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Abstract

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 fluxes 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 significantly over the stellar lifetime. This
strongly affects 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 first 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 effect of a realistic spread of activity tracks on
the small-planet radius gap was investigated for the first time. The works in this
thesis show that for individual systems, in particular if planetary masses are
unconstrained, the difference 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 final 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 significantly
affected 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.



Zusammenfassung

Die steigende Anzahl bekannter Exoplaneten wirft Fragen zu ihrer Demografie
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 Aktivitét
aufweist. Das fithrt wiederum dazu, dass der Planet einer enormen Rontgen-
und Extrem-UV-Strahlung ausgesetzt ist. Ist der Planet iiber einen léngeren
Zeitraum dieser intensiven photoionisierenden Strahlung ausgesetzt, kann dies
dazu fithren, dass Planetenatmosphéren sich aufheizen, ausdehnen und durch
einen hydrodynamischen Entweichungsprozess namens Photoevaporation ins
All entweichen, sozusagen verdampfen. Bei Planeten, in der Gréflenordnung von
Super-Erden und Sub-Neptunen, kann dies sogar zur vollstéandigen Erosion ihrer
Ur-Atmosphéren fithren. Ein interessanter Faktor, der fiir diesen Massenver-
lustprozess eine Rolle spielt, ist die Aktivitdtsentwicklung des Wirtssterns. Die
Rotation eines Sterns, die den Dynamo und damit die magnetische Aktivitét
antreibt, dndert sich im Laufe der Lebensdauer eines Sterns erheblich. Dies hat
einen starken Einfluss auf die Menge der hochenergetischen Strahlung, den ein
Planet mit zunehmendem Alter des Sterns empféngt. In jungen Jahren besitzen
Planeten noch warme und ausgedehnte Hiillen, was sie besonders anfallig fiir
atmosphérische Verdunstung macht. Insbesondere in den ersten Gigajahren,
wenn die Rontgen- und UV-Strahlung 100 — 10,000 Mal hoher 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 Aktivitit auf den durch hochenergetische Strahlung verursachten atmosphéa-
rischen Massenverlust junger Exoplaneten. Der PLATYPOS-Code wurde im
Rahmen dieser Arbeit entwickelt, um die photoevaporativen Massenverlustraten
fiir verschiedene stellare Alter zu berechnen. Der Code verkniipft parametri-
sierte Planetenmasse-Radius-Beziehungen mit einem analytischen Modell fiir
den hydrodynamischen Massenverlust. Er wurde zusammen mit Chandra- und
eROSITA-Rontgenbeobachtungen dazu verwendet, den zukiinftigen Massen-
verlust der beiden jungen Mehrplanetensysteme V1298 Tau und K2-198 zu
untersuchen. Dariiber hinaus wurde in einer numerischen Ensemblestudie erst-
mals der Effekt einer realistischen Verteilung von stellaren Aktivitdts-Tracks
auf das sogenannte Radius-Tal bei kleinen Planeten untersucht. Die Arbeiten
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in dieser Dissertation zeigen, dass fiir einzelne Systeme, insbesondere wenn
die Planetenmassen unbestimmt sind, der Unterschied zwischen einem jungen
Wirtsstern, der einem Track mit niedriger Aktivitdt gegeniiber einem solchen
mit hoher Aktivitat folgt, gravierende Auswirkungen haben kann: Die genaue
Form der Aktivitdtsentwicklung kann dariiber entscheiden, ob ein Planet einen
Teil seiner Atmosphére behélt oder seine Hiille vollsténdig verliert und nur
den nackten Gesteinskern behélt. Fiir ein Ensemble von simulierten Planeten
andert eine durch Beobachtungen motivierte Verteilung von Aktivitéts-Tracks
die endgiiltige 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 Aktivitéts-Tracks beeinflusst wird. Eine gewisse Streuung
oder Unschérfe im Radius-Tal der beobachteten Exoplanetenpopulation kann
damit allerdings durchaus erklart werden.
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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 T 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 influences 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 findings made in this thesis for the field, and discusses
future perspectives.

All four manuscripts and the contributions of L. Ketzer to each paper are
listed below.
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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 45604572 (2021).

DOI: 10.1093/mnras/staal462

Contribution: For this first publication, I am the second author, but with
large contributions to the final 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 first 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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3. The influence 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
first time, the effect 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 different stellar activity tracks from infant age to
several Gyr. I conducted all numerical simulations, as well as the subsequent
analysis and scientific exploration of the resulting data. While I wrote the
majority of the initial draft, my co-author K. Poppenhaeger gave me scientific
advice throughout the different 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
flares 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 flux 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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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 findings of recent decades.
Crowned with a Nobel Prize in 2019, the first 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 field 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 confirm planets around stars other than our own are biased
towards certain types of planets that can be more easily detected than others.
The first 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 first 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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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 significantly lower detection rate,
include microlensing, direct imaging or astrometry. Microlensing is a technique
that detects exoplanets by observing the magnification of light from a distant
star due to the gravitational lensing effect caused by a foreground exoplanet
(Griest & Safizadeh, 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 different detection methods exhibiting different 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
effects. 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 field of exoplanet demographics is to determine
the occurrence rate or frequency distribution of planets, as well as possible
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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, effective 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 confirmed exoplanets can be categorized into different 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 (Mg) (or 0.3 Jupiter masses (Mjyp)). They are readily detectable,
but represent, with an occurrence rate of <0.5-1% among nearby Sun-like main-

Section 2.2




Chapter 2

10

Exoplanet discovery and demographics

10 Brow
. pglwa . 0 » e, 0 % de © . U
i 7 R Tt

10 B R DR
Hot Jupitets PRI . .

10° °

Planetary mass [Mjy]
=
<

1072 ¢
. Radial velocity

° . & Astrometry

10-3]  Rocky planets ° Transit
. a * Imaging

° ° #Me b e  Other

10~ =
0 1072 107! 10° 10! 102 103 104

Semi-major axis [A.U.]

Figure 2.2: Distribution of the almost 3000 confirmed exoplanets with mass con-
straints (measured masses or upper limits). Shown here is planetary mass against
semi-major axis, with the different 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 different classes of observed exoplanets.
While some features seen in this diagram are authentic, many of them are due to
selection effects. 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 planets are classified 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
FGK' 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 (Rg), 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 Rg and a mass of almost 17 Mg). 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 significant ice fractions. Regardless of
the exact composition, their observed low densities indicate that they must
contain significant fractions of volatile material and typically have hydrogen-
and helium-dominated atmospheres to explain their large observed radii (Rogers,
2015).

iv) Rocky planets and super-FEarths are planets with radii smaller than
approximately 1.8 Rg. 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 Mg) 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

I'FGK refers to the classification 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.

Section 2.2
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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 different 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 different regimes, starting from rocky planets up to
about 2 Rgin radius on the lower mass end, and extending into a regime of
larger mass and radius, where planets host significant 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 differences
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 identification of a significant 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 findings in
the field of planetary science. Among this ever-growing number of different
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 Rg(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 different regimes are
recognizable, starting with the rocky, terran worlds, followed by a Neptunian regime,
where planets host significant 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 configurations
within this mass and radius regime. The red lines represent the power-law fits to
the four different 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 first noticed in the histogram
of planetary radii, which shows a clear bimodality with a deficit around 1.8 Rg.
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 Rg), 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 significant role in shaping the observed substructure. Theoretical
studies had previously predicted this phenomenon (Owen & Wu, 2013; Lopez
& Fortney, 2013a), before it was later confirmed 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 Rg 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 outflow.
This mechanism has been studied extensively (e.g. Watson et al., 1981a; Giidel,
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 identified 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; Mansfield 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
outflow signatures and constrain the chemical composition of the atmospheres
of transiting exoplanets. Studying outflows in young planetary systems is
particularly intriguing, as it can provide insights into planetary evolution models
and help distinguish between different 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, offering valuable insights into the role of photoevaporation in
early exoplanet evolution. Noteworthy systems with detected outflow 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 significant
reduction in the size of this planet over the next few billion years (Barragan
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 findings suggest that photoevaporation is
an efficient 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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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 influence individual
systems and shape the exoplanet population we observe today. After high-
lighting some basic planet formation details in the first part of this chapter,
the second part addresses different 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 different 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. Rafikov, 2006; [koma & 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 Mg 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

19



Chapter 3

20

Formation and evolution of planetary atmospheres

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 first ~100 Myr
of planetary evolution are influenced 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 significant 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 (Barragan 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 (Barragan et al., 2019¢).

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
efficiently, end up with higher envelope entropy and effective temperature once
accretion stops (Fortney et al., 2007; Baraffe et al., 2008). As a consequence,
these planets possess enlarged, inflated radii and low densities due to their
unsettled nature and leftover heat from the accretion process. Their warm and
puffy 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 planet g 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 differences
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 puffy 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 than 100 Myr.

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 different 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; Chassefiere,
1997). Mars, with its low gravity, most likely never built up a dense atmosphere
during the first few 100 Myr after its formation, and probably experienced
gradual erosion due to the cumulative effect of numerous small impact events
(Melosh & Vickery, 1989). Even today, the thin atmosphere of Mars still
suffers 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 different atmospheric escape processes have

shaped the terrestrial planets in the solar system over the course of their lives.
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Specifically, 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 first 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; Garcia Munoz, 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 significantly, 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 outflow.

While non-thermal escape processes, like the interaction of the atmosphere
with charged particles in the solar/stellar wind, can have a significant 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 fluxes), 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 significant 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):

_ GMplymH

A= 3.1
ks TRy (3-1)

where G is the gravitational constant, kg the Stefan-Boltzmann constant, My
and Ry the mass and radius of the exoplanet, respectively, and p the mean
particle mass in units of the mass of a hydrogen atom (my). The temperature
T 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 (Garcia Munoz, 2007; Koskinen et al., 2007b).

For large A, the gas layer is tightly bound and thermally driven escape happens
on a molecule-by-molecule basis, better known as Jeans escape. With decreasing
A, thermally driven escape starts to occur in the form of an organized, radial
outflow, referred to as hydrodynamic escape. For A < 1.5, the internal energy
of the gas molecules is close to or starts to exceed their gravitational binding
energy, and the gas simply flows away from the planet in a hydrodynamic
blow-off 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 A 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-off state (Parker, 1958;
Opik, 1963; Lammer et al., 2003). As high stellar X-ray and EUV (XUV)
fluxes 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 outflowing
wind. Hydrodynamic escape can be a very efficient mass-loss mechanism
because the whole exosphere evaporates: as long as the heating continues, the
upper atmosphere will be refilled by the upwards flowing gas of the dynamically
expanding region below the exobase, and will be subsequently lost to space. To
sustain such substantial hydrodynamic escape, a significant energy source at a
specific altitude is necessary. While this energy can be supplied by X-rays (~10
— 100A), 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
(9121& 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 influenced 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 outflowing mass-flux should be “energy-limited”,
meaning that the upstream conductive heat flux 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 significant 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
significant fraction of the incoming XUV photons at a thin layer at some radius,
Rxuv, 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 flux 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 (Mg )
is then constrained by the deposition of stellar radiative energy and scales
linearly with the incident flux of high-energy radiation (e.g. Lammer et al.,
2003; Lecavelier Des Etangs, 2007):

: Rxuv?)F 3%F
My = _ R Exoy 3B Fxov. (3.2)
K GMpl / Rpl 4GK Ppl

where My is the mass, p, the density, Fxyy the high-energy flux (X-rays and
EUVs combined) received by the planet, and K a factor to take into account
that the gravitational boundary of the planet is modified by the nearby host
star. The efficiency of the heating is given by €, 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 outflowing 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 the f-parameter, which
is defined as f = Rxuv/Rp1, where R, and Rxyv the planetary radii at optical
and XUV wavelengths, respectively.

For close-in planets, another effect has to be taken into account. The host
star modifies 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 K
encompasses the impact of Roche lobe overflow (Erkaev et al., 2007), i.e. that
the gas does not need to escape to infinity, but merely to the Roche lobe of
the planet. It can take on values of 1 for no Roche lobe influence and < 1 for
planets filling significant fractions of their Roche lobes.
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Theoretical studies have identified 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 fluxes,
Murray-Clay et al. (2009a) showed that there is a different scaling behavior for
the mass-loss rates. In this so-called radiation-recombination-limited regime,
where radiative recombination of hydrogen cools the gas efficiently, the mass-loss
rate scales roughly with the square-root of the incident high-energy flux. In the
photon-limited regime, the mass-loss rate is purely limited by the incoming flux
of ionizing photons; this can happen for planets with very shallow gravitational
potentials.

Recent observational evidence suggests that giant planets exhibit all three
different regimes (Lampén 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 outflow 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-Lya-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 first-order estimates or studies involving a large number
of planets (e.g. Owen & Wu, 2013, 2017; Mordasini, 2020; Kubyshkina et al.,
2018a).

The influence of a planetary magnetic field on the hydrodynamic wind is
not fully understood, but studies suggest that the highly ionized outflow is
coupled to the planetary magnetic field, if present. In simulations by Owen
& Adams (2014); Arakcheev et al. (2017), a dipolar magnetic field suppressed
the strength of the mass loss in hot Jupiters by an order of magnitude. In
these simulations, only the magnetic field lines near the poles are open and
allow outflow 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 field and
the outflowing 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-Gémez 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 fields. 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 field, 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 field of a planet, which is usually not known
for exoplanets, plays an important role in the strength of different 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 efficient for planets like Mars or Venus, which are not
protected by a strong magnetic field, and sputtering is mostly relevant for lower
gravity planets like Mars with weak or absent magnetic fields. 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 Significance and effectiveness of atmospheric escape
processes over time

In general, stellar XUV fluxes, as well as the strength of the plasma outflow
from the host star (which includes the magnetized stellar wind, coronal mass
ejections or the stellar energetic particle flow) control the efficiency of the
various thermal and non-thermal atmospheric escape processes. Since the
magnetic dynamo weakens as stars age and spin down, the efficiency of different
escape processes is strong function of age and changes throughout a planet’s
life (Lammer, 2013). The evolutionary relevance and efficiency of different
processes can be summarized in three phases. The first phase, which is also the
most efficient mass-loss period, happens in the first 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 outflowing 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 fields, sputtering and suprathermal electrons from
photochemical escape processes become relevant, too. Even magnetic fields
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 flow 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 fluxes have
decreased to moderate to low fluxes, similar to the present day Sun, making
thermal escape processes much less efficient. 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 fluxes 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 influenced 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). Specifically, 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 significant fraction of
this high-energy flux, 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 fields have a crucial impact on numerous physical processes important
for the formation and evolution of stars and planets. They influence 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 fields influence the initial cloud’s angular-momentum evolution,
as well as the creation of winds, outflows, and jets. Even past this early, active
formation phase, the stellar magnetic field, 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 field 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 field.
It is the interplay between differential 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, amplification,
and maintenance of a steady magnetic field, 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
differentially rotating, convective envelope (Landstreet, 1992; Covas et al., 2005;
Donati & Landstreet, 2009). These processes, which lead to the creation and
transformation of the magnetic field, are known as the a — € 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 fields 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
field, 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 field 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 flowing plasma
that carries away angular momentum, causing the star to rotate slower and



Stellar angular momentum loss and rotational evolution

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 first million years of the pre-main sequence phase, a
star is very efficient 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 first to observe that the average magnetic surface
flux and the rotation rate of main-sequence (MS) stars were correlated. Based
on his findings, 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 (P o t1/2 where P is the rotation period and t the
stellar age), and that rotation and activity are related as Ly o [v X sin(i)]!?,
where Ly is the stellar X-ray luminosity and a measure of the star’s activity
level, and sin(i) a proxy for the stellar rotation rate (i being the inclination axis
of the star). This stresses that a star’s magnetic field and its rotation continue
to be interconnected: the presence of the magnetic field 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 field

The stellar magnetic field is not only responsible for the angular momentum
loss of a star, but also for the wealth of different 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 fields 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 flares, coronal mass ejections, coronae and stellar winds
(e.g. Davenport et al., 2019; Hazra et al., 2022; Alvarado-Gémez et al., 2022).

It is now well known that X-rays and EUV photons are produced in cool
stars, including our sun. The first direct detection of solar X-rays was achieved
in the course of a rocket flight 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 efficient 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
(Giidel, 2004). Solar X-ray observations show that the structure and dynamics of
the solar corona is dominated by the magnetic field 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. Erdélyi & Ballai, 2007), specifically a system of coronal loops.
These semicircular coronal fields, 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,
Q, as a function of time. The spin-up on the pre-MS as well as spin-down on the MS
can be seen. The difference 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 significant 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 (Lx) distributions at each age. The two solar symbols at 4.5 Gyr represent
the range of Ly 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
flux near active regions. The loops fill with and then trap the hot plasma, and
thus are highly radiative sources (Engvold et al., 2019). The movement and
shuffling of the photospheric foot-points of the coronal magnetic field lines by
the convective motions beneath the photosphere are thought to contribute to
the heating of the atmospheric layers above. The specific processes, however,
which are responsible for heating the stellar corona to temperatures exceeding
one million Kelvin via the magnetic field, remain a topic of ongoing debate.
Two possible heating mechanisms are: (1) the Alfvén 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 'nanoflare’ or field-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 field, both for specific 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 effect of different magnetic coronal
heating mechanisms, stars that possess similar characteristics exhibit significant
variations in their X-ray emissions when their rotation periods differ. 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. Coffaro et al.,
2022).



The stellar rotation — activity connection

4.4 The stellar rotation — activity connection

Since the first observational evidence in 1972, numerous studies have examined
the relationship between stellar activity and X-ray emission, both manifestations
of the stellar magnetic field, 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, P, the Rossby number, Ro,
is often used as the key parameter for quantifying the efficiency of the magnetic
field generation. It is defined 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 field, taking into account the
stellar structure via the convective turnover time. Observations have shown
that activity correlates better with Ro 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 Ly /Ly,
can be divided into two regimes: (1) a horizontal regime at low Rossby numbers
(or fast rotation periods below ~10days) on the left, and (2) a regime beyond
the breakpoint around Ro~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 Cat 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 field 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 filling 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 flat, saturated regime, Ly /Lpol
is almost independent of the Rossby number Ro. Beyond the breakpoint around
Ro =~ 0.1, Lx /Ly — a proxy for stellar activity — is correlated with Rossby number,
and decreases for slower rotators with larger Ro. The saturated and unsaturated
regime and their corresponding fits 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 fits are taken from Wright et al. (2011b).



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

the unsaturated regime. The exact spin-down and activity evolution from the
saturated to the unsaturated regime (and all the factors affecting 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 first 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 simple /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 Ly) 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;
Garraffo et al., 2018; Fritzewski et al., 2021b). When the classical magnetic
braking eventually takes over, the wide range of initial rotation periods and
Lx values observed in the first 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; Stauffer et al., 1994) (see Fig. 4.1). In these models, long-term
rotational changes are primarily influenced 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 influences 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 significantly 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 Py vs. color index (a measure
for the stellar temperature), for two young clusters of different 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 figure 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 different saturation timescales ranging from
a few Myr to a few 100 Myr, for a star with the same mass, but different initial
rotation period. In this particular model, it is the initial rotation period at birth
that determines tg,, 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 field (Garraffo et al., 2018). Zeeman-Doppler imaging maps
of young stars show complex magnetic morphologies that simplify into more
nearly dipolar configurations as stars age, which supports the idea that a
switch to a more simple magnetic field configuration 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 (Garraffo 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 first 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 Lgy,
which, to first order, depends on stellar mass (Giidel, 2004). The saturation
phase is then followed by a power-law decay phase with an exponent a on
the order of -1/2 (Jackson et al., 2012a; Tu et al., 2015b). It is typically
parametrized as:

(4.1)

Lig _ Loy for t <t
LbOl Lsat(?tat)a fOl“ t > tsat

where Ly represents the high-energy emission at time ¢, and tg,; the saturation
or spin-down time, i.e. the age until which a star emits intense XUV flux 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 significant impact on a planet’s mass-loss history. Since
the stellar EUV flux 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
first 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 oversimplifica-
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 Fig4.1, where the X-ray measurements of different open cluster stars are
marked in black. Due to the significant 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 first 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 find that V1298 Tau is X-ray bright

with log Lx [ergs™!] = 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 find 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 find that the innermost two planets can lose
significant 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 significant 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 refine 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 field (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, flares, 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
Giidel 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 finished. 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 significant
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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 identified 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 Rg (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 (Triimper, 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 archive!. We used
the zselect software, which is part of NASA’s HEASARC software package, to

Thttps://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 KO0-K1.5
Stellar age [Myr] 23 + 4

M, [Mo) 11017028

R, [Ro) 13457805

Pyot [d] 2.870 + 0.022
Distance [pc] 108.5 + 0.7
Planet c:

P [d] 8.24958 + 0.00072
Rp [Re)] 5.5970%

a [AU] 0.0825 + 0.0013
Planet d:

P [d] 12.4032 + 0.0015
Re [Re) 641755

a [AU] 0.1083 + 0.0017
Planet b:

P [d] 24.1396 + 0.0018
Rp [Re) 10.27+0.58

a [AU] 0.1688 + 0.0026
Planet e:

P [days] 60749

Re [Re) 3.7t

a [AU] 0.308f%})§26
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Figure 5.1: ROSAT PSPC X-ray image of V1298 Tau, taken in 1991. The position
of V1298 Tau is marked with a red cross, the positions of the two nearby young
stars are marked as green crosses. The PSF extraction region with a radius of 150”
is shown as a red circle. Left: X-ray image with linear brightness scaling, binned
spatially to a bin size of 16”. Middle: Same, but smoothed by a Gaussian with a
size of 4 bins. Right: Fitted 2-D Gaussians to the positions of the three stars; the
emission is dominated by X-rays stemming from the position of V1298 Tau.

20:08:59.9

Figure 5.2: Chandra ACIS-S X-ray image of V1298 Tau, taken in 2019. The position
of V1298 Tau is marked with a small red circle, the positions of the two nearby young
stars are marked with green circles, and the size of the ROSAT PSF is shown as a
large red circle.
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analyze the data. Specifically, we used the associated exposure map to determine
the accumulated exposure time collected at the position of V1298 Tau, which
was 297 seconds. We then defined a circular source region at the nominal
position of the star with an on-sky radius of 150”. This is motivated by the
size of ROSAT’s point-spread function (PSF), which varies considerably in
width over the field of view; for accumulated RASS observations, a circular
region of radius 150” contains about 90% of the source flux (Boese, 2000). We
also selected a background region free of obvious X-ray sources with similar
exposure time and in the vicinity of the star. We opted for a background radius
of 800” to obtain a more accurate determination of the background count rate
to be expected in the source region.

We proceeded by extracting the source and background region photon event
lists and CCD spectra again for the source and background region using NASA’s
xselect data analysis software. The spectra were grouped to bins of at least five
counts to avoid empty energy bins; the Cash statistic (Cash, 1979) was used
for spectral fitting with the Xspec software.

5.2.2 Chandra data

Chandra (Weisskopf et al., 2000) carries as one of its instruments the Advanced
CCD Imaging Spectrometer (ACIS). It provides high spatial resolution with a
PSF FWHM of 0.42"” at boresight, i.e. much higher than the spatial resolution
of ROSAT. Its nominal energy range is 0.245 to 10 keV.

We obtained Chandra data for V1298 Tau using the ACIS-S detector in
non-grating mode with an exposure time of 1.04 ks on Nov. 17, 2019 (ObsID
22913). The image of the target was placed on one of the back-illuminated
chips of ACIS-S, which provide slightly better energy resolution (approximately
70 eV FWHM for photon energies up to 2 keV) than the front-illuminated
chips. ACIS-S provides a nominal energy sensitivity between 0.245 and 10 keV,
but the sensitivity to X-ray photons below 0.8 keV has become very low over
the life of the telescope.

We used the CITAO software version 4.11 to reduce the Chandra data, em-
ploying the standard data analysis steps outlined in the CTAO user guide. We
extracted light curves and CCD spectra for V1298 Tau, as well as for two other
stars in V1298 Tau’s vicinity. We chose a source extraction radius of 2” radius
and a background region of 60” radius. Again, spectra were grouped to bins of
at least five counts.
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Figure 5.3: Optical light curve of V1298 Tau during the transit of its innermost
planet c. The data show the STELLA/WiFSIP observation after removal of the
detrending function. The solid black line shows the best-fit transit model, indicating
a transit time earlier than predicted by about 3.5 hours.

5.2.3 Updated planetary ephemerides

While the transit depths of the four planets are small and are not expected
to significantly alter the X-ray flux of the star during transits, we still report
here the timing of the observations with respect to the orbital phases of the
planets. As the system was observed with Kepler-K2 in 2015 (David et al.,
2019b), the uncertainties in the orbital parameters have grown considerably
since then. Typical transit midpoint uncertainties have increased to between
three and five hours for observations in late 2019 (i.e. the epoch of the Chandra
observation) for the innermost three planets. The outermost planets has an
uncertain period measurement, so that its current ephemeris is unknown.

We have performed ground-based transit observations with the STELLA
telescope (Strassmeier et al., 2004) and its wide-field imager WiFSIP (Weber
et al., 2012) during the night of January 5, 2020 in order to cover a transit of
the innermost planet ¢. The data were reduced following standard procedures
employing a customised pipeline described in detail in Mallonn et al. (2015).
In brief, we used the publicly available software SExtractor for aperture pho-
tometry, and selected the aperture size that minimied the scatter in the light
curve. The same criterion was applied to chose the ensemble of comparison
stars for differential photometry. The light curve was analyzed with the transit
modeling tool JKTEBOP (Southworth et al., 2004), keeping all relevant transit
parameters fixed to the values derived by David et al. (2019a). The parameters
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free-to-fit were the transit mid time and the three coefficients of a second order
polynomial over time for light curve detrending. We found that the transit
occurred earlier than expected from the David et al. (2019a) ephemeris by
about 3.5 hours. Therefore, our optical transit observation started only at
about transit mid time and lacks the transit ingress (Fig. 5.3).

We calculate that the start time of the Chandra observation occurred about
5.5 hours after the updated transit egress of planet ¢. With respect to planets
d and b, the Chandra observation also took place well outside of those transits,
even taking into account the current midpoint uncertainty of up to 5 hours for
these planets. The uncertainty of planet e’s mid-transit time is so large that we
cannot determine whether the Chandra observation overlapped with it or not.

The transit midpoint uncertainties for the three inner planets are of the
order of one day for the ROSAT observing epoch. The accumulated ROSAT
data covers a time period of almost 2 days, which may contain short exposures
that were collected during a transit of one of the planets. We do not expect a
significant influence of a potential planetary transit on the ROSAT or Chandra
data, since the transit depths are small with less than 0.5% in the optical.

5.3 Results

5.3.1 X-ray detection of V1298 Tau

The ROSAT All-Sky source catalog lists a detected X-ray source near the
nominal position of V1298 Tau (corrected for the known proper motion of
the star to match the ROSAT observing epoch), with a spatial offset of 16.1”
from its nominal position. This offset is not unusual given ROSAT’s broad
PSF. The detected count rate is 0.16 cps (Voges et al., 1999), and a cursory
calculation using V1298 Tau’s distance of 108.2 + 0.7 pc (Gaia Collaboration
et al., 2018; Bailer-Jones et al., 2018) and a counts-to-flux conversion factor of
9.423 x 1072 erg /cm? /count? yields an estimate of Ly = 2 x 10% ergs™!. This
is close to the highest levels of X-ray luminosities observed for cool stars in
general, and typical for very young stars like V1298 Tau (Preibisch & Feigelson,
2005b).

We queried the Gaia DR2 archive for nearby stars brighter than G = 15mag
within a search radius of 150” around V1298 Tau’s position. Most of the
returned targets are located at distances much farther away than our target, by

2Conversion factor derived according to Schmitt et al. (1995) using the hardness ratio of
HR; = 0.21 from the ROSAT catalogue.
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a factor of three or more; since field stars are intrinsically X-ray fainter than
young stars, it is unlikely that those targets are origins for the detected ROSAT
X-ray emission.

There are two other stars that have a similar distance as V1298 Tau, located
at separations of ~ 100” and 130” from our target. These stars are HD 284154
(Gaia DR2 51884824140205824) and Gaia DR2 51884824140206720, which we
will abbreviate as GDR2-5188 in the remainder of this publication. The former
was previously identified as a candidate member of the same young moving
group as V1298 Tau (Oh et al., 2017). The latter is optically fainter and was
not included in that candidate list, but has very similar distance and proper
motion, so that all three stars may be members of the same young moving
group, and as such intrinsically X-ray bright. We show an X-ray image of
V1298 Tau’s position taken with ROSAT in Fig. 5.1, indicating the position of
all three stars.

We also show the Chandra X-ray image of the same position in Fig. 5.2,
where the identification of the three stars is trivial due to Chandra’s high spatial
resolution. We find that V1298 Tau is clearly detected as the X-ray brightest
source out of the three young stars, with a detected count number of 70 vs. 20
and 13 for HD 284154 and GDR2-5188, respectively. As a cursory check, we
assume a hot coronal plasma temperature of about 10 MK as appropriate for
young stars and estimate an X-ray luminosity of 1.1x10%° ergs™! for V1298 Tau
from the detected number of counts and the exposure time using HEASARC’s
WebPIMMS tool®; we will refine this estimate in the next section through
spectral fitting. We can also confirm that there are no other X-ray sources

detected with Chandra within the ROSAT PSF around V1298 Tau’s position.

We can compare the X-ray brightness ratios between the three stars in the
Chandra and ROSAT observations. For Chandra, this follows directly from
the individually detected source counts. For the ROSAT data, we extracted
an X-ray image with a spatial binning factor of 32; to guide the eye, we also
extracted an image smoothed by a factor of four bins (see Fig. 5.1). We
approximated the ROSAT PSF as a 2-dimensional symmetric Gaussian with
standard deviation of 90”, appropriate for the RASS PSF width, and fitted
three Gaussians with free amplitude and centroids fixed to the positions of the
three stars to the (unsmoothed) ROSAT image. The fit yielded that = 90% of
the X-ray photons come from the PSF centered on V1298 Tau’s position, 10%
come from GDR2-5188, and the X-ray flux from the third star is compatible
with zero.

3https:/ /heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms /w3pimms.pl
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Figure 5.4: ROSAT X-ray light curve of V1298 Tau in 1991, typical exposure time is
around 20 seconds. The blue dashed line represents the mean count rate.

The ROSAT brightness ratio between the stars of 90% / 10% / 0% in terms
of the added X-ray brightness of all three stars is roughly comparable to the
X-ray brightness ratios in the Chandra data, namely 68% / 19% / 13%, when
one takes into account that the covered energy bands of the two telescopes
are overlapping, but not the same, and the stars may display some intrinsic
variability.

5.3.2 Temporal variability

ROSAT scanned the position of V1298 Tau repeatedly over about two days,
with individual exposure times of a few tens of seconds. As Fig. 5.4 shows,
the X-ray count rate in these individual exposures varies only mildly. No large
excursions from the mean count rate, for example from flares, are observed.

Within the Chandra observation, again no large flares are observed for V1298
Tau or any of the two other young stars, see Fig. 5.5. The variability between
time bins is consistent with uncertainties due to counting statistics.

The absence of large flares in either of the observations means that the
overall X-ray brightness ratios of the stars should indeed be similar, except for
differences due to the covered energy range of the telescopes.
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Figure 5.6: ROSAT (red) and Chandra (black) X-ray spectra of V1298 Tau. The
data points are shown as crosses with 1o vertical error bars per energy bin. The best
spectral fit is shown as a red and black line for the data sets from the two telescopes,
respectively.

5.3.3 Spectral fit and X-ray luminosity
V1298 Tau

To determine an accurate value for V1298 Tau’s X-ray luminosity, we extracted
CCD spectra from ROSAT and Chandra at V1298 Tau’s position. The two
data sets cover overlapping, but different energy ranges. ROSAT’s low-energy
boundary is 0.1 keV. While Chandra’s low-energy sensitivity nominally extends
down to 0.245 keV, in practice the effective area below 0.8 keV has become very
low over the lifetime of the telescope. This means that any emission measure at
low coronal temperatures and therefore softer photon energies than 0.8 keV are
effectively not probed by the Chandra data. Conversely, ROSAT’s high-energy
sensitivity ends at 2.4 keV, while Chandra’s extends to 10 keV. For our source
it turns out that there are almost no photons detected above 2.4 keV even in
the Chandra data.

