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Abstract

The discovery of the first extrasolar planet by Mayor and Queloz [1995] sparked a
gold rush in the field of exoplanetology, with thousands of exoplanets uncovered
in the three decades that followed. Many of these planets are only two to three
times larger than Earth and orbit very closely to their host stars. As a result,
they are strongly irradiated by high energy X-ray and EUV photons emitted from
their host stars. The energy deposited by these photons in the upper atmospheres
of these planets is thought to drive vigorous atmospheric escape that can fully
remove their gaseous envelopes, sculpting exoplanet populations.

In my first published study, presented in Chapter 3, I used XMM-Newton
observations to characterise the high energy environment of three planets which
straddle the radius valley around the star K2-136, with a mini-Neptune (planet c)
lying interior to a super-Earth (planet d). I simulated their evaporation histories
and found that planet c held onto its gaseous atmosphere thanks to its higher mass.
Similarly, in Chapter 6, I also investigate the evaporation histories of four mini-
Neptunes around two young stars with XMM-Newton, TOI-451 and TOI-1098. 1
find the three outermost planets are likely to retain their gaseous atmospheres in
the future, with their futures hinging on better constraints on their masses.

My second published work, presented in Chapter 4, concerns LTT 9779b,
the only hot Neptune deep in the Neptunian desert with a gaseous atmosphere.
Its presence so close to its host G-type star (with a 19 h period) is puzzling,
as the intense X-ray irradiation it receives should have already stripped it of its
atmosphere. If the star was unusually X-ray faint, however, the planet might have
been able to survive. In this chapter, I test out this hypothesis by characterising
the coronal activity of the star using observations from XMM-Newton, which I find
to be 15 times fainter than expected, allowing LTT 9779 b to survive to the present
day.

The final two chapters focus on characterising stellar X-ray emission across
the HR diagram. In Chapter 5 I study X-ray emission in the Pleiades open cluster,
placing cluster stars in context with their spin periods. After accounting for bina-
ries, I determine that the X-ray activities of FGK stars to be 2-3 times fainter than
predicted by X-ray evolution models. Lastly, in Chapter 7, I study the stellar con-
tent of the 4 XMM catalogue using Gaia, and characterise the X-ray variability of



single FGKM stars across 25 years of XMM-Newton observations. I find that FGK
stars vary in the X-rays half as much as M-dwarfs, and thus the scatter induced
by their variability cannot fully account for the spread seen in rotation-activity
relations.

xi
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Chapter 1

Introduction

There are then innumerable suns, and an infinite number of earths
revolve around those suns, just as the seven we can observe revolve

around this sun which is close to us.

Giordano Bruno (1584), De linfinito, universo et mondi

The study of stars and planets in the night sky has been present in every
human civilisation since the Bronze age, possibly much earlier. The so-called
“wandering stars” from antiquity were only recognised, together with Earth, as
solid spherical bodies orbiting the Sun by the action of gravitation during the
scientific revolution some 300 years ago. In the period that followed, this view was
applied to other stars, which were also recognised as far away Suns possibly with
their own planets too, making the Solar System only one tiny part of a considerably

broader and possibly infinite Universe.

It was only 30 years ago that a planet beyond our Solar System was first
detected, 51 Pegasib, by Mayor and Queloz [1995]. Since then, the number of new
planet discoveries has been growing rapidly with the launch of new observatories
tasked with finding them (particularly Kepler and TESS). These faraway worlds

would later be known as extrasolar planets, or simply exoplanets.

These observatories have uncovered a great diversity in planet sizes and
system architectures with no analogue in our own Solar System. These include
exotic planetary systems around stellar remnants such as white dwarfs and neutron
stars [e.g. PSR 1257+12 bed, Wolszczan and Frail, 1992] and circumbinary planets
orbiting two stars at the same time [e.g. TOI-1338, Kostov et al., 2020]; as well

as large populations of massive gas giants orbiting extremely close to their stars



