity, and with it the XUV emission, as stars and planets age.

Given the complexity of stellar activity and its evolution, this chapter aims
to examine its main components individually, starting with a short introduction
to the stellar magnetic dynamo (Sec. 4.1) { the driving force behind all stellar
activity phenomena (like the high-energy emission). Since the magnetic dynamo
is closely linked to the rotation of a star, the basic description of the stellar
rotational evolution (Sec. 4.2) is given, before diving into how stellar activity
manifests itself (Sec. 4.3). After tying rotation and activity together in the
form of the rotation{activity relation (Sec. 4.4), the last section focuses on the
details and complexity of stellar spin-down, including the branching of stellar
rotation at young ages, which can have important implications for the erosion
of planetary atmospheres (Sec. 4.5).

4.1 The stellar magnetic dynamo

Magnetic �elds have a crucial impact on numerous physical processes important
for the formation and evolution of stars and planets. They in
uence the collapse
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of molecular birth clouds and their subsequent fragmentation into individual
stars and planetary systems, and further play a role in the protostellar cloud,
where magnetic �elds in
uence the initial cloud's angular-momentum evolution,
as well as the creation of winds, out
ows, and jets. Even past this early, active
formation phase, the stellar magnetic �eld, which is produced and maintained by
the stellar dynamo, impacts a star's angular momentum evolution throughout
its lifespan (see Sec. 4.2 for more details).

A star's magnetic �eld originates from complex dynamo processes arising in
the stellar interior. It is believed that for stars similar to our Sun (or cool stars
with outer convective envelopes in general), dynamo processes, resulting from
the interaction of rotation and convection, give rise to the stellar magnetic �eld.
It is the interplay between di�erential rotation and convection (inducing cyclonic
turbulences and rotational shearing (Parker, 1955)) in the conducting plasma
of the stellar convective envelope, which lead to the production, ampli�cation,
and maintenance of a steady magnetic �eld, continuously converting the kinetic
energy of the plasma motion into magnetic energy. By current understanding,
these mechanisms are in action at the interface layer between the radiative and
the convection zone, the so-called tachocline, a transition region, where a star
like our Sun changes from having a solidly rotating, radiative interior to having a
di�erentially rotating, convective envelope (Landstreet, 1992; Covas et al., 2005;
Donati & Landstreet, 2009). These processes, which lead to the creation and
transformation of the magnetic �eld, are known as theU� S tachoclinal dynamo
(Steenbeck & Krause, 1969). Stellar rotation (in conjunction with convection)
plays a key role in the dynamo process, with slower rotation resulting in weaker
magnetic �elds and vice versa.

4.2 Stellar angular momentum loss and rotational
evolution

The stellar dynamo is powered by the rotation of a star, while the magnetic
�eld, which it produces, is in turn responsible for the rotational evolution of
a star. As a result of the interaction between a star's magnetic �eld and its
magnetized stellar wind, angular momentum is removed. It is the braking
torque of the stellar wind, which is magnetically coupled to the stellar surface,
that leads to a slowing down of the rotation of most cool stars once they have
reached the main sequence. In simple terms, it is the outwards 
owing plasma
that carries away angular momentum, causing the star to rotate slower and
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slower over time (Parker, 1958; Schatzman, 1962; Weber & Davis, 1967; Mestel,
1999). This aligns with our qualitative understanding that the majority of cool
stars, including the Sun, exhibit slow rotation rates. There are, however, two
exceptions to this pattern: close binary systems, where spin angular momentum
is continuously replenished from the orbital reservoir through tidal coupling,
and young stars { of particular interest for this thesis { which have not yet
dissipated their initial angular momentum.

During their early stages of evolution, stars undergo a complex history of
rotational changes (Bouvier, 2007). Young stars, which form within a collapsing
molecular cloud, inherit large amounts of angular momentum during their
formation process. In the �rst million years of the pre-main sequence phase, a
star is very e�cient at expelling angular momentum, mainly due to processes
related to magnetic star-disk interaction like disk-locking or accretion-driven
winds (see Bouvier et al., 2014, and references therein). Together with some
amount of \classical" magnetic braking due to the stellar wind, this partly
counteracts the spin-up of the star to due to the rapid contraction on the
PMS, preventing it from reaching break-up velocities as would be expected
from conservation of angular momentum alone (e.g. Hartmann et al., 1986;
Rebull et al., 2004). The process of spin-up in young stars concludes once the
star is eventually released from its disk (after roughly ten million years) and
settles onto the zero-age main sequence. At this age, stars show a wide range
of rotation periods spanning approximately 0.1 to 10 days (Rebull et al., 2016).
Beyond this age, magnetized solar-type winds are thought to be the only source
of angular momentum loss.