We show both the ROSAT and Chandra X-ray spectrum of V1298 Tau in
Fig. 5.6. The different sensitivities of the two instruments become apparent
immediately.

We fitted the X-ray spectra with HEASRAC’s Xspec software, using the
APEC model appropriate for a coronal plasma (Foster et al., 2012) and solar-like
abundances from Grevesse & Sauval (1998). The extinction towards V1298
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Tau is low with E(B — V) = 0.024, translating to a low gas column density Ny
of ~ 1.6 x 102 cm™2, which means that X-ray absorption by the interstellar
medium is negligible for our target. We grouped the spectra to a minimum of
five counts per bin and used the Cash statistic in Xspec’s fitting process.

In fitting the two spectra individually, we found that the fitted flux in the
energy range where both instruments have decent effective area (0.8-2.4 keV)
is similar for both observations with 5.3 x 10713 ergs™! cm™2 for ROSAT and
4.5x 1071 ergs™! cm™2 for Chandra. We therefore decided to fit both spectra
simultaneously with the same model to gain better energy coverage for V1298
Tau.

The result of the combined spectral fit is listed in Table 5.2. The fitted
coronal temperature is moderately high with a value of kT = 0.78 keV, cor-
responding to about 9 MK. The X-ray flux derived from the spectral fit is
9.2 x 1071 ergs™!em™2 for the native ROSAT energy band of 0.1-2.4 keV. The
uncertainty in this flux was estimated with Xspec to be £1.0x 107" ergs™! cm™2
i.e. about 11% of the flux (given is the 68% confidence interval). We extrapo-
lated this to two other commonly used energy bands of 0.2-2 keV and 0.2-10
keV, yielding fluxes of 8.0 x 10713 ergs™!em™2 and 8.4 x 10713 ergs™ ! cm™2, re-
spectively. This places V1298 Tau’s X-ray luminosity at 1.3 x 10%° ergs™! for
the 0.1-2.4 keV band (equalling 1.1 X 10*® ergs™! and 1.2 X 10** ergs™ for the
0.2-2.0keV and 0.2-10keV bands, respectively).

Using the scaling laws between X-ray and extreme UV (EUV) emission of
stars derived by Sanz-Forcada et al. (2010b) and the ROSAT energy band
as the input X-ray band, we estimate the combined XUV (X-ray and EUV)
luminosity of V1298 Tau to be Lxgy = 6.3 X 10** ergs™! for an EUV energy
band of 0.01-2.4 keV.

The two young stars HD 284154 and GDR2-5188

The two nearby young stars do not have sufficient source counts in the Chandra
observation to perform an adequate spectral fit for them. However, we can
assess their hardness ratios and compare them to the hardness ratio of V1298
Tau. Specifically, we calculate the hardness ratio HR = % with a soft band S
of [0.5-1.5) keV and a hard band H of [1.5-5.0] keV.

V1298 Tau, HD 284154 and GDR2-5188 then display hardness ratios of
—0.5+0.1, —0.8*03 and —0.2 + 0.3, respectively. These are consistent with each
other within their uncertainties, indicating roughly similar spectral shapes. We
therefore estimate the X-ray luminosities of the two fainter stars by scaling
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Table 5.2: Spectral fitting results for V1298 Tau from the combined Chandra and
ROSAT data.

Parameter Value

kT [keV] 0.78 + 0.07

EM [em™3]* (4.5+0.4) X 105
Fx 0.1-2.4kev [€Tgs” Yem 2] (9.2+1.0)x 1071
Fxo2-2kev |ergs™lem™] (8.0+0.9) x 10713
Fx o2-10kev [€Tgs tem™]  (8.4+0.9) x 10713
Lx 01-24kev [ergs™!] (1.3 +0.1) x 10%°
Lx 02-2kev  |€rgs™!] (1.1 £0.1) x 10%°
Lx 02-10kev |€rgs™’] (1.2 £0.1) x 10%°
Lxuv.001-24kev [€rgs™!] (6.3 +£0.1) X 10°°

V1298 Tau’s X-ray luminosity down by a factor given by the X-ray count ratios
between V1298 Tau and the respective other star.

In this manner, we estimate HD 284154’s and GDR2-5188’s X-ray luminosity
to be 0.29 and 0.19 times the X-ray luminosity of V1298 Tau, respectively. In
absolute numbers, we estimate the X-ray luminosities of HD 284154 and GDR2-
5188 in the 0.1-2.4 keV energy band to be 3.8 x10%° ergs™ and 2.5x10% ergs™!,
respectively.

5.4 Discussion

5.4.1 V1298 Tau’s activity evolution in the context of young
stars

We can place the X-ray emission level of V1298 Tau, as well as for the other
two young stars, into the context of cluster stars of a similar age. The cluster
NGC 2547 has a similar age of about 30 Myr and has been studied in X-
rays with both ROSAT and XMM-Newton data (Jeffries et al., 2006). A
comparison of the fractional X-ray luminosity Ly /Lo versus photometric stellar

4Emission measure; corresponding to a fitted "norm” parameter in the APEC model of
(3.2+0.3) x 1074,
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Figure 5.7: Fractional X-ray luminosity (Lx/Lpe;) of V1298 Tau and the other
two young stars as a function of their V — I. color, together with fractional X-ray
luminosities of member stars of the 30 Myr old cluster NGC 2547 (cluster data from
Jeffries et al. (2006)).

colours is particularly instructive, because it displays the lower activity state of
higher-mass stars compared to lower-mass ones at a fixed given age.

We calculated the fractional X-ray luminosity and photometric colours of
the three stars studied here as follows: We queried the Gaia DR2 archive for
the approximated bolometric luminosities of the stars, which are given as 0.9,
4.0, and 0.2 for V1298 Tau, HD 284154, and GDR2-5188, respectively. We
transformed the stellar Bp — Rp colors from Gaia into V — I, colors according to
the Gaia Data Release 2 Documentation release 1.2°, which yielded V — I, =
1.0, 0.7, and 1.6 mag, respectively.

The placement of the three stars studied here in context with the cluster
NGC 2547 are shown in Fig. 5.7. All three stars fall within the range of typically
observed fractional X-ray luminosities for stars of a similar age. This means
that neither of the stars is particularly active or inactive for their age.

5.4.2 Evaporation of the four planets

We investigate the possible future evolution of the four young planets around
V1298 Tau with respect to their atmospheric mass loss induced by the stellar
X-ray and extreme UV irradiance. The goal of the following calculations is to
show the breadth of possible planetary masses and radii at a mature system

Shttps://gea.esac.esa.int /archive/documentation/GDR2/
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age. We will demonstrate that both the present-day masses of the four planets,
which are currently still unknown, and the specific stellar activity evolution in
the next few hundred million years have a strong influence on how the planets
in the system evolve. We have made the python code for these calculations
publicly available®.

We start by adopting the commonly used energy-limited hydrodynamic
escape model (see e.g. Owen & Jackson, 2012b; Lopez et al., 2012):

(nRg(Uv)FXUV _ S,BZFXUV

=€ € , 5.1

where Fxyy is the flux impinging on the planet, R,; and Rxyy are the planetary
radii at optical and XUV wavelengths, respectively; we use f = Ryyv /Ry as a
shorthand in the following. M, is the mass and p,; the density of the planet, €
is the efficiency of the atmospheric escape with a value between 0 and 1, and K
is a factor representing the impact of Roche lobe overflow (Erkaev et al., 2007),
which can take on values of 1 for no Roche lobe influence and < 1 for planets
filling significant fractions of their Roche lobes. For the present-day V1298 Tau
system the K factor takes on values of about 0.8 to 0.9 from the innermost to
the outermost planet, with a slight dependence on the assumed masses of the
planets which have not been measured yet.

Planetary mass estimates

Measuring masses of planets around highly active stars like V1298 Tau is
challenging, as stellar activity can mask and distort the radial velocity signatures
of planets. No masses for the V1298 Tau planets have been published so far.
We therefore estimate their masses based on two different assumptions.

It is possible that the V1298 Tau planets follow the empirical mass-radius
relationships observed for planets around older stars (Chen & Kipping, 2017b;
Otegi et al., 2020b). These relationships show two regimes, one for small rocky
planets up to radii of about 2Rg and one for larger planets with volatile-rich
envelopes. The scatter is low in the rocky planet regime and larger in the
gaseous planet regime: as core vs. envelope fractions may vary, there is a
broader range of observed masses at a given planetary radius for those larger
planets. It is noteworthy that the young planet K2-100b, which has an age of
~ 700 Myr based on the cluster membership of its host star (Mann et al., 2017),

Shttps://github.com /lketzer /platypos/
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falls into the volatile envelope regime and follows the mass-radius relationship
seen for older planets.

If this is correct also for the younger V1298 Tau planets, we can estimate their
masses from the mass-radius relationship presented by Otegi et al. (2020b); the
relationship by (Chen & Kipping, 2017b) yields essentially the same results. The
present-day planetary masses then span a range of approximately 26 to 69 Mg.
We refer to this assumption as the "high-density scenario” in the following.
We note here that we consider this "high-density scenario” as somewhat less
likely than the "fluffy planet scenario” described further below. This is due to
considerations about the mutual Hill separations of the planets as reported by
David et al. (2019a) in their section 3.1, where they show that if the V1298
Tau system follows the typically observed Hill separations in other multi-planet
systems, then the combined mass of the two innermost planets should be 7i§1 M.
The "high-density scenario” would yield a combined mass of approximately
59 Mg instead.

In contrast to the mass-radius relation of mature planets, very young planets
may display enlarged radii as they are not dynamically settled yet. Simulations
of planet formation and evolution (see for example Mordasini et al. 2012b)
show that in the age range of 10 to 50 Myr planets evolve from a wide range of
possible radii at a given mass towards a more unified mass-radius relationship.
If planets are formed under the so-called cold start scenario, i.e. with low initial
entropy, their radii may not shrink very much as the planets age. However, if
planets are formed according to the hot start scenario, i.e. with a high initial
entropy, their radii may be considerably larger at young ages compared to older
ages. The planet f Pic b shows indications of having been formed under hot
start conditions (Snellen & Brown, 2018b).

If this is also the case for the V1298 Tau planets, their current masses could
be much lower than estimated by a mass-radius relationship valid for older
planets. We approximate this scenario by using models of planets with a
hydrogen /helium envelope on top of a 5 and 10 Mg core, using the tabulated
models of Lopez & Fortney (2014b). They calculate radii for low-mass planets
with hydrogen-helium envelopes on top of Earth-like rocky cores, taking into
account the cooling and thermal contraction of the atmospheres of such planets
over time. Their simulations extend to young planetary ages, at which planets
are expected to still be warm and possibly inflated. Lopez & Fortney (2014b)
provide simple analytical fits to their simulation results, which we use to trace
the thermal and photoevaporative evolution of the planetary radius over time.
We refer to this as the "fluffy planet scenario” in the following.
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Evaporation parameters

Different values for the efficiency parameter € have been suggested in the
literature, ranging from 0.4 (Lalitha et al., 2018) down to 0.01 and even lower
for high-mass planets like CoRoT-2b (Salz et al., 2016a). In contrast, the V1298
Tau planets are well below Jupiter size and can be expected to have moderately
low masses (see above). Salz et al. (2016a) used hydrodynamic simulations
of exoplanets in close orbits to estimate e. For planets of relatively low mass
(and therefore low gravitational potential energy) and high irradiation level,
they reported efficiency values between 0.1 and 0.3. In our work, we choose a
€ value of 0.1 for all of our mass-loss rate calculations; we refer the reader to
section 5.4.3 for a discussion of limitations of the model.

The XUV radii of exoplanets have in some cases been found to be significantly
larger than their optical radii from observations at UV and X-ray wavelengths
(Poppenhaeger et al., 2013b). We use here again an approximation by Salz
et al. (2016a), who derived a scaling law for the planetary XUV radius as
a function of planetary gravitational potential and their XUV irradiation.
Assuming planetary masses follow a mass-radius relationship also valid for older
planets (Otegi et al., 2020b), we find XUV radii for the four planets that are
approximately 1.5 to 1.7 times larger than their respective optical radii. If
the planets are fluffy, their gravitational potential is lower by half an order of
magnitude than the sample simulated by Salz et al. (2016a); if we extrapolate
their relationship for XUV radii to this regime, we find that the planetary XUV
radii can be enlarged by factors of about 1.5 to 2.3 compared to the optical
radius for the individual planets. This significant radius enhancement increases
the calculated mass-loss rates by a factor of about 2 to up to 5 compared to an
XUV radius that is the same as the optical radius.

Present-day mass-loss rates of the planets

The expected present-day mass-loss rates of the planets depend sensitively
on the assumed masses of the planets. We report the mass-loss rates for the
high density scenario and for the fluffy planet scenario, the latter one using
two different potential core masses of 5 and 10 Mg. We take into account the
measured stellar X-ray luminosity and its extrapolation to the XUV wavelength
band, as well as the Roche-lobe overflow factor K (Erkaev et al., 2007) and the
planetary XUV radius as simulated by Salz et al. (2016a).

The XUV irradiation in the energy range of 0.01-2.4 keV at the planetary
orbital distances is high compared to more mature exoplanet systems; we
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find Fxuv, ombit = 32.9,19.1,7.9,2.4 X 10° ergs™' ecm™ from the innermost to the
outermost planet (i.e. planets ¢, d, b, and e).

The typical difference in expected mass-loss rates differs by about an order
of magnitude between assuming the high-density scenario and the fluffy planets
scenario with a core mass of 5Mg for the planets. The innermost planet ¢
yields an expected present-day mass loss of 2.5 x 101 gs™! for the fluffy 5 Mg
core mass scenario, 8.7 x 102 gs™! for the fluffy 10 Mg core mass scenario, and
2.4 x 102 gs7! for the high-density scenario. The derived expected mass-loss
rates for all planets and considered scenarios are listed in Table 5.3.

Stellar activity evolution

In order to investigate the atmospheric erosion that the four planets might
undergo in the future, it is crucial to take into account the change in XUV
flux received by the planets over time. Many studies of exoplanet evaporation
approximate the stellar XUV evolution by using the average activity level of
stars in a specific mass bin for well-studied clusters of different ages. This can
be represented as a power law decrease in activity which sets in after some
time scale during which the stellar activity stays constant at a saturation level
(Ribas et al., 2005b; Jackson et al., 2012b).

However, the rotational and therefore activity evolution of stars with similar
mass in young clusters shows a strong spread, which manifests itself as the
so-called slow and fast rotational sequences (Barnes, 2003d). It is possible that
a star spins down early and follows a low-activity track, or that it maintains

its high rotation rate and activity for a longer time and spins down later.

Specifically, the observed rotational evolution of stars in clusters has been
interpreted as the stellar transition from fast to slow rotation happening quickly
for individual stars, but at different stellar ages in the same cluster (Garraffo
et al., 2016). In the context of exoplanet irradiation, this was explored in
simulations by Tu et al. (2015a); Johnstone et al. (2015b). Their studies show
that the saturation timescales may range from ~ 10 to ~ 300 Myr for stars of
the same mass. Whether a star follows a high- or low-activity track can make
a significant difference for the evaporation of its exoplanets.

Inspired by Tu et al. (2015a), we use a simplified broken power-law model to

approximate the solar-mass stellar activity evolution, which we show in Fig. 5.8.

Specifically, we define a high-activity track, where the star stays very active
for a long time, and a low-activity track, where the spin-down and therefore
the activity decrease happens early in the life of the star. For comparison with
studies using an average activity evolution, we also define an average activity

Section 5.4

63



Chapter 5

64

X—ray irradiation and evaporation of the four young planets around V1298 Tau

1031
— high activity track
e, medium activity track
sl Ttz T .. — low activity track

Ly [erg/s]
=
L

1028

1027

10 100 1000 5000
Time [Myr]

Figure 5.8: High, low and medium activity tracks (blue, grey and red, respectively)
showing the future Ly evolution of V1298 Tau assumed in our calculations. The
yellow star indicates the current X-ray luminosity of the system, while the white star
marks the X-ray luminosity at the end of our calculation at 5 Gyr. The blue and red
dotted model tracks (shown for comparison) are taken from (Tu et al., 2015a) and
represent the X-ray evolution for an initially fast and slowly rotating solar-like star.

track. We let our high-activity track start at the current activity level of V1298
Tau; it is possible that other stars of the same age and mass may have an even
higher activity level.

Mass-loss evolution of the planets

We calculate the evaporation of the four planets for a variety of scenarios.
We take into account the possible high-density and fluffy planet scenarios, as
explained above, and further divide these cases into different stellar activity
evolution scenarios.

In our calculations, we compute the momentary mass-loss rate of each planet
according to equation 5.1, having calculated Rxyy and K for the fluffy and
the high-density planet scenario, respectively. We adjust the gaseous envelope
mass of the planet and calculate its new radius, again using either the fluffy or
high-density planet assumption.

To model the four young planets in the "fluffy planet scenario”, we make use
of the simulation results from Lopez & Fortney (2014a) and assume core masses
of either 5 or 10 Mg for all planets in the system. Coupled with the mass-loss
formalism introduced above (see equation 5.1), we allow for the atmospheric
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photoevaporative mass loss of the envelope and take into account the thermal
contraction of the planets in the model by Lopez & Fortney (2014a). For
the fluffy planet scenario, we stop the simulation and assume the complete
gaseous envelope has been evaporated once the planetary radius matches the
core radius.

In the "high-density scenario” we assume that the planetary radii change
according to the mass-radius relation for the more evolved, volatile-rich planet
population, considering the decrease in planetary masses as a result of the XUV
induced mass loss. If the planetary size reaches 2Rg, which we assume to be the
upper end of possible core sizes based on the location of the exoplanet radius
gap, we stop the simulation and assume the complete gaseous envelope has
been evaporated.

We perform these calculations for all three stellar activity evolution tracks
(see Fig. 5.8). We tested different time step sizes and found that a step size of
1 Myr yields practically the same results for the "high density scenario” planets
as for smaller time steps. Due to the much faster radius evolution for planets
in the "fluffy-planet scenario”, we chose a smaller step size of 0.1 Myr. The
planetary mass and radius evolution for the two innermost planets ¢ and d are
shown in Figures 5.9 and 5.10.

Our calculations show that the high-energy evolution of the star has a
significant effect on the planetary mass loss. The effect is particularly strong for
"Huffy” scenario of close-in planets ¢ and d, as they have extended atmospheres
and are exposed to much higher XUV fluxes, see Fig. 5.9 and 5.10. In the
stellar high activity scenario, those two planets can lose all of their modelled
gaseous envelope, which corresponds to a lost mass fraction of around 10%.

If we assume that the host star follows the evolutionary track for a slowly
rotating star (low activity track), and will spend no more time in the saturation
regime, the photoevaporative mass loss is, especially for the two outer planets,
less severe. A summary of the possible radius changes and the remaining
envelope mass fractions is given in Table 5.3.

For the planets in the "high density scenario” our calculations show that such
high-mass planets would undergo little mass and radius evolution even for high
activity track, owing to the larger planetary gravitational potential and the
resulting lower mass loss rates. Planets in the low activity scenario undergo
negligible mass and radius evolution.

To put these numbers in context with the observed radius gap in the exoplanet
population, we show the initial planetary radii and those at a system age of 5
Gyr in Fig. 5.11. The figure only shows the evolution of the two "fluffy planet”
scenarios with different core masses, as the "high density” scenario shows very
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Figure 5.9: Results of our calculations showing the possible future mass and radius
evolution of the inner most planet c. The three panels on the left show the mass
evolution for our "high-density case” planet (top) and the two "fluffy planet cases’
with 10 and 5 Earth-mass cores (middle and bottom, respectively). The panels on
the right show the corresponding radius evolutions. The red, grey and blue lines

Time [Myr]

)

represent the planetary evolution considering a high, medium or low stellar activity

evolution for V1298 Tau.



Discussion

Planet d

6.4

6.3

R[Re]

6.2

6.0

4.0

R[Re]

core mass 2.0t core radius

5.6 — high activity track
medium activity track
5.4 — low activity track

R[Re]

23 100 300 1000 5000 23 100 300 1000 5000
Time [Myr] Time [Myr]

Figure 5.10: Same as Fig. 5.9, but for planet d.

little radius evolution. The combined impact of the stellar activity evolution
and the planetary core mass can be seen particularly well for planets d and b,
as their evolution on the period-radius diagram shows them either crossing or
not crossing the photoevaporation valley around 2 Rg depending on whether
V1298 Tau will follow the high, medium or low activity track.

5.4.3 Uncertainties and model limitations

Some uncertainties are introduced into our modelling from observed or assumed
parameters, others from the underlying assumptions of the model. We discuss
the influence of these uncertainties here briefly.

The measured X-ray flux has an uncertainty of the order of 10%, which
makes very little difference in our modelling of the planet evolution. A 10%
higher or lower starting point of the stellar high-energy flux translates to a
difference in the final planet radii of the order of 1% in cases where the planet
envelopes do not fully evaporate, and a difference in age where full envelope
evaporation occurs of the order of 10% for the other cases.

We have assumed an evaporation efficiency parameter € of 0.1, which is not
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Figure 5.11: Current position of the four transiting planets around V1298 Tau in
the radius-period diagram. The gold stars mark the radii and periods measured by
David et al. (2019a) at a system age of ~ 23Myr. The vertical dotted lines show
possible evolutionary tracks under atmospheric photoevaporation. The dots and
squares mark the planetary radii at an age of 5 Gyr resulting from our calculations
for planets with a 5 Mg and 10 Mg core, respectively. The colors correspond to the
stellar activity tracks assumed in the calculation, with blue colors corresponding to
the high activity track, gray to the medium activity track and red to the low activity
track.
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unusual in comparison to the existing literature, where a wide range of values
has been employed in the past. However, this also needs to be seen in the
context of applicability of the energy-limited escape scenario itself. The regime
of energy-limited escape has been modelled to be valid for low to moderate
XUV fluxes onto the planetary atmosphere, and is consistent with observations
in the solar system (Watson et al., 1981a). For high XUV fluxes, it is expected
that the energy supplied by the XUV photons does no longer go mainly into
lifting the planetary atmosphere out of the planet’s gravitational well. Instead,
the planetary atmosphere is heated to such high temperatures that it starts to
cool through emission lines, which reduces the energy available for expanding
the atmosphere upwards. The escape rates could then be suppressed by a
factor of up to ten, compared to a e factor appropriate for an energy-limited
situation (Murray-Clay et al., 2009b). We currently do not take into account
such deviations from the energy-limited scenario, but assume on overall time-
constant efficiency parameter of e = 0.1 instead.

Also, currently not included in our model are hydrodynamic or magnetic
effects, such as a stellar wind streaming around the planet or the potential
shielding effect that a planetary magnetosphere could provide against evapora-
tion. Both are expected to influence the total mass loss. The stellar wind may
enhance the mass loss of exoplanets, especially if the planets have no (or only
a weak) magnetic field (Cohen et al., 2015; Dong et al., 2017). However, the
existence of a planetary magnetosphere may lower the evaporative mass loss,
particularly from the night side of the planet (Owen & Adams, 2014). Planetary
magnetic fields in the solar system display a relationship between the angular
momentum of the planetary spin and their observed magnetic field strength (see
Griefmeier et al. (2004) and references therein), meaning that heavy, quickly
spinning planets have strong magnetic fields. If the V1298 Tau planets are
heavy and not fluffy, and are spinning fast — which may be reasonable to assume
since they are young —, magnetic shielding could be relevant to the mass loss.

In summary, our evaporation model is relatively simple and does not attempt
to include all potentially relevant physical aspects of exoplanet evaporation,
such as stellar winds, magnetic shielding, or any hydrodynamic effects. However,
it is still instructive to see how even the inclusion of relatively few physical
parameters, especially the stellar activity evolution and the planetary mass,
can already cause a wide variety of possible future evolution tracks for the
planets. In this context it is particularly important to measure masses of
exoplanets around young stars, even though this is challenging, so that at
least the planetary mass parameter in evaporation models can be constrained
usefully.
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three stellar activity evolutionary tracks. For the "fluffy” cases, core masses need to
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Table 5.3: Estimates for the present-day mass-loss rates and planetary radii, as well
be explicitly assumed and we also report the planets’ envelope mass fractions.
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5.5 Conclusions

We use X-ray observations of the young exoplanet host star V1298 Tau with
Chandra and ROSAT to estimate the current high-energy irradiation the four
Neptune- to Saturn-sized planets are exposed to. We find that V1298 Tau, with
an age of ~ 23 Myr, is X-ray bright with a luminosity of log Lx [ergs™] = 30.1,
and has a mean coronal temperature of approximately 9 MK. By employing a
model for the stellar activity evolution together with exoplanetary mass loss,
we then estimate the atmospheric evolution of the four planets. Due to the lack
of measured masses, it is challenging to provide constraining predictions on the
fate of these four very young planets. We therefore estimate the planetary mass
and radius evolution for a "fluffy-planet scenario” and a “high-density scenario”,
covering a realistic/conceivable mass range. We model the four planets as fluffy
planets with a 5 and 10 Mg rocky core underneath a thick hydrogen/helium
envelope, and also as four higher-mass/density planets with masses ranging
roughly between those of Neptune and Saturn (~20-70 Mg). We show that, as
expected, the low-mass planets are most affected by photoevaporative mass
loss, mainly due to their weaker gravitational potential and the consequently
higher mass-loss rates. Our results show that the stellar activity evolution and
the age at which spin-down sets in can make a significant difference in possible
life-time evaporation outcomes for the planets.
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5.6 Appendix

5.6.1 Planet evolution plots

Large versions of the radius and mass evolution plots for all four planets are
displayed in this appendix.
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Figure 5.12: High-resolution version of Fig. 5.9.
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Abstract

We develop PLATYPOS (PLAneTarY PhOtoevaporation Simulator), a python
code to perform planetary photoevaporative mass-loss calculations for close-in
planets with hydrogen-helium envelopes atop Earth-like rocky cores. With
physical and model parameters as input, PLATYPOS calculates the atmospheric
mass loss and with it the radius evolution of a planet over time, taking into

account also the thermal cooling and subsequent radius evolution of the planet.
In particular, we implement different stellar activity evolution tracks over time.

Our setup allows for a prediction of whether a planet can hold on to a significant
fraction of its atmosphere, or fully evaporates, leaving behind only the bare
rocky core. The user supplies information about the star-planet system of
interest, which includes planetary and host star parameters, as well as the
star’s rotational and thus activity evolution. In addition, several details for the
evaporative mass-loss rate estimation can be chosen. This includes the effective
absorption cross-section for high energy photons, the evaporation efficiency,
and the hydrodynamic escape model.
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6.1 Introduction

Thanks to the Kepler mission, it is now well established that sub-Neptune-sized
planets orbiting their host star with periods less than 100 days are very abundant
(e.g., Borucki et al., 2010; Winn & Fabrycky, 2015). A second striking discovery
regarding these small close-in planets is the uncovered substructure in their
radius distribution. Planets tend to group into two distinct populations, the
so-called super-Earths and sub-Neptunes, with a significant dearth of planets
with intermediate radii around 2 Rg. This had been expected from theoretical
studies (Owen & Wu, 2013; Lopez et al., 2012) before being observed (Fulton
et al., 2017b; Van Eylen et al., 2018b; David et al., 2021).

The gap-like feature, or bimodality in the radius distribution, is predominantly
explained by atmospheric erosion of H/He atmospheres caused by the high-
energy X-ray and ultraviolet (together: XUV) irradiation from the host star, a
process also known as photoevaporation (e.g., Lopez et al., 2012; Owen & Wu,
2013); although also alternative scenarios involving core-driven evaporation
have been suggested (Ginzburg et al., 2018; Gupta & Schlichting, 2019). The
planetary properties paired with the external stellar environment, which is
determined by host star properties and activity history, impact the strength of
the mass loss. If a planet can hold on to a significant fraction of its primordial
atmosphere, its radius will be large enough to place the planet above the radius
gap. In case of a complete loss of the envelope, only the bare rocky core with a
radius below the gap survives.

The age up to about a Gyr is thought to be most important for the fate of a
planet because this is where the most significant mass loss is taking place (e.g.,
Owen & Wu, 2013). Planets still host extended atmospheres because they have
not had enough time to cool and contract, and at the same time, they receive
the highest XUV flux because young stars can maintain high activity levels.
Due to different initial stellar rotation rates, activity levels can vary by about
an order-of-magnitude for young stars with similar masses (Wright et al., 2011b;
Tu et al., 2015b; Johnstone et al., 2021). The stellar activity evolution in the
first several 100 Myrs thus needs to be taken into account when estimating the
planetary mass and radius evolution over time (Kubyshkina & Vidotto, 2021,
Ketzer et al. in prep;).

In this work, we provide a general description of the publicly available
code PLATYPOS (PLAneTarY PhOtoevaporation Simulator), which was first
applied to the V1298 Tau system (Poppenhaeger et al., 2021). PLATYPOS is
a python code to perform planetary photoevaporative mass-loss calculations
for close-in planets with Earth-like rocky cores and H/He envelopes on top.
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Figure 6.1: Overview of the three main building blocks of PLATYPOS and the
individual parameters that need to be measured or estimated to calculate the mass
and radius evolution of a planet.

We illustrate some of the capabilities of PLATYPOS in Section 6.3, using the
innermost planet of the V1298 Tau system as an example.

6.2 Planetary Evolution Framework

PLATYPOS couples a planetary structure model, which includes the planet’s
thermal evolution, with an atmospheric photoevaporation model to investigate
the mass loss and subsequent radius evolution of a planet over time (as in
e.g., Lopez & Fortney, 2014a; Owen & Wu, 2017). The code can be used to
investigate the mass and radius evolution of individual systems, or be applied
to study how atmospheric mass loss shapes a whole population of exoplanets.

PLATYPOS also allows for an easy inclusion of the host star activity evolution
in photoevaporation calculations, an important detail which has only recently
been incorporated in these types of calculations by, for example, Kubyshkina
et al. (2018a); Kubyshkina & Vidotto (2021).

Since photoevaporative mass loss is a complex process, which requires many
ingredients, several (simplifying) assumptions need to be made — this includes
the planet as well as the host star. The building blocks of PLATYPOS -
the planetary models and the mass-loss description, together with additional
assumptions about the host star activity evolution — are briefly presented in
the following sections. An overview of the ingredients of PLATYPOS is shown
in Figure6.1.

Section 6.2
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6.2.1 Planetary models

To estimate the planetary radius at any given point in time, PLATYPOS has
two planetary structure models implemented. The user can choose between
the tabulated models by Lopez & Fortney (2014a) and the models by Chen
& Rogers (2016), which are based on the 1-D stellar evolution code MESA
(hereafter: LoFo and ChRo). Both models provide mass-radius-age relations for
low-mass gaseous sub-Neptune-sized planets, taking into account the cooling
and subsequent radius contraction as a planet ages. Fitting formulas for a
wide grid of planetary parameters allow PLATYPOS to estimate the planetary
radius for a specified core mass, envelope mass fraction, fe,y, and bolometric
incident flux at any given age over the course of the simulation. The user is
cautioned that the mass-radius-age relations are only valid for a finite range of
planetary parameters, which includes, but is not limited to, planetary age and
envelope mass fraction. Lopez & Fortney (2014a) showed that the modeled
planetary radii can be reasonably backwards extrapolated to ages of 10 Myr
(see their Figure 2), which is the earliest starting age we recommend to the
users of PLATYPOS. This age is a conservative value for the lifetime of a
protoplanetary disk (e.g., Williams & Cieza, 2011): only after its dispersal, the
planet is fully exposed to the stellar XUV irradiation.

Regarding the envelope mass fraction, the user can decide whether to extrap-
olate beyond the lower limit of 0.01%, which is reached shortly before planets
lose their atmosphere completely, or to continue the calculation keeping the
radius constant at the last allowed envelope mass fraction. Our tests across a
grid of planets with different parameters showed, however, that in general, if
a planet reaches an envelope mass fraction of fo,y = 0.01%, it cannot hold on
to its atmosphere regardless of the radius estimation in the final stages. For
the additional details of these models and their applicability, we refer to the
original publications.