[hot Jupiters, e.g. 51 Pegasib, Mayor and Queloz, 1995] and a surprisingly large
number of small worlds between Earth and Neptune in size [e.g. NGTS-4b, West
et al., 2019] with no counterpart in our own Solar System. Some of these worlds
belong to multi-planet systems of up to 6-8 constituents tightly packed within a
fraction of an astronomical unit (au), the separation between Earth and the Sun.
Many of these small worlds also orbit extremely close to their stars, with orbital
periods below 30 days, well within the orbit of Mercury around the Sun. In part,
the prevalence of such worlds in the observed populations of exoplanets is due to
the biases of our own methods, which are amenable to short-period planets.
These planets have also sparked an interest in studying their evolution un-
der the influence of the high stellar radiation they are expected to receive, particu-
larly since many also have low densities consistent with large gaseous atmospheres
and are hence vulnerable to evaporation/atmospheric escape. Such themes consti-
tute the central thesis of this work, where I discuss our current knowledge of planet
populations, the processes that shape them (particularly atmospheric escape), and

how stellar radiation fits into this picture.

1.1 Exoplanet detection methods

In this section, I introduce some of the methods used to find extrasolar planets as
well as their performance and sensitivity in planet radius-mass-period parameter
space. I pay particular attention to the transit and radial velocity methods, which
have been by far the most successful, and were responsible for the discovery and
characterisation of the planetary systems I studied in this thesis (K2-136 bcd in
Chapter 3, LTT 9779b in Chapter4, and TOI-451 bed and TOI-1908 b in Chap-
ter6). I also briefly discuss some additional detection methods, namely direct
imaging, microlensing, and transit timing variations, and how they compliment

the transit and radial velocity methods.

1.1.1 Transit method

The presence of a planet can be inferred from the periodic dips it produces in the
brightness of its host star as it orbits in front of it when viewed edge-on, during
a so-called transit. These transits will occur at regular intervals that match the
orbital period of the planet. The fraction of starlight blocked by a planet as it

transits is given by the ratio of the cross-sectional areas of the planet and the star,



the transit depth 4, expressed as:

2
:AF_Rp

R bt

(1.1)

where F is the flux from the star, AF is the change in flux during a transit, R}, is
the radius of the planet, and R, is the radius of the star. Since the transit method
provides observational constraints on the quantity R, /R., knowledge of the stellar
radius allows the planet radius to be determined. A Jupiter-sized planet (1Ry)
around a Sun-like star will produce a transit depth of 1%, whilst an Earth-sized
planet (1Rgor 0.09 Rj) will produce a much shallower transit depth of 0.008%,
120 times lower. We can immediately infer that detecting transits of Earth-like
planets requires much greater precision than larger planets.

Transit depth is also unaffected by the separation between the star and the
planet, as star systems are distant enough from Earth that the effects of perspective
become negligible. Two identical planets transiting the same star, one at an orbital
separation of 0.1au and another at 10au, will produce the same transit depth.
The outer planet, though, has a much longer orbital period and thus will transit
much more infrequently, every 31 years, compared to just 11 days for the inner
planet. Consequently, detecting transiting planets in wide orbits will require longer
observing periods.

Moreover, in order for a planet to transit, its orbit must lie edge-on relative
to an observer on Earth, such that the planet crosses the stellar disc when it
transits, producing a dip in its brightness. If orbital inclinations are randomly
distributed, transiting planets make up only a tiny fraction of all planets. This also
implies that planets that are further out are much less likely to be seen transiting,
as their orbits must be more precisely edge-on. Planets orbiting larger stars are
also more likely to transit, since the larger area of the star will cover a greater
range of orbital inclinations, although their transits will also be shallower for the
same reason.

The transit method therefore lends itself towards large planets that orbit
close to their stars as well as edge-on relative to Earth. Indeed, the first population
of planets discovered with the transit method were Jupiter-sized worlds (> 0.7 Rj)
at short orbital periods [< 10d, e.g. Wright et al., 2012]. These so-called hot
Jupiters were named as such due to the high equilibrium temperatures they endure
as a result of their short separations.

Transit surveys are carried out by monitoring a patch of the sky for a



certain amount of time. Stars in that patch are then identified and their lightcurves
are searched for transits. The choice of observing period, however, will limit the
populations of planets that can be characterised. Since at least two transits are
required to determine the orbital period of a planet, the survey will be limited to
orbital periods shorter than half the observing window. For longer orbital periods
that are still within the observing window, a planet may transit only once, which
provides constraints on its radius but not on its orbital period.