Skumanich (1972) was the �rst to observe that the average magnetic surface

ux and the rotation rate of main-sequence (MS) stars were correlated. Based
on his �ndings, he proposed a connection between the stellar activity level and
the rotation rate, as a result of the interior dynamo mechanisms. He found that
main-sequence stars decline in rotation period approximately by the inverse
square root of their age (%/ C1•2, where%is the rotation period and Cthe
stellar age), and that rotation and activity are related as! - / » { � sin¹8º¼1”9,
where! - is the stellar X-ray luminosity and a measure of the star's activity
level, andsin¹8º a proxy for the stellar rotation rate (8being the inclination axis
of the star). This stresses that a star's magnetic �eld and its rotation continue
to be interconnected: the presence of the magnetic �eld in combination with
the magnetized stellar wind slow down rotation, but rotation is a key ingredient
for fueling dynamo processes. Thus, magnetic activity and rotation decrease
hand-in-hand as stars age. An example of the rotational evolution from the
pre- to the main-sequence of a solar-type star, and the corresponding X-ray
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emission (as a proxy of stellar activity), is shown in Fig. 4.1. Further details
and complexities of the spin-down are discussed in Sec. 4.5.

4.3 Stellar activity as a manifestation of the stellar
magnetic �eld

The stellar magnetic �eld is not only responsible for the angular momentum
loss of a star, but also for the wealth of di�erent activity phenomena present
on the stellar surface and the whole upper stellar atmosphere. The phrase
\stellar activity" serves as an inclusive term for all events linked to the existence
of magnetic �elds in cool stars, and encompasses phenomena that are more
energetic, luminous, time-variable (with timescales ranging from minutes to
years), or somehow distinguishable from a star's normal behavior (Schrijver
& Zwaan, 2000). This includes, for example, dark and bright spots present
at the stellar surface (Solanki, 2003; Berdyugina, 2005), prominences (Donati
et al., 2000), stellar 
ares, coronal mass ejections, coronae and stellar winds
(e.g. Davenport et al., 2019; Hazra et al., 2022; Alvarado-G�omez et al., 2022).

It is now well known that X-rays and EUV photons are produced in cool
stars, including our sun. The �rst direct detection of solar X-rays was achieved
in the course of a rocket 
ight in 1949 (Burnight, 1949), and since 1990, space-
based missions like ROSAT, XMM-Newton, Chandra and eROSITA, have
detected around 30,000 X-ray-bright sources of stellar origin (Freund et al.,
2022). The need for space-based observations stems from the fact that the
Earth's atmosphere is very e�cient at absorbing in this short-wavelength regime,
making the stellar high-energy emission inaccessible from the ground.

Above the stellar photosphere, the chromosphere and corona make up the
outermost layers of the atmospheres of cool stars. The low-density plasma
surrounding these stars reaches temperatures well above a million Kelvin in the
corona { conditions in which the hot, highly ionized plasma can emit at high
energies, mostly (soft) X-rays and extreme-ultraviolet photons of thermal nature
(G•udel, 2004). Solar X-ray observations show that the structure and dynamics of
the solar corona is dominated by the magnetic �eld and the magneto-convective
energy present at the underlying photosphere (Testa, 2009).