6.2.2 Mass-loss rate calculation

Several regimes of hydrodynamic escape in hydrogen-dominated atmospheres,
including energy-limited, radiation-recombination limited, and photon-limited
escape, have been identified in theoretical studies (e.g., Lammer et al., 2003;
Murray-Clay et al., 2009a; Owen & Jackson, 2012a; Owen & Alvarez, 2016),
and there is recent observational evidence of giant planets supporting these
regimes (Lampon et al., 2021). The underlying physics of the escape differs in
terms of the production and losses of neutral hydrogen, as well as the processes
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converting the absorbed stellar radiation into work, which ultimately drives the
evaporative outflow. PLATYPOS has different evaporation schemes built in,
which allows for an easy comparison against each other. Photoevaporative mass
loss can be estimated using an energy-limited approximation only, including the
radiation-recombination limited regime, or via a hydro-based approximation.
In all cases, it is the stellar high-energy X-ray and extreme UV (EUV)
radiation, which ionizes and heats the gas in the upper atmosphere. If a
significant fraction of the externally supplied energy is converted into work to
expand the planetary atmosphere and lift material outside the gravitational

well of the planet, mass loss is said to occur in the energy-limited regime.

PLATYPOS has the commonly used energy-limited hydrodynamic escape
model built-in (see e.g., Owen & Jackson, 2012b; Lopez et al., 2012), which
assumes that the mass-loss rates are limited by the stellar radiative energy
deposition and scale linearly with the high energy incident flux (M o Fxpy ).
In the case of high UV fluxes, the ionization fraction and the temperature of
the wind become so high that the material in the upper atmosphere reaches
a state of radiation-recombination equilibrium. In this regime, a considerable
fraction of the externally supplied (X)UV energy is effectively re-radiated away
in the form of Hydrogen Lyman-alpha cooling radiation. This energy sink leads
to the mass-loss rates having a shallower dependence on the incoming high
energy flux (M o« VFxyy), and can cause the mass loss to be very ineffective for

highly irradiated planets (e.g., Murray-Clay et al., 2009a; Salz et al., 2016a).

If chosen by the user, PLATYPOS evaluates both the energy-limited and
the radiation/recombination-limited mass-loss rate at each time step of the
calculation, and adopts the lesser of the two. This ensures that mass-loss rates
are not overpredicted for highly irradiated planets, which is particularly true
for young planets orbiting close to their still very active host star. For a more
detailed explanation of the radiative/recombinative mass-loss rate calculation
implemented in PLATYPOS, see section 2.3 in Lopez (2017).

The hydro-based approximation is based on the computation of a large grid
of hydrodynamic upper atmosphere models (Kubyshkina et al., 2018a). The
authors provide analytical expressions for the mass-loss rates as a function
of the system parameters based on the grid results. They not only take into
account the contribution from high-energy radiation, but also the planetary
intrinsic thermal energy and surface gravity. Compared to pure energy-limited
mass loss, these mass-loss rates can be orders of magnitudes larger for highly
irradiated, low-density planets, and a few factors of 10 lower for more massive
planets at larger orbital separations (Kubyshkina et al., 2018b).

Models of escaping atmospheres are extremely complex, and hydrodynamic
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simulations can predict a wide range of mass-loss rates based on the detailed
physics and chemistry included. For this reason, we implement all three of the
aforementioned evaporation schemes to give the user the choice to compare
them against each other for similarities and differences, and to get a more
feasible range of possible mass-loss rates.

6.2.3 Effective absorption radius and evaporation efficiency

Observations as well as hydrodynamic simulations both show that heated
and expanded planetary atmospheres can make a planet appear significantly
larger when observed in X-ray or EUV compared to optical wavelengths (e.g.,
Poppenhaeger et al., 2013b; Salz et al., 2016a). To obtain reasonable mass-loss
rate estimates, the effective XUV absorption radius, as well as the evaporation
efficiency, need to be estimated for a given planet.

PLATYPOS has two methods implemented for approximating the XUV
photosphere of a planet. One is the approximation by Salz et al. (2016a), which
is motivated by results from detailed numerical simulations, while the other is a
more theoretical calculation following the arguments presented in Murray-Clay
et al. (2009a), Chen & Rogers (2016) and Lopez (2017). The size of the XUV
absorption radius can change significantly for different planet properties, with
the gravitational potential playing an important role. In particular, lower-mass
planets can host atmospheres, which can be extended up to a few times the
optical radius, making them much more susceptible to mass loss. Due to the
weak observational constraints on this parameter up to now, we give the user a
choice of how to estimate the effective absorption radius for XUV photons. In
addition, the user can also choose to set this parameter equal to the optical
radius.

In the literature, a wide range of values for the evaporation efficiency pa-
rameter, or heating efficiency, have been reported. The values range from 0.4
(Lalitha et al., 2018) down to 0.01 and even lower for Jupiter-mass planets (Salz
et al., 2016a). For planets in the sub-Neptune mass regime, values between
0.1 and 0.3 are commonly used (e.g., Owen & Wu, 2013; Salz et al., 2016a).
PLATYPOS currently requires the user to choose a constant heating efficiency,
which is then held constant for the whole duration of the calculation.

6.2.4 Host star activity evolution

To investigate the atmospheric erosion that planets (might) undergo since their
release from the protoplanetary disk, it is important to account for changes
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in the XUV flux a planet receives over time. Rotational spin-down driven by
angular momentum loss via the magnetized stellar wind leads to a decreased
stellar activity and with it high-energy XUV over time (Giidel et al., 1997;
Ribas et al., 2005b; Booth et al., 2017). This means that young planets receive
XUV-irradiation levels that can be several orders of magnitude higher than for
the present-day Sun, causing their atmospheres to be hotter, more expanded
and susceptible to mass loss.

In addition, the activity level and high-energy emission strongly depends on
the rotation rate of the star (Reiners et al., 2014). Stellar rotational evolution
models and observations indicate that stars with spectral type F, G, or K
start their spin-down earlier than M-dwarfs and at a wide range of ages, with
stars born as fast rotators staying active much longer than stars born as slow
rotators. This spread in saturation timescales seems to be more pronounced
for stars with masses similar to or larger than the Sun (e.g., Tu et al., 2015b;
Garraffo et al., 2018) and becomes tighter for lower mass stars (e.g., Johnstone
et al., 2021; Magaudda et al., 2020). In general, evolutionary state, activity
level, and spectral type all contribute to stars emitting variable amounts of
X-ray and UV radiation (Chadney et al., 2015), and should be taken into
account when studying the atmospheric mass loss of exoplanets. Exoplanet
host stars have been investigated for their current X-ray and extreme-UV
emission (Poppenhaeger et al., 2010; Monsch et al., 2019; Foster et al., 2022a);
however, we point out that estimating the past activity history of any given
star from present-day measurements is highly non-trivial (Kubyshkina et al.,
2019a).

Currently, the user can choose between the commonly used broken power-law
activity evolution with a phase of constant X-ray luminosity, followed by a
power-law decay, or a two-piece broken power-law activity decay, which can
be used to more realistically simulate X-ray activity tracks with a wide range
of saturation or spin-down ages (see Tu et al., 2015b). An example of the
approximated high, intermediate and low activity evolution tracks used in
Poppenhaeger et al. (2021), together with the detailed model tracks for a fast
and slow rotator by Tu et al. (2015b), are shown in Figure 6.2. The code can
be easily extended to include any activity track desired by the user.

The important EUV contribution to the high-energy flux can be estimated
through the empirical relations between X-ray and EUV surface fluxes by
Chadney et al. (2015) or Johnstone et al. (2021), which have been shown to
yield more accurate predictions for active stars and are thought to be valid even
on the pre-main sequence. The user can, however, also choose the empirical
scaling relation between X-ray and EUV energy bands for late-type stars
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Figure 6.2: A set of example stellar activity tracks for the ~ 23 Myr-old pre-main
sequence star V1298 Tau is shown. The age of the system was determined from
isochrone fitting using stellar models that account for magnetic fields (David et al.,
2019a), and the current X-ray level has been measured with Chandra. It is not
well constrained at which age the star will spin down and decrease its activity. We
therefore calculated the mass loss of the planets for a low, intermediate and high
stellar activity scenario (red, grey and blue, respectively). For more details, see
Section 4.2.4 in Poppenhaeger et al. (2021).

based on synthetic XUV spectra by Sanz-Forcada et al. (2011b), or the EUV
luminosity estimation via Lya (Linsky et al., 2013, 2014).

6.2.5 Details on the integration

PLATYPOS computes the momentary mass-loss rate for a given planet accord-
ing to one of the mass-loss formalisms introduced in Section 6.2.2, and has
estimated the effective absorption radius with one of the methods introduced
in Section 6.2.3. It then uses the latest radius, envelope-mass fraction, and
stellar XUV flux to calculate the mass-loss rate at the age of the simulation run.
Using a fourth-order Runge-Kutta integration method, the mass lost within a
given time step is calculated. If the radius change is negligible or too drastic,
the time step is adjusted. PLATYPOS then calculates the updated radius with
the reduced gaseous envelope based on the planetary model specified by the
user (LoFo or ChRo). In the next step, the XUV flux is updated based on the
specified stellar evolution track and EUV estimation method, and this cyclic
procedure continues until the planetary radius has reached the core radius
and no atmosphere remains, or the final age of the simulation is reached. The
temporal mass and radius evolution caused by planetary cooling and atmo-
spheric photoevaporation for the specified stellar activity track is then saved.
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A big advantage of PLATYPOS is that it enables the user to easily change and
compare various model assumptions, and to investigate their impacts on the
strength of the mass loss and the fate of the planet of interest.

6.2.6 Code limitations

PLATYPOS does not make use of complex radiative-hydrodynamical simu-
lations, but instead brings together parametrized models for the planetary
structure, the atmospheric escape as well as the stellar activity evolution for a
quick and easy-to-use estimation of planetary photoevaporative mass loss. All
in all, the tool is relatively simple and does not seek to include all potentially
relevant physical aspects of exoplanet evaporation. Examples of effects not
considered are interactions of the stellar wind with the planetary outflow, any
magnetic shielding effects due to a planet’s magnetic field, or any hydrodynamic
effects. In addition, the evaporation efficiency is taken to be constant for the
whole duration of the calculation. This has been shown to be an oversim-
plification since the parameter depends on planetary mass, radius, and the
amount of ionizing flux, quantities, which can vary by orders of magnitude over
the lifetime of the star-planet system (see e.g., Owen & Wu, 2013). Various
simulations, however, indicate that values around 0.1-0.2 are reasonable for
low-mass planets in the super-Earth and sub-Neptune regime (Lopez & Fortney,
2013b; Owen & Wu, 2013; Salz et al., 2016a).

Despite these limitations, PLATYPOS makes it feasible to visualize how even
the inclusion of a few physical parameters can significantly alter the predicted
future mass and radius evolution of a planet. This includes the stellar activity
evolution, and with it a star’s X-ray saturation luminosity, spin-down behavior,
and EUV emission, but also planetary parameters like core mass or initial
envelope mass fraction. A third important component is the evaporation model,
in particular, the mass-loss rate estimation and the effective XUV absorption
radius. In the future, more observations are needed to put tighter constraints
on theoretical models and their underlying assumptions.

6.3 Planet V1298 Tau c as an example

We use the innermost planet of the V1298 Tau system to illustrate how PLATY-
POS can be used to explore how some of the underlying assumptions regarding
the planet and the evaporation-model details impact the mass-loss predictions.
In Poppenhaeger et al. (2021), we estimated the fate of the four V1298 Tau
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planets using the LoFo models, energy-limited mass loss, and the EUV estima-
tion by Sanz-Forcada et al. (2011b), and showed that the stellar activity track
also plays a major role in determining whether a close-in planet can hold on to
some atmosphere or will evaporate completely. More details on the role of the
host star in photoevaporation population studies will be discussed in Ketzer et
al. (in prep.).

We highlight here that the exact details of the planetary structure model
affect how quickly a planet cools and contracts. This directly influences the
amount of atmosphere needed to match the observed planetary radius at the
current age of the system. For a 10 Earth-mass core, using the LoFo model,
the innermost planet of V1298 Tau requires an envelope mass fraction of about
8%, while for the ChRo models this value is 14% at an age of 23 Myr. In
general, a more massive atmosphere is more compact and thus less susceptible
to mass loss. As a direct consequence, the ChRo planet will end up with a
more massive atmosphere compared to the LoFo one for the same evaporation
model and activity track (see Figure 6.3). Nonetheless, the prediction that the
planet can hold on to enough atmosphere to stay above the gap is the same
for both planet models under the assumption of a medium activity track and
the energy-limited evaporation model. The beta and EUV estimations were
calculated as described in Poppenhaeger et al. (2021).

The second observation regards the choice of the evaporation model. For the
most irradiated planet in the system, the difference between the energy-limited
mass loss and the inclusion of a radiation/recombination-limited regime does
not change the final results significantly. We only show the calculation for the
medium activity track in Figure 6.3, but the results look qualitatively similar
for the low and high activity track. However, the difference in the amount of
mass lost between the two evaporation models becomes larger going from a low
to high activity track. This is due to the fact that for a prolonged phase of high
irradiation levels, the planet is able to cool more efficiently through radiative
cooling and thus lose less atmosphere compared to energy-limited mass loss only.
A striking difference, however, can be seen when comparing energy-limited (or
radiation /recombination-limited) mass loss to the hydro-based calculation. The
predicted initial hydro mass-loss rates are more than an order of magnitude
higher, which means the planet will lose its atmosphere within less than 300
Myrs (see Figure6.3).

The EUV estimation can also have a large impact on the final results. In
general, the EUV estimation based on surface fluxes by Johnstone et al. (2021)
predicts fluxes a few factors lower than the EUV estimation method by Sanz-
Forcada et al. (2011b). For V1298 Tau c, this means that the mass loss, in
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Figure 6.3: Results of our example calculation for the planet V1298 Tau ¢ assuming
a 10 Earth-mass core and the medium stellar activity track (gray) from Figure 6.2.
The evolved planets all match the observed radius at 23 Myr, the starting age of
the simulation. The top panel shows the evolution of the envelope mass fraction,
the bottom panel the corresponding radius evolution. We show how the three
different evaporation models, as well as the choice of the planetary model, impact
the fate of the planet. The energy-limited approximation (E) is shown in black, the
evaporation including a radiation/recombination-limited regime (E&R) in orange,
and the hydro-based approximation (HBA) in green. The solid lines are for the LoFo
model, while the dashed lines represent the ChRo model. The gray lines indicate the
radius for a 10 Earth-mass core, as predicted by the LoFo and ChRo models. The
sharp drop in radius for the green tracks arises because the planets, after having
reached an envelope mass fraction of 0.01%, evaporate completely within the next,
0.01 Myr-short, time step.
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particular in the early stages, is less detrimental and more atmosphere can
survive. For the LoFo planet, the final fate of the planet is unchanged for
all mass-loss calculations, but for the ChRo planet with the more massive
initial atmosphere, the lower EUV irradiation from the “Johnstone’-estimation
method leads to the planet surviving with about 1% of atmosphere even for
the hydro-based mass-loss calculation (see Figure 6.4). This result stresses the
importance of having a good handle on the X-ray and EUV luminosity of a
star in the first Gyr or so, when the strongest mass-loss is occurring.

Ultimately, not only the details of the mass-loss rate estimation, like evapo-
ration model, effective absorption cross-section or heating efficiency, can make
a large difference in the predicted fate of a planetary atmosphere, but also
the stellar evolution track, as well as the amount of X-ray and EUV emission
from the host star, can change the calculation results significantly. Detailed
predictions of the influence of individual parameters in the model across a
wide range of stellar and planetary parameters can be complicated due to the
large number of partly intertwined model parameters. More observations of
escaping atmospheres are needed to put tighter constraints on mass-loss models
and to decide if the mass-loss rates are indeed as high as predicted by the
hydro-approximation. In addition, more detailed simulations of the interaction
with the stellar wind or planetary magnetic shielding can help to determine the
true strength of the mass loss in the first few 100 Myrs (see, e.g Carolan et al.,
2021). We stress that among all evaporation details, the host star and its level
of X-ray and EUV emission in the saturated phase, as well as the timescale for
the activity decay should not be neglected in photoevaporation studies.

6.4 Summary

We present PLATYPOS, a publicly available Python code to assess the atmo-
spheric mass loss due to XUV irradiation of planets in the super-Earth and
sub-Neptune regime. The code makes it easy to estimate the future mass and
radius evolution of a young planet, and to explore the impact of the evaporation
model details or the stellar activity evolution on the fate of a planet.
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Abstract

The detected exoplanet population displays a dearth of planets with sizes
of about two Earth radii, the so-called radius gap. This is interpreted as
an evolutionary effect driven by a variety of possible atmospheric mass loss
processes of exoplanets. For mass loss driven by an exoplanet’s irradiation
by stellar X-ray and extreme-UV photons, the time evolution of the stellar
magnetic activity is important. It is known from observations of open stellar
clusters that stars of the same age and mass do not all follow the same time
evolution of activity-induced X-ray and extreme-UV luminosities. Here we
explore how a realistic spread of different stellar activity tracks influences the
mass loss and radius evolution of a simulated population of small exoplanets and
the observable properties of the radius gap. Our results show qualitatively that
different saturation time scales, i.e. the young age at which stellar high-energy
emission starts to decline, and different activity decay tracks over moderate
stellar ages can cause changes in the population density of planets in the gap,
as well as in the observable width of the gap. We also find that while the first
100 million years of mass loss are highly important to shape the radius gap,
significant evolution of the gap properties is expected to take place for at least
the first 500-600 million years, i.e. the age of the Hyades cluster. Observations
of exoplanet populations with defined ages will be able to shed more light on
the radius gap evolution.
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7.1 Introduction

One of the surprising discoveries of the Kepler mission is not only the abundance
of planets below the size of Neptune (Borucki et al., 2010), but even more so
the bimodal-structure of the radius distribution of these small planets. The
observed population seems to be divided into two distinct groups, the so-called
super-Earths and sub-Neptunes (Rogers, 2015), which are separated by a deficit
in planets of around 2 Rg. This gap-like feature or valley has been shown to
have a dependence on the planetary orbital period or irradiation, supporting the
interpretation that atmospheric mass loss is the main cause of the substructure
in the observed exoplanet population. This had been predicted by theoretical
studies (Owen & Wu, 2013; Lopez & Fortney, 2013b) before being observed
(Fulton et al., 2017b; Van Eylen et al., 2018b; David et al., 2021).

The prevailing explanation for this gap-like feature is atmospheric erosion
caused by the high-energy X-ray and ultraviolet (together: XUV) irradiation
from the host star, also known as photoevaporation (e.g. Lopez & Fortney,
2013b; Owen & Wu, 2013, 2017); but also mass-loss driven by the internal
luminosity of the cooling planetary core is able to reproduce the observed feature
(e.g Ginzburg et al., 2018; Gupta & Schlichting, 2019). In both scenarios it
is assumed that planets are born with rocky cores, generally having masses
of a few Mg, which are surrounded by primordial hydrogen/helium (H/He)
atmospheres. Over the course of a planet’s life, the strength of the atmospheric
mass loss determines whether it is completely stripped of its atmosphere, leaving
behind only the bare rocky core (super-Earths), or if it can hold on to some
fraction of its envelope, retaining a radius which places it above the radius gap
(sub-Neptunes).

In the photoevaporation scenario, the stellar environment plays a crucial
role in the evolution of the planetary atmosphere over time. Stellar high-
energy photons, ranging from UV to X-rays, shape a planet’s atmosphere by
dissociating molecules and photoionizing atoms. They alter the chemistry
in the atmosphere and cause significant heating, which, in turn, can drive
a hydrodynamic outflow, leading to the loss of the atmosphere over time
(Watson et al., 1981b; Lammer et al., 2003; Lecavelier des Etangs et al., 2004).
To properly take into account this externally-driven mass-loss process, it is
necessary to understand the evolution of the host-star activity over time. Stellar
activity is an umbrella term used to describe phenomena related to the presence
of magnetic fields in cool stars, like the chromospheric and coronal high energy
emission, or stellar flares and coronal mass ejections. As stars age, stellar
rotation and the magnetic activity, which is driven by the stellar dynamo,
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decrease hand in hand. The amount of XUV radiation a star produces depends
on several factors like age, activity level and rotation, as well as spectral type
(Preibisch & Feigelson, 2005a; Wright et al., 2011b; Jackson et al., 2012a;
Reiners et al., 2014; Tu et al., 2015b; Johnstone et al., 2021).

The first few hundred million years are thought to sculpt planetary atmo-
spheres most strongly, since this is the timescale over which stars maintain high
activity levels and thus planets receive the highest XUV flux. Additionally, in
the early stages of planetary evolution, planets still host extended atmospheres
because they have not had enough time to cool and contract. The interplay
between these factors leads to the general assumption that the most significant
photoevaporative mass loss is taking place early on (e.g. Owen & Alvarez, 2016).
Core-powered mass loss on the other hand is a more gradual process, sculpting
planets on gigayear timescales. Recent observational studies investigating the
age dependence and time evolution of the radius gap hint that the fraction
of super-Earths to sub-Neptunes increases with stellar age, going from young
planets less than 1-2 Gyr to older ones (Berger et al., 2020; Sandoval et al.,
2021). Additionally, the radius gap appears to fill in over gigayear timescales
(David et al., 2021). While this could be seen as an indication of core-powered
mass loss, the results, due to the very small number of planets with ages less
than a few 100 Myr, do not yet constrain the evolution at the earliest times,
when photoevaporation is thought to dominate the mass loss (e.g. Owen & Wu,
2017). On top of that, the exact time evolution of the stellar X-ray and EUV
output can extend the timescale where photoevaporative mass loss is important
to Gyrs (King & Wheatley, 2021).

An additional complication arises from stars of similar mass experiencing a
non-uniform stellar spin down. One cause may be the different initial rotation
rates that stars are born with, or differences in the magnetic field complexity
(Tu et al., 2015b; Garraffo et al., 2016). As a consequence, a stars’ spin-down
behavior varies and with it the age at which the spin-down, and thus the
activity decay, sets in. If differences in the initial rotation rate are the cause,
the timescale for the onset of the activity decay can range from a few Myr
to a few 100 Myr, for slow and fast rotators, respectively. This leads to a
spread of about an order-of-magnitude in the activity levels of young stars
with similar masses, comparable to what has been observed (Wright et al.,
2011b; Tu et al., 2015b; Johnstone et al., 2021). The stellar activity evolution
in the first several 100 Myrs is thus another factor that needs to be taken into
account when estimating the future planetary mass and radius evolution of
young systems over time (e.g. Kubyshkina & Vidotto, 2021). For individual
systems with mature ages of several Gyrs where the planets have retained
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some fraction of their primordial atmosphere, it is already possible to put
constraints on the past rotational history of the host star using the measurable
present day planet properties. This approach exploits the fact that the observed
properties like the planetary radius depend strongly on the mass-loss history of
the planet, which is driven by the amount of high energy flux received by the
planet during its lifetime; and the emitted XUV flux, in turn, is determined by
the rotational evolution of the host star (Kubyshkina et al., 2019b,a; Bonfanti
et al., 2021). While this approach is promising for well constrained, individual
systems, the rotational histories of most exoplanet host stars known to date
remain unconstrained.

In this work, we study the effect of various stellar activity tracks on the radius
distribution of an observationally motivated population of exoplanets. We com-
pare an energy- and radiation-recombination-limited model with hydro-based
mass-loss rates, and highlight how sensitively photoevaporation calculations
depend on the assumed X-ray saturation timescale and luminosity, as well as the
estimation of the EUV contribution to the total high-energy flux. Details on the
input physics of the planetary structure model and the mass-loss calculations
are given in Section 7.2. A detailed description of the host star activity model,
i.e. the stellar XUV evolutionary tracks used for this work, are provided in
Section 7.3. In Section 7.4, we describe the input planet population and provide
details on the simulation setup. We summarize our findings regarding the
influence of the activity tracks on the 1D and 2D radius distribution of our
sample population in Section 7.5.

7.2 Planetary mass loss

We use a coupled thermal evolution and atmospheric photoevaporation model to
investigate the mass loss and subsequent radius evolution of a large population
of planets (similar to e.g. Lopez & Fortney, 2013b, 2014b; Owen & Wu, 2013,
2017). We consider here the atmospheric mass loss driven by stellar XUV
photons, and investigate how the inclusion of a distribution of low, medium,
and high activity tracks for the host star — as opposed to assuming only one track
for all stars in the population — affects the final planetary radius distribution at
mature system ages. Our calculations are performed with the publicly available
python code PLATYPOS!, for which a description of the code’s functionality
was presented in Ketzer & Poppenhaeger (2022). In the following, we describe
the relevant inputs for this work in more detail.

Thttps://github.com/lketzer /platypos/
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7.2.1 Planetary models

PLATYPOS gives the choice to select either the planetary structure models
by Lopez & Fortney (2014b) or the MESA-based models by Chen & Rogers
(2016) (hereafter: LoFol4 and ChRo16). The models assume the planetary
cores to be of an Earth-like mixture of silicates and iron, with the surrounding
envelope composed of predominantly hydrogen and helium. Lopez & Fortney
(2014b) and Chen & Rogers (2016) compute planetary radii for a large grid
of planetary parameters, and provide fitting formulae to estimate the radius
at a specified age, core mass, envelope mass fraction, fony, and bolometric
incident flux. For specific details of these models, we refer to the original
publications. We use their fitted mass-radius-age relations for low-mass gaseous
sub-Neptune-sized planets to estimate their radius at any given time over the
course of the simulation. For this paper, we choose to use the MESA-based
ChRo16 model because the resulting radius gap qualitatively best matches the
observations. This comparison is based on the assumption the planet radius

from the evolutionary models is equal to the optical white light transit radius.

Transit radii in narrow wavelength bands can be different due to additional
absorption in the thin atmosphere; however, this is outside the scope of this
work. We discuss differences with the LoFol4 model and motivate our choice
for the ChRo16 model in Appendix 7.8.1.

A caveat of both models is that the fitting formulae should only be used
within a certain range of planetary parameters, with age and envelope mass
fraction being of particular importance for our calculation. In general, the first

100 Myr of planetary evolution are influenced by the assumed initial conditions.

Both the LoFol4 and ChRo16 models assume the so-called hot-start scenario,
where planets form with large initial entropy and thus present enlarged radii at
a young age (Marley et al., 2007; Fortney et al., 2007). Those authors note,
however, that due to the short cooling timescale for the enlarged, low-mass
hot-start planets, the rapid initial cooling and subsequent contraction erases
any differences resulting from the choice of initial entropy by ~ 10 Myr. Lopez
& Fortney (2014b) explicitly showed that the modeled planetary radii can be
reasonably backwards extrapolated to ages of 10 Myr (see their Figure 2), and
we therefore chose to extrapolate both models to 10 Myr as the starting age of
our simulations.

Both model-fits are also only valid for planets with an atmospheric mass
fraction greater than 0.01%, but planets in our sample undergo mass loss, and

thus might enter a regime with an envelope less than this lower fe,y limit.

Rogers & Owen (2021) note that below an atmospheric mass fraction of 0.01%
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the planetary radius becomes indistinguishable from the core radius in transit
observations, making it reasonable to assume complete stripping below this
limit. We performed two test simulations to assess the effect of extrapolating
the models to atmospheric mass fractions below 0.01%. Once, we allow for
extrapolation and continue decreasing the envelope mass until no envelope is
remaining, or the simulation reaches the final age. For comparison, once a
planet reaches the lower limit, we keep fony fixed at 0.01% for the remainder
of the simulation run, and continue the mass-loss calculation with a constant
envelope mass. We find that in general, if a planet reaches an envelope mass
fraction of fony = 0.01%, it cannot hold on to its atmosphere regardless of the
radius estimation in the final stages.

7.2.2 Mass-loss rate calculation

Several regimes of hydrodynamic escape of hydrogen-dominated atmospheres
have been identified in theoretical studies (e.g. Lammer et al., 2003; Murray-
Clay et al., 2009a; Owen & Jackson, 2012b; Owen & Alvarez, 2016). This
includes energy-limited, radiation-recombination limited and photon-limited
escape. Recent observational evidence of giant planets support the presence of
these regimes (Lampoén et al., 2021), which differ in terms of the underlying
physics of the escaping planetary wind. Important is the consideration of how
neutral hydrogen is produced and lost, but also the processes of converting the
absorbed stellar radiation into work, which ultimately drives the evaporative
outflow, has to be taken into account.

We built different evaporation schemes into PLATYPOS, which allows us
to compare them against each other. Photoevaprative mass loss can be esti-
mated using an energy-limited approximation only, including the radiation-
recombination limited regime, or via a hydro-based approximation, which takes
into account not only the contribution from high-energy radiation but also
the planetary intrinsic thermal energy and surface gravity (Kubyshkina et al.,
2018a). The different evaporation scenarios and their respective parameterized
mass-loss rate calculations are explained below.

Energy-limited mass loss

The stellar high-energy radiation impinging on the planet photoionizes and
heats the gas in the upper atmosphere. Mass loss occurs in the energy-limited
regime when a (significant) fraction of the external energy supply is efficiently
used to do PdV work expanding the atmosphere and lifting material out of the
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planet’s gravitational well, while little energy is lost to radiation and internal
energy changes (Murray-Clay et al., 2009a). We adopt the commonly used
energy-limited hydrodynamic escape model (see e.g. Owen & Jackson, 2012b;
Lopez et al., 2012), which assumes that the mass-loss rates are limited by
the stellar radiative energy deposition and scale linearly with the high energy

incident flux: ) ,
My = _6(7?21;/\11 )xuv 38 FXUV’ (7.1)
b1/ Rpl 4GKpp
where € is the efficiency of the atmospheric escape, My the mass and pp the
density of the planet, Fxyy the high-energy flux received by the planet, and Ry
and Rxyy the planetary radii at optical and XUV wavelengths, respectively; we
use f = Rxuv/Rpl as a shorthand in the following. The factor K encompasses
the impact of Roche lobe overflow (Erkaev et al., 2007), and can take on values
of 1 for no Roche lobe influence and < 1 for planets filling significant fractions
of their Roche lobes. The values for the efficiency parameter, €, reported in the
literature, range from as high as 0.4 (Lalitha et al., 2018) down to 0.01 and
lower for Jupiter-mass planets (Murray-Clay et al., 2009a; Salz et al., 2016a;
Lampén et al., 2021). Planets in the mass regime of sub-Neptunes are predicted
to have heating efficiencies between 10 and 30% (e.g Owen & Wu, 2013; Salz
et al., 2016a).

Radiation/recombination-limited mass loss

At high UV fluxes, the temperature of the planetary wind and the ionization
fraction become so high that the flow enters a state of radiation-recombination
equilibrium. Recombination of hydrogen becomes so efficient that a considerable
fraction of the absorbed UV energy is efficiently lost to the subsequent cooling
radiation, particularly through the hydrogen Lyman-alpha (Ly «) line. The
losses regulate the gas to a near-constant temperature of ~ 10*K, which leads
to a shallower dependence of the mass-loss rates on the incoming high energy
flux (M o VFxpy) (e.g. Murray-Clay et al., 2009a; Salz et al., 2016a). Recent
calculations using a hydrodynamics code for exoplanetary atmospheres and
explicitly solving the photoionization equilibrium give a more detailed view on
the relation between high-energy heating and radiative cooling of individual
modelled exoplanets (Caldiroli et al., 2021, 2022).