For orbits longer than the observing window, however, a transit is not guar-
anteed. For instance, the Transiting Exoplanet Survey Satellite (TESS) surveys
regions of the sky 24° x 96° in size, known as sectors, continuously for 27 days at
a time [Ricker et al., 2015] in search of planetary transits. Within this observing
window, a planet with an orbit of 54 days will thus have a 50% chance of transiting,
and for a 1 year orbit, like Earth, this falls to only 7%.

Additionally, reaching down to the smallest Earth-sized planets requires
targeting bright stars with highly precise photometers, which are able to pick up
very shallow transits, as well as mitigating the effects of stellar activity, which may
drown the planetary signal [Barros et al., 2020].

Stellar activity presents itself in lightcurves as photometric variability, which
can be inducted by several phenomena, such as rotation, oscillations, and gran-
ulation, which induce variability in different timescales and amplitudes. Stellar
rotation causes active regions and features in the stellar surface to move in and
out of view, inducing variability with amplitudes of up to 1000 ppm and timescales
matching the stellar rotation period [Lagrange et al., 2010b], which range between
a day for young stars to more than a hundred days for old stars. P-mode oscil-
lations are standing waves within stellar interiors generated by convection which
cause regions in the surface to rise and sink, inducing variability with amplitudes of
tens of ppm and timescales of a few minutes [Kjeldsen and Bedding, 1995; Kallinger
et al., 2014]. Finally, granulation is caused by convective cells rising to the stellar
surface as bright patches, then cooling down and sinking into dark edges, which
result in signals with amplitudes of up to a hundred ppm and timescales of tens
of minutes to days [Kallinger et al., 2014; Meunier et al., 2015].

These phenomena are similar in period and amplitude to the transit signals
of small exoplanets, which produce transit depths of tens to hundreds of ppm
with transit durations of hours and ingress/egress timescales of minutes. Whilst
variability originated in rotation is quasi-periodic and much longer than transit

timescales, granulation is stochastic and thus much harder to predict. Several



statistical and numerical methods, namely Gaussian process (GP) regression, have
proven successful in mitigating stellar variability in order to accurately recover
planetary parameters [e.g. Haywood et al., 2014; Faria et al., 2016; Barros et al.,
2020].

Despite this, transit surveys have been the most prolific of all discovery
methods by far at uncovering extrasolar planets — 75% of all confirmed planets to
date have been discovered with the transit method, as per the NASA Exoplanet
Archivel. Since transit surveys only require optical photometry, these can be car-
ried out with both space-based and ground-based photometric monitoring, which
are able to target a large number of stars simultaneously. Ground-based observa-
tories benefit from large mirrors and extended collecting areas, whilst space-based
observatories, despite their smaller sizes, circumvent the adverse effects of weather
and optical distortion caused by Earth’s atmosphere and, depending on the orbit
of the spacecraft, can benefit from uninterrupted monitoring of the sky.

Amongst ground-based surveys targeting transiting exoplanets, Super WASP
[Pollacco et al., 2006] and HAT /HAT-South [Bakos et al., 2004] have been the most
productive, particularly with hot Jupiters (e.g. WASP-193 b, Barkaoui et al. 2024;
HAT-P-7b, Pal et al. 2008), but also Neptune-sized planets (e.g. HAT-P-11b,
Bakos et al. 2010; WASP-156 b, Demangeon et al. 2018).

Other surveys such as OGLE [Udalski et al., 1992], TrES [Alonso et al.,
2004], KELT [Pepper et al., 2004], MFEarth [Irwin et al., 2009b], and NGTS [Wheat-
ley et al., 2018], have also achieved success, with discoveries such as the hot Nep-
tune NGTS-4b [West et al., 2019] and the the ultra-hot Jupiter KELT-9b [Gaudi
et al., 2017].