Most of the X-ray luminosity of a star is emitted by the hot corona, of which
the heating is believed to be closely connected to stellar magnetic activity
phenomena (e.g. Erd�elyi & Ballai, 2007), speci�cally a system of coronal loops.
These semicircular coronal �elds, as shown in Fig. 4.2, are the basic structures of
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Figure 4.1: Top: Model tracks for the rotational evolution of a solar-mass star at
the 10th (red), 50th (green), and 90th (blue) percentiles of the observed rotational
distribution of young stars in open clusters. Shown here is the star's rotation rate,
S, as a function of time. The spin-up on the pre-MS as well as spin-down on the MS
can be seen. The di�erence between the red, green and blue tracks is the assumed
initial rotation rate of the star. The models show that an initially faster rotating
star (blue) will take longer for a signi�cant spin-down to occur, causing it to stay in
the saturated regime with a high activity level (i.e. X-ray emission) longer compared
to an initially slower rotator (green and red).
Bottom: Predicted X-ray emission along each rotation track, together with observed
X-ray measurements for single stars in several young open clusters. The solid
horizontal lines represent the 10th, 50th, and 90th percentiles of the observed X-ray
luminosity ( ! - ) distributions at each age. The two solar symbols at 4.5 Gyr represent
the range of ! - for the Sun during the solar cycle. Plot is taken from Tu et al.
(2015a), and will be discussed in more detail in Sec. 4.5.
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Figure 4.2: Coronal loops as observed by NASA's Transition Region And Coronal
Explorer (TRACE) spacecraft. Credit: NASA/TRACE.

the magnetic solar corona, and usually emerge from concentrations of magnetic

ux near active regions. The loops �ll with and then trap the hot plasma, and
thus are highly radiative sources (Engvold et al., 2019). The movement and
shu�ing of the photospheric foot-points of the coronal magnetic �eld lines by
the convective motions beneath the photosphere are thought to contribute to
the heating of the atmospheric layers above. The speci�c processes, however,
which are responsible for heating the stellar corona to temperatures exceeding
one million Kelvin via the magnetic �eld, remain a topic of ongoing debate.
Two possible heating mechanisms are: (1) the Alfv�en wave model, in which
magnetohydrodynamic waves get produced and then transported and dissipated
in the corona (e.g. Osterbrock, 1961; van Ballegooijen et al., 2011; Cranmer
& Woolsey, 2015), and (2) the 'nano
are' or �eld-line braiding model, in
which magnetic stresses can build sheets of currents, which then dissipate
via magnetic reconnection events (e.g. Parker, 1988). Regardless of the exact
heating mechanism, observations demonstrate a distinct correlation between
X-ray emissions and the surface magnetic �eld, both for speci�c structures on
the Sun and for stars in general (Zhuleku et al., 2020).

While stellar X-ray luminosities and their distribution along the main se-
quence are now commonly accepted as the e�ect of di�erent magnetic coronal
heating mechanisms, stars that possess similar characteristics exhibit signi�cant
variations in their X-ray emissions when their rotation periods di�er. Late-type
stars can show intrinsic, and sometimes cyclic, X-ray variability, with X-ray
emission levels covering more than four orders of magnitude (e.g. Co�aro et al.,
2022).
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4.4 The stellar rotation { activity connection

Since the �rst observational evidence in 1972, numerous studies have examined
the relationship between stellar activity and X-ray emission, both manifestations
of the stellar magnetic �eld, and the stellar rotation (e.g. Pallavicini et al., 1981;
Randich et al., 1996; Patten & Simon, 1996; Pizzolato et al., 2003; Preibisch
& Feigelson, 2005a; Penz et al., 2008; Wright et al., 2011a; Jackson et al.,
2012a; Reiners et al., 2014). It is now known that stars follow the relatively
well-constrained rotation{activity relation shown in Fig. 4.3, with faster rotation
implying higher activity. Instead of rotation period, %, the Rossby number,'> ,
is often used as the key parameter for quantifying the e�ciency of the magnetic
�eld generation. It is de�ned as the ratio of the rotation period of the star to
the mass-dependent convective turnover time. It is basically a measure for how
strong rotation and convection drive the magnetic �eld, taking into account the
stellar structure via the convective turnover time. Observations have shown
that activity correlates better with '> than rotation period alone (e.g. Noyes
et al., 1984; Kiraga & Stepien, 2007), or in other words, that cooler stars are
relatively more active at a given rotation rate. This observation aligns closely
with the theoretical prediction that convective turnover times are longer for
stars with decreasing stellar luminosities.