Following Chen & Rogers (2016); Lopez (2017); Lopez & Rice (2018), we
use a modified prescription for the mass-loss rate, which takes into account the
influence of significant radiative cooling for highly irradiated planets (Murray-
Clay et al., 2009a). The mass-loss rate is given by:
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where R is the radius of the sonic point and ¢ = (kpTwind/fwindMg)/? the
isothermal sound speed of a fully ionized wind at the sonic point. For H/He
envelopes, the mean molecular weight of the wind is set to fiying = 0.62, taking
into account that most of the hydrogen is ionized. The case B radiative
recombination coefficient for hydrogen at 10* K is ayecp = 2.70 X 10713 ecm3s™!,
and the mean molecular weight of ions at the base of the wind is given by
Hiwind = 1.3. The formula given above is only correct when Rxyy does not
exceed Rg, which may not be true for many low-mass planets early in their
evolution. In case of Rxyy > Rs at any given point in the simulation, we impose
that Rxyy = Rs. To greatly simplify the calculation, the spectral dependence of
the incoming photons is neglected, and instead, following Murray-Clay et al.
(2009a), we assume that the ionizing radiation has a typical photon energy of
20eV. For a more detailed explanation on the calculations of this mass-loss
rate, see Section 2.3 in Lopez (2017).

For each time step of our calculation, we evaluate both the radiation/re-
combination-limited and energy-limited mass-loss rate and adopt the lesser
of the two. This is to ensure that the mass-loss rates for highly irradiated
planets, particularly at young ages when the host star is still very active, are
not overpredicted.

Hydrodynamic-based approximation

Kubyshkina et al. (2018b) argue that the energy-limited mass-loss rates can be
severely underestimated for highly irradiated low-density planets or overesti-
mated for planets with hydrostatic atmospheres. They compute a large model
grid of hydrodynamic upper atmosphere models (Kubyshkina et al., 2018a) and
present, based on the grid results, an analytical expression for the mass-loss
rates as a function of the system parameters. This “hydro-based approximation’
assumes an efficiency of € = 0.15, takes into account Roche-lobe effects, and
self-consistently accounts for the effective absorption radius (i.e. f, which is
given by the ratio of the XUV to the optical planetary radius). It is important
to note that in their upper-atmosphere simulations, atmospheric escape can,
in addition to being XUV-driven, also occur due to a favorable combination
of planetary intrinsic thermal energy and low surface gravity. This is a major

Y
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difference to the energy- and/or radiation/recombination limited mass-loss
rate calculations, where only XUV-driven escape is taken into account. Their
results show that mass-loss rates for planets in a so-called “boil-off” regime are
several orders of magnitude, up to 10%, larger than compared to energy-limited
mass-loss rates. For planets with higher masses and/or lower incident fluxes,
on the other hand, the energy-limited mass-loss rates can be overestimated by
up to a factor 50 (Kubyshkina et al., 2018b).

For this paper, we choose to calculate the mass-loss rates based on the energy-
limited approximation, but with the inclusion of a radiation /recombination-limit
as described in Section 7.2.2. Due to recent cautions (see Krenn et al., 2021)
about energy-limited mass loss, we also perform our simulations using hydro-
based mass-loss rates for comparison. The main differences and implications
for our simulations are discussed in Appendix 7.8.3, where we show that hydro-
based mass loss evaporates most mini-Neptunes in our simulations, leaving
behind almost no planets above the gap for the initial planet population used
in this work.

7.2.3 Effective absorption radius

Planetary radii can have vastly different sizes when observed at X-ray, EUV or
optical wavelengths (Poppenhaeger et al., 2013a; Kulow et al., 2014; Ehrenreich
et al., 2015). Optical photons can penetrate much deeper into the atmosphere,
while high-energy photons are readily absorbed in higher altitudes. In addition,
planetary parameters like the gravitational potential affect the height at which
XUV photons are absorbed, with some lower-mass planets hosting extended
atmospheres a few times the size of the optical radius (e.g. Salz et al., 2016a;
Lampén et al., 2021). That planets appear significantly larger at shorter
wavelengths is further supported by UV and X-ray observations of the gas
giant HD 189733 b, which show an enhanced transit depth and thus indicate an
enlarged XUV absorption radius (Poppenhaeger et al., 2013a).

The effective absorption radius of the high-energy radiation, Rxyy, is only
weakly constrained by existing observations. To obtain reasonable mass-loss
rate estimates, Rxyy (i.e f) needs to be estimated. The two available methods
are the relation by Salz et al. (2016a) (from here on called "Salz-f7), as well as
the relation presented in Chen & Rogers (2016) and Lopez (2017), which follows
the arguments presented in Murray-Clay et al. (2009a) (we label this "Lopez-
f7). The "Salz-f” calculation is motivated by results from detailed numerical
simulations, while the "Lopez-f” is derived from analytical calculations. In our
simulations, we choose to use the "Lopez”-f”. We also introduce "Salz”-f” in
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Appendix 7.8.2, and then compare and discuss the two methods. For both
methods, we impose that the effective absorption radius, Rxyy, cannot be larger
than the Roche lobe radius of the planet. If Rxyy exceeds the Roche lobe at
any point in the simulation, we set Rxyy equal to the Roche lobe radius, Rgj. It
is given by Rpy = a(Mp1/(3Mp1 + M.))/%, where a denotes the semi-major axis of
the planet. In general, we find that young, low mass planets which are most
prone to fulfilling this criterion in their early evolution, do not stand a chance
of retaining an atmosphere in our simulations.

"Lopez-B” calculation

Following Chen & Rogers (2016) and Lopez (2017), we also implement a
theoretical approximation to estimate the radius of the XUV photosphere,
which is based on simplifying assumptions on the structure of the atmosphere.
The photoionization base of the evaporative wind is where the atmosphere
becomes optically thick to XUV photons, and the difference between the XUV
and optical photosphere can be estimated as follows

Pohot
Rxuv — Rp1 ® Hpelow X 1n(; ° 0) ; (7.3)
XUV

with Hyelow = (kBTeq) / (Mbelow™Hg) approximating the scale height of the at-
mosphere between the optical and the XUV photosphere. This layer is taken
to be close to isothermal at the equilibrium temperature of the visible photo-
sphere, Tq, and having a mean molecular weight of pipelow = 2.5 due to H/He
being in molecular form below the photoionization base. At the visible photo-
sphere, the pressure is set to Pppoto = 20 mbar (Fortney et al., 2007), while at
the XUV photosphere it is approximated by Pxuv ~ (muGM,)/ (O'VOREI), using
oy, = 6 X 1078 (hvy/13.6eV) 2cm?. Instead of taking the whole spectrum into
account, we assume that the typical energy of an ionizing photon is hvy = 20 eV
(~ 60nm) (Murray-Clay et al., 2009a).

7.3 Host star activity evolution

Once the protoplanetary disk dissolves, a planet orbiting a young star becomes
exposed to high energy radiation from the host star. For orbital periods less
than 100 days, this is expected to drive the erosion of the planetary atmosphere.
As stars age, rotational spin-down causes a decrease in magnetic activity and
with it their high-energy X-ray and ultraviolet emission (e.g. Giidel et al., 1997;
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Ribas et al., 2005b; Booth et al., 2017). Young stars with ages less than a
Gyr emit XUV radiation that can be several orders of magnitude higher than
for the present-day Sun. For planets, the XUV irradiation level thus is much
higher in the early stages compared to more mature ages. As a result, their
atmospheres are hotter, more expanded and therefore more susceptible to mass
loss. When investigating the atmospheric erosion of planetary atmospheres,
it is thus important to account for changes in the mass-loss rates induced by
changes in the received XUV flux.

In this study, we take into account the observed spread in X-ray luminosities
of stars in open clusters with ages below a gigayear by modelling the host star
activity evolution with a range of spin-down ages (Tu et al., 2015b; Johnstone
et al., 2021). By spin-down or saturation time, we mean the age until which a
star emits intense XUV flux at a constant level before decreasing. This is in
contrast to most previous population studies (e.g Owen & Wu, 2017; Lopez,
2017; Rogers & Owen, 2021), which assume only one track with a saturation
timescale of 100 Myr for all planet hosting stars. As has been pointed out by
King & Wheatley (2021), the EUV contribution to the total high energy flux
received by a planet can also significantly influence the mass-loss history of
a planet, in particular after the X-ray dominated saturated phase due to the
shallower decay of the stellar EUV emission compared to X-rays. To estimate
the stellar EUV flux for a wide range of ages and activity levels, we make use
of an X-ray and EUV surface flux relation, instead of assuming X-rays and
EUVs decline at the same rate (Chadney et al., 2015; Johnstone et al., 2021).

7.3.1 Stellar activity decay

Magnetic activity and rotation are closely linked via the stellar dynamo, and
decrease together as stars age. Observations of young cluster stars with similar
masses and ages show that there is a large spread in rotation rates before ~ 500
Myr (Jackson et al., 2012a; Tu et al., 2015b). Stars at such young ages tend
to cluster either on the fast or the slow rotational branch (Barnes, 2003d).
As mentioned previously, models for the stellar rotation evolution predict a
relatively rapid spin-down at a wide range of ages, or saturation times, where
the long-term rotational evolution is determined primarily by stellar mass and
initial rotation rate (Wright et al., 2011b; Matt et al., 2015; Tu et al., 2015b;
Gondoin, 2018; Johnstone et al., 2021). Magnetic field complexity has also
been considered as a factor impacting the spin-down (Garraffo et al., 2018),
and the underlying cause for the spin-down is still not fully explained. What
has been observed is that earlier-type stars staying in the saturated regime
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Figure 7.1: X-ray evolutionary tracks for a solar-mass star used in this work. Our
tracks, which are motivated by the models from (Tu et al., 2015b; Johnstone et al.,
2021), encompass the observed spread in observed X-ray luminosities for stars with
ages younger than a Gyr. The X-ray measurements for G-type stars in the sample
from Jackson et al. (2012a) are shown as gray X’s. In red, gray and blue colors we
show low, intermediate and high activity tracks. For comparison, we show the widely
used "median track” with a saturation time of 100 Myr as the black dashed line.

longer than later-type stars, and that stars with similar stellar mass undergo a
non-uniform spin-down. Some are able to maintain their high activity level for
prolonged periods of time, while others start their spin-down and thus decrease
in activity around the time the disk dissipates.

The dearth of stars with intermediate rotation periods in young open cluster
(e.g Fritzewski et al., 2021b) implies that the spin-down of an individual star,
once it has started, happens relatively quickly. Therefore, we assume a spread
of onset ages for rotational spin-down, ranging from a few Myr to a few hundred
Myr, followed by a rapid decay phase. At ages of around 1 Gyr, stars seem
to converge and continue a similar rotation and X-ray luminosity evolution.
This ultimately translates into a wide distribution of evolutionary tracks for
the X-ray luminosity at ages younger than ~ 500 Myr (see Fig. 7.1).

Motivated by the rotational evolution model for solar-like stars (0.9 — 1.1 M)
by Tu et al. (2015b) and the updated models by Johnstone et al. (2021), we
approximate the different stellar activity tracks by broken power-law models;
as opposed to assuming a saturated phase followed by a single power-law
decline only (see e.g. Owen & Wu, 2017; Mordasini, 2020). Each activity track
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corresponds to a specific saturation time, tg, until which the star stays at a
constant X-ray saturation luminosity. When the star falls out of the saturated
regime, the X-ray decay can proceed with a one- or two-piece power-law until
the age of 1 Gyr, where all tracks are set to converge. Tracks with a two-piece
drop in X-ray luminosity are set to decay within ~25 Myr. For the convergence
point, we choose an X-ray luminosity that is motivated by the median value for
all G-type stars in the oldest cluster in the sample by Jackson et al. (2012a).
Beyond 1 Gyr, the X-ray-decrease proceeds with a power-law index which is set
to —1.13, a value typical for Sun-like stars (Jackson et al., 2012a). This X-ray
decay slope is also in good agreement with the activity evolution models by
Johnstone et al. (2021), but shallower than the slope used in Tu et al. (2015b)
(~ —1.6), which was calibrated to match the current solar X-ray luminosity (Tu
et al., 2015b). We note that the slope used for the X-ray and EUV decay in
many other evaporation studies is often quite steep, with values up to —1.5 (e.g.
Owen & Wu, 2017; Rogers & Owen, 2021). A power-law decline with such a
steep slope implies that the total high-energy emission is dominated mostly by
the saturated phase.

In Figure 7.1 we show the set of nine activity tracks for a one solar-mass star
used in this work, together with a 100 Myr “median track” for comparison. The
saturation timescales are evenly spaced in log-space, ranging from 3 to 500 Myr.
Since we want to investigate the effect of a mixture of stellar activity tracks on
the final radius distribution of a sample of exoplanets, we need to assign each
track with a certain occurrence probability. Informed by the spin-down-age
dependence on stellar mass from Johnstone et al. (2021) (see their Figure 10),
we choose a mean saturation time of 40, 25 and 15 Myr for K, G and F stars,
respectively. From 0.9-1.1 My we count a star as G-type, while lower masses
are taken as K, and higher masses as F spectral type. For each of the three
mass bins, we construct a lognormal probability distribution for the saturation

time, with 40, 25 and 15 Myr as the mean and a standard deviation of 0.45.

With this in hand, we can estimate the probability that a random star, with a
given mass, will evolve along one of the nine tracks. For a G-type star, 60%
of stars will follow one of the gray intermediate tracks, while 30% follow one
of the low activity, red tracks and 10% one of the blue high activity ones. A
consequence of the mass dependence is that more K stars will follow the higher
activity gray and blue tracks in Figure 7.1, while most F stars fall out of the
saturation regime early on and will mainly follow the red and gray tracks.
Another important parameter of a realistic stellar activity track is the value
of the X-ray luminosity, Lx,,,, in the saturated phase. We use the relation by
Wright et al. (2011Db), given by log(Lx,,/Lbol) = 10713, to estimate Lx_,. This
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relation is almost independent of spectral type, which means we can use it for
all the K, G and F stars in our sample. To take into account that we start
our calculations at very early ages when some stars are still on the pre-main
sequence, we use the bolometric luminosity right when a star reaches the Zero
Age Main Sequence (ZAMS) to estimate the X-ray saturation luminosity. We
find that this approach gives more reasonable saturation values for stars with
masses higher than the Sun, when compared to using a main-sequence mass-
luminosity relation (Pecaut & Mamajek, 2013). The bolometric luminosities
at the ZAMS for stars of a given mass are extracted from the pre-MS MESA
models by T. Steindl (priv. comm.).

7.3.2 Estimating the stellar EUV luminosity

While X-rays (~ 10—100 A) can contribute to atmospheric heating, in particular
for young active stars (Owen & Jackson, 2012b), it is the stellar EUV emission
(100 — 912 A) that provides the majority of radiation power to ionize hydrogen
in planetary atmospheres (e.g. Murray-Clay et al., 2009b; Sanz-Forcada et al.,
2011b; Wang & Dai, 2018b). Atmospheric mass loss ultimately depends on the
combined XUV input, since both X-rays and EUVs heat the upper atmosphere
and thus drive the escaping wind. While X-ray measurements are readily
available with current space-based telescopes, observing the UV emission from
stars other than the Sun is challenging. Between ~ 400 and 912A(the H
ioniyation threshold) the interstellar medium absorbs all radiation, even for
nearby stars. Currently, no spaced-based telescopes for the observable portion
of the EUV spectrum (< 400 A) are in operation, and archival data is only
available for a handful of stars. This complicates the estimation of the important
EUV content for planet hosting stars.

A simplification that is often made in photoevaporation studies is to assume
that the EUV and X-ray irradiation of planetary atmospheres decline at the
same rate (e.g. Owen & Jackson, 2012b; Owen & Wu, 2017; Mordasini, 2020;
Rogers & Owen, 2021). Studies of the Sun’s high energy emission over the
course of the solar activity cycle have shown, however, that the EUV emission
remains rather strong as X-ray surface flux decreases (Chadney et al., 2015;
King et al., 2018). Chadney et al. (2015) further demonstrated that simply
scaling the entire solar spectrum based on measured stellar X-ray fluxes is not
appropriate for stars with spectral types and/or activity levels other than the
Sun. They show that, instead, a power-law relation between EUV and X-ray
surface fluzes provides a more effective way to estimate the unobservable stellar
EUV emission. This relation prevents a significant overestimation of the stellar
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EUV output for young and active stars, but also implies that the stellar EUV
output falls off less steeply in time than X-rays. This is also in agreement with
e.g. Ribas et al. (2005b); Claire et al. (2012); Shkolnik et al. (2014); King &
Wheatley (2021) who showed that for sun-like stars, the X-ray emission decays
faster than the EUV one. The use of a single relation between X-ray and EUV

surface fluxes for all spectral types is further supported by Johnstone et al.

(2021), who note that the relation seems to hold true also for young and active
planet-hosting stars on the pre-main sequence.

As a consequence of the shallower EUV decline, the total XUV radiation
received by an exoplanet at Gyr-timescales can still be high enough to cause
considerable mass-loss at later times well past the saturated phase (King &
Wheatley, 2021). To take this into account in our mass-loss simulations, we
assume that X-ray and EUV luminosities evolve hand in hand (see Section 7.3.1),
but decaying at different rates. The power-law slopes of the X-ray decline are
given by our model for the stellar activity evolution, while the EUV emission

is estimated via the updated surface-flux scaling relation by Johnstone et al.

(2021) (short: Jo21). We use the main-sequence mass-radius relation by Eker
et al. (2018) to convert the surface fluxes to luminosities, and then take the
total high energy output of the star as the combined X-ray and EUV luminosity.

In Figure 7.2 we compare several EUV estimation methods for a 1 Mg star.
In addition to the X-ray and EUV surface flux relation by Chadney et al. (2015)
and Johnstone et al. (2021), we show two other EUV estimation methods widely
used in the literature. One is the empirical scaling relation between X-ray
and EUV energy bands for late-type stars based on synthetic XUV spectra by
Sanz-Forcada et al. (2011b), while the other makes use of the tight correlation
between X-ray and Lya luminosities for a sample of K to F dwarfs (Linsky
et al., 2013), which in turn can be used to estimate EUV luminosities from
Lya measurements (Linsky et al., 2014) (short: Lil4). In this work, we have
chosen the method by Johnstone et al. (2021), Jo21, as our baseline, but the
other options can be calculated with PLATYPOS as well (see Appendix 7.8.6).
Figure 7.2 shows that for highly active stars the relation by Sanz-Forcada et al.
(2011b) (short: SF11) predicts EUV luminosities which can be more than an
order of magnitude higher than the estimates from Lya or the surface flux
relations.

7.3.3 Integrated XUV emission

Figure 7.3 shows the time-integrated XUV emission for a low, intermediate
and high activity track (red, gray, blue) of a solar mass star, together with
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Figure 7.2: Estimates of stellar EUV emission for a range of X-ray luminosities based
on four different methods. The relation by Sanz-Forcada et al. (2011b) (SF11) is
shown in gray, the one by Linsky et al. (2014) (Lil4) in black, and the surface-flux
relations by Chadney et al. (2015) (Ch15) and Johnstone et al. (2021) (Jo21) in blue
and red, respectively. The surface-flux relations have a slight mass-dependence, and
we only show the 1 Mg case.

a commonly used 100 Myr track (black). These tracks are constructed as
described in Sec. 7.3.1, with the EUV content estimated according to the power
law relation between X-ray surface fluxes and EUVs by Johnstone et al. (2021)
(Jo21). For comparison, we also show the XUV tracks from King & Wheatley
(2021) (Ki21) and Rogers & Owen (2021) (Ro21). For easier comparability, we
normalize everything to the cumulative XUV emission of the 100 Myr track at
100 Myr. We show this comparison for two reasons. One is to make the reader
aware of how much differences in the choice of X-ray and EUV saturation
luminosity and decay slope can impact the emitted stellar XUV radiation over
time, and the other is to show how different saturation timescales, i.e. a low,
intermediate and high stellar activity track, reflect on the total XUV luminosity
around 100 Myr and at Gyr ages.

The first thing we want to highlight is the difference in XUV saturation
luminosity between our tracks with the Jo21 EUV estimation and the Ro21
tracks. Due to the lower saturation luminosity (factor 2.4 lower than ours) and
the steeper XUV decline of the Ro21 track, their integrated XUV emission at
10 Gyr is comparable with the emitted radiation in the first 100 Myr of a star
which follows one of our higher activity tracks. So overall, the planets in our
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sample receive significantly larger integrated XUV fluxes when compared to
the works by e.g. Rogers & Owen (2021) or Owen & Wu (2017). Due to the
similar X-ray saturation luminosity between the Ki21 and Ro21 tracks, the
Ki21 tracks give a XUV emission similar to the Ro21 tracks in the first 100
Myr, but their shallower EUV decline causes the EUV emission beyond one
Gyr to still contribute significantly to the total XUV flux.

The second thing we want to point out is the difference in the time-integrated
XUV emission before ~ 1Gyr between our low, intermediate, and high activity
track with the Jo21 EUV estimation. If a star drops out of the saturated regime
early on, the total XUV flux received by a planet by the age of 100 Myr can be
a factor 10 lower than for a planet around a star that stays saturated longer.
So while the cumulative emission at 10 Gyr is comparable within a factor 4
between the low activity and reference track, a planet around a low activity
star receives much less flux early on. For a plant whose mass is dominated by
its core, the amount of XUV exposure early in its life can be crucial because
the atmosphere is still warm and inflated and material can be most easily lifted
out of the planet’s gravitational well.

7.4 Evolution of the planetary sample

Our aim is to investigate how the inclusion of a stellar activity track distribution
affects the planetary radius distribution at Gyr ages. Kubyshkina & Vidotto
(2021) recently performed a comparative study of sub-Neptune-like planets
orbiting a range of stellar masses and including different evolutionary histories.
They show the impact of a slow and fast rotating star on a fixed grid of
exoplanets. In contrast to their study, we construct an exoplanet population,
which is motivated on the one hand by the properties of the observed super-
Earth and sub-Neptune planets discovered with Kepler, and on the other hand
by numerical simulation results from planet formation studies predicting the
primordial planet composition after the dispersal of the protoplanetary disk.

We do not aim to fit the observed bimodal radius distribution, but instead,
using a reasonable primordial planet population, show the relative influence of
a distribution of stellar activity tracks on the final radius distribution, and the
slope, width and location of the radius gap.
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Figure 7.3: Cumulative XUV emission from 10 Myr to 10 Gyr normalized to the
cumulative XUV emission of the reference track at 100 Myr (54, =100 Myr; black
dashed line). A low, intermediate and high activity track for a one solar mass star
are shown in red, gray and blue, respectively. The large difference in emitted XUVs
below 1 Gyr is clearly visible. For comparison, we also show the cumulative XUV
emission used in Rogers & Owen (2021) (Ro21) and King & Wheatley (2021) (Ki21)
as green and orange dotted lines, as well a track with a saturation time of 100 Myr,
but with a steeper X-ray slope of -1.6, in pink.
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7.4.1 Input planet population

We construct a planet population consisting of short-period exoplanets (P <
100 days) with Earth-like rocky cores underneath gaseous H/He envelopes. To
generate a planet population with properties similar to the observed Kepler
population, we choose an orbital period distribution which has been obtained by
fitting the planets in the Kepler sample and correcting for transit probabilities
(Owen & Wu, 2017; Ginzburg et al., 2018):

AN {PZ, if P < 8 days 74)

o
dlogP constant, otherwise.
The core masses range from 1 to 25 Mg, and are distributed according to
a broken-power law, with cores below a certain threshold mass, M., being
described by a Rayleigh distribution, and more massive cores by an inverse
square tail:

N {MC exp ( —Mf/(20§4)), if M, > 5Mo 7.5

c M, 2, otherwise .

Ginzburg et al. (2018) showed that such distribution is in good agreement
with the observed high-mass tail from radial velocity measurements. Similar
to Gupta & Schlichting (2019), we set the dividing mass, M, =5 Mg, and use
om = 3 Mg for the Rayleigh distribution (Owen & Wu, 2017).

The planets in our population are set to orbit sun-like stars with masses
similar to the ones found in the Kepler sample (Fulton et al., 2017b). The stellar
mass distribution can be described by a Gaussian centered at 0.97 Mg and a
standard deviation of 0.14 Mg. To be able to better disentangle the influence
of varying XUV saturation levels due to different stellar masses and the effect
of different stellar activity tracks, we also conduct simulation runs with one
solar mass host stars, only.

As stated before, we do not attempt to fit the observed bimodal radius
distribution, but rather reproduce the general shape by making reasonable
assumptions about the primordial planet population and assuming photoevapo-
ration as the main mechanism shaping the envelopes of the planets over time.
We assume the primary atmosphere of the planets has been accreted during
their formation inside the protoplanetary disk, and consists mainly of hydrogen
and helium. To estimate the post-formation envelope mass fraction, f.,,, which
is defined as the fraction between the mass of the envelope and the total mass
of the planet, we rely on the results from two numerical simulations. Mordasini
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(2020) (short: M20) predict that post-formation envelopes are positively cor-
related with core mass, but with an inverse dependence on orbital separation.
For our sample, this corresponds to a median initial envelope of around 4% in
mass. Gupta & Schlichting (2019) (short: Gul9) on the other hand, based on
a study on accretion and mass loss during the disk dispersal phase (Ginzburg
et al., 2016), report a positive dependence on core mass only. This predicts the
planets in our sample to be born with more massive envelopes, with a median
mass fraction of 10%. We choose the M20 study to predict the primordial
envelope masses of the planets in our sample, and show a comparison to the
Gul9 envelope mass fractions in Appendix 7.8.4.

By 10 Myr, a typical protoplanetary disk has dispersed (e.g. Haisch et al.,
2001; Williams & Cieza, 2011; Pecaut & Mamajek, 2016; Venuti et al., 2017),
and we set this as the starting age for all planets in our sample. We tested
different starting ages but find that at Gyr-ages, the exact starting time does
not have a significant influence on the final planetary radii. Additionally, we
make the simplifying assumption that planetary orbits are circular, planets
undergo negligible migration beyond the disk dissipation age, and that the
change in stellar bolometric luminosity from pre- to post-MS has a negligible
effect on the thermal contraction of the planets. For works covering these effects
we did not include, see (e.g. Lopez & Fortney, 2014b).

To avoid having planets with nonphysical properties in the unevolved pop-
ulation, we follow Kubyshkina et al. (2018a) and further remove any planets
with a bulk density lower than 0.03 gs™3, where the Roche lobe is closer than
0.5 Rgfrom the planetary surface, and that have a Jeans escape parameter
greater than 80, which indicates that the outflow not in the hydrodynamic
regime (Fossati et al., 2017).

We run our simulations from 10 Myr to 10 Gyr, and in general, show the final
population at one single chosen age. Since in reality, the observed population
includes a distribution of star-planet system ages, we also include the option of
generating an age distributed exoplanet population. Similar to Modirrousta-
Galian et al. (2020), we fit a truncated Gaussian to the ages of a selected sample
of observed exoplanets. We downloaded the catalog from exoplanet.eu on March
9th, 2022, and select only confirmed planets with periods < 300 days, and age
errors less than 50%. We obtain a mean of ~ 3.1 Gyr, standard deviation of
~3.8 Gyr, setting the minimum and maximum age for the fit to 10 Myr and
13.8 Gyr. We create snapshots of our simulation run at 20 different log-spaced
ages from 10 Myr to 10 Gyr. From the fit to the observed ages, we estimate
the probability of a planet having one of the given snapshot ages. To construct
the age-distributed population, for each planet in the sample we randomly
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pick one of the 20 ages based on the estimated probabilities, and obtain with
it the corresponding planet parameters at the given age. Our findings show
that for the chosen age distribution, where the majority of star-planet systems
have ages of several Gyr, and only a small fraction (< 30%) has ages younger
than 2 Gyr or older than 7 Gyr, the 1D radius distribution is not significantly
different from a single intermediate age of several Gyrs. For the sample with
a single intermediate stellar activity track, less than 2% of the planets in the
age-distributed sample end up either above or below the gap compared to the
5 Gyr single-age sample. We further discuss the effect of an age distribution in
Section 7.6.2.

7.4.2 Chosen parameters for the simulations

For the simulation results shown in Section 7.5, we use the ChRol6 planet
models for a population with a core mass distribution peaked at 3 Mg. The
primordial envelope mass fractions are estimated according to M20. Regarding
the host stars, we either assume a single host star mass of 1 Mg, or a distribution
of stellar masses ranging from K to G to F stars.

To estimate the mass-loss rates, we combine energy- and radiation /recombination-

limited mass loss with the Lopez-f estimation (unless stated otherwise). Pre-
vious works have demonstrated that the evaporation efficiency for close-in
exoplanets can vary based on planetary properties, in particular the gravita-
tional potential, and irradiation levels (e.g. Murray-Clay et al., 2009b; Owen &
Jackson, 2012b; Salz et al., 2016a). Hydrodynamic simulations predict values
between ~ 0.1 —0.3 for the planetary masses present in our sample. We perform
all runs with a fixed constant evaporation efficiency of 10%. All simulation
outcomes are shown at a single chosen age.

We focus our Results and Discussion sections on the impact of the stellar
activity evolution on the predicted planetary radii at Gyr ages. The Appendix
shows the impact of other simulation inputs like the planetary structure model,
effective absorption radius, primordial gas envelope mass fraction, or core-
mass distribution. Some limitations of our assumptions and model details are
discussed in Section 7.6.3.

Besides the input planet population and the evaporation model, the strength
and evolution of the host star XUV emission has to be chosen. Planetary XUV
fluxes change according to the host star activity track, directly affecting the
photoevaporative mass-loss rates and thus the fate of the planets. For each
planet in our sample, we calculate the temporal mass and radius evolution
for the nine tracks introduced in Section 7.3, and choose the Jo21 method
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to estimate the important EUV contribution. A detailed description of the
modeled stellar activity decay is given in Section 7.3.1, and Appendix 7.8.6
discusses the impact of the EUV estimation and the slope of the X-ray decay.

Combining all these inputs, we compute the momentary mass-loss rate at
each time step from the starting age to the final age of the simulation run. For
each planet, we use the latest radius, envelope-mass fraction, XUV absorption
radius and stellar XUV flux to calculate the mass-loss rate at the age of the
simulation run. If the XUV absorption radius exceeds a planet’s Roche lobe, it
is set to the Roche lobe value. We then compute the mass lost in a given time
step, and adjust the time step if the radius change is too drastic (> 0.5%) or
too little (< 0.02%). We allow for time steps to range from 0.01 to 10 Myr, and
reduce or increase the time step by a factor of 10 if the radius change is too
extreme. We then update the planet mass and use ChRo16 planetary models to
calculate the new radius with the reduced gaseous envelope. Next, we update
the XUV flux based on the specified stellar evolution track and then continue
this cyclic procedure until the planetary radius has reached the core radius and
no atmosphere is remaining, or the end of the simulation is reached. This allows
us to trace the temporal mass and radius evolution induced by atmospheric
photoevaporation and planetary cooling for a range of stellar activity tracks
(see Fig. 7.1), and compare them against each other.

7.5 Results

We study the effect of an observationally-motivated distribution of stellar
activity tracks (see Section 7.3) on the 1D and 2D radius distribution of a
reasonable population of exoplanets. First, we describe the impact of different
individual activity tracks, and then how a distribution of activity tracks impacts
the radius gap.

Photoevaporation simulations are complex, multidimensional problems due
to the large number of required assumptions and inputs. We try to disentangle
and visualize individual influences on the radius distribution of our planetary
sample in Appendix 7.8.1-7.8.6, and focus here only on the impact of different
activity tracks for a single set of simulation assumptions (see Sec. 7.4.2). We
do not try to reproduce a radius gap which matches the observed radius
valley slope and location, but instead investigate the relative changes in the
radius distribution caused by the host star activity evolution. Our simulations
qualitatively reproduce the bimodal radius distribution, and show that the
duration a star spends in the saturated regime shifts the location of the radius
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valley. In addition, a spread in saturation times can cause the borders of the
radius gap to become fuzzier.

7.5.1 Single stellar activity track vs. distribution of activity
tracks

In Figure 7.4, we show several Gaussian kernel density estimates (KDEs) of the
radius distribution of our planet population after ongoing evaporation around
one solar mass host stars at 5 Gyr. We compare the radius distribution for three
individual activity tracks to a mixture of stellar activity tracks. The simulations
with a single stellar activity track are chosen to cover the extremes, from very

low, to intermediate, to very high activity (red, gray and blue, respectively).