The first space-based observatory dedicated to planet discovery via the
transit method was CoRoT [Auvergne et al., 2009], which operated between 2007
and 2012. The mission uncovered close to 100 planet candidates, mostly Saturn
to Jupiter sized (> 0.7Rj), although a number of small planets were also found,
including CoRoT-7b, the first terrestrial planet to be discovered [Léger et al.,
2009]. This mission was succeeded by Kepler, which operated between 2009 and
2015 and monitored a region of the sky 115deg? in size continuously, targeting
stars as faint as V' = 16. Kepler carried out by far the most prolific transit survey
to date, uncovering more than 2700 confirmed planets. Among these planets, it

discovered a new population of worlds between Earth and Neptune in size, the

!The NASA Exoplanet Archive is accessible via https://exoplanetarchive.ipac.caltech.
edu/



so-called super-Earths and sub-Neptunes, including features in their populations ,
namely the radius valley [Fulton et al., 2017] and the Neptunian desert [Szabd and
Kiss, 2011], which I examine further in depth in Sections 1.2.1 & 1.2.2, respectively.
After failure of two of its reaction wheels, Kepler was repurposed into the K2
mission [Howell et al., 2014], which continued transit searches until 2018, when its
fuel was exhausted. In Chapter 3, I explore the evaporation history of the planets
K2-136 bed, which were originally discovered with K2.

Kepler was succeeded by the Transiting Exoplanet Survey Satellite [TESS,
Ricker et al., 2015], launched in 2018 and is still operational to this day. It targets
brighter stars than Kepler, with V' < 16, throughout most of the sky, observing
large sectors of 24° x 96° deg continuously for 27 days at a time. Since some of the
sectors overlap, some regions of the sky benefit from a greater coverage, in some
cases up to a year. So far, TFESS has uncovered 7200 planet candidates, 480 of
which have been confirmed.

Since both telescopes make use of the transit method, they are both most
amenable to large short-period planets. Their observing strategies, however, differ
somewhat, influencing the populations of planets they are sensitive to. Kepler,
given its greater photometric precision, was able to uncover a larger fraction of
Earth-sized planets, and it’s strategy of continuously observing one region of the
sky allowed it to uncover more long-period planets. Kepler, however, was limited
to only 0.25% of the sky. TESS, on the other hand, despite its lower sensitivity and
short observing window per sector, has the flexibility of an all-sky survey, which
has allowed it to seek a wider diversity of targets, particularly young stars.

In Chapters4 & 6, I study atmospheric escape from the planets LTT 9779 b
as well as TOI-451 bed and TOI-1098 b, all of which were discovered with TFESS.

Regarding the future of the field, PLATO [Rauer et al., 2014], with an ex-
panded field of view of 2250 deg?, will target brighter stars with the objective of
measuring planetary radii with unprecedented accuracy, reaching down to Earth-
sized planets in the habitable zones of their stars. PLATO is predicted to achieve
uncertainties in planet radii below 3% by characterising their stars with astero-

seismology.

1.1.2 Radial velocity method

In a binary system, the two bodies orbit around their common centre of mass

with the same orbital period. This holds true even for planetary systems, where



one of the bodies (the star) is much more massive than the other (the planet).
Their orbital speeds, however, will differ greatly. For instance, in the Earth-Sun
system, Earth has an orbital speed of 30kms~! whereas the motion induced by
Earth in the Sun is only around 0.1m s~!'. A hot Jupiter, on the other hand,
will induce a much stronger motion on its star of 20-50ms~!. The radial velocity
(RV) technique infers the presence of a planet orbiting a star by measuring the
motion of the star as induced by its planetary companion. These radial velocities
can be measured by detecting the Doppler effect that this orbital motion creates
in the spectrum of the star, where emission lines are blueshifted when the star
moves towards the observer and redshifted when it moves away from it. The
radial velocity method has been responsible for ~1090 discoveries to date, over
25% of all confirmed planets as per the NASA Exoplanet Archive, including the
first exoplanet to be discovered, 51 Pegasib [Mayor and Queloz, 1995].

RV observations are carried out by ground-based spectrographs that mea-
sure stellar spectra over long timescales to capture the shift in wavelength of spec-
tral lines. The resulting spectra must then be corrected for telluric contamination
from Earth’s atmosphere (using comparison stars with known spectra) and for
stellar activity signals caused by granulation, rotation, and oscillations (using, for
instance, Gaussian process regression). Then, a cross-correlation function is used
on each spectrum to search for the peak wavelengths of several spectral lines, and
the offsets from their expected rest frame wavelengths are calculated, which then
reveal a radial velocity curve.