Figure 4.3 (left) illustrates that stellar activity, as represented by! - • ! bol,
can be divided into two regimes: (1) a horizontal regime at low Rossby numbers
(or fast rotation periods below� 10 days) on the left, and (2) a regime beyond
the breakpoint around'> � 0.1, where stars follow a trend with smaller activity
for larger Rossby numbers (in close connection to longer rotation periods).
These two regimes are better known as the saturated and the unsaturated
regime, respectively. Similar trends are observed for other activity indicators
like Caii H & K (e.g. Mamajek & Hillenbrand, 2008), other photospheric and
chromospheric activity indicators (e.g. Fritzewski et al., 2020, 2021a), as well
as the magnetic �eld strength, which plays a fundamental role in driving these
phenomena (See et al., 2019). The exact cause of stars saturating in activity
level below some critical Rossby number is not fully understood. Possible
explanations are the saturation of the �lling factor of active regions on the
surface (Vilhu, 1984), a saturation of the dynamo itself (Blackman & Thomas,
2015), a centrifugal stripping of the corona at high rotation rates (Jardine &
Unruh, 1999), or a transition from a convective dynamo to an interface dynamo
(see Barnes, 2003a,b, for more details).

As stars age, they spin down and the Rossby number increases. Initially
fast rotators (i.e. very active stars) desaturate, and eventually stars move into
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Figure 4.3: Rotation-activity diagram of mostly F, G and K stars illustrating the
correlation between stellar activity and rotation. In the 
at, saturated regime, ! - • ! bol

is almost independent of the Rossby number'> . Beyond the breakpoint around
'> � 0”1, ! - • ! bol { a proxy for stellar activity { is correlated with Rossby number,
and decreases for slower rotators with larger'> . The saturated and unsaturated
regime and their corresponding �ts are indicated in red and blue, respectively. In
addition, young stars with ages below 1 Gyr are color-coded to highlight that there
is an age-dependence in the rotation{activity relation. As stars age, they eventually
spin down and undergo a decrease in activity, moving them out of the saturated
regime. The data and the �ts are taken from Wright et al. (2011b).
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the unsaturated regime. The exact spin-down and activity evolution from the
saturated to the unsaturated regime (and all the factors a�ecting it) is not fully
understood yet, however, it is known that young stars of F, G and K spectral
type drop out of the saturated regime within the �rst few hundred million years
of their life. Details on the spin-down and its implications for the irradiation
environment of exoplanets will be discussed in the next section.

4.5 Details of the stellar spin-down and why it
matters for exoplanets

Observations have revealed that the spin-down of solar-like stars younger than
0.5-1 Gyr does not follow the simpleC1•2 Skumanich law. Instead, stars with
similar mass (or spectral type) in the same open cluster show not only a wide
distribution of rotation periods despite their common age (see Fig. 4.4), but also
activity indicators (like ! - ) which follow this trend (e.g. Wright et al., 2011b;
Tu et al., 2015b; Gondoin, 2018). Stars in this young-age regime tend to align
either on the fast or slow rotational branch, and the limited number of stars
with intermediate rotation periods in young open clusters implies that once a
star begins its spin-down process, it occurs relatively swiftly (Barnes, 2003c;
Garra�o et al., 2018; Fritzewski et al., 2021b). When the classical magnetic
braking eventually takes over, the wide range of initial rotation periods and
! - values observed in the �rst several 100 Myr converge into uniform rotation
and activity levels by � 1 Gyr (for solar-mass stars), and continue to decay
hand-in-hand following a Skumanich-like law.