Note that we do not simply scale the intermediate track up or down as e.g. in
Mordasini (2020), but in our case, low, intermediate and high refers to different
saturation times (see Section 7.3.1). As a reminder, in the sample with a
distribution of stellar activity tracks, the bulk of G-type planets will follow an
intermediate track (60%), while 30% follow one of the lower activity, and about
10% a high activity ones.

As expected, in the simulation with the highest activity track, the largest

number of planets completely lose their atmosphere and become bare rocky cores.

In the first few hundred Myr, when planets are still cooling and contracting,
they are most susceptible to mass loss. Thus, the longer a star spends in
the saturated phase, constantly emitting large amounts of XUV photons, the
more detrimental the mass loss for the planet. As a consequence, more planets
with small cores further out and planets with more massive cores closer in
are completely stripped of their atmosphere, compared to stars with shorter
saturation timescales. For the simulation run shown in Figures 7.4 and 7.6,
this translates to a fraction of bare cores below the gap of 30, 35 and 51% of
the entire planet sample for the low, intermediate and high activity track, and
about 34% for the mixed track sample.

In the 1D radius distribution in Figure 7.4, the bimodal shape is present
across the whole range of activity tracks, although the second peak is quite
diminished for the highest activity track. In this case, the overall evaporation
is so strong that the large number of lower mass planets in our sample with
core masses below 5 Mg stand almost no chance of retaining an envelope by
the age of 5 Gyr. The slight shift of the first peak to larger radii for the highest
activity track is caused by more massive (~ 5-10 Mg) and thus larger bare
cores. The location of the gap minimum is comparable for low and intermediate
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Figure 7.4: Influence of the stellar activity track on the 1D radius distribution for a
single stellar mass. We compare the 1D KDEs of the radius distribution at 5 Gyr for
three individual stellar activity tracks, ranging from stars which start their spin down
after a few Myr and thus are considered to have very low activity (red), to stars with
a saturation time around 40 Myr and thus an intermediate activity (gray), to highly
active stars which remain saturated for several hundred Myr (blue). The bimodal
shape is visible, but the second peak is very diminished for the high activity scenario,
due to the prolonged intense XUV irradiation and thus high mass-loss rates in the
first Gyr. This also causes the first peak, and in particular the radius gap minimum
to shift to larger radii, because planets with more massive and thus larger bare cores
get completely stripped and fall below the gap. We also show the same planet sample
but with a distribution of stellar activity tracks as the black dashed line. The shape
of the 1D radius distribution and the location of the gap minimum is still set by the
large number of intermediate tracks in the sample, and is not significantly changed
by the inclusion of a low and high activity tail.
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tracks in this run, and only shifts to larger radii for the extreme high activity
track. Again, this shift is caused by more massive, and thus larger bare cores
populating the first radius peak and thus pushing the gap to larger radii. In
the population with a distribution of stellar activity tracks, the gap minimum
is not significantly affected by the inclusion of very low and very high stellar
activity tracks. The shape of the radius distribution in 1D is mostly dominated
by the large number of star-planet systems with intermediate activity tracks.

While we investigate here the effect of varying saturation times, or activity
tracks, the result also highlights how the overall XUV exposure — for which the
first several 100 Myr contribute significantly — can alter the radius distribution,
in particular the location of the gap minimum and the relative height of the
peaks. It is thus very important to pay attention to the estimation of the
X-ray saturation luminosity and the EUV contribution. We show the impact
of other simulation inputs like the planetary core mass distribution or the
effective absorption radius on the radius distribution in the appendix, but our
simulations suggest that the inclusion of an observationally-motivated stellar
activity track distribution compared to a single intermediate track does not
significantly affect the shape of the radius distribution in 1D. Other simulation
parameters, like for example the EUV estimation method, the estimation of
the effective absorption radius or the mass-loss rate calculation, seem to have a
stronger impact on the location of the gap minimum.

7.5.2 Location and slope of the gap
2D structure of the gap in period space

We show in Figure 7.6 and 7.7 the 2D radius distribution at 5 Gyr for a single
stellar mass and a distribution of stellar masses — on the left for a distribution
of stellar activity tracks, and on the right for three single activity tracks ranging
from low, to intermediate to high. The main features — two populations of
planets separated by a less populated gap — are clearly visible in all of our
simulation runs, but the number of planets below the gap increases significantly
going from the low to the high activity track. The lower edge of the gap is
populated by the heaviest cores that can be stripped, and thus a shift of the
gap to larger radii can be observed, going from low to high activity. The slope
of the gap is consistent across all individual tracks, and the inclusion of a
mixture of activity tracks with only a small fraction of very extreme low or
high activity tracks also does not change the slope of the gap in period or flux
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space (typically, the gap slope in period space is dlogR,/dlogP =~ —0.19 + 0.01
for a single stellar mass and ~ —0.16 £ 0.01 for a mix of stellar masses).

To quantify the slope and width of the gap in our simulations, we derived
a gap fitting method suitable for those respective planet distributions. In
line with previous radius-gap determinations, we assume a linear relationship
between the radius gap and the planetary period or the insolation in log-log
space (e.g. Van Eylen et al., 2018b; Martinez et al., 2019; Loyd et al., 2020).

We found that many of the existing gap-fitting approaches struggle either
with capturing the gap properties in the case where a significant number of
planets exist inside the gap — which we call here "fuzziness” of the gap, or in the
case when the gap is completely empty (e.g. Van Eylen et al., 2018b; Martinez
et al., 2019; Loyd et al., 2020; Petigura et al., 2022). In particular, Van Eylen
et al. (2018b) fitted the gap position and slope in their data set by starting
out with the usual likelihood function for fitting a straight line to a set of data.
However, since the desired output is a fit to an absence of data, they inverted
the likelihood function, so that the likelihood was maximized when the fitted
line was placed away from the data at both edges of the gap. We note here
that this approach can only work for a completely empty gap, because their
inverted likelihood is ill-defined and goes towards infinity whenever the line
happens to go through a data point. If there are planets located inside the
gap, as is the case for several of our scenarios, it happens quite often that an
MCMC sampling of the line fit parameters reaches those ill-defined points in the
parameter space, making the Van Eylen et al. (2018b) fit method not applicable
for the simulations which yield a fuzzy gap. Van Eylen et al. (2018b) and David
et al. (2021) also used an approach based on support vector machines (SVMs)
to find the line which maximizes the boarders between two distinct classes of
planets in the period-radius or insolation-radius plane. Petigura et al. (2022)
note that this approach struggles for a sample where the gap is not completely
devoid of planets.

There are other approaches in the literature which are based on kernel density
estimates (KDEs) of the planet population, for example in the period-radius
plane. Martinez et al. (2019) and Petigura et al. (2022) apply a KDE to get the
number density of detected planets, find the minimum density along a number
of vertical lines, or 1D projections through the chosen plane, and fit a power
law to the train of minima. The ’gapfit’ code by Loyd et al. (2020) subtracts
off a trial gap relationship and evaluates the 1D KDE of the residuals. These
approaches are significantly influenced by the chosen smoothing parameter,
which determines how much weight the planets near the gap edges have on the
fit compared to the planets further away.
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We instead try a different approach to fit the gap by defining a test strip
of width w, surrounded by two comparison strips of width w/2 next to it (see
Fig. 7.5). A test strip that captures the empirical location of the gap (in terms
of slope, y-intercept and width) will produce a low number of planets inside
the test strip compared to the number of planets in the comparison strips. We
therefore calculate the ratio of the counted planets in the test and comparison
strips for a grid of reasonable gap widths and slopes® and select the parameters
yielding the lowest ratio as the representation of the gap. In the case of fuzzy
gaps, our fit results agree very well with the gap-fitting methods which are
based on KDEs (Martinez et al., 2019; Loyd et al., 2020; Petigura et al., 2022);
those KDE approaches, however, do not yield width estimates. For empty
gaps, we find that those methods only yield results similar to our method when
decreasing the kernel bandwidth to better capture the sharp boundaries of the
gap. While the slope of the gap is always in agreement, the gap fit is strongly
drawn towards the cloud of planets above the gap, if the smoothing parameter
is too large. We also find that the gap fits from the SVM approach are in good
agreement with our orthogonal distance approach for both a non-empty, or
noisy gap, as well as a well-defined empty gap. In our approach, we have extra
information on whether the planets have some remaining envelope or not since
our planets are simulated, and can therefore label them accordingly for SVMs —
however, such information is not readily available for the observed exoplanet
population. This labelling allows the SVMs to also work well on our data with
a fuzzy gap. These agreements show that our test strip method captures the
parameters of the gap well, while adding a gap width estimate to the toolbox.

Differences of the 2D gap in period or flux space

While the effect of a mixture of stellar activity tracks on the 1D radius dis-
tribution seems negligible (see Sec. 7.5.1), in planetary radius vs. period or
planetary irradiation space, some influences on the gap are visible. For the
single stellar mass run in Figure 7.8, panels (a)-(d), going from an individual
intermediate track to a mix of tracks, the gap becomes slightly narrower and
fuzzier in period and flux space. This arises from the fact that the planet
population with a stellar activity track distribution is a superposition of the

2This method only works if the test and comparison strips actually capture the relevant
parts of the planet distribution and manage to capture a decent number of planets in the
strips. We therefore restricted our test grid to gap positions motivated by the 1D population,
and restricted the minimum gap width to avoid combinations where zero planets were
captured in the strips.
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Figure 7.5: Schematic of the used fitting routine. We determine, for a given strip
with, w, how many planets lie in the central strip around the empirical location of
the gap, and how many lie in the two comparison strips of width w/2 next to it.
We then minimize this ratio of planets inside and outside the strip across a grid of
appropriately chosen parameters for the slope, y-intercept and width, to find the line
and strip width that best fits the radius gap.

populations with a single stellar activity track. Around stars with high activity,
for the same orbital separation, planets with more massive cores can be stripped
compared to stars with low or intermediate activity. This causes the bare core
boundary, or lower edge of the gap, in the mixed track sample to be composed
mostly of bare cores around stars which stay active for prolonged periods. At
10 (50) days, the bare core mass increases from 5.4 (4.0), to 5.6 (4.1) and
6.3 (4.7) Mg going from low to high stellar activity, and with 5.8 (4.3) Mg is
slightly higher for the mixed-track sample compared to the intermediate track.
So while the lower edge of the gap is populated by the more massive bare cores
resulting from stars with high activity, planets with slightly smaller or similar
core masses around stars with low or intermediate activity tracks can hold on
to envelopes of 1-2% of the total planet mass and populate the upper edge of
the gap.

The fuzziness of the 2D gap induced by stellar activity tracks

For a distribution of stellar masses ranging from K to F spectral type, going
from an single activity track to a mix of tracks, our simulations show that the
gap becomes wider and fuzzier in period space, but stays relatively empty in



Results

activity track distribution low activity intermediate activity high activity

»
=)

w
=)

=N
N o

Planetary Radius [Ro ]
-
W

=
=)

10
Period [d]

Figure 7.6: Influence of the stellar activity track on the exoplanet radius gap, for a
single stellar mass. We show from left to right the same planet population at 5 Gyr
for the mixed-track sample, and a single low, intermediate and high activity track.
Two distinct populations separated by a band with almost no planets is visible in all
panels. The orthogonal distance fit of the gap and the corresponding gap width are
shown in black. The gap slope is consistent across all four samples, but going from
low to high stellar activity, the gap shifts upwards due to more massive and larger
cores below the gap. The fitted gap width decreases with increasing stellar activity
from 0.06, 0.05, to 0.04 dex for the low, intermediate and high activity track. Higher
levels of evaporation lift the bare core boundary and narrow the gap. For the mixed
track sample, the width of the gapfit is even smaller, with 0.03 dex. The gap is less
pronounced and fuzzier due to the superposition of planets shaped by the different
stellar activity tracks. The horizontal dashed line is drawn to highlight the shift of
the gap between individual tracks and the mixed-track sample.
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Figure 7.7: Influence of the stellar activity track on the exoplanet radius gap, for a
sample with mixed stellar masses. Same as Figure 7.6, but for the planet population
with a distribution of stellar masses of F, G and K spectral type. Although less
pronounced, a deficit of planets separating the planets with envelope from the bare
cores is still visible. For the highest activity track, the gap becomes hard to discern.
Due to the extreme mass loss, very few planets remain above the gap. Here, the
width of the gap is largest in the mixed-track sample on the left. The superposition
of planets with various activity tracks makes the already filled-in gap in the stellar
mass sample appear wider. Planets inside the gap are either bare cores or planets
that can hold on to very thin envelopes of < 1% in total planet mass in our simulation

setup.
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Figure 7.8: Impact of stellar activity tracks on the exoplanet radius gap, for a single
stellar mass and a distribution of K, G and F stars. In the left column we show
planetary radius as a function of period, and on the right as a function of incident
flux in Earth units. Going from panels (a) and (b) to (c) and (d) one can see the
impact of a distribution of activity tracks on the simulated exoplanet population for
one solar mass host stars.
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Figure 7.9: For a single stellar mass, the radius gap is still a relatively empty band,
but the lower boarder is populated mainly by bare cores of planets around highly
active stars. Going to a mixture of stellar masses ranging from K to F spectral types
in panels (e) and (f) one can see that the gap is significantly less pronounced in
period space, but stays relatively empty in flux space. In period, the lower boarder
of the radius gap is mainly populated by planets around the more massive host stars
in our sample, while in flux space the lower boarder is populated by planets around
highly active stars. In flux space, stellar mass dependencies are reduced, which is
why one can again see the impact of a distribution of stellar activity tracks on the
gap edges, similar to the one solar mass case. Highly active stars emit large amounts
of XUV flux longer compared to stars with low or intermediate activity, which causes
planets of similar initial properties to end up as bare cores around highly active stars,
and to retain thin envelopes around stars which drop out of the saturated regime
earlier.

flux space. By fuzzier, we mean a gap that has a less sharp lower edge and a
larger number of planets inside. This is shown in Figure 7.8, panels (e) and (f),
in comparison to a single stellar mass in panels (c¢) and (d). In period space,
the gap is not completely empty anymore, even for a single activity track. This
is due to the stellar mass dependence on the saturation XUV luminosity in our
simulations. Planets around K dwarfs experience lower irradiation levels in
the saturated phase compared to planets around F dwarfs, which impacts the
critical core mass that can be fully evaporated and shifts the features of the
bimodal radius distribution to lower radii for K dwarfs, and larger radii for F
dwarfs. In period space, a planet at the same orbital period thus experiences
different levels of evaporation around different host star spectral types. As
a result, the lower boarder of the radius gap in period space is populated by
planets around the more massive host stars in our sample (> 1 My), whereas
the upper boarder with planets that retain thin envelopes is composed mostly
of the G and K stars in our sample. In flux space, this stellar mass difference
is effectively cancelled out and the gap appears cleaner. A stratification of
planets with low, intermediate and high activity host stars is visible in the
bare core population, with planets around highly active stars having slightly
heavier evaporated cores and thus populate the lower edge of the radius gap.
Comparing panels (d) and (f) in Figure 7.8, we find that in flux space the gap
appears still quite empty, but with the inclusion of an activity track distribution
a few massive planetary cores around highly active stars, or planets around
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low activity stars which can retain a thin envelope, fill the gap from below and
above.

Regarding the planets in the vicinity of the gap, our simulations show that
planets populating the lower border are stripped bare cores, or super-Earths,
while planets inside and residing close to the top boarder are sub-Neptunes with
thin envelopes. In the mixed stellar mass sample with the noisy gap in period
space (panel (e) of Fig. 7.8), the planets inside the gap all have envelopes with
less than 1% in mass. At larger radii, just outside the gap, one enters a regime
of relatively stable planets with envelope mass fractions of around 1-2%. For
the solar mass sample (panel (c¢) in Fig. 7.8), the few non-bare planets inside
the gap have very thin envelopes of less than 0.1%. If we double our fitted
gap width and investigate the planets inside a gap that has twice the width,
the envelopes present extend to 0.5-1%. The same behavior is true for the
solar-mass and mixed-mass samples when viewed in flux space (panels (d) and
(f) in Fig. 7.8). The effect of stellar mass on the gap and its slope is further
discussed in Section 7.6.1

7.6 Discussion

We discuss now possibilities to compare structures seen in our simulated exo-
planet populations to real populations that can actually be observed. Observed
exoplanet samples typically do not allow inferring the past activity history of
the host star, with the possible exception of some multi-planet systems (e.g.
Kubyshkina et al., 2019a,b, 2022). Therefore, observed samples will typically
have a spread of stellar activity histories, whose effect we described in the
results section. However, some other stellar parameters may be controlled for,
namely stellar mass and stellar age.

7.6.1 Influence of stellar mass

The observed population of exoplanet host stars has a range of stellar masses.
With a growing pool of known exoplanets, one can investigate the properties
of the exoplanet radius gap in increasingly narrow bins of host star masses to
explore the resulting relationship.

The stars in the detected Kepler exoplanet sample roughly follow a Gaussian
distribution, which is peaked around one solar mass and covers an approximate
mass range from 0.7 to 1.3 solar masses (Petigura et al., 2017), i.e. relatively few
M dwarfs. We focus on F, G and K stars in this work, which all exhibit short
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time scales of activity saturation early in their lives and then follow various
decreasing activity tracks, as described in Section 7.3. M dwarfs are observed
and modelled to have much longer activity saturation timescales and possibly a
narrower spread in activity tracks (e.g. Magaudda et al., 2020; Johnstone et al.,
2021), but those stars are not at the focus of our present work here.

The main difference in terms of the exoplanet evolution comes from the
different saturation X-ray luminosities of the young-age F, G and K stars,
since their saturated phase is characterized by a constant level of Ly/Lyo, see
Section 7.3; this translates to saturated X-ray luminosities of 0.2 and 3.5 times
the X-ray luminosity of a 1 Mg star for stellar masses of 0.7 My and 1.3 Mg,
respectively. The XUV emission in the saturated phase crucially shapes the
mass loss a planet undergoes early on, when the atmosphere might still be
warm and expanded.

The result can be seen in Figure 7.10, where we show our modelled radius
distribution at 5 Gyrs for the same planet population around an 0.7 Mg, 1.0 My
and 1.3 My star, respectively. For the simulation with 0.7 Mg host stars (light
gray), only 16% of the planets lose their primordial atmosphere and as a con-
sequence, the first peak is barely visible. For the 1.0 My simulation (medium
gray) the bare core number increases to 35% and the two peaks have comparable
heights. For the highest host star mass of 1.3 My (dark gray), 51% of planets
in the sample fully evaporate, causing the second radius peak to almost dis-
appear. The clearly different gap locations - ~ 1.4,1.8,2 Rg for 0.7,1.0,1.3 Mg,
respectively — are governed by the distribution of core masses for the bare core
planets and the planets with remaining envelope. On both sides of the gap,
the location of the peak shifts to larger planet sizes for larger stellar masses:
With higher XUV fluxes and thus larger amounts of evaporation, planets with
more massive cores get stripped, leaving behind more massive bare cores below
the gap. At the same time, planets with remaining envelope above the gap
have more massive cores compared to the lower stellar mass simulations. So
while the number of planets which can hold on to some envelope decreases, the
location of the second peak shifts to larger radii as well.

If we introduce a stellar mass distribution like the one of the Kepler host
stars, we find only small differences of the 1D radius distribution to the purely
solar-mass case, since that sample happens to be centered on solar-mass stars.
However, observationally, planet populations can be split into sub-samples by
stellar mass, where the gap location could be observed to change similar to the
light gray/medium gray/dark gray distributions in our Figure 7.10.

In 2D, going from 0.7 to 1.3 Mg, the simulated planet populations also show
a shift of the gap position upwards, as expected; this change is about 0.13 dex,



Discussion

1.3Mo
— 1.0M¢
— 0.7M,
----- Kepler-like mix

N
w

N
o

=
o

Normalized Number of Planets
=
w

o
2]

)

1.0 1.3 1.7 2.0 2.6 5.0
Planet Radius [Rg ]

o
o

Figure 7.10: Influence of stellar mass on the radius distribution. Comparison of the
1D-KDE estimation of the same exoplanet population but assuming that all planets
orbit a star with mass 0.7 (light gray), 1.0 (medium gray) or 1.3 (dark gray) M. The
radius distribution for a Gaussian stellar mass distribution peaked around 1.0 Mg is
shown as the dotted black line for comparison. In our simulation, the amount of
evaporation around a 0.7 My star is not large enough to populate the first radius
peak, while for the 1.3 Mg run, the second peak almost disappears due to the high
mass loss. The gap locations extend from ~ 1.4 to 2.0 Rg, which agrees with the
observed gap extent as determined by Fulton & Petigura (2018).

which corresponds to a shift from 1.4 to 1.9 Rg at a period of 10 days. The
gap slope is consistent across individual stellar masses, but turns out to be
shallower for the mixed stellar population; we find a gap slope of typically
-0.19(1) in period space for samples with a single stellar mass versus a slope
of -0.16(1) for the mixed sample. This is due to the fact that there is a larger
number of planets below the gap in wider orbits for the F stars, which has a
relatively high weight in the fit, since there are almost no bare-core planets
in those orbits for the lower-mass stars. The slope of the gap in flux space is
around 0.15(1) in our simulations, and in agreement for single stellar masses as
well as a mixture of stellar masses.

We find that the best way to display the 2D planet population is in units of

bolometric irradiation, not orbital period, consistent with e.g. Martinez et al.

(2019); Berger et al. (2020). The fuzziness of the gap, i.e. how many planets
populate the gap, is significant in period space, since the total accumulated XUV
irradiation of a planet in a given orbit around an F, G or K star differs drastically
depending on the host star, and therefore we observe an overlay of different
gap positions in period space. However, in irradiation space, differences in the
bolometric luminosity of the host stars are cancelled out and the difference in
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gap positions only comes from different Lx/Lpo evolutions over time, which are
much smaller than the differences in actual stellar X-ray (or XUV) luminosity.
We therefore find a much emptier gap in our simulated planet populations in
irradiation space, see Figure 7.8, panels (e) and (f).

The shifting of the radius gap to larger radii for larger stellar masses in
the observed exoplanet population has been pointed out by several authors,
including Zeng et al. (2017); Fulton & Petigura (2018); Wu (2019); Berger et al.
(2020). Ome of the suggested reasons is a dependence of planetary mass on
stellar mass, i.e. more massive host stars host more massive planets (Fulton &
Petigura, 2018; Wu, 2019; Petigura et al., 2022). In our simulations, planetary
and host star mass are uncorrelated, and the shift in the radius gap is a result
of the different XUV saturation luminosities. In period space, the lower edge
of the radius gap is populated by the more massive host stars in our sample
(see Figure 7.8, panel (e)), while in flux space the stellar mass-dependence
is effectively scaled out. If such host star mass stratification in the upper
boarder of the bare core population would be observed in period-space but
not flux-space, this could indicate that the XUV dependence on stellar mass is
shifting the radius gap rather than differences in the initial planet population
around F, G, K stars.

7.6.2 Influence of stellar age

The typical currently observed population of exoplanet host stars has a range
of stellar ages. There is a bias towards older ages due to the easier detectability
of exoplanets around quieter host stars, and the bulk of stars with exoplanets
detected in the era of the Kepler mission has ages of around 3-7 Gyr (Batalha
et al., 2010). Thanks to dedicated campaigns, the number of young planets
with ages less than 1-2 Gyr is gradually rising (e.g. Newton et al., 2019b; David
et al., 2019a; Plavchan et al., 2020; Mann et al., 2022). In terms of exoplanet
evolution, the age at which we observe a system can be decisive in the detection
or non-detection of an atmosphere, in particular if the mass loss is not restricted
to the first 100 Myr.

Photoevaporation population studies usually present the evolved radius
distribution at one specific final age, ranging from 3 to 10 Gyr (e.g. Owen &
Whu, 2017; Lopez, 2017; Jin & Mordasini, 2018; Mordasini, 2020). In Figure 7.11,
we show a population with an observationally-motivated age spread, similar to
the one expected to be present in the solar neighborhood (see Sec. 7.4.1), in
comparison to the same sample at a single age of 5 Gyr. In the age-distributed
sample, the bulk of planetary ages is around 3-7 Gyr, with a smaller number
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of younger and older planets. With the inclusion of a small fraction (20%) of
young planets (10 Myr to 2 Gyr), the radius gap is not influenced significantly
compared to a single age (5 Gyr). A small difference in the peak height of
the first peak and the location of the second peak are nonetheless visible. In
the age-distributed sample, some of the young planets (less than 1.5% of the
whole sample) still retain an envelope and reside above the gap, while in the
5 Gyr sample, the same planets have completely lost their atmosphere and
populate the first peak. These planets all sit close to the top border of the
radius gap in the age-distributed population and have very thin atmospheres
with envelope mass fractions less than 0.1-0.2%. In the age-distributed sample,
the opposite is true for a handful of close-in (<5 days) planets with ages above
5 Gyr (less than 0.5% of the whole sample). They end up as bare cores in the
age-distributed sample, but retain a thin envelope in the 5 Gyr sample. In
general, about 1% more planets reside above the gap in the age-distributed
sample compared to the single age 5 Gyr population.

In the 2D view of the planet population, the slope and location of the radius
gap are in agreement for a single stellar age sample of 5 Gyr and a solar
neighborhood age composition. The width of the gap is also not significantly
changed by the inclusion of an age distribution for a population which has
evolved along a single intermediate activity track, and the gap remains almost
as clean as in Fig. 7.8 (a). For a mixture of tracks, we observe that the
combination of young age and a low to intermediate activity track leads to a
slightly larger number of planets to survive just above the gap with envelope
mass factions less than 0.2%. In the 5 Gyr sample, these planets will have lost
their remaining atmosphere. The lower border of the gap, which is populated by
bare cores, is still sharp after the inclusion of an age-spread for a single activity
track, while this is no longer the case when we include a mixture of tracks. We
therefore attribute the fuzziness of the lower border mostly to differences in
the stellar activity history, rather than an age spread.

Currently, most exoplanets have host stars whose ages are not known to
high accuracy. This may change in the future through increased numbers of
exoplanet detections in open clusters, where the member stars have very similar
ages. In such a manner, one could investigate the effects of stellar age on the
shape of the exoplanet radius distribution and the gap itself. This has recently
been performed for the first time for a small number of age bins by e.g. Berger
et al. (2020); Sandoval et al. (2021); David et al. (2021).

Following these recent observational studies, we split our sample with the
solar-neighborhood age distribution into two age bins; a young bin with planet
ages less than 2 Gyr, and a second "old” bin with ages above. The corresponding
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Figure 7.11: Influence of a solar-neighborhood age spread on the radius distribution
for one solar mass host stars. We compare the age-distributed sample in black (dotted
line) to the single-age case at 5 Gyr (gray). The KDEs are qualitatively similar, but
the small number of young planets in the age-distributed sample which still maintain
an envelope cause the height of the first peak to be slightly smaller. These planets
still reside above the gap in the age-distributed sample, but have ended up as bare
cores below the gap in the 5 Gyr sample. We also show the age-distributed planet
population, split up into two age bins: planets with ages less than 2 Gyr (blue) and
planets with ages above 2 Gyr (red). The gap location is basically unchanged going
from the younger to the older age bin, but the gap is much more filled in at later
ages. The first radius peak is at smaller radii in the young sample, while the second
peak is located at larger radii. At young ages, only planets with less massive cores
have been fully evaporated, and planets with envelope above the gap have had less
time to cool and contract.
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Figure 7.12: Influence of age on the radius distribution for a single intermediate
activity track. The extreme XUV exposure and high mass-loss rates quickly strip
the lightest, closer-in planets of their thin primordial atmospheres, giving rise to
the bimodal structure early on. Over time, the first peak and gap minimum shift
to larger radii due to the growing number and mass, or size, of the bare cores. The
second peak drifts to smaller radii due to cooling and subsequent radius contraction.

The height of the first peak increases while the second peak becomes smaller, and
the gap region becomes narrower and progressively more filled.

KDEs are shown in Figure 7.11. The results, as expected, show that when
observing a sample of exoplanets with ages less than 1 — 2 Gyr, the gap should
be emptier and wider in the young sample, and more filled in a sample of older
host stars. This is qualitatively similar to the observational findings by David
et al. (2021), who report that the radius valley appears much more filled in for
planets older than ~ 2 — 3 Gyr.

While splitting the observed exoplanet sample into very thin age bins, similar
to the ones presented in Figure 7.12; is currently not feasible, the growing
number of younger exoplanets has already allowed for a separation into a few
coarse age bins. In the future, with more and more planet detections in young
open clusters, it might become possible to trace the radius distribution and
gap evolution across narrow age bins. This will put important constraints
on the strength of evaporation in the first several hundred million year. In
Figure 7.12, we show our modelled radius distribution for one solar mass and
a single intermediate activity track at five different ages, motivated partly by
known young clusters. Early on, when planets are exposed to extreme XUV
fluxes and the mass loss is detrimental for close-in, low mass planets, the first
peak and the radius gap shift visibly towards larger radii. This is explained
by an increasing number of more massive bare cores. Going from ages 60, 130,
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~ 600 Myr, to 2 and 5 Gyr, the percentage of bare cores increases from 18,
21, 28, 33 to 35%. So while the lightest close-in planets in our sample are
stripped of their envelope within less than 100 Myr — giving rise to the bimodal
structure early on — there still is significant mass loss afterward. It is thus not
just the first 100 Myr that play a role in sculpting the exoplanet population,
but also the subsequent times up to Gyr ages. This is partly driven by the
EUV contribution to the total XUV flux, with EUVs decaying less strongly
than the X-rays, in agreement with the findings by King & Wheatley (2021).

After roughly 600-800 Myr, or the age of the Hyades or Praesepe, we find
that while the location of the radius gap is mostly unaffected, we observe a
gradual filling in of the gap up to Gyr ages. This is caused on the one hand by
more massive/ larger bare cores gradually populating the lower boundary of
the gap, and on the other hand by planets with core masses around 3-5 Mg
and envelopes of 1 - 2% slowly losing mass and drifting towards the gap on Gyr
time scales, ending up with either no envelope or very thin envelopes of less
than 1% in our simulation. Across all ages, the second peak shifts to smaller
radii, which is driven mainly by planetary cooling and contraction, and only
slightly by mass loss. As expected, and in agreement with David et al. (2021),
the gap is wider at younger ages and becomes narrower at later ages.

While we attribute the shifting of the gap to larger radii and gradual filling
in over time first and foremost to age (and thus, the total amount of XUV
exposure), our simulations show that the inclusion of an activity track, where
some planets do drop out of the saturated regime very early on, while others
stay saturated for prolonged times, slows down the growth of the first peak and
filling in of the radius gap up to an age of about 1 Gyr. In our one solar-mass
simulation, a difference in the 1D radius distribution peak heights and gap
depth/width between a single track with tg ~ 40 Myr and a distribution of
activity tracks is visible up to roughly 600-800 Myr. Going from ages 60, 130,
~ 600 Myr, to roughly 2 and 5 Gyr, the percentage of bare cores increases from
15, 18, 26, 32 to 34% for an activity distribution, as opposed to 18, 21, 28, 33
to 35% for a single intermediate track. Beyond about 1-2 Gyr, differences in
the 1D distribution due to activity differences have been mostly erased; peak
heights and radius gap depth are then roughly in agreement (see Fig. 7.13).
This behavior is due to the overall larger number of tracks with intermediate
and low activity (and saturation times less than 40 Myr), than higher activity
tracks in the sample with activity spread. A dropping out of the saturated
regime early on alters the early phase of otherwise intense mass loss, allowing
planets around such stars to hold on to their envelopes longer compared to
planets around stars which stay in the saturated regime longer. However, due
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Figure 7.13: Influence of a stellar activity spread on the 1D radius distribution at
young and old age. The solid lines show the population for a single intermediate
track with tg,: = 40 Myr, and the dotted lines show the same population but with a
distribution of low, intermediate and high activity tracks. At young age — here we
show ~ 60 Myr as an example — there are fewer bare cores in the activity-distributed
sample compared to the intermediate track. At later ages — 5 Gyr shown here —
differences in the 1D distribution due to activity differences have been erased. Around
low to intermediate activity stars, which drop out of the saturated regime before
40 Myr, the lower mass-loss rates stall the atmospheric stripping of their planets.
However, the remaining XUV irradiation is still sufficient to eventually strip their
remaining envelopes by 1-2 Gyr, erasing differences in the 1D distribution due to an
activity spread at Gyr ages.

to the significant EUV contribution up to Gyr ages in our simulations, as time
progresses, these planets still influence enough mass loss afterward to eventually
get stripped by an age of 5 Gyr. This erases major differences in the 1D
distribution attributed to the spread in activity tracks. At older ages, only in
2D, e.g. the radius vs. period plane, the imprints of the activity spread remain,
namely as the smoothed out, fuzzier borders of the gap — a byproduct of planets
with more massive cores undergoing complete envelope loss around stars with
prolonged saturation levels, and thus larger cumulative XUV exposure. In
summary, we find that the inclusion of an activity spread changes mainly the
sharpness of the lower border of the gap, but the gap evolution over stellar age
agrees with the trends found by works studying the observed planet populations
(e.g. Berger et al. 2020; David et al. 2021).
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7.6.3 Caveats and model limitations

We briefly discuss some of the uncertainties introduced into our modelling from
the underlying assumptions of the evaporation model and the input planet
population. The main limitations of the energy-limited escape modelling, the
role of magnetic fields and stellar wind interactions are given in Poppenhaeger
et al. (2021) (Section 4.3). Some additional simplifying assumptions that we
make here and that are explored in more realistic setups by other authors are:
circular orbits and no planet migration after disk dispersal (see Attia et al.
(2021) for eccentricity and migration effects on photoevaporative mass loss
at later ages); lack of planetary compositional diversity (see Venturini et al.
(2020) or Zeng et al. (2021) for the impact of compositional differences, like
the inclusion of cosmic ices and water on the radius distribution); lack of a
photon-limited escape regime (e.g. Owen & Alvarez, 2016; Lampoén et al., 2021).