The semi-amplitude of this curve K7 can be used to calculate the minimum
mass My, sin ¢, which requires knowledge of the orbital inclination 7 relative to the
line of sight to calculate the true planet mass M;,. The inclination can be obtained
from follow-up observations with the transit or astrometry methods. As for the
orbital period of the planet, this is equivalent to the period of the RV curve.

More massive planets will produce stronger radial velocity signals and plan-
ets in shorter orbits require a shorter temporal baseline to detect. Therefore, this
method is more sensitive to massive planets in close-in orbits, akin to the transit
method. Although, unlike the transit method, RV signals can still be detected
even if the planet does not orbit along the line of sight.

Radial velocity surveys include high-resolution spectrographs such as CORALIE
[Queloz et al., 2000], ELODIFE [Baranne et al., 1996], HIRES [Vogt et al., 1994],
HARPS/HARPS-N [Mayor et al., 2003], CARMENES [Quirrenbach et al., 2014],
and more recently ESPRESSO [Pepe et al., 2021], among others.



Mayor and Queloz [1995] discovered the first exoplanet around a Sun-like
star, the hot Jupiter 51 Pegasib, using radial velocity observations from ELODIE.
The spectrograph had a precision of 7 ms™!, which readily detected the planetary
signal of 56 ms~!. Newer spectrographs aim to improve their precision in order to
reach the less massive Earth-like planets, which produce signals of only a few tens
of cms™!. HARPS has achieved a precision of 1ms~!, and the newer ESPRESSO
can reach down to 25 cms~!. In this regime, stellar variability becomes the limiting
factor for the precision of RV measurements, inducing RV signals of > 50 cms™*
that cannot be easily mitigated [see Hara and Ford, 2023, and references within].

Stellar variability in radial velocity measurements is primarly originated in
granulation, p-mode oscillations, and rotation (spots and faculae). These phenom-
ena induce motion in the stellar plasma, which in turn redshift or blueshift light
directed towards the observer. The amplitudes and frequencies of the radial veloc-
ity signals created by these phenomena strongly depend on the magnetic activity
level of the star, ranging from tens of cms™! to several ms~! Cegla et al. [2019];
Hara and Ford [2023]. Granulation induces a net blueshift as the rising convective
cells are larger and brighter than the darker gaps between the cells where plasma
sinks back into the star. These stochastic fluctuations are correlated to timescales
of minutes to hours. P-mode oscillations are produced by standing pressure waves
within stellar interiors of Sun-like stars, which induce radial velocity variations in
timescales of 5 to 10 minutes. Finally, stellar rotation brings spots and faculae
(regions of the stellar surface that are darker or brighter than the surrounding
plasma) in and out of view in timescales matching the spin period, varying the
amount of blue/redshifted light travelling towards the observer. The number and
shape of spots and faculae also evolve in timescales of months to years [Dumusque
et al., 2011; Kallinger et al., 2014; Meunier et al., 2015; Cegla et al., 2019; Sulis
et al., 2023]. These phenomena can increase uncertainties in the fitted planet
masses, or mimic planetary signals in amplitude and frequency, which may drown
real planet signatures, or cause stellar variability signals to be mistaken for real

planets.

1.1.3 Other methods

Additional methods for detecting exoplanets include direct imaging, microlensing,
and transit timing variations (TTVs).

The direct imaging method involves measuring the infrared light directly



emitted by exoplanets. These planets start out with thermal energy within their
interiors, which they radiate away in infrared wavelengths throughout their life,
cooling down, and thus becoming fainter in the infrared [Bowler, 2016]. Since very
young planets are hotter, they will be brighter and thus easier to detect. However,
as planets cool down with age, their host stars maintain a constant luminosity
throughout the main sequence, creating a luminosity bifurcation and increasing
the contrast between the plant and its host star. This method is thus sensitive
to young (< 200 Myr) massive planets (> 1Mj) at large separations (> 10au),
mapping a region of parameter space unavailable to the transit and radial velocity
methods. In order to detect the planets, it is necessary to block the starlight
with a coronagraph; in the case of ground-based observatories, adaptive-optics
(AO) systems are also required to correct for the distortion caused by Earth’s
atmosphere. Keck/NIRC2, for instance, can reach a contrast of 10~7 at angular
separation of 0.5” [Kunimoto et al., 2023]. Despite the difficulties in the way of
detecting the infrared emission from exoplanets, this method has been moderately
successful with 77 confirmed discoveries so far as per the NASA Exoplanet Archive,
such as HR 8799 [Marois et al., 2008], 51 Eridanib [Macintosh et al., 2015], and
§ Pictorisb [Lagrange et al., 2010a).