Models of stellar rotation evolution propose a relatively rapid decline in rota-
tion at various ages or saturation times and can reproduce the observed scatter
in rotation periods and X-ray luminosities below 0.5-1 Gyr (e.g. Soderblom
et al., 1993; Stau�er et al., 1994) (see Fig. 4.1). In these models, long-term
rotational changes are primarily in
uenced by stellar mass and initial rotation
rate at birth (Matt et al., 2015; Tu et al., 2015b; Gondoin, 2018; Johnstone
et al., 2021). Stellar mass in
uences the saturation time, with stars of earlier
spectral types (and lower masses) remaining in the saturated regime for longer
durations compared to stars of later spectral types (and higher masses). This
behavior can be seen in Fig. 4.4, where the highest mass stars (in the bottom
left corner) have all spun down signi�cantly and settled on the slow-rotator
sequence in the 300 Myr old cluster, whereas stars of similar mass are still on
the fast rotational branch in the 150 Myr old cluster. This behavior is supported
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Figure 4.4: Color-period diagram, i.e. rotational period %rot vs. color index (a measure
for the stellar temperature), for two young clusters of di�erent age. NGC 2516 (green)
has an age of 150 Myr, and NGC 3532 (black) is slightly older with 300 Myr. The
slow and fast rotator branch or sequence for NGC 3532 is illustrated by the gray
lines. It is evident that the slow rotator sequence of NGC 3532 is shifted upwards
compared to NGC 2516. The older cluster stars have had more time to spin-down
and thus have longer rotation periods. In addition, there are still more fast rotators
at higher stellar masses (in the lower left corner) in the younger cluster, which have
not undergone their early rapid spin-down. In NGC 3532, late-G- and early K-type
stars currently undergo a transition from their initial fast rotation to a transitional
stage, whereas more massive, earlier-type stars have already evolved onto the slow
rotator branch. The �gure was adjusted from Fritzewski et al. (2021b).
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by an increasing number of observations across F, G, K and M spectral types
(e.g. Jackson et al., 2012a; Magaudda et al., 2020).

Rotational evolution models further predict that stars with similar mass
exhibit a non-uniform spin-down, with some maintaining high activity levels
for extended periods while others initiate spin-down and experience a decrease
in activity already around the time of disk dissipation. Figure 4.1 shows three
example spin-down histories, with di�erent saturation timescales ranging from
a few Myr to a few 100 Myr, for a star with the same mass, but di�erent initial
rotation period. In this particular model, it is the initial rotation period at birth
that determinesCsat, with initially fast rotators staying active for longer periods
of time as compared to initially slow rotators. An additional factor which has
been suggested to contribute to the spin-down and its onset is the complexity
of the magnetic �eld (Garra�o et al., 2018). Zeeman-Doppler imaging maps
of young stars show complex magnetic morphologies that simplify into more
nearly dipolar con�gurations as stars age, which supports the idea that a
switch to a more simple magnetic �eld con�guration could also initiate the
onset of the spin-down. Further magneto-hydrodynamics (MHD) simulations
indicate that the angular momentum loss of a star is much smaller for complex
magnetic geometries than for simple dipole geometries (Garra�o et al., 2015).
In stars with initially high rotation rates and active dynamos, this could stall
the spin-down, and explain the diversity in the observed rotation periods for
stars with similar mass and age until about 1 Gyr for solar-type stars.

To simplify the intricate activity history in the �rst few 100 Myr, the evolution
of the X-ray luminosity is often assumed to follow a two-piece power law. Up to
a certain saturation age, the X-ray luminosity is roughly a constant fraction of
the star's bolometric luminosity and considered to be 'saturated' at a value! sat,
which, to �rst order, depends on stellar mass (G•udel, 2004). The saturation
phase is then followed by a power-law decay phase with an exponentU on
the order of -1/2 (Jackson et al., 2012a; Tu et al., 2015b). It is typically
parametrized as:

! LH

! bol
=

(
! sat for C� Csat

! sat¹ C
Csat

ºU for C¡ Csat
(4.1)

where! LH represents the high-energy emission at timeC, andCsat the saturation
or spin-down time, i.e. the age until which a star emits intense XUV 
ux at
constant level before decaying (Owen, 2019). For solar-mass stars, this value
is assumed to be around 100 Myr (e.g. Jackson et al., 2012a; Johnstone et al.,
2021).
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High-energy emission in this context represents both X-rays and EUVs,
of which the latter has to be estimated based on scaling relations (Chadney
et al., 2015; Johnstone et al., 2021). The reason for this is that, although
X-ray observations are readily accessible using current space-based telescopes
like XMM Newton, Chandra and eROSITA, no space-based telescopes for
observing the part of the EUV spectrum (� 400�A), which is not absorbed by
the interstellar medium, are currently in operation. The EUV component of
the total stellar high-energy output is, however, very important, because EUV
radiation can have a signi�cant impact on a planet's mass-loss history. Since
the stellar EUV 
ux declines slower compared to X-rays, their contribution
matters, especially after the initial the X-ray-dominated saturation phase (King
& Wheatley, 2021; Ketzer & Poppenhaeger, 2023).