While we choose — if possible — observationally motivated stellar and planetary
parameters for the initial exoplanet population, the exact details, like core
mass distribution or post-formation envelope mass fraction, will influence the
final predictions made by our simulations. Impacts of a range of simulation
inputs on the evolved planet population or the radius gap have already been
discussed in several works, including e.g. Modirrousta-Galian et al. (2020);
Mordasini (2020); Rogers & Owen (2021); Kubyshkina & Vidotto (2021).
Further uncertainties arise from the estimation of X-ray and EUV fluxes in the
saturated regime and beyond, due to the partly unknown high energy spectra of
stars of different spectral type and age (see e.g. King & Wheatley (2021)). The
impact of the EUV estimation and the X-ray decay slope is further discussed
in Appendix 7.8.6.

As we show in Appendix 7.8.3, assuming energy-limited and radiation/re-
combination-limited mass loss yields quite different outcomes than assuming
hydro-based mass loss. The mass loss predicted by the hydro-simulations, in
particular in the first 100 Myr, is orders of magnitude greater compared to
the energy-limited and/or radiation/recombination-limited simulations. This
results in much more severe mass loss for planets across the whole range of
orbital separations and core masses. Under our simulation assumptions, which
includes mostly lower-mass cores below ~ 10 Mg, this leads to a large number
of planets which fully evaporate, leaving behind almost no significant second
radius peak in most simulations with hydro-based mass-loss rates. These results
suggest that for a planet population similar to the one used in this work, the
predicted hydro-based mass-loss rates under the assumed XUV irradiation
levels are too high to reproduce the observationally known bimodal radius
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distribution. To preserve the second peak in the radius distribution, it would
require significantly lower XUV fluxes or a population with a much larger
number of cores above ~ 10Mg for there to be enough planets surviving with
an envelope.

In general, our simulations yield a bimodal radius distribution, with a neg-
ative slope of the radius gap in radius-period space, qualitatively similar to
observations. The exact values of the two peaks and the gap minimum, as well
as the height of the peaks, depend sensitively on the choice of the input popula-
tion, and the overall strength of the mass loss, which includes the evaporation
scheme and its details, as well as the host star’s XUV emission and its activity
evolution. The main conclusion of this study, that the radius gap boarders
become fuzzier and less pronounced by the inclusion of a stellar activity track
distribution, hold true for a range of tested simulation inputs.

7.7 Conclusions

We investigate the effect of a distribution of host star activity evolutionary
tracks on an observationally-motivated population of exoplanets shaped by
photoevaporative mass loss. In our study, the host star activity track is
associated with an X-ray saturation luminosity, a timescale for which the star
stays at constant XUV flux at early ages, a set of XUV decay paths afterward,
as well as a method to approximate the contributing EUV radiation. The
stellar activity track does have a mass dependence, with the more massive F
stars being X-ray brighter, but having saturation times that are shorter than
for G and K stars. Within each spectral type, stars follow a distribution of low,
intermediate, and high stellar activity tracks.

Our qualitative comparison suggests that for the activity track distribution
used in this work, the slope, and location of the gap is not significantly changed
compared to a single activity track for all host stars in the sample. However,
compared to a single activity track for all host stars, the radius gap, which is a
prediction of photoevaporative mass loss, does become fuzzier and less clean
for a mixture of activity tracks, i.e. the lower edge of the gap is less sharp and
the number of planets with radii inside the gap is larger. The inclusion of a
small number of high and low activity tracks causes the gap to be narrower,
because the lower gap boarder becomes filled in with more massive bare cores
around stars with prolonged activity, while the upper gap becomes populated
by planets around lower activity host stars which can hold on to thin envelopes
of a few percent.
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A quantitative comparison of the exoplanetary radius gap with model predic-
tions in principle can put constraints on the underlying core mass distribution,
planetary composition, or the post-formation envelope mass fraction (e.g Rogers
& Owen, 2021). For individual multi-planet systems, even the rotational history
of the host star can be deduced (e.g. Kubyshkina et al., 2019a). While this is a
promising approach, it comes with a lot of challenges due to the large number
of input parameters in the mass-loss modelling. Here we have explored the
influence of the previously not well studied realistic spread of stellar activity
tracks. Going forward, there is also a large uncertainty in estimating the
important EUV irradiation planets receive from their host stars. This calls
for EUV observations of planet hosting stars from space, and more detailed
observations of planetary mass loss are needed to put constraints on the strength
of hydrodynamic escape or other mass-loss processes, like core powered mass
loss at ages below and above ~ 1Gyr. Models will benefit from decisive tests
through observations, and will enable a better understanding of the fate of
exoplanets over time.
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7.8 Appendix

We show here the effects of different simulation inputs and assumptions on an
exoplanet population that has been shaped by photoevaporation. This includes
the planetary structure model, the effective absorption radius, the evaporation
model and efficiency, the primordial envelope mass estimation, the core mass
distribution and the EUV estimation method. This section aims to visualize
and give the reader a feel for the impact of the different simulation inputs
on the 1D and 2D radius distribution. To better disentangle these different
effects, we only show a one solar mass population at an age of 5 Gyr. Unless
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stated otherwise, we assume the energy- and radiation-recombination-limited
mass-loss model, the Lopez-f, an evaporation efficiency of 10 %, and only show
the results for a single intermediate activity track (tsa & 40 Myr). The details
on the exoplanet populations can be reviewed in Section 7.4.1.

7.8.1 Planetary structure model

The exact details of the planetary structure model impact the final radius
distribution. The most striking difference between the LoFol14 and the ChRol5
models is the location and width of the second peak in the 1D radius distribu-
tion. Using the LoFo models, the evolved population shows a relatively broad
second peak that is located at larger radii compared to the ChRO models (see
Figure 7.14). The difference arises from differing planetary radius dependencies
on planetary mass, envelope mass fraction, stellar insolation and age between
the models. This leads to slightly different initial radii at young age, before
photoevaporation shapes the envelopes, and a different radius evolution due to
cooling and contraction.

The planets under consideration in this paper (Mcore < 25 Mg ) show enhanced
radii at early ages, with lower-mass planets showing the most extreme radius en-
hancement due to lower surface gravities, but similar internal energies compared
to their more massive counterparts. As planets cool over time (with the puffy
planets cooling the fastest), this radius difference for different planetary masses
becomes less pronounced, resulting in a gradual flattening of the mass-radius
curve. In Figure 7.15, we show the mass-radius relation for the ChRo16 and
LoFol4 models at 5 Gyr. It is evident that even at more mature ages, the
predicted radii can vary due to slight differences in the modeling.

The LoFo models predict, in general, larger planetary radii at any given
age for the planets in our sample with masses between ~ 3 — 15 Mg, stellar
insolation less than a few 100 Fg, and envelope masses greater than ~ 2%. As
a consequence, the predicted sizes for such planets are in most cases larger
than the ChRo models. This gives rise to the second radius peak in the 1D
distribution being shifted to larger radii (see Fig. 7.14). The observed radius
distribution of close-in exoplanets indicates that the planets above the gap peak
between 2.4-2.7 Rg (Fulton et al., 2017b; Van Eylen et al., 2018b; Martinez
et al., 2019). This is most closely matched by our ChRo simulations, which is
why we only show the results using the ChRo models in the main body of the
paper.

The location of the first radius peak, which is mainly set by the peak of
the core mass distribution (see also Sec. 7.8.5) and amount of evaporation, is
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Figure 7.14: Influence of the planetary model on the 1D radius distribution for
one solar mass host stars. We compare the 1D KDEs for two comparable planet
populations using the ChRo (red) and the LoFo (blue) planet models. The main
difference can be seen in the second peak, which is broader and at much larger radii
for the LoFo models.
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Figure 7.15: Mass-radius relation for four different envelope mass fractions (fen, =
0.1,1.0,3.0,10.0 %) at 5 Gyr for LoFol4 (solid) and ChRo16 (dashed) planetary models.
The black lines show the mass-radius relation for an Earth-like rocky core, as
implemented in the LoFol4 and ChRol6 models. There are two notable differences
between the models that affect the planetary mass-loss calculations. The LoFol4
models predict larger radii for planets with envelope mass fractions greater than a
few percent, while the ChRo16 models predict larger radii for thin envelopes less
than 1 %.
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Figure 7.16: Influence of the planetary model on the 2D exoplanet radius gap for
one solar mass host stars. We show the radius vs. period distribution for the ChRo

and LoFo population (panel (a) and (b), respectively), together with the gap fits.

For the ChRo models, a thin, empty gap with negative slope is clearly visible. The
LoFo models on the other hand produce a gap region that is much more filled in
compared to the ChRo population. The slope of the gap is slightly shallower for

the LoFo models compared to the ChRo models (dlogR,/dlogP ~ —0.17 + 0.01 vs.

~ —0.19 +0.01).

similar for both planetary models and only differs in height. This is due to the
LoFo simulation ending up with slightly more low mass bare cores, causing the
first peak to be more pronounced. When we compare the slope of the gap fit in
Figure 7.16 panels (a) and (b), we see that the simulation run with the LoFo
planets produces a gap with a shallower slope. Compared to the ChRo models
under the same simulation assumptions, more LoFo planets with slightly more
massive and thus larger cores at large distances from their host star end up
fully stripped, influencing the slope of the gap. Additionally, it is evident that
the gap is more pronounced and the gap region much emptier for the ChRo
models. For the LoFo models, the gap is not as well-defined, and the fit is
mostly driven by the bare core boundary. The ChRol16 models predict larger
radii for low mass planets (< 3 Mg) and/or planets with very thin envelopes
($1-2%) (see Fig. 7.15), and as a consequence of this, many ChRo planets,
once they reach an envelope mass small enough, still undergo sufficient mass
loss to have this last bit of atmosphere removed. A comparable LoFo planet on
the other hand might still be able to hold on to a very thin atmosphere (< 1%)
in our simulations, ending up with a radius “inside” the radius gap between
~ 1.4 — 2.0 Rgy. This causes the radius gap to be more filled in for the LoFo
simulation, and the gap to be more spread out in the 1D radius histogram.
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7.8.2 Effective absorption radius

The effective absorption radius, or f-parameter, is another ill-constrained
parameter in photoevaporation simulations, and thus relies on being estimated.
In addition to the "Lopez™-f calculation introduced in 7.2.3, PLATYPOS has a
second estimation method for the important XUV absorption radius built-in.
We call this the "Salz"™-f calculation.

Based on detailed upper planetary atmosphere simulations, Salz et al. (2016a)
derived a scaling law for the planetary XUV radius as a function of planetary
gravitational potential and their XUV irradiation. They find that super-Earth-
sized planets with hydrogen atmospheres host extended atmospheres, which
increases the effective surface area exposed to the high-energy stellar irradiation,
and thus causes them to experience enhanced photoevaporative mass loss.
In general, their findings indicate that the effective XUV absorption radius
increases with decreasing gravitational potential, and to a lesser degree, with
higher irradiation levels due to the resulting expansion of the thermosphere.
We take Eq.4 from Salz et al. (2016a) to estimate f for all planets in our
sample at any point in time during the mass-loss calculation. We note that
the aforementioned study only included planets with a gravitational potential
of log,,(—=Pg) > 12.0. Since many of the lower-mass planets in our sample fall
below the lower limit of the Salz-relation, we impose a cutoff by setting f to the
value predicted by the relation for the smallest and largest valid gravitational
potential and XUV flux, respectively.

We show the effect of the effective absorption radius on the same planet
population in Fig. 7.17. The blue and red 1D radius distributions show the
evolved population having estimated f according to the Lopez- and Salz-
approximation described in Sec. 7.2.3 and this section. For comparison, we also
show the same run but with f =1 (rose), which means that the effective XUV
absorption radius is equal to the optical radius for any given age step in the
simulation.

The most notable difference between the 1D radius distributions is the height
of the two peaks. In general, a larger f, or larger effective absorption cross-
section, leads to a greater amount of photoevaporation. This causes more
planets in the sample to completely lose their atmosphere, decreasing the height
of the second peak around 2.6 Rg, and subsequently filling in the first peak
around 1.3 Rg. More massive evaporated cores explain the shift of the first peak
and with it the gap to slightly larger radii. We tested this behavior for both
the ChRo and LoFo planet models and found the behavior to be qualitatively
similar.
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Figure 7.17: Influence of the effective absorption cross-section, f, on the 1D radius
distribution for one solar mass host stars. We show the 1D KDE estimation of the
same planet population, having estimated f according to the ”Salz”’- or "Lopez’-
method (blue and red, respectively). For comparison, we also show the corresponding
run where f is set to unity (rose). In this simulation, the Salz-f values are on average
25 % larger than the Lopez ones, causing more planets to fully evaporate, fill in the
first "bare core’-peak, and shift the gap to slightly larger radii.

For the simulation run described here, the Salz-f ranges from ~ 1.5 to 2.8 at
the start of the simulation (mean of around 2.1), and decreases to ~ 1.5 to 2.3
(mean of around 1.7) at an age of 5 Gyr. The Lopez-f covers a larger range
of values at early ages, ranging from 1.1 to 4.5, but has a lower overall mean
of 1.6 compared to the Salz-estimation. At 5 Gyr, the Lopez-f is predicted to
range from 1.1 to 2.4, with a mean around 1.3, again lower than the Salz-j.
On average, the Salz-f is about 25% larger than the Lopez-f, leading to more
mass loss and more evaporated bare cores in the Salz-simulation.

Since many of the lower-mass planets in our sample fall below the lower
limit of the Salz-relation, we also tested the impact of imposing a cutoff to the
Salz-beta to prevent a potential overestimation for low-gravity planets. Once,
we allow for the extrapolation of the relation to smaller gravitational potential
values, and once we impose a cutoff to the Salz-f when a planet falls below the
minimum range of applicability. In this case, f is set to the value predicted by
the relation for the smallest and largest valid gravitational potential and XUV
flux, respectively. For the run under consideration, at early ages, where we
find the largest number of low-gravity planets due to their puffy envelopes, the
cutoff leads to a slightly lower mean of 1.9, compared to the beta’s estimated
without the cut. This difference is too small to change the location of the gap,
and the result is almost indifferent to the Salz-run without a cutoff.

When investigating differences in two dimensions, we find that the slope of
all three runs is consistent within one sigma. Since the Salz-f is on average
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Figure 7.18: Influence of the effective absorption cross-section on the 2D exoplanet
radius gap for one solar mass host stars. We show the radius vs. period distribution
for the ChRo population with the Salz-f and f = 1 in panels (a) and (b), respectively,
together with our fit of the gap. These plots can be compared with the Lopez-f
run in panel (a) of Fig. 7.16. When f is set to unity, the gap is lower compared to
both the Salz- and the Lopez-f runs. The mass-loss rates at any given age are lower,
which means fewer planets end up rocky and less massive cores can be stripped. The
gap appears to be a bit wider with less evaporation.

larger, more massive planets can be fully stripped, ending up below the gap.
This shifts the gap slightly upwards to larger radii compared to the run with
the Lopez-f. As expected, in the f = 1 run fewer planets and planets with lower
core masses turn into rocky cores, causing the gap to be shifted downwards to
smaller radii. The radius vs. period plots are shown in Fig. 7.16 panel (a), and
Fig. 7.18 panels (a) and (b).

While the choice of f does not significantly change the properties of the gap
itself, it strongly affects the number of planets propagating downwards across
the gap over time and is therefore an important parameter in the atmospheric
evolution of planets, as shown in Fig. 7.17.

7.8.3 Evaporation model and efficiency

The calculation of the mass-loss rates is one of the crucial assumptions in
photoevaporation studies. First, we compare energy-limited mass loss (short:
E) only, with a combination of energy- and radiation/recombination-limited
mass loss (short: ER). At early ages, when the XUV flux is highest, the
radiation/recombination-limited mass-loss rates apply to close in and/or lower-
mass planets in the population, when calculated according to Sec. 7.2.2. For
the planets in our simulation this, however, has no significant effect on their
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final radius, as almost all planets with recombination-limited mass loss end up
as bare cores. For the one-solar-mass run with the intermediate stellar activity
track, less than 4% of all planets in the sample, which retain an envelope under
the Lopez-beta assumption, have final radii which differ by less than 1%. For
the Salz-beta the same is true for about 7% of the planets. All the planets
which are affected by the recombination-limited mass-loss rates have remaining
envelopes of < 1% and reside just above the gap. Only in the Salz-case a handful
of planets cannot retain a thin envelope and instead end up as bare rocky cores
in the case of energy-limited mass loss only. Due to the negligible difference
on the planets in our sample, we chose to show the simulation runs with a
combination of energy-limited and radiation/recombination-limited mass-loss
rates only.

The third mass-loss rate estimation that is implemented in PLATYPOS are
the hydro-based mass-loss rates (short: HBA) by Kubyshkina et al. (2018b).
Planets are predicted to be particularly susceptible to mass loss at early ages
due to their warm, puffy, and low-gravity atmospheres. For comparison, for the
one solar mass population, the HBA mass-loss rates at 10 Myr are on average
a factor 15 higher than for the simulation using the ER mass-loss rates and the
Lopez- or Salz-beta. This early phase of intense mass loss leads to more planets
losing their envelope completely and ending up as bare cores in the HBA run.
At Gyr ages, all three mass-loss rates are comparable within a factor 2, and
the Salz and HBA rates are almost identical across the planetary sample.

Figure 7.19 clearly shows that, compared to the ER simulation, in the HBA
population the majority of planets fully evaporate, leaving behind almost no
planets above the gap populating the second peak in 1D radius distribution.
This makes the radius gap to disappear almost completely. Another consequence
of the initially high HBA mass-loss rates is that more massive cores can be
fully stripped compared to the ER runs. This can be seen in the first radius
peak slightly shifting to larger radii due to the larger number of more massive,
and thus larger cores, as well as in a shift of the radius gap above 2 Rg.
Even for a slightly larger core mass distribution as used in Sec. 7.8.5, the
same conclusions for the HBA run hold true, and almost no second peak
remains. This means that a planet population similar to ours, which undergoes
photoevaporation on the same order as predicted by the HBA mass-loss rates
using our XUV irradiation levels, cannot reproduce the observed bimodal radius
distribution. The population would need to contain many more massive cores
and/or envelopes for there to be enough planets able to retain an envelope to
preserve the second peak in the radius distribution.

When comparing the slope of the radius gap in 2D, we find that the gap,
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Figure 7.19: Influence of the mass-loss rate calculation on the 1D radius distribution
for one solar mass host stars. We show in blue and red the 1D KDEs of the same
planet population using the ER mass-loss rates with the Lopez- and Salz-beta,
respectively. In rose, we plot the final distribution of planetary radii having used the
hydro-based mass-loss rates. This radius distribution appears significantly different
to the ER distributions. With the relatively large number of low-mass cores in our
population, the majority of planets cannot retain any of its primordial envelope
and end up as bare cores, leaving behind no pronounced second radius peak. An
additional result of the higher HBA mass-loss rates is that more massive cores can
be stripped, shifting the radius gap to larger radii. Note that for the ER runs shown
here, we used an evaporation efficiency of 0.15 for better comparison with the HBA
mass-loss rates.
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Figure 7.20: Radius vs. period distribution for the planet population, which has
evolved using the hydro-based mass-loss rates. Our fit to the radius gap is shown in
gray. One can easily see that, compared to the ER runs (e.g. panel (a) in Fig. 7.16

and Fig. 7.18), more massive cores end up as rocky cores below the gap, shifting the
gap upwards. Compared to the ER runs, the gap is slightly steeper and narrower.

although almost non-visible in 1D, is still clearly visible in two dimensions.

When comparing the HBA gap in Fig. 7.20 with the ER gap in panel (a) of
Fig. 7.16 or Fig. 7.18, we see that although empty, it appears to be narrower
and shifted upwards to larger radii. Interestingly, the slope of the gap is also
slightly steeper for the HBA mass-loss rates, most likely because of the larger

number of massive cores in close-in orbits (dlogR,/dlogP ~ —0.22 + 0.01 vs.

~ —0.19 +0.01).

The evaporation efficiency is another parameter which affects the strength of
the energy-limited mass-loss rates. While we make a simplification and set the
efficiency parameter as a constant, its exact value will still linearly increase or
decrease the mass-loss rates at any given time in the simulation. We show, in
Fig. 7.21, how a small increase of the evaporation efficiency from 0.1 to 0.15
impacts the 1D distribution features. The location of the two peaks still agrees
within one sigma even with a small difference in evaporation strength, but of
course the height of the peaks changes, with more planets evaporating and
filling in the first peak when € = 0.15.

When it comes to the location of the gap, more massive bare cores tend to
cause a shift to larger radii. Assuming an intermediate activity track for the
evolution, the shift is small for the Lopez-beta simulation, but for the Salz run,
which already predicts higher mass-loss rates compared to the Lopez run, this

shift in the gap minimum becomes larger, as the gap shifts from 1.8 to 1.9 Rg.

We also tested this behavior for a lower and higher stellar activity track and

found that the gap shift increases going from low to high activity, or XUV flux.
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Figure 7.21: Influence of the evaporation efficiency on the 1D radius distribution
for one solar mass host stars. In red and blue, we show the KDE of the evolved
planet population for the Lopez-f and € = 0.1 and 0.15, respectively. The slightly
transparent KDEs show the same for the Salz-f. A small change in the evaporation
efficiency can change the peak heights, but not their location. The radius gap is
almost unaffected.

In general this indicates that the larger the mass loss, as set by the evaporation
model, the beta-parameter and the evaporation efficiency, the larger is the shift
on the gap location in 1D. In 2D, the slope of the gap is unchanged by a small
change in the evaporation efficiency.

7.8.4 Primordial gas-envelope mass

We check the impact of varying the initial envelope mass fraction of the planetary
sample at the starting age of our simulation on the final radius distribution and
the radius gap. We either calculate the primordial gas-envelope mass according
to the simulations by Mordasini (2020) (short: M20), or based on the results
by Ginzburg et al. (2016); Gupta & Schlichting (2019) (short: G19). As a
reminder, the envelope masses predicted by M20 have a positive dependence
on core mass and a negative dependence on orbital separation, while the G19
primordial envelopes have a dependence on core mass only. For the one-solar-
mass run considered here, the M20 envelope mass fractions cover a larger
range (~ 0.2 — 38 %) but have a lower median (4 %) compared to the G19 ones,
which range from (~ 4 — 20 %) with a median of ~ 10 %. This is illustrated in
Figure 7.22.

The 1D radius distributions in Figure 7.23 show that the second peak is
shifted to larger radii for the G19 run. The reason for this is that, on average,
the G19 primordial envelopes are more massive than the M20 ones, which makes
them harder for the planets to lose under the same simulation assumptions,
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Figure 7.22: Distribution of the gas envelope mass fractions at 10 Myr, the starting
age of the simulation. In blue, we show the M20 distribution, where the initial
envelope mass fraction is dependent on planetary core mass and envelope mass
fraction, and in red we show the G19 distribution with a dependence on core mass
only. Planet with primordial atmospheres according to G19 are significantly higher
in mass.

and as a result the planets end up with more massive final envelopes and thus
are larger in size. In the G19 population, fewer planets are able to completely
lose their envelope, which is why the first peak is less pronounced. Interestingly,
the location of the gap in 1D is not significantly affected by the choice of the
primordial envelope mass fraction.

In 2D, when looking at the G19 radius vs. period distribution in Fig. 7.24,
one can see that the bulk of the planets above the gap, which are able to
retain envelope, reside at larger radii, clustered around ~ 3 Mg. The region
underneath until the gap is sparsely populated compared to the M20 run (see

Fig. 7.16 panel (a) for comparison), but an empty gap is still clearly visible.

The slope of the G19 gap is consistent with the slope of the M20 gap, but
the gap is slightly shifted downwards because there are fewer, more massive
bare cores in this simulation. The G19 and M20 gaps do however still overlap,
telling us that the impact of the primordial envelope mass fraction only has
a minor impact on the location of the gap. This conclusion is unchanged for
the choice of f and/or the evaporation scheme. As a caution, the two starting
populations are not exactly identical due to the imposed "physicality”’-check
(see Sec. 7.4). With the G19 primordial envelopes having no dependence on the
distance to the host star, planets with core masses below 2 Mg have envelopes
massive and large enough to fulfill our low-density and Roche lobe cutoff, and
thus are excluded. For this reason, the G19 population has about 100 fewer
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Figure 7.23: Influence of the primordial gas-envelope mass on the 1D radius dis-
tribution for one solar mass host stars. We show the KDEs for a population with
primordial envelope masses calculated according to M20 (blue) and G19 (red). The
transparent blue and red plots the results when using the LoFo models and are just
shown for comparison. The main difference between the M20 and the G19 radius
distributions is the location and height of the second peak. The majority of G19
planets has a larger primordial envelope. Under the same simulation assumptions,
more planets can retain envelope in the G19 run and also more planets end up with
heavier and thus larger envelopes compared to the M20 population. The location of
the first peak and the gap are unchanged by the choice of primordial envelope mass
estimation.

planets with core masses below 2 Mg, which is why there are fewer planets with
radii around 1 Rg compared to the M20 population.

7.8.5 Core-mass distribution

Previous studies have shown that the core mass distribution has a significant
influence on the radius distribution in photoevaporation studies. More massive
cores can hold on to their envelopes more easily, but once a more massive core
does get stripped, its bare core radius will also be larger. For reference, a 3 Mg
bare rocky core has a radius of 1.3 Rg, whereas a 5Mg core has a radius of
1.5Rg. This can impact the location of the first and second peak in the 1D
radius distribution, and with it the gap.

To illustrate how the radius distribution is affected by the core masses of
the sample, we compare the population where the core masses peak at 3 Mg
(short: 3M,) with a slightly heavier population which peaks at 5 Mg (short: 5M,).
As can be seen in Fig. 7.25, the 5M, simulation thus has fewer planets below
~ 3 Mg, and more planets with intermediate masses between 5 and 20 M.

In the 1D radius distribution, one can most easily identify the effect of a
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Figure 7.24: We show the radius vs. period distribution for the planet population
for which the primordial envelope mass fractions were calculated according to G19.
Planets which can hold on to envelopes tend to cluster around 3 Mg, and an empty
gap is clearly visible. Our fit to the gap is shown in gray. This plot can be compared
with the M20 simulation in panel (a) of Fig. 7.16.
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Figure 7.25: Histogram of the core mass distributions for the 3M, and 5M, simulation,
which peak at 3 and 5 Mg, respectively. The 5M, population has fewer planets below
3 Mg and more planets at higher masses above 5 Mg.
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Figure 7.26: Influence of the core mass distribution on the 1D radius distribution for
one solar mass host stars. The planet population with core masses peaking at 5 Mg
is shown in blue and the population with a 3 Mg peak in red. For comparison, the
transparent lines show the same populations but using the Salz-f. The shift of the
first peak from 1.3 to 1.5 Rg is clearly visible, as well as a shift of the second peak to
larger radii. The change in the location of the gap is almost negligible.

heavier planet sample. Figure 7.26 clearly shows that the first peak is shifted
from 1.3 to 1.5 Rg for the 5M, simulation due to the larger number of close-in,
more massive, and thus larger in size cores, which end up fully stripped. In
general, more massive stripped cores shift the radius gap to larger radii, but as a
result of having more massive cores in the sample, the number of planets which
can fully evaporate in the 5M, case decrease overall. These two effects combined
lead to the location of the radius gap being almost unchanged between the 3M,
and the 5M, run. The second radius peak is also shifted to slightly larger radii
because more massive planets have larger primordial envelopes to begin with
and can better hold on to their envelope, reducing the total mass loss. As a
result, there are more planets with larger sizes in the 5M, simulation.

In 2D, there are noticeably fewer planets below the gap, but both the slope
and height of the 5M, gap are in good agreement with the 3M, one. This shows
that at least small changes in the core mass distribution, while being noticeable
in 1D, have no significant impact on the radius gap in 2D.

7.8.6 Influence of EUV estimation method and X-ray
power-law slope

Stellar EUV emission ionizes hydrogen and drives the mass loss of planetary
atmospheres, in particular at later ages when the stellar X-ray emission has
significantly died down. Understanding the decay details of both X-ray and
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Figure 7.27: Radius vs. period distribution for the planet population with more

massive cores (5M,), for comparison with the 3M, simulation in panel (a) of Fig. 7.16.

Our fit to the gap is shown in gray.

EUV emission over time and across the whole range of stellar spectral types is
crucial for accurately predicting the XUV irradiation of an exoplanet.

As described in Sections 7.3.1 and 7.3.2, we use the works by Tu et al.

(2015b); Jackson et al. (2012a); Johnstone et al. (2021) for solar-mass stars
to approximate our X-ray evolutionary tracks. In Poppenhaeger et al. (2021),
we used the X-ray evolution model by Tu et al. (2015b) only, and estimated
the EUV flux using the SF11 relation. The difference to the current work is
a slightly lower X-ray luminosity around 1 Gyr, where all the activity tracks
are set to converge, as well as a steeper decay beyond this age. We now show
how the assumptions about the X-ray decay slope and/or the EUV estimation
method impact the evolved 1D and 2D radius distribution.

Figure 7.28 presents the 1D radius distribution for different EUV estimation
methods and two different power-law slopes for the X-ray decay. We show the
distribution at 10 Gyr, because only at this old age, a small difference between
the Jo21 (black) and Lil4 (blue) EUV estimation is visible by eye. Lil4 predicts
EUV luminosities which are up to a factor of 10 higher than the Jo21 ones
at X-ray luminosities below ~ 10? erg/s, which the stars in our sample reach
roughly after one to three Gyrs. For this reason, the EUV estimation at Gyr
ages, although the overall XUV fluxes are low, can still have an influence on
the radius distribution, with higher EUV luminosities leading to some of the
planets at the top edge of the radius gap to become fully stripped of their
remaining thin atmosphere. This changes the height of the peaks slightly, but
has no impact on the location of the peaks or the gap. In 2D, the location,
slope and width of the gap are unchanged.