Microlensing uses the gravitational lensing effect observed when a star
system moving across the sky aligns with a background star. The light from the
background star will be magnified by both the gravity of the foreground star and
of its orbiting planet. This method is sensitive to planets from Earth to Jupiter
mass at orbital separations of 1-10 au; this includes the habitable zones of Sun-like
stars, a region of parameter space available to other methods. These are also very
rare events, which require constant monitoring of large areas of the sky, and do
not repeat. Follow-up with other detection methods is also not possible due to the
large distances of these systems, up to several kpc. The microlensing method has
been responsible for 217 confirmed exoplanet discoveries to date, including the cold
super-Earth OGLE-2005-BLG-390L b [Beaulieu et al., 2006] and the cold Neptune
OGLE-2005-BLG-169L b [Gould et al., 2006].

Transit timing variations (TTVs) are fluctuations in the timing of the
transits of a planet caused by the gravitational pull from additional planets in the
system, which subtly alter its orbit and ephemerides. This method is particularly
effective on tightly packed multiplanetary systems, such as TRAPPIST-1 [Gillon
et al., 2017], to measure the masses of the planets using photometry alone without

additional radial velocity observations. TTVs are also particularly pronounced



when the planets are in near first-order mean motion resonance orbits, where the
ratio of their orbital periods have specific values [e.g. 2:1, 3:2, 4:3, Steffen et al.,
2013a]. N-body simulations are performed to find the mass and orbital period of
the additional planet or planets that can induce the observed TTVs. Moreover,
TTVs also nicely compliment the transit method since, it can constrain planet
masses using the same observations as the transit method uses to determined

planet radii, if the right orbital configurations are present.

1.2 Exoplanet populations

Together, these detection methods have not only uncovered but also characterised
the masses, radii, and orbital separations (amongst other parameters) of more than
5600 planets to date, as per the NASA Exoplanet Archive. Follow-up observations
are equally important to confirm these discoveries; this involves detecting a planet
independently with two methods, most commonly transits and RVs. These two
methods also compliment each other — with knowledge of planet’s radius from
transits and its mass from RVs, we obtain the planet’s bulk density and thus
constraints on its internal structure and its past formation and evolution. Indeed,
the planetary systems studied in Chapters 3, 4, and 6 were first discovered by
Kepler and TESS with the transit method and later characterised with radial
velocity measurements to determine their masses.

Such large numbers of planet discoveries allows us to perform statistics on
their populations and identify different groups as imprints of formation and evo-
lution mechanisms. In Figurel.1 I plotted the radii (top) and masses (bottom)
against the orbital period of all confirmed planets to date from the NASA Exo-
planet Archive. In period-radius space, discoveries are dominated by the transit
method, particularly from Kepler, with populations spanning a wide range of radii
of 0.5—20 Ry and periods of 0.5—200d. In period-mass space, these transit discov-
eries span 1 —10* Mg and are less numerous, as these were later characterised with
radial velocity follow-up to measure their masses, although it also includes discov-
eries of small planets made with this method. We can also see a new population
of giant planets appear discovered with the radial velocity method, with greater
planet masses of > 100Mg and longer periods of 1-20 years. Due to their long or-
bital periods, these planets are seldom characterised with the transit method and
thus their radii are left unknown. Finally, the few discoveries via direct imaging

stand out due to their long orbital periods of 10 to 10° years at large radii and
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Figure 1.1: Top: planet radius against orbital period with the confirmed exoplan-
ets on the NASA Exoplanet Archive. The planets are colour-coded by their original
discovery method: transit (red), radial velocity (blue), microlensing (yellow), and
direct imaging (dark green). Bottom: planet mass against orbital period with
confirmed exoplanets, following the top panel.
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masses. This is a direct result of the limitations of this method, which requires
planets to be young, massive, and far away from their stars to be more easily
detected.