Importance of non-uniform spin-down for exoplanet mass-loss studies

The complex behavior in the rotational and thus activity evolution in the
�rst few 100 Myrs, as discussed at the beginning of this section, makes the
parametrization given by Eq. 4.1, and used in many exoplanet mass-loss studies
(e.g. Owen & Wu, 2017; Lopez, 2017; Rogers & Owen, 2021), an oversimpli�ca-
tion. The onset of the activity decay can span from a few million years to several
hundred million years for slow and fast rotators, respectively. Consequently,
there exists a range of activity levels for young stars with similar mass, spanning
up to two orders of magnitude. This spread can be seen in the bottom panel
of Fig 4.1, where the X-ray measurements of di�erent open cluster stars are
marked in black. Due to the signi�cant impact of high-energy radiation on the
evolution of planetary atmospheres in this early age range, relying on a single
radiation decay law is inadequate (e.g. Johnstone et al., 2015a; Kubyshkina
et al., 2019a; Kubyshkina & Vidotto, 2021). As such, when estimating the
future evolution of planetary mass and radius in young systems over time, it is
crucial to consider the wide distribution and long-term evolution of the stellar
activity within the �rst few hundred million years. All publications included in
this thesis incorporate the mostly unknown spin-down and thus activity history
of a star, and use a broad range of potential spin-down and stellar activity
evolutionary tracks to model the high-energy irradiation of an exoplanet and
its evolution with time.
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Abstract

Planets around young stars are thought to undergo atmospheric evaporation
due to the high magnetic activity of the host stars. Here we report on X-ray
observations of V1298 Tau, a young star with four transiting exoplanets. We
use X-ray observations of the host star with Chandra and ROSAT to measure
the current high-energy irradiation level of the planets, and employ a model for
the stellar activity evolution together with exoplanetary mass loss to estimate
the possible evolution of the planets. We �nd that V1298 Tau is X-ray bright
with log! - [ erg s� 1] = 30”1 and has a mean coronal temperature of� 9 MK.
This places the star amongst the more X-ray luminous ones at this stellar age.
We estimate the radiation-driven mass loss of the exoplanets, and �nd that it
depends sensitively on the possible evolutionary spin-down tracks of the star
as well as on the current planetary densities. Assuming the planets are of low
density due to their youth, we �nd that the innermost two planets can lose
signi�cant parts of their gaseous envelopes, and could be evaporated down
to their rocky cores depending on the stellar spin evolution. However, if the
planets are heavier and follow the mass-radius relation of older planets, then
even in the highest XUV irradiation scenario none of the planets is expected to
cross the radius gap into the rocky regime until the system reaches an age of
5 Gyr.
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5.1 Introduction

Exoplanets are very common around cool stars, with roughly one expected
exoplanet per star (Dressing & Charbonneau, 2013). How exoplanets evolve
over time is a key question to understand the range of exoplanet properties we
observe today, and to determine how stable exoplanetary atmospheres can be
over long time scales.

Making use of the ever growing numbers of known transiting exoplanets,
Fulton et al. (2017b) detected a statistically signi�cant gap in the regime of
small exoplanets, manifesting as a valley or gap in the radius distribution at
about 1.8 Earth radii. Using asteroseismic stellar parameters to re�ne the
planetary radii, Van Eylen et al. (2018b) showed that this gap has a dependence
on the orbital period of the planet; this supports an interpretation that many
of the small exoplanets are indeed evaporated cores of former larger planets
with gaseous envelopes. While some migration in orbital distance can also be
expected for exoplanets, especially when the protoplanetary disk has not fully
dissolved yet, the presence and slope of the gap suggests that evaporation may
be the main driver for its existence. However, other mass-loss scenarios like
core-powered mass loss could in theory also lead to the observed gap in the
radius distribution (Loyd et al., 2020).

The main driver for atmospheric mass loss of exoplanets is thought to be
the X-ray and extreme UV (together, XUV) irradiation the planet receives
from its host star (Watson et al., 1981b; Lammer et al., 2003; Lecavelier des
Etangs et al., 2004). This stellar emission is driven by the magnetic dynamo,
which transforms the stellar rotation into the stellar magnetic �eld (see for
example the review by Brun & Browning 2017). The magnetism manifests
itself as a variety of directly observable phenomena called activity, such as
coronal and chromospheric emission, 
ares, and starspots. It is well-studied
that the magnetic activity decreases over time as the star spins down through
the process of magnetic braking mediated by the stellar wind (see review by
G•udel 2007)). By the time the star reaches solar age, its XUV emission has
typically decreased by about three orders of magnitude.