By using the SF11 method (red) for estimating the important stellar EUV
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Figure 7.28: Influence of EUV estimation and power-law slope of the X-ray decay.
Comparison of the 1D-KDE estimation of the same planet population which have
evolved using the Jo21 (black), Lil4 (blue) and SF11 (red) method to estimate the
stellar EUV output. The Jo21 and Lil4 simulations are almost identical, but the SF11
simulation predicts many more evaporated cores due to the high EUV fluxes at young
ages. In rose, we also show the same population with EUVs calculated according to
Jo21, but with a steeper power-law slope of the X-day decay of —1.58 instead of —1.13.
The steepness of the slope impacts the total amount of XUV irradiation the planets
receive, with a steeper slope leading to less XUV exposure and fewer evaporated
cores.

output, however, the radius distribution at Gyr ages looks significantly different.
Due to the EUV luminosity being about 10 times larger than the X-ray lumi-
nosity for the first few Gyr, the total XUV flux a planet receives is immense
compared to all the other EUV estimation methods. This leads to almost
50% of the planets in our sample to end up as bare rocky cores, compared
to around 36% for the Jo21 and Lil4 simulations. Due to more planets and
planets with more massive cores being completely stripped, the second peak
becomes very weakly pronounced and the radius gap shifts to larger radii. In
2D, the gap slope is still consistent within one sigma, but the gap is shifted
to larger radii. We observe that in our simulations, the gap becomes slightly
narrower as the number of evaporated bare cores increases and the number of
planets with envelopes above the gap increases. This comparison shows that
the EUV estimation method, as in the case of SF11, can significantly alter
the radius distribution. The results support the notion that the SF11 method
overestimates the crucial EUV output and should be used with caution for
young and/active stars. However, methods adopted to young and active stars
like Jo21 (or Chl15) and Lil4 lead to matching radius distributions which agree
in peak and gap heights and locations, and preserve the second radius peak
much like the one present in the observational data.
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Not only the EUV estimation method can play a role, but also the steepness
of the X-ray decay. In Figure 7.28 we also show the radius distribution for the
same population, but having used a steeper power-law slope (—1.58 compared
to —1.13) for the X-ray decay — and thus lower EUV and XUV predictions — in
Figure 7.28 (rose). It is evident that with less XUV exposure, fewer planets
fully evaporate. The second peak is still well populated and due to the smaller
number of heavier evaporated cores, the gap minimum is located at sightly

smaller radii compared to the simulation runs with a shallower power-law slope.

This is just to highlight that the amount and decay shape of X-ray and EUV
radiation from the host star influences the location and height of the peaks
and the gap in the 1D radius distribution. When trying to model the observed
radius distribution, similar to e.g. Modirrousta-Galian et al. (2020); Rogers
& Owen (2021), the choice of the slope for the X-ray and EUV decay can
substantially impact the conclusions of such studies.

Ultimately, the amount of XUV flux a planet receives is set by the value
of the saturation X-ray luminosity, the time a star spends in the saturated
phase, the steepness of the X-ray decay and the amount of EUV emission at
early and later ages. A general outcome for the lowest mass planets in our
sample, or planets really close to their host star, is, that the exact details do
not change the fate of these planets — they will lose their atmosphere. For
planets with intermediate masses and/or larger distances, the details of the
XUV evolution determine if a planet gets fully stripped or can hold on to an
envelope. In addition, depending on the strength of the X-ray emission in the
saturated phase and the steepness of the decay, the EUV estimation method
can have a bigger or smaller impact on the total amount of evaporation a planet
undergoes. When the X-ray fluxes are lower, the EUV contribution to the total
XUV output becomes more important. As a consequence, small differences
in the EUV estimation become more pronounced. On the other hand, if the
X-ray fluxes are high, small differences between, for example, the Jo21 and Lil4
EUV estimation do not change the total XUV flux significantly, shrinking any
differences between the two EUV calculations.

To summarize, our simulations show that the choice of the power-law slope for
the X-ray decay can have a much larger impact on the final radius distribution
than the EUV estimation method — when using the methods adopted for young
and active stars.
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Abstract

Planets orbiting young stars are thought to experience atmospheric evaporation
as a result of the host stars’ high magnetic activity. We study the evaporation
history and expected future of the three known transiting exoplanets in the
young multiplanet system K2-198. Based on spectroscopic and photometric
measurements, we estimate an age of the K-dwarf host star between 200 and
500 Myr, and calculate the high-energy environment of these planets using
eROSITA X-ray measurements. We find that the innermost planet K2-198¢ has
likely lost its primordial envelope within the first few tens of Myr regardless
of the age at which the star drops out of the saturated X-ray regime. For
the two outer planets, a range of initial envelope mass fractions is possible,
depending on the not-yet-measured planetary mass and the stars’ spin-down
history. Regarding the future of the system, we find that the outermost planet
K2-198b is stable against photoevaporation for a wide range of planetary masses,
while the middle planet K2-198d is only able to retain an atmosphere for a
mass range between ~7 and 18 Mg. Lower-mass planets are too susceptible
to mass loss, and a very thin present-day envelope for higher-mass planets is
easily lost with the estimated mass-loss rates. Our results support the idea
that all three planets started out above the radius valley in the (sub-)Neptune
regime and were then transformed into their current states by atmospheric
evaporation, but also stress the importance of measuring planetary masses for
(young) multiplanet systems before conducting more detailed photoevaporation
simulations.

151



Chapter 8

152

Three young planets around the young K—dwarf K2-198: High—energy environment,
evaporation history and expected future

8.1 Introduction

Young planetary systems (< 1Gyr) offer snapshots of the earlier stages of
planetary evolution and can give insights into how planets have formed and are
evolving. The first few hundred million years are expected to be most formative,
with different physical processes shaping the planetary systems and their
architectures. Processes that are thought to influence the evolution of young
planetary systems are the shrinking and contraction of the cooling planet itself
(e.g. Baraffe et al., 2006; Mordasini et al., 2012a), orbital migration (for a review,
see Baruteau et al., 2014), planet-planet scattering (for a review, see Davies
et al., 2014), tidal and magnetic star-planet interaction (e.g. Poppenhaeger &
Schmitt, 2011; Strugarek et al., 2017; Shkolnik & Llama, 2018; Ilic et al., 2022),
as well as processes that drive the atmospheric mass loss of the primordial
planetary atmosphere (e.g. Liu et al., 2015; Watson et al., 1981a; Ginzburg
et al., 2018).

The use of radial velocity follow-up and transit timing variations (T'TVs)
in measuring mass, as demonstrated in studies by e.g. Marcy et al. (2014);
Rogers (2015); Jontof-Hutter et al. (2016), has revealed that planets with
radii smaller than approximately 2 Rg have densities that suggest a rocky
composition similar to Earth, while those with larger radii have lower densities
indicating the presence of gaseous envelopes. These primordial atmospheres
are thought to be mostly composed of hydrogen and helium and susceptible to
mass loss on lower-mass planets. Giant impacts (e.g. Liu et al., 2015; Wyatt
et al., 2020) can explain some mass loss, but the two leading physical processes
are photoevaporation, an externally induced mass loss mechanism where the
star’s high energy radiation (X-rays and extreme UVs, together XUV) heats
the upper atmosphere and launches a hydrodynamic outflow (e.g. Watson
et al., 1981a; Giidel, 2007; Owen & Jackson, 2012a; Lopez et al., 2012), and
core-powered mass loss (e.g. Ginzburg et al., 2018; Gupta & Schlichting, 2019),
which is driven by the internal luminosity given off by the cooling planetary
core. Both processes are able to explain the prominent features in the observed
exoplanet population: the radius gap, a deficit of planets with radii around
1.8 Rg, separating the rocky planet population below the gap from the planets
with volatile, gaseous envelopes above (Fulton et al., 2017b; Van Eylen et al.,
2018b), the hot Neptunian desert at very short orbital periods (Mazeh et al.,
2016; Lundkvist et al., 2016), and the eccentricity distribution of exoplanets
(e.g. Correia et al., 2020). 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.
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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 gaseous envelopes surrounding Neptunes and mini-Neptunes are prone to
escaping, leading to the observation of planetary tails comprised of escaping gas
detected 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, as demonstrated in studies by e.g. Spake et al. (2018); Mansfield
et al. (2018); Damasso et al. (2023). Detecting outflows in young planetary
systems is particularly interesting because the strength of the mass loss can
put constraints on planetary evolution models and might help to distinguish
between different mass loss processes. While the discovery and subsequent
characterization of young planets is challenging due to the high activity level
of the host star, the number of young planets is increasing thanks to dedicated
campaigns, giving insights on the role of photoevaporation in early exoplanet
evolution. Interesting systems with detected outflow signatures are K2-100b, a
~750 Myr old, highly irradiated planet right at the border of the hot Neptunian
desert with notable ongoing evaporation, causing the planet to significantly
decrease its size over the next few Gyr (Barragan et al., 2019a; Gaidos et al.,
2020). Zhang et al. (2022, 2023) further detect atmospheric escape for four
young (<1 Gyr) mini-Neptunes, predicting the loss of the remaining hydrogen-
rich atmospheres for all the planets. These results indicate that for planets
orbiting sun-like stars, photoevaporation is an efficient mechanism for stripping
primordial gaseous atmospheres, transforming planets from mini-Neptunes
above the radius gap into super-Earths below the gap.

In extremely young multiplanet systems like V1298 Tau and AU Mic (< 25 Myr)
(Vissapragada et al., 2021; Carolan et al., 2020; Cohen et al., 2022), as well as
more mature systems like TOI-560 or K2-136 (~500-700 Myr) (Barragan et al.,
2022; Fernandez Fernandez & Wheatley, 2022) all planets have experienced
the same evolution of the high energy emission caused by the spin down and
subsequent magnetic activity decay of the star. While this is not only unique to
young systems, but also older ones, young multiplanet systems are of particular
importance because the most extreme mass loss occurs early on. Depending
on the properties of the planet and the host star, young planets can undergo
drastic changes in size and mass within the first few 100 Myr. The photoevapo-
rative mass loss of a planet can be quantified in terms of the mass-loss rate,
an instantaneous quantity measuring the atmospheric mass loss at any given
point in time, or the mass-loss timescale, the corresponding time-integrated
quantity, and a measure of the total amount of envelope mass lost within a
chosen time interval. The mass-loss timescale depends sensitively on the total
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amount of XUV exposure, which is influenced by the time at which the star
has dropped out of the saturated X-ray regime, and two planets of similar age
could have received an accumulated XUV flux that differs by a factor of 10
between a low activity star that drops out of the saturated regime after a few
Myr, versus a highly active star that stays saturated for a few 100 Myr (see
e.g. Fig. 3 in Ketzer & Poppenhaeger (2023)). In multiplanet systems, we
can conduct comparative mass-loss studies where the stellar contribution is
controlled for. Since observable properties like the planetary radius depend
strongly on the mass-loss history of the planet, well-constrained systems with
planets below and above the radius gap in some cases can be used to constrain
the rotational history of the host star (Kubyshkina et al., 2019a,b; Bonfanti
et al., 2021). Owen & Campos Estrada (2020) also showed that systems with
planets straddling the radius valley can be used to estimate the minimum
mass of planets above the valley with remaining gaseous envelope. This makes
multiplanet systems interesting targets for dedicated observing campaigns to
measure masses as well as ongoing mass loss.

In this paper, we focus on characterizing the three-planet system K2-198,
which was flagged as an interesting target for future atmospheric mass loss
studies in Foster et al. (2022a). The host star, a K-dwarf, is orbited by three
known transiting exoplanets discovered in the Kepler K2 data (Mayo et al.,
2018; Hedges et al., 2019). The innermost planet ¢ resides well below the
radius gap in the regime of rocky planets, while the middle planet d, with a
radius of 2.4 Rg, sits just above the radius gap in the regime of mini-Neptunes.
The outermost planet b has a Neptune-like radius, placing it well above the
radius rap in the regime of planets with significant volatile envelopes (Otegi
et al., 2020b) (see Table 8.1 for a summary of stellar and planetary parameters).
K2-198 was detected in X-rays by eROSITA with an X-ray luminosity of
7.9 x 10?8 ergstin the 0.2-2.0 keV band (Foster et al., 2022a). Such X-ray
luminosity suggests an active host star, placing the planets into an intense
high-energy irradiation regime. The combination of an X-ray active host star,
orbited by a close-in, likely rocky planet which has lost its primordial hydrogen-
helium envelope, a planet straddling the top of the radius gap at a slightly
larger orbit, and a Neptune-sized planet further out, make this system of great
interest for atmospheric mass loss studies. Further observations and studies of
this relatively unexplored three-planet system may provide valuable insights
into the formation and evolution of close-in planets and their atmospheres.

In this work, we use photometric and spectroscopic observations to estimate
the age of the K2-198 system (Sec. 8.3.4), and characterize the current high
energy environment (extreme UV and X-ray; together: XUV) and irradiation
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Table 8.1: Properties of the K2 198 star-planet system as provided by Mayo et al.
(2018); Hedges et al. (2019).

Parameter Value
Star:

Spectral type K-dwart

M Vo) 0.799" 0%

Ry [Ro] 0.757+0035

L [K] 5212.9+49:2
Distance [pc] 110.56+087

planet b:

P [d] 17.042868310,0000035
Rp [Re) 4.189+0:228
Semi-major axis (a/Ry) 25.8670%

Planet c:

P [d] 3.3596055+0.0000040
Rp [Re] 1.423+0.081
Semi-major axis (a/Ry) 8.76%0:3%

planet d:

P [d] 7.4500177+0.0000026
Rp [Re) 2.438+0.130
Semi-major axis (a/Ry) 14.9079°

received by the three exoplanets in the system using updated eROSITA X-ray
measurements. In Sec. 8.3.5, we re-estimate the current mass loss rates of
the two outer planets and calculate their expected mass loss evolution over
time scales of gigayears, using the code PLATYPOS!, which is based on an
energy-limited evaporation model (Ketzer & Poppenhaeger, 2022). We also
explore the past of the planetary system to test the possible range of initial
conditions, taking into account reasonable stellar spin-down and thus activity
evolutionary tracks.

8.2 Observations and data analysis

The system was observed in X-rays by the eROSITA space telescope, as well as
in the optical with TESS and K2.

Thttps://github.com/lketzer /platypos/
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8.2.1 X-ray data

The position of the K2-198 system was observed by eROSITA (Predehl et al.,
2021), an X-ray instrument onboard the Spectrum-Rontgen-Gamma spacecraft
(Sunyaev et al., 2021). eROSITA is sensitive to photons in the energy band
from 0.2-10 keV, and started an all-sky survey in 2019, where the whole sky is
scanned every six months in great circles roughly perpendicular to the ecliptic.
The position of K2-198 has been covered by five eROSITA All-Sky Surveys,
called eRASS1 to eRASS5.

The X-ray luminosity of the host star K2-198 was first reported by Foster et al.
(2022b) to be 7.9x 10% erg/s in the 0.2-2 keV energy band, based on a detection
of the star in the eRASS1 survey. Since then, data from the following four
eRASS surveys (eRASS2 to eRASS5) has been made available to the eROSITA-
DE consortium. The survey data sets were processed by the eRSOITA-DE
consortium; specifically, a single-band detection in the 0.2-2.3 keV band was
run on the stacked data from all five surveys, which was used as the input
catalog for a forced photometry in the individual eRASS surveys?.

We cross-matched the resulting catalog with the position of K2-198 within a
10” radius, and we checked that the matched X-ray sources are likely to be of
stellar nature, along the lines of Foster et al. (2022b). In this way, we found two
detections and three non-detections for the five surveys available for K2-198’s
position. Specifically, K2-198 was detected individually in the eRASS1 and
eRASS5 surveys, undetected in the individual eRASS2, 3 and 4 surveys, and
detected in the stacked data from all five surveys together.

8.2.2 K2 and TESS photometry

K2-198 was observed twice with the Kepler space telescope during the extended
K2 mission in 2014 and 2018 (Campaign 6 and 17), and once by the transit
exoplanet survey satellite (TESS) in 2021 (Sector 46). We use the Python
package lightkurve (Lightkurve Collaboration et al., 2018) to download the
pre-processed lightcurves available for K2-198, which have been corrected for
instrumental systematics related to the spacecraft using different detrending
methods. We visually inspect the lightcurves for periodic amplitude modulations
likely caused by star spots, and derive rotation periods using the Lomb-Scargle
periodogram. We select the short and long cadence lightcurve products from
the K2, EVEREST, and K2SFF pipeline (Stumpe et al., 2012; Vanderburg &

2The following consortium catalog versions
all_eN_SourceCat1B_221031_poscorr_mpe_photom.fits with N= 1...5 were used.
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Johnson, 2014; Luger et al., 2018), as well as the 20-sec and 2-min cadence
lightcurves from the TESS SPOC pipeline (Jenkins et al., 2016), normalize the
lightcurves, measure the highest amplitude peak in each periodogram, and take
the mean of all peak frequencies to determine the value for the rotation period
of the exoplanet host star.

8.2.3 TRES spectral analysis

In order to constrain the age of K2-198, we derive the lithium (Li) and barium
(Ba) abundances by synthesizing the 6708 A and 5853 A regions of the stellar
spectrum. We refer the reader to Sect. 3.3.3 for a detailed discussion.

We downloaded the extracted TRES spectrum available on the ExoFOP

website?, with a resolution R=44000 and a SNR per resolution element of 52.9.

In particular, we extracted and analyzed only order 38 (for Li) and 31 (for
Ba), which contain the two spectral lines of interest. We also found an existing
HIRES spectrum, which, however, is of such poor quality preventing us from a
good Li or Ba detection.

We synthesized the two spectral regions using the code MOOG (Sneden, 1973)
and creating the line lists with linemake (Placco et al., 2021), which has the
most up-to-date database of experimental atomic parameters of each spectral
line. For the model atmosphere, we linearly interpolated from the ATLAS9
grid of Castelli & Kurucz (2003), with solar-scaled chemical composition and
new opacities (odfnew). We did not perform a complete abundance analysis,
but we estimated the effective temperature (Te) using magnitudes from the
2MASS (Skrutskie et al., 2006) and Gaia DR3 (Gaia Collaboration et al.,
2016, 2022a) catalogs with the colte program by Casagrande et al. (2021)
(adopting the E(B-V) value from the TIC catalog (Paegert et al., 2021)). The
Teqr spans values from 5190+62 in (R,-K) to 5273+68 K in (G-J), and a weighted
mean of 5225+40 K. We estimated the surface gravity and the microturbulence
following the same approach in Baratella et al. (2020), finding 4.60+0.09 dex
and 0.82+0.05 km s™!. For the synthesis, we adopted a v sini values from 4 and
5km s™! making sure that the profiles of other nearby lines match the observed
spectrum.

3https:/ /exofop.ipac.caltech.edu/tess/

Section 8.3

157


https://exofop.ipac.caltech.edu/tess/

Chaoter 8 Three young planets around the young K—dwarf K2-198: High—energy environment,
P evaporation history and expected future

8.3 Results

To characterize the high-energy environment of the multiplanet system and
estimate the atmospheric mass loss of the three planets, we derive the current
X-ray irradiation of the planets and constrain the age of the system using
photometric and spectroscopic data.

8.3.1 eROSITA X-ray luminosity

The X-ray source matched with K2-198’s position in the stacked eROSITA data,
and has a nominal catalog flux of 3.8 x 107 ergs ™' cm™2 in the 0.2-2.3 keV
energy band, representing the average flux of the star. However, the nominal
catalog fluxes were calculated assuming an underlying power law, while stellar
coronae have an underlying optically thin thermal plasma spectrum. Following
the analysis of Foster et al. (2022b), we therefore multiply the catalog fluxes
by a conversion factor of 0.85 to derive coronal fluxes of the star in the more
commonly used 0.2-2 keV energy band. In this way, we derive stellar X-ray fluxes
of 3.2x10 M ergs™ em™ (0.2-2 keV) as the average flux over the five e(ROSITA
surveys, and 5.4 X 107 ergs ™ cm™ and 7.0 x 107 ergs™ ecm™ (0.2-2 keV)
for the two individual detections in the eRASS1 and eRASS5 surveys. The
non-detections in eRASS2, 3 and 4, which happen to have a shorter exposure
time at K2-198’s position, amount to X-ray flux upper limits of 8.5 x 10714,
1.0 x 10713 and 1.2 x 1073 ergs™! cm™2, using the same conversion factor.*

In our further analysis, we use the average X-ray flux over the five surveys,
which is a lower value than the one reported by Foster et al. (2022b), who
only used the eRASS1 data, which apparently observed the star in a higher
magnetic activity state. We note that since the number of excess counts is only
on the order of 10 in surveys 1 and 5 together, a detailed spectral analysis with
a fit of the coronal temperature is not feasible.

We use the Gaia DR3 distance of 109.6 pc to convert the measured average X-
ray flux into an average X-ray luminosity of Ly = 4.6x10% ergs™(log Ly [ergs™!| =
28.7) (Gaia Collaboration et al., 2016, 2022b).

4The eROSITA upper limits (Tubin-Arenas et al. 2023, submitted) were computed based
on X-ray photometry on the eROSITA standard calibration data products (counts image,
background image, and exposure time) and following the Bayesian approach described by
Kraft et al. (1991). The upper limits are given as one-sided 3¢ confidence intervals (99.87%)
and use the photons from eROSITA’s 0.2-2.3 keV energy band.
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8.3.2 Stellar rotation period and flaring activity

All inspected light curves, covering a timespan from 2014 to 2021, show highly
visible periodic brightness variations on the order of 2-3%, typical for a young

and active star with large star spots on the stellar surface Stauffer et al. (e.g.

2016). From the Lomb-Scargle periodogram, we derive a mean rotation rate of
7.1 £ 0.1 days.

We used AltaiPony (Ilin, 2021) to inject synthetic flares into the Sector 47
TESS light curve, and quantify their recovery efficiency. Flares with energies
below ~ 103t erg are typically not recovered, so there could be at least one flare
with ~ 103 erg in the light curve. This gives a minimum flare rate of 15 flares
per year above ~ 103 erg in K2-198, which is up to an order of magnitude
above the flare rate of stars with T > 5000 K in the Pleiades (Ilin et al., 2021),
and in the range of the most active Sun-like stars (Shibayama et al., 2013).

8.3.3 Lithium and barium abundance

From our analysis of the TRES spectrum, we derive a lithium (Li) abundance
of A(Li)Lrg= 2.07£0.08+0.13, where the first uncertainty is due to the fitting
procedure and the second is the contribution of the atmospheric parameter
uncertainties. With the NLTE corrections from Lind et al. (2009), we find a
lithium abundance of A(Li)Npe=2.15+£0.08+0.13. In addition, we also derive a
barium (Ba) abundance ratio of [Ba/H]=40.41+£0.10+0.09 dex over the solar
values from Asplund et al. (2021). The uncertainties are computed in the same
way as for Li.

8.3.4 Stellar age determination

To put the K2-198 system into context, and describe the high-energy irradiation
environment of the three planets together with their past and future atmospheric
evolution (see Sec. 8.3.5), we first need to constrain the stellar age of the
system. We use the determined rotation period, X-ray activity level as well as
independent spectroscopic age indicators to estimate an age between 200 and
500 Myr, and adopt the logarithmic mean of 316 Myr as the present age of the
system.

Rotation-based age

We use the periodic brightness variations from star spots as a proxy for the
stellar rotation period, and by applying gyrochronology, to estimate an age of
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the system. For a K-dwarf, this well-constrained rotation period of roughly 7
days is still relatively short, indicating a young age (see e.g. Barnes (2003d)).
Figure 8.1 shows a color-period diagram for stars in the Pleiades, Blanco 1,
NGC 3532, Group X, Praesepe and Hyades cluster, covering an age range
from approximately 100 to 800 Myr (Curtis et al., 2020a; Gillen et al., 2020;
Fritzewski et al., 2021c; Messina et al., 2022; Wright et al., 2011a; Newton
et al., 2016; Douglas et al., 2019)(Douglas et al., 2019; Wright et al., 2011a). By
visual inspection, the K-dwarf K2-198 is located above the gyrochronological
sequence of the Pleiades and Blanco 1 (~130 Myr), and well below that of the
Praesepe and Hyades (~600-800 Myr). With its 7-day rotation period, the
star can be placed nicely on the rotational sequence for the ~300 + 60 Myr
old clusters NGC 3532 and Group X, indicating the youth of the star-planet
system. The absence of flares in the TESS light curve, as discussed in Sec. 8.3.2,
is compatible with the estimated young age of K2-198.

We also make use of stardate (Angus et al., 2019), a Python tool, which
combines isochrone fitting with gyrochronology, to infer a Bayesian age for
our system. The tool employs the affine invariant ensemble sampler emcee
(Foreman-Mackey et al., 2013). We use 50 walkers, 500,000 samples and a
burn-in phase of 500, and obtain an age of 0.46*392 Gyr, in agreement with the
location on the color-period diagram.

X-ray activity

In Figure 8.2, we show the X-ray luminosity normalized by the bolometric
luminosity, Ly, as a function of the Rossby number for late-type stars in
young open clusters of different ages. The data is taken from (Wright et al.,
2011a), and the conversion from stellar rotation period, Py, to Rossby number,
Ro, is done using the empirically determined convective turnover times, 7., by
Wright et al. (2018) (their Eq. 6) and is given by Ro = Pyo/7.. The location
of K2-198, with Ly/Lpo = 2.9 X 107> and Ro = 0.33, indicates that the star is
well beyond the breakpoint between the saturated regime, where Ly /Lo is
approximately constant, and the unsaturated regime, which stars enter during
their spin-down phase as they age. A comparison with clusters of various ages
points towards an age of K2-198 between ~ 150 and 600 Myr, in agreement
with the age determination from gyrochronology.

The X-ray fluxes reported in Sec. 8.3.1 indicate that the star displays some
variability over the observed timescale of roughly 2 years. Given the determined
average X-ray flux and the larger value of the two individual detections, we
estimate a variability amplitude of around 2.2. e Eridani (~ 400 Myr), and
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Figure 8.1: Color-period diagram showing the rotational sequences for selected
clusters of different ages. The location of K2-198, which is marked with a yellow
star, indicates an age older than roughly 100 Myr, but significantly younger than
600-800 Myr.
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Figure 8.2: Plot of Lx /Ly, as a function of Rossby number for all stars in the sample
by Wright et al. (2011a) with measured rotation periods. Field stars are marked in
gray, while cluster stars with ages below ~1 Gyr are shown in five different-colored
age bins. The location of K2-198, which is marked with a yellow star, indicates that
the star has already dropped out of the saturated regime and concurs with an age
between ~150 and 600 Myr.
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tHorologii (~ 600 Myr), the two youngest solar-like stars with detected X-ray
activity cycles, exhibit not only the shortest X-ray cycles (with approximately
1.6 and 2.9 years), but also the smallest variations in X-ray luminosity (on
the order of 2 throughout the cycle) among all stars with detected coronal
cycles (Sanz-Forcada et al., 2019; Coffaro et al., 2020). Kepler-63, a fast rotator
(Prot = 5.4 days) (Sanchis-Ojeda et al., 2013) with an estimated age of 200 Myr,
did not display cyclic X-ray variability, suggesting that stars much younger
than 400 million years might have inhibited X-ray cycles due to a significant
presence of coronal magnetic regions (Coffaro et al., 2022). Although no cycle
was detected, the X-ray data for Kepler-63, which covers just over a year, shows
a minimum-to-maximum variation smaller than a factor 2. While the eROSITA
data for K2-198 does not allow for detailed statements about cyclic variability,
the data is compatible with the variability observed in other young stars.

Lithium and barium

It is well known that the photospheric abundance of Li decreases with increasing
age in late-type stars. When a star is born, its Li abundance reflects the
abundance of the interstellar medium from which it has formed. Then, thanks
to several transport mechanisms, some of the photospheric Li is brought into
deeper layers where it is exposed to temperatures larger than ~ 2.6 X 10°K,
with the consequence of easily being destroyed. Therefore, Li is depleted in
the photosphere as the star evolves by a factor 30-60 after the first dredge-up,
and it can be used as powerful age diagnostics (Iben, 1967; Jeffries et al., 2013;
Romano et al., 2021).

In addition to Li, it has recently been demonstrated that in young stel-
lar clusters (open clusters, moving groups and local associations), the Ba
abundance increases dramatically with decreasing age, with values around
[Ba/Fe]~+0.65 dex at 50 Myr (D’Orazi et al., 2009; Reddy & Lambert, 2015;
Magrini et al., 2018). The same trend has been also observed in solar twins
(Reddy & Lambert, 2017), where the authors, for the first time, showed an
interesting correlation with activity. In Baratella et al. (2021) it was finally
demonstrated how the anomalous over-abundance does not result from peculiar
nucleosynthesis, but is mostly related to alterations of the spectral line forma-
tion due to the more intense stellar activity at such young ages. This behavior
is valid for all young/active stars, not only in open clusters, but also in the field
(see also D’Orazi et al. 2022 for a complete review on the topic). While the
main process behind such alterations is not well understood yet, such chemical
peculiarities can nevertheless be used to probe the youth of a star.
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Figure 8.3: Abundance of lithium as a function of the color index (B-V), of different
young clusters. The stellar ages range from as young as 100-200 Myr (circles) to
roughly 650 Myr, or the age of Praesepe and Hyades (squares and triangles). K2-198
is marked with a yellow star. For a K-dwarf, the measured lithium abundance
indicates an age significantly younger than the Praesepe/Hyades.

In Figure 8.3, we plot the lithium abundance, A(Li), as a function of (B-V), for
different young stellar clusters. We show the Pleiades (~100 Myr, Bouvier et al.
2018), M35 (~200 Myr, Anthony-Twarog et al. 2018), the Hyades and Praesepe
(~600-650 Myr, Cummings et al. 2017). Our target places near the Pleiades
and M35 distribution, suggesting an age of ~200 Myr and definitely younger
than the Hyades/Praesepe. This is also corroborated by the Ba abundance,
for which we found an abundance ratio of [Ba/H|=+0.41+£0.10+0.09 dex over
the solar values from Asplund et al. (2021). The super-solar Ba abundance is
similar to what is found at similar ages in Galactic open clusters in Baratella
et al. (2021) and D’Orazi et al. (2022), suggesting an age significantly younger
than 1 Gyr.

Kinematic Age Determination

Another independent way to statistically estimate stellar ages is through the
empirical age-velocity dispersion relation (short: AVR) (Stromberg, 1946;
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Holmberg et al., 2009), which is based on the observation that older stars have
a larger velocity dispersion. As part of their Planets Across Space and Time
(PAST) project, Chen et al. (2021) characterize the membership of galactic
components based on stellar kinematics (i.e., astrometry and radial velocities)
provided mainly by Gaia and LAMOST, and derive stellar kinematic ages, with
a typical uncertainty of 10-20%, for a sample of 2000 exoplanet host stars. In
their published catalog of kinematic properties, they report relative probabilities
for stars belonging to different galactic components (e.g., thin/thick disk), which
they show is correlated with stellar age (see their Fig. 18). The kinematic age
generally increases with the relative membership probability, TD/D (thick disk
over thin disk), illustrating that TD/D is indeed an indicator of age for stars
in the Galactic disk. Fig. 18 in Chen et al. (2021) shows that the predicted age
of K2-198 is well below 1 Gyr, highlighting the youth of the system. With a
reported relative probability, TD/D, of 1.85e-02, the predicted kinematic age is
~0.84 Gyr. Kinematic methods like the AVR are ideally used for an ensemble
of stars and not for individual systems, which is why we do not include this age
value in our final estimate. Nevertheless, it supports the notion that K2-198 is
a young star, with age <1 Gyr.

Based on the age constrained by the rotation period, X-ray activity and
lithium abundance, we are confident about the youth of the system and estimate
K2-198’s age to lie between 200 and 500 Myr. We adopt the logarithmic mean
of 316 Myr as the present age of the system, and use this as input for the
atmospheric evolution and escape calculations.

8.3.5 Atmospheric evolution and escape

We estimate the current atmospheric mass loss rate of the K2-198’s two outer
planets, which reside above the observed radius gap and likely still host gaseous
envelopes. We perform two types of calculations: in Sec. 8.3.5 we estimate the
future radius evolution of the two outermost planets to test whether one of the
two planets can survive above the gap; and in Sec. 8.3.5, we investigate the
past of all three planets by calculating backwards in time.