The first class of exoplanet to be discovered in large numbers were the so-
called hot Jupiters (HJs). These are Jupiter-mass planets (0.3 — 2.0 My, 100 —
600 Mg) that orbit extremely close to their host stars, with orbital periods ranging
from a week down to less than a day. These planets raised many questions. They
had no analogue in the solar system, and challenged contemporaneous models of
planet formation and evolution. The leading theory for their existence is that they
formed further away where the protoplanetary disk is denser, cooler, and water-
rich, and migrated inward via the high eccentricity mechanism [e.g. Dawson and
Johnson, 2018; D’Angelo and Lissauer, 2018; Owen and Lai, 2018].

Other authors have also suggested alternative origins for the population of
hot Jupiters. Batygin et al. [2016] and Boley et al. [2016] argued hot Jupiters may
also have formed in-situ close to their current orbital periods; where close-in multi-
planet systems become unstable and merge into cores with masses M > 15Mg
which experience runaway gas accretion from the protoplanetary disk, turning
into hot Jupiters. Alternatively, Ida and Lin [2008] and Mordasini et al. [2009]
have also argued that hot Jupiters may also have arrived to their current locations
via disk-driven migration, where nascent cores form beyond the ice line, and then
slowly migrate inward collecting solids until they reach the critical mass to undergo
runaway mass accretion, ending their migration at short orbital periods.

Moreover, due to their short orbital periods, these worlds were also expected
to receive large amounts of high energy radiation from their host stars. The idea
that stellar high energy radiation could have significant effects in the atmospheres
of close-in planets was first born [e.g. Lammer et al., 2003; Baraffe et al., 2004],
although later observations [e.g. HD 209458 b Vidal-Madjar et al., 2003, 2004]
and simulations [Yelle, 2004; Murray-Clay et al., 2009b] determined hot Jupiters
were too massive to experience significant mass loss.

In 2009, the Kepler mission was launched, with the objective to continue
the search for exoplanets with the capability of detecting transits from planets
as small as Earth. In its nine years of operation, the Kepler mission, and later
K2, would uncover more than 2700 exoplanets, many of which are between Earth
and Neptune in size, and thus are collectively known as super-Earths and mini-
Neptunes [Borucki et al., 2011]. These planets range between Earth and Neptune

in size, with radii between 1 and 4Rg. Akin to hot Jupiters, many of these
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Figure 1.2: Histogram of the radii of planets from the California-Kepler Survey
(CKS) filtered by Fulton et al. [2017], showing a bimodal distribution. The two
populations of super-Earths (red) and mini-Neptunes (blue) have been highlighted.

planets lie very close to their stars, with orbital periods of only a few days. These
discoveries of much smaller worlds sparked renewed interest in studying the impact

of atmospheric escape on their atmospheres.

1.2.1 The radius valley

Whilst Kepler photometry constrained the ratio of planet radius to stellar radius
R, /R, of these small worlds quite well, with a median uncertainty of ~ 3%, stel-
lar radii were less constrained, with uncertainties around 40%, leading to poor
constraints on the planetary radii.

Petigura et al. [2017] introduced the California-Kepler Survey (CKS), which
contained 1300 planet-hosting stars previously observed by Kepler, hosting a total
of 2000 planets. Petigura et al. [2017] obtained high-precision optical spectral for
these stars with the Keck/HIRES spectrograph and Johnson et al. [2017] then

fitted these spectra to stellar interior models using the isochrone models by Dotter
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et al. [2008] to place tighter constraints on their parameters, which they validated
by comparing with results from asteroseismology and Gaia parallaxes. They thus
reduced the average errors on stellar radii down to ~ 11% and updated the radii
of their transiting planets to similar uncertainties.

Fulton et al. [2017], using a subset of the most well characterised stars
from the CKS dataset, uncovered a bimodal distribution in the radii of these
planets, with two peaks at 1.6 and 2.0Rg and a gap at 1.8 Rg. This radius gap
thus separates two populations of exoplanets: a population small planets with
radii 1 — 1.8 Rg, known as super-Earths, and a population of larger planets with
radii 1.8 — 3.0 Rg, known as mini-Neptunes. In Figure1.2, I plotted this bimodal
distribution of planet radii, highlighting the two populations. Fulton et al. [2017]
also traced this radius gap as a function of orbital period, and found it tends to
greater radii at shorter periods, extending the radius gap into a radius valley.