This means that by the time we observe the majority of small exoplanets {
typically around old main-sequence stars due to the better planet detectability
when stars are inactive { the atmospheric evaporation which forms the radius gap
is mostly �nished. However, in recent years, the number of detected exoplanets
in close orbits around young stars has grown rapidly. Such discoveries of small
transiting exoplanets in young stellar clusters make it possible to study the
XUV environment of exoplanets which are still at relevant ages for signi�cant
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atmospheric mass loss. Mainly fueled by the K2 and TESS missions, a growing
number of young exoplanets have been discovered by now (David et al., 2016;
Mann et al., 2016; Obermeier et al., 2016; Gaidos et al., 2017; Mann et al.,
2017; Pepper et al., 2017; Livingston et al., 2018; Rizzuto et al., 2018; Newton
et al., 2019a). The fact that their host stars have been identi�ed as members
of young stellar clusters gives an age tag to the star-exoplanet systems.

A particularly intriguing system is the four-planet system around the star
V1298 Tau. This star is a member of Group 29, an association in the foreground
of the Taurus-Auriga association, with a likely age of 23 Myr (David et al.,
2019b). It hosts four transiting planets (David et al., 2019a) in orbits between
8 and 60 days with radii between 5.6 and 10.3' � (see table 5.1 for the system
properties). The youth of this systems means that the stellar X-ray activity is
high and can be measured precisely with present-day X-ray telescopes.

In this work, we report on spectrally resolved X-ray observations of the host
star V1298 Tau and extrapolate the extreme UV and X-ray (XUV) irradiation
received by the exoplanets in the system. We estimate the current mass-loss
rates as well as the expected mass-loss evolution of the planets over time scales
of Gigayears, using an energy-limited evaporation model that takes into account
the possible stellar activity evolution tracks.

5.2 Observations and data analysis

The system was observed in X-rays by the ROSAT and Chandra space tele-
scopes.

5.2.1 ROSAT data

The star V1298 Tau was observed with the ROSAT satellite in its ROSAT All-
Sky Survey (RASS). ROSAT is an X-ray space telescope that was in operation
from 1990 to 1994 (Tr•umper, 1982; Aschenbach, 1988), and performed the
RASS for seven months during 1990 and 1991 in an energy band of 0.1-2.4 keV.
The RASS consists of several scans of each part of the sky, with the individual
visits of any given position being typically short, on the order of about 15{30
seconds, and accumulated exposure times of a few hundred seconds. V1298 Tau
was observed in the RASS with PSPC-C detector.

We downloaded the archival X-ray data from the ROSAT archive1. We used
the xselectsoftware, which is part of NASA's HEASARC software package, to

1https://heasarc.gsfc.nasa.gov/FTP/rosat/data/pspc/processed data/
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Table 5.1: Properties of the V1298 Tau system as provided by David et al. (2019b,a).

Parameter Value
Star:
Spectral type K0-K1.5
Stellar age [Myr] 23� 4
" ¢ [" � ] 1.101̧ 0”049

� 0”051
' ¢ [' � ] 1.345̧ 0”056

� 0”051
%rot [d] 2.870� 0.022
Distance [pc] 108.5� 0.7

Planet c:
%[d] 8.24958� 0.00072
' % [' � ] 5.59̧ 0”36

� 0”32
0 [AU] 0.0825� 0.0013

Planet d:
%[d] 12.4032� 0.0015
' % [' � ] 6.41̧ 0”45

� 0”40
0 [AU] 0.1083� 0.0017

Planet b:
%[d] 24.1396� 0.0018
' % [' � ] 10.27̧ 0”58

� 0”53
0 [AU] 0.1688� 0.0026

Planet e:
%[days] 60̧60

� 18
' % [' � ] 8.74̧ 0”84

� 0”72
0 [AU] 0.308̧ 0”182

� 0”066
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