All simulations are conducted with the publicly available python code PLATY-
POS®. For a detailed description of the code and its limitations, see Ketzer &
Poppenhaeger (2022) and Sec. 2 in Ketzer & Poppenhaeger (2023). The code
uses the formalism of energy-limited atmospheric escape, with the inclusion
of a radiation/recombination-limit, to calculate atmospheric mass loss rates of

Shttps://github.com/lketzer /platypos/
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planets with gaseous hydrogen-helium envelopes atop rocky cores. Unless stated
otherwise, we adopt a heating efficiency of 0.1, calculate the XUV absorption
radius according to Lopez (2017), and the extreme ultraviolet (EUV) flux based
on the updated X-ray-EUV surface flux relation by Johnstone et al. (2021). The
planetary radius evolution is modelled using the mass-radius-age fitting formula
by Chen & Rogers (2016), which takes into account that planets contract as
they cool.

Regarding the future activity evolution of the host star, based on the esti-
mated age range of 200-500 Myr and the measured X-ray luminosity of 4.6 x 10?8
ergs™!, we infer that the star has already dropped out of the saturated regime,
converged onto the slow-rotator sequence and will continue its activity decay
along one specific track. For our investigation of the past of the star-planet
system, we take into account that stars of similar spectral type drop out of the
saturated regime over a range of ages, depending on initial rotation rate and/or
magnetic field complexity (Wright et al., 2011b; Matt et al., 2015; Tu et al.,
2015b; Gondoin, 2018; Garraffo et al., 2018). The stellar high-energy activity
tracks used in this work are motivated by the spread in X-ray luminosities
of young cluster stars of similar age (see Fig.8.4) (e.g. Wright et al., 2011b),
and to some extent by the rotational spin-down, and thus activity evolution
models by Johnstone et al. (2021). We choose several ages, at which the star
might have dropped out of the saturated regime, covering a range from low to
high activity expected for K-dwarfs. The X-ray luminosity in the saturated
regime is calculated according to the updated log(Lx,, /Lbo1)-fit by Johnstone
et al. (2021).

sat

Planetary mass estimates and current mass loss rate estimates

Since no planetary masses have been measured for this system, we use the
observed radii and existing mass-radius relations to estimate masses for the
three planets. For the innermost planet ¢, we assume it to be fully rocky, which,
given the mass-radius relation for Earth-like rocky cores (Lopez & Fortney,
2014b; Chen & Rogers, 2016), corresponds to a bare core of 3.9 Mg. The
two outer planets d and b have radii which place them in the volatile regime
according to Otegi et al. (2020b). Using their observationally-based mass-radius
relation (see their Fig. 2), we estimate a realistic mass range of 3.6 — 22.0 Mg
for planet d, and 7.7 — 25.0 Mg for planet c. While the 20 envelope of the
mass-radius relation by Otegi et al. (2020b) predicts a mass as high as 60 Mg
for a planet with a radius of 4.1 Rg, our upper mass limit for the outermost
planet is set by the grid-limits behind the mass-radius-age fitting formula by
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Chen & Rogers (2016). For the calculation of the planets’ past in Sec. 8.3.5, we
restrict ourselves to three example masses, covering the estimated mass ranges
for planets d and b.

At present, the X-ray irradiation levels of the three planets are 1.7 X 10*,
6.0 x 103, and 2.0 X 10* ergs™!cm™2, going from the innermost planet ¢ to the
outer ones d and b. By estimating the EUV emission according to Johnstone
et al. (2021), we obtain XUV fluxes of 4.1, 1.4 and 4.7 x 10> ergs™! cm™*for
planets ¢, d and b, respectively. Planet ¢ resides below the exoplanet radius gap
and is thus assumed to be an evaporated, leftover, bare rocky core. According
to Fossati et al. (2017), photoevaporation of planetary atmospheres occurs
when the restricted Jeans escape parameter is smaller than 80, which is true
for all the planets under consideration. Thus, assuming the two outer planets,
which are located above the radius gap, still host volatile envelopes, we estimate
present-day mass loss rates of 2.5 X 10° to 3.7 x 101 gs™! for planet d and
4.0 X 10° to 2.0 x 10'° gs7! for planet b, using the modelling assumptions and
planetary masses described above.

Future of the planetary system

We evolve the two outermost planets d and b forward in time to investigate
their future atmospheric mass loss and subsequent radius evolution, and to
predict whether they will lose their remaining envelope and fall below the
gap or not. Planet c already resides below the gap and thus is assumed to
have lost its envelope by the present age (which we take to be 316 Myr in the
simulation). We terminate the simulations at a final age of 5 Gyr, which is
approximately solar system age and close to the median age of the observed
exoplanet population (Gaidos et al., 2023), or the age at which the planet turns
into a bare core.

For the inner planet d, an envelope mass fraction of < 1.1% is needed to match
the observed radius. The fraction decreases with increasing planet mass, with
only 0.02% needed to reproduce today’s radius for a 22 Mg planet. We show
the radius evolution across a range of planetary masses for the middle planet of
the K2-198 system in Figure 8.5 (purple). The results indicate that there is an
intermediate mass range, spanning approximately from ~6.6 to 18 Mg, in which
planet d can hold on to some of its atmosphere and continue to reside above
the gap with envelope mass fractions between 0.02% and 0.3%. Lower mass
planets, which do have the largest envelope mass fractions at present age, will
lose their remaining envelope by 5 Gyr. Their low gravitational potential helps
boost the mass loss. Interestingly, we see a dichotomy in the planets that lose

Section 8.3

167



Three young planets around the young K—dwarf K2-198: High—energy environment,

Chapter 8 . .
P evaporation history and expected future

1031 -

r @ 35Myr @ 80 Myr O 150 Myr O 300 Myr @ 800 Myr
1027 © SOMyr © 130Myr O 240Myr @ 600 Myr Y K2-198
10! 102 103

Age [Myr]

Figure 8.4: Plot of Lx as a function of stellar age for stars in open clusters below
1 Gyr (Wright et al., 2011a). We show all stellar types in gray, and color-code only
the stars with stellar masses between 0.7 and 0.9 My by age. The translucent red,
green and blue lines show stellar spin-down models for a ~ 0.8 My, star for an initially
slow, intermediate and fast rotator (Johnstone et al., 2021). We plot K2-198 based
on the measured eROSITA X-ray luminosity and the adopted age of 316 Myr. The
errorbars mark our constrained age range of 200-500 Myr. K2-198’s location indicates
that the star is on the inactive side for its age and spectral type, and has already
dropped out of the saturated regime, in agreement with Fig. 8.2.
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their envelope for planet d. In our simulation, the most massive planets also
lose their very thin envelopes. While planets with massive cores are generally
much better at holding on to their atmospheres, only a very thin envelope is
needed to match the observed radius because the bare core itself is already
quite large. Even such massive planets cannot hold on to their thin envelopes
and will turn into large bare cores by 5 Gyr.

For the outer planet ¢, the results show that across the whole mass range
under consideration (7.7 to 24 Mg), and envelope mass fractions in the range of
9-10%, all planets are able to retain a significant fraction of their envelope by
5 Gyr and undergo only minor radius evolution. The planets only lose between
~0.1 and 1% of their total envelope mass, which is negligible in comparison to
their large envelopes. This is visualized in red in Figure 8.5.

We also conduct all calculations at the younger estimated age of 200 Myr, and
the conservative upper age limit of 500 Myr. While the mass range for planet d
surviving above the gap is somewhat shifted to lower /higher masses (+0.4 Mg
for 200/500 Myr), a slightly different age does not qualitatively change the
finding of an intermediate 'survival’ mass range. Planet b, which experiences
less intense evaporation, is not significantly impacted by the starting age of the
calculation.

lll-constrained past of planets d and b in the absence of planetary masses

We further evolve all three planets backwards in time across a range of evo-
lutionary tracks with different spin-down ages (tracks shown in Fig. 8.4) to
investigate how these planets might have started out their lives. Our stopping
age for the backwards calculation is 100 Myr, which is the age limit for which
the planetary models are valid. The aim of this backwards calculation or
exploration of the planets’ past is not to make quantitative predictions, but
rather to highlight the degeneracy induced by core mass and envelope mass
fraction.

If we assume that the innermost planet ¢ has just evaporated at the present
age, our backwards calculation leads to envelope mass fractions at 100 Myr
between 10% for the lowest activity track, and 20% for the highest activity
track. Due to the high XUV irradiation levels and likely high mass-loss rates
at even younger ages, the initial envelope mass fractions were possibly larger.
Planet formation models predict initial envelope mass fractions between 0.5
and 9% (Lee & Chiang, 2015; Mordasini, 2020; Gupta & Schlichting, 2019), so
the innermost planet ¢ would have easily lost an envelope of this mass by the
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Figure 8.5: Future radii of planets b, ¢, d at an age of 5 Gyr. The current radii
of planets ¢, d and b are shown as dashed lines, together with the current and
final radii for a range of planetary masses for the outer two planets d and b; the
core is represented by a black circle, while the envelope is shown as a colored circle
around the core. The core size increases with increasing mass. Note that the size
scaling of the envelope compared to the core is arbitrary. It is chosen such that one
can easily compare present and final planetary radii and immediately see, which
configuration can hold on to some fraction of the envelope and remain above the gap.
While the outermost planet b will retain enough envelope to remain well above the
radius gap around 1.8 Rg for all masses considered, we find that for planet d there
is an intermediate mass range between ~7 to 18 Mg, for which planets can retain
an envelope and survive above the gap. Lower mass planets will experience enough
mass loss to completely lose their envelope, while higher mass planets only have very
thin envelopes at present age to match the observed radius due to their larger core
size, that their thin envelope is easily lost, in spite of their large mass. Planet c is
assumed to be rocky at present and will not change its size significantly. The current
radius of planet ¢ matches well with the radii predicted for Earth-like rocky cores in
the mass regime of 3-5 Mg.
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present age. We therefore conclude that planet ¢ has likely been a bare core for
many tens of Myr.
For planets d and b, such comparison is complicated by the fact that on top of

the unknown spin-down age of the star, the planetary masses are unconstrained.

If we take three core masses covering the assumed mass ranges, the backwards
calculation leads to a range of possible scenarios. This is illustrated for the
two outer planets d and b in Figure 8.6 (top and bottom, respectively). In the
figure, a relatively clear trend is visible. Envelope mass fractions, as expected,
are higher at younger ages due to the mass loss planets have experienced up to
the current age. Lower-mass cores host even higher envelope mass fractions, due
to the higher mass-loss rates compared to planets with slightly more massive
cores. The range in envelope mass fractions for a particular core mass is the
second noticeable result. This difference becomes more pronounced for lower
core masses and is a consequence of the chosen stellar activity track, which can
range from a low activity, i.e. a short saturation time, to a track with a long
saturation time and thus most intense past mass loss. The difference that a
stellar activity track makes further decreases with the overall XUV irradiation
level — in the case of planet b, caused by the larger orbital distance.

For planet d, the envelope mass fraction at 100 Myr ranges from as little as
0.1-0.3% to 1-2.5% to 4-22% for a planet with an 18.9, 8.2, or 3.6 Mg core. For
planet b, which is located further away from the host star, the envelope mass
fractions range from 9.6-9.8% to 10.7-11.4% to 11-14% for a planet with an 19.0,
11.8, or 7.9 Mg core — the spread within each age bin coming from the different
possible activity tracks. These values indicate that planet d, if the core mass is
small, might have started out as a large, puffy young planet with a radius of
4-8 Ry or larger. For heavier core masses, the predicted radii at 100 Myr are in
the sub-Neptune regime (~2.5-3 Rg). For the outermost planet b, regardless of
the core mass or spin down age, the results indicate a radius in the size regime
between Uranus and Saturn at ages around 100 Myr or younger.

To give a rough idea about how these envelope mass fractions at 100 Myr
compare to what is predicted by planet formation models, we provide some
numbers. Lee & Chiang (2015) and Mordasini (2020) (together: LCM) predict
primordial envelopes (around the time of disk dissipation, i.e. ~10Myr) on
the order of 1-2% for the lowest mass core, while Gupta & Schlichting (2019)
(short: GS) predict an envelope as large as 9% of the total planet mass. For
the intermediate mass core, the predicted fin;; is either around 3-4% from LCM
or as high as 12% from GS. What this comparison tells us is that a low-mass
planet with a primordial envelope as thin as predicted by LCM, stands no
chance of surviving above the radius gap (with finiy ~ 1%) by the current age of
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the system. If planet d was a massive planet with a core close to 20 Mg, our
backwards calculations produce a 100 Myr planet with only a very thin envelope
with finit < 0.3%. The formation predictions introduced above predict a planet
of this core mass to accrete much higher primordial envelopes on the order of
10% (LCM) or 18% (GS), suggesting that the true core mass of planet d is
smaller. For planet b, the LCM formation models predict initial envelopes of
3-4% (12%) for the 6.9 Mg core, 8% (15%) for the 11.8 Mg core, and 15-16%
(18%) for the massive planet (with GS predictions given in parentheses). If we
assume the planet to have hosted envelope mass fractions similar to or higher
than the ones we estimate at 100 Myr, the LCM models suggest a planetary
core on the heavier side for planet b.

We stress that the goal here is not to make any precise quantitative predictions
about the past of the planetary system, or try to constrain e.g. the rotational
evolution of the host star or core mass of the planets in the system, as has been
done previously (e.g., Owen & Campos Estrada, 2020; Bonfanti et al., 2021). In
principle, such comparisons between planet formation model predictions, stellar
activity histories and planetary core masses could be used to put constraints on
some of these parameters. However, due to all the uncertainties involved in the
mass-loss modeling, which includes all the details in modelling the planetary
structure itself, any magnetic field effects, the XUV absorption radius of the
planet, or the evaporation efficiency at any given age and planet configuration,
we refrain from constraining planetary mass or activity evolution and stress
the importance of getting a better handle on the planetary masses before
conducting more detailed studies.

Overall, our results do show that K2-198 d and b are consistent with a wide
range of evaporation histories. We expect planet ¢ to have started out as puffy
mini-Neptunes, with planet c likely having lost its primordial atmosphere well
before the current age of around 300 Myr. Planet d likely started out either as
a puffy mini-Neptune or somewhere in the sub-Neptune regime, while planet b
has likely not changed its radius drastically compared to its present-day size.
Without measured planetary masses and a more detailed understanding of
the rotational spin-down, which includes the factors that influence when a
star drops out of the saturated regime, and the timescale for this first rapid
spin-down, even multiplanet systems can present an ill-constrained problem in
planetary formation and evolution.
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Figure 8.6: Evolution of the envelope mass fraction for planets d and b (upper and
lower panel, respectively) as a function of time for three example core masses and
six different past activity evolutionary tracks. The different colors represent the

evolution along the corresponding activity track, as shown in the embedded Ly vs.

age plot in the top right corner. This figure illustrates that without a constraint on
the core mass (and to lower extent activity history of the host star), a wide range of
possible fo,, and with it radius histories for the two outer planets are possible.
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8.4 Discussion

With K2-198d residing just above the radius gap and the still relatively high
predicted mass loss rates, K2-198 is an interesting multiplanet system for future
detailed hydrodynamic modelling and observations of atmospheric outflow
signatures. Although K2-198c has likely lost its primordial envelope due to
efficient and intense hydrogen escape at early ages, this planet might host a
secondary atmosphere formed by outgassing volatile gases from the magma
after the photoevaporation phase (Kite & Barnett, 2020; Tian & Heng, 2023).

Our findings demonstrate how photoevaporative mass loss can lead to the
present-day planet parameters starting from a wide range of initial configura-
tions. This is, for one thing, caused by the unconstrained planetary masses,
and on the other because stellar spin-down is complex and not fully understood.
In particular, the specific spin-down path that stars take from young to old
ages may contain time stretches of rapid versus slow magnetic braking, see for
example Curtis et al. (2020b); Gruner & Barnes (2020); Dungee et al. (2022).
Our results stress that even for the future evolution of planets in its infant
or youth stages, it is crucial to first measure planetary masses, before more
constraining studies like those of the multiplanet system around the 400 Myr-old
star HD 63433 (TOI-1726) (Damasso et al., 2023), V1298 Tau (Poppenhaeger
et al., 2021; Sudrez Mascareno et al., 2021) or K2-102 (Brinkman et al., 2023)
are possible.

Our mass loss calculations suggest a dichotomy in planetary mass for planets
ending up with and without a remaining primordial atmosphere. Unless the
planetary mass is restricted, planets in an intermediate irradiation regime, like
K2-198d, could evolve below the gap if their core mass is small enough, or
large enough. In the latter case, it is not the low gravitational potential that
boosts the mass loss, but instead the low mass of the planetary atmosphere, if
it is indeed the large core that makes up for most of the observed planetary
radius. For highly-irradiated planets like K2-198c, even for a wide range of
planetary core masses such planets cannot hold on to an atmosphere, while for
moderately irradiated planets further out, like K2-198b, the planet is stable
against complete atmospheric mass loss for a wide range of core masses.

Measuring planetary mass loss rates across a wide range of planetary pa-
rameters, XUV environments and stellar ages will further put constraints on
the atmospheric escape model and its modelling inputs, and help distinguish
between different mass loss mechanisms.
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Atmospheric characterization perspectives

The transiting multiplanet system K2-198, with its young age and relatively high
X-ray brightness, is an interesting target for follow-up observations. Suitable
options include observing the lower atmosphere layers of the planets with
transmission spectra in the infrared with JWST, or trying to observe ongoing
mass loss through transmission spectra in the ultraviolet hydrogen Ly-a line or
the infrared metastable helium lines (Hel at 10830 A).

Regarding the characterization of lower-layer atmospheres, based on the
observed radii of K2-198d and b and the estimated mass ranges, both planets
most likely host volatile envelopes at the present age. We estimate a JWST
transmission spectrum metric (TSM; Kempton et al. (2018)) of 13-76 for
planet d and 44-138 for planet b for the mass ranges under consideration (see
Sec. 8.3.5). Planet d, regardless of its estimated mass, has a TSM smaller than
the recommended minimum value of 90 for small sub-Neptunes. Depending
on the planetary mass, K2-198b, however, could be an interesting target for
transmission spectroscopy with JWST. With its radius in the large sub-Neptune
regime, the recommended TSM of 90 is exceeded if the planetary mass lies
below ~ 12 Mg. For planet c, the estimated TSM is 18, which is above the
recommended value of 10 for planets with radii smaller than 1.5 Rg, making this
planet a favorable target to search for any secondary atmosphere. The emission
spectroscopy metric (ESM) for K2-198c, however, is 2.7 and thus below the
recommended threshold of 7.5 for terrestrial planets for emission spectroscopy
with the James Webb Space Telescope.

Regarding ongoing mass loss, observations of the Hel lines are promising.

It has been suggested that the metastable helium state can be efficiently
populated by the stellar spectrum of K-type stars due to the relative fluxes of
extreme ultraviolet radiation, which produces triplet HeT in the ground state
of the line, versus the near ultraviolet radiation, which ionizes it (Oklopcié,
2019). Poppenhaeger (2022) further suggest that stellar X-ray luminosity and
[Fe/O] coronal abundance ratio influence the critical stellar narrow-band EUV
emission. They find that young and active stars having [Fe/O] < 1 exhibit
lower EUV emission in the 200-504 A range compared to old and inactive
stars with [Fe/O] > 1. K2-198 with its young age and high X-ray luminosity
(log Lx [ergs™'] = 28.7) is comparable to the high-activity K-dwarfs in the
sample of Wood et al. (2018) that display [Fe/O] ratios lower than unity. This
suggests that the steeper EUV-X-ray relation from Poppenhaeger (2022) should
be applicable, leading to a lower EUV emission value than for stars with high
[Fe/O]. Based on the scaling laws derived in Poppenhaeger (2022), we estimate
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that with the current broad-band X-ray flux, planet K2-198d receives a narrow-
band EUV flux on the order of 0.5 Wm™!, which could translate to relatively
high helium absorption scale heights on the order of 60 when compared to
known systems with observed helium absorption (see their Fig. 8). For the
outermost planet ¢, we calculate 0.2 Wm™! or roughly 40 helium absorption
scale heights. These estimates suggest that, especially K2-198d, although
orbiting a young and active star, could be an interesting target for the search
of atmospheric mass loss via the metastable helium triplet.

8.5 Conclusions

We use updated eROSITA X-Ray measurements together with photometric
and spectroscopic archival data to constrain the age of the multiplanet system
K2-198 to 200-500 Myr. We characterize the present-day high-energy irradiation
environment of the three planets, of which the innermost planet is already
below the observed exoplanet radius gap in the regime of rocky worlds, while
the outer two are mini-Neptunes residing above the gap. With an X-ray
luminosity of log Ly [ergs™!] = 28.7, the star has already dropped out of the
saturated X-ray regime. We use a model for the stellar activity evolution
together with exoplanetary mass loss to estimate the atmospheric evolution of
the two outermost planets in the mini-Neptune regime for a range of reasonable
planetary masses.

Our calculations indicate that the outermost planet K2-198b will retain a
gaseous envelope and survive above the gap over the next several Gyr for
planetary masses between ~ 7 and 25 Mg. Interestingly, we find that the middle
planet K2-198d can only retain an envelope for an intermediate mass range of
approximately 7-18 Mg. Lower mass planets experience enough mass loss to
become rocky and drop below the radius gap, while higher mass planets, which,
at present, would only require a very thin envelope to match the observed radius,
are easily stripped despite their larger ability to hold on to their atmospheres.
K2-198c, which has likely lost its envelope early on and resides as a bare core
below the radius gap, still experiences large amounts of XUV irradiation, and
might be an interesting target for investigating the formation of secondary
atmospheres.

Due to the lack of measured planetary masses and the unknown stellar activity
history, it is challenging to provide constraining predictions to the history of
the planetary system. The wide range of compatible evaporation histories for
all three planets stresses the importance of getting a better handle on the
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planetary masses before conducting more detailed studies. Nonetheless, the
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Conclusions & Outlook

The rise in the number of known exoplanets poses outstanding questions around
their demographics, and the mechanisms that shape exoplanets into how we
observe them today. Specifically, the inferred radius distribution and a feature
known as the small-planet radius gap have drawn significant interest in the
last years. The majority of planets we observe today orbit stars with ages well
beyond a gigayear and their parameters have changed significantly since their
formation. During the first billion years, a star emits significant amounts of
X-ray and UV radiation, greatly impacting the evaporation, thermodynamics,
and chemistry of the young planet’s atmosphere. Young star-planet systems
therefore provide a unique window into the earliest stages of planet formation
and evolution and offer the possibility of observing planets before and during
atmospheric mass-loss processes transform their initial parameters, making
them similar to the typically much older population of known exoplanets.

This thesis revolves around the investigation of the impact of the host star
activity evolution on the atmospheric mass loss of young (<1 Gyr), close-in
(<1004d), low-mass (<20 Mg) planets. To perform photoevaporative mass-loss
calculations for close-in planets with hydrogen-helium envelopes atop rocky
cores, I developed a python code called PLATYPOS (PLAneTarY PhOtoevap-
oration Simulator). The code is publicly available on GitHub and can be easily
used to test any custom stellar activity track a user might want to input. I
will first summarize the main findings of the ensemble study presented in Ch. 7,
before highlighting the key findings of the individual-system studies presented
in Ch.5 and 8. I will end by giving an outlook of where the field is headed, and
the future observations desirable and necessary to advance the field.

Stellar activity spread makes radius gap fuzzier and less clean

In our ensemble study, we include, for the first time in a mass-loss population
study, an observationally-motivated distribution of stellar high-energy evolu-
tionary tracks, ranging from low to high activity. Although our simulations are
not full-blown hydrodynamic simulations, but simulations based on simplified
analytical mass-loss approximations, the results are nonetheless instructive for
the community. A question that remains under debate is whether the observed
radius gap should be — if uncertainties in planetary radii are negligible — com-
pletely empty or not. Our results indicate that although the general shape and
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slope of the resulting radius gap for small planets remains largely unaffected
by a spread in the activity evolutions of host stars, such spread will introduce
a certain scattering or fuzziness in and around the radius gap, i.e. a less clean
gap. The findings show that some observed scatter in and around the boarders
of the gap can be attributed to the spread in stellar activity up to about 1 Gyr
and its effect on the planetary mass loss. An activity distribution — as opposed
to a single activity track for all stars in the simulation — does, however, not
significantly change the final radius distribution and the resulting simulated
radius gap, i.e. its slope and location, of a sample of exoplanets at an age of a
few gigayears. The exact details of the X-ray and EUV decay, i.e. the slope of
the decay, can have a much larger impact on predictions of photoevaporation
population studies, and require careful modelling, ideally supported by X-ray
and UV observations of stars of different ages.

Stellar activity evolution and planetary mass are important factors for deter-
mining the fate of a young planet’s atmosphere

We investigated two known, young multiplanet systems: the ~25 Myr old four-
planet system V1298 Tau, and the ~300 Myr three-planet system K2-198. While
the former has been known to be in its infant stages, the young age of the
latter system was constrained by us for the first time, adding an interesting
multiplanet system to the sample of young star—planet systems. This is a
small, yet important contribution in the sense that more young systems need
to be discovered or identified as such, for the systems to become well-studied
and characterized — ideally with multi-wavelength follow-up observations. One
motivation is to study individual systems across different ages in detail, an-
other to study the evolution of a larger sample in a statistical sense, i.e. the
demographics of planetary systems as a function of stellar age. To investigate,
for example, how the small-planet radius gap (which is thought to be a feature
created by atmospheric mass loss) changes as a function of time, a larger sample
of systems below and around 100 Mys is needed. Studying the emergence and
evolution of the radius gap in the observational data gives insights into the
strength of mass loss across different ages, and when compared to simulations,
might help distinguish which mass-loss processes dominate at which time.

Identifying planets of young age is the first step, which is then followed
by a characterization and further investigation of the star—planet system in
more detail. This includes the characterization of the system’s host star.
Parameters like the rotation period, X-ray luminosity, age, or information
about the structure of the magnetic field can give an indication of whether
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a star is a slow or fast rotator, which in turn can put constraints on the
modeled activity evolution. For both V1298 Tau and K2-198, we characterize
the high-energy environment the planets are embedded in by measuring the
X-ray luminosity of V1298 Tau using the Chandra space telescope, and further

constraining the X-ray brightness of K2-198 using the latest eROSITA values.

Having a good understanding about the host star, the planet and its irradiation
environment is a necessary input for any type of mass-loss simulation, and
can also help to predict if ongoing mass-loss might be observable or not. For
both systems, V1298 Tau and K2-198, our simulations of the future mass loss
highlight the importance of measuring planetary masses — although challenging
for young and active stars — because the mass loss and thus radius evolution
can look significantly different depending on the mass of the planet. This is
not too surprising, since low planetary gravities make a planetary atmosphere
even more susceptible to evaporation. On top of planetary mass, our results
show that the host star activity evolution, i.e. whether a star will spin-down
early and follow a low-activity track, or stays saturated for prolonged times
following a high-activity track, can also have a non-negligible impact on the
fate of planetary atmospheres and their erosion. A main takeaway of our results
is that when studying systems using advanced hydrodynamic mass-loss codes,
it is important to capture the spread of possible activity histories of the host
star when predicting the mass-loss histories of exoplanets.

The future

Observations of escaping atmospheres (or the lack of such detection), are the
next step, once a young star—planet system with expected ongoing mass-loss has
been identified. Exoplanet transmission spectroscopy via the 121.4 nm hydrogen
Lya line in the ultraviolet, or the 1083 nm triplet of neutral orthohelium in
the infrared, has been successfully used as a probe of any extended/escaping
atmosphere, even for young systems (e.g. Barragan et al., 2019a; Gaidos et al.,
2020; Zhang et al., 2023; Damasso et al., 2023). More and more of these
measurements put constraints on the strength of the mass loss at various ages,
and help refine hydrodynamic models of the outflow.

So far, Poppenhaeger et al. (2013a) made the only detection of an exoplanetary

transit in X-rays, showing that it is three times deeper than in the optical band.

(King et al., 2021) observed the same planet, HD 189733b, in the near-UV
and found the absorption radius to be consistent with the optical planetary
radius. These results highlight that planets can appear much larger at X-ray
and EUV wavelengths, a factor that needs to be taken into account in mass-loss
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calculations in the form of the XUV absorption radius. The exact change of the
absorption cross-section across X-ray and UV wavelengths, however, is not well
understood for planets covering the observed parameter space. Measuring an
X-ray transit for a young, sub-Neptune system is on the edge of feasibility with
current X-ray telescopes due to the large number of transits necessary, but could
give important information on how extended young planetary atmospheres are
at short wavelengths. Small cube-sat missions like SEEJ (e.g. Wolk et al., 2022)
or CUTE (France et al., 2023) will not only measure the high-energy flux of
nearby host stars (X-rays for SEEJ, near-ultraviolet for CUTE), but also the
absorption depth of X-rays and UVs in the atmospheres of hot Jupiter, Saturn,
and Neptune analogs, giving insights into the physical characteristics of driven
planetary winds. By studying asymmetries or absorption features in X-ray
transit lightcurves, one can infer atmospheric properties, such as the presence
of absorptive species or the existence of comet-like tails (Wolk et al., 2019).

Since it is not only the X-rays that drive the mass loss, but also the extreme
UV portion of the stellar high-energy emission, measuring and understanding
the X-ray and ultraviolet spectrum of host stars is very important. Currently,
there is no space telescope in operation which can observe the EUV part of
the stellar spectrum, which is why scaling relations need to be used. Star
surveys like MUSCLES (e.g. Brown et al., 2023), which targets young exo-
planet hosts, combine observational data from the Chandra X-ray Observatory,
XMM-Newton, the Hubble Space Telescope and stellar atmosphere models to
obtain continuous spectral energy distributions all the way from X-ray through
infrared. A better handle on the different wavelength contributions is essential
for understanding a star’s effect on exoplanet atmospheric composition and
evolution.

Young stars are very active and thus expose close-in planets to variable
and harsh environments. By studying X-ray flares (e.g. Getman & Feigelson,
2021; Feinstein et al., 2022; Pillitteri et al., 2022), coronal mass ejections, and
other stellar activities, the effects of stellar radiation and energetic particles on
exoplanetary environments and the potential influence on habitability can be
explored. Elaborate models of the planetary space-weather conditions, including
interactions of the stellar wind with the planet and its potential magnetic field,
are on the rise (e.g. Kubyshkina et al., 2022; Alvarado-Gémez et al., 2022).
Modelling the response of the planetary atmosphere to high-energy events like
X-ray flares, for example, can help to determine their impact on the planetary
atmospheric mass loss and identify potentially observable long-term changes in
the chemistry of the atmosphere induced by such flares (Louca et al., 2023).

According to the 2020 Decadal Survey in Astronomy and Astrophysics (Na-
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tional Academies of Sciences, Engineering, and Medicine, 2021), the highest
priority for the future of space astrophysics is the establishment of a new
constellation of cutting-edge observatories. As part of one of the three high-
lighted key areas, “Worlds and Suns in Context”, understanding the connection
between stars and the worlds that orbit them is one of the main goals. This
spans all the way from planet formation to evolution, of which atmospheric
mass loss is one of the shaping contributors. The survey identified the need
for a high-resolution X-ray observatory with spatial and spectral capabilities
to investigate stellar activity across various types of stars. Modelling X-ray
transmission spectra, Foster & Poppenhaeger (2022) showed that future X-ray
telescopes with spatially resolved X-ray spectroscopy capabilities have the
possibility of detecting X-ray absorption in outer exoplanetary atmospheres by
measuring the transmission spectra of exoplanet atmospheres during transits.
Such measurements, which will likely be possible with the instruments compat-
ible with the recommendations by the decadal survey, will further enhance our
understanding of the effects of X-ray irradiation on exoplanets.

To summarize, the ongoing and future advances on both the stellar and
exoplanetary side show that the study of young exoplanets and their atmospheric
mass loss is a rapidly evolving field that has the potential to greatly enhance our
understanding of planet formation and evolution. Future X-ray missions have
the capability to provide valuable insights into various aspects of exoplanets,
including the use of X-ray transmission spectroscopy to study the composition
and dynamics of exoplanetary atmospheres, the study of the XUV irradiation
environment of close-in exoplanets and the subsequent photoevaporative mass
loss, or observations of transit lightcurves at short wavelengths. Overall,
future X-ray missions hold great potential for advancing our understanding of
exoplanets, their atmospheres, and their interactions with their host stars.
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