These results were confirmed by Van Eylen et al. [2018] who recovered this
radius valley using a smaller sample of stars with highly accurate parameters with
asteroseismology. Asteroseismology studies oscillations in stellar interiors, which
are observed as photometric variability. The spacing between the oscillation modes
as well as the frequency at which they have maximum power are fundamental
asteroseismic parameters that can be used to probe into stellar interiors and place
tight constraints on the masses and radii of stars [e.g. Huber et al., 2013; Silva
Aguirre et al., 2015; Lundkvist et al., 2016]. These precise stellar radii can then be
used to greatly improve the uncertainties on the radii of transiting planets. The
sample Van Eylen et al. [2018] presented included 117 planets and further reduced
the uncertainties in radii down to ~ 3.3%, which allowed them to determine that
the radius gap moves to smaller radii for longer orbital periods. Their fit to the
radius valley as a function of orbital period is plotted in Figure 1.3.

Moreover, mass measurements of these worlds from radial velocities [e.g.
Affer et al., 2016; Lacedelli et al., 2022] and TTVs [e.g. Ballard et al., 2011; Steffen
et al., 2013b; Gillon et al., 2017] would also reveal that these two populations not
only differ in their radii but also in their densities. Super-Earths are smaller and
have high densities (~ 5g cm™3), consistent with a rocky Earth-like composition.
Mini-Neptunes, on the other hand, are larger and have lower densities (~ 1gcm™3),
suggesting the presence of extended volatile-rich atmospheres that can double the
size of a planet and yet comprise less than a percent of its mass [Lopez et al., 2012].

In actuality, the existence of a radius valley had already been predicted
by Lopez et al. [2012] and Owen and Wu [2013], who argued the radius valley
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arises as a result of the escape of the gaseous atmospheres of mini-Neptunes. Since
mini-Neptunes also have short orbital periods of only a few days, placing them
remarkably close to their host stars, they were also expected to receive considerable
amounts of high energy irradiation from their host stars. This energy would be
absorbed and deposited in the upper atmospheres of exoplanets, heating up the
gas and causing it to expand beyond the planet’s Roche lobe, resulting in a flow
of gas escaping the planet [e.g. Lecavelier Des Etangs, 2007; Davis and Wheatley,
2009].

The radius gap discovered by Fulton et al. [2017] was also later reproduced
by Owen and Wu [2017], who simulated atmospheric escape on mini-Neptunes
powered by the high energy emission from their host stars. They found that
atmospheric escape is able to completely remove the gaseous envelopes of certain
planets down to barren rocky cores. As such, some planets that start out as sub-
Neptunes with a sizeable H/He envelope later lose it entirely to escape, becoming
super-Earths, whilst other planets are able to hold onto their atmospheres and
remain above the radius valley as mini-Neptunes. Moreover, they determined that
planets at shorter orbital periods are more susceptible to escape, as they are more
strongly irradiated; this is also true for low-mass worlds, as less energy is required
to remove gas from a shallower gravitational potential. Their predictions naturally
explained not only the existence of a radius gap, but also its relation with orbital
period where the locus of the gap moves to larger radii at shorter periods (as seen
in Figure 1.3).

Ginzburg et al. [2016] and Ginzburg et al. [2018] proposed an alternative at-
mospheric escape mechanism, core-powered mass loss, where the energy for escape
comes from the bolometric flux from the host star aided by the thermal energy from
the rocky core which puffs up the atmosphere from within. Gupta and Schlichting
[2020], using simulations of atmospheric escape on synthetic populations of exo-
planets, showed that core-powered mass loss can reproduce the observed properties
of the radius valley.

Wyatt et al. [2020] instead argued that impacts from planetesimals early in
the life of a planetary system are able to deliver enough energy to planets to remove
their primordial envelopes. The efficiency of this mechanism hinges on the rate of
atmospheric stripping versus the rate of delivery of volatiles as a result of impacts
from planetesimals, where the balance between the two creates a so-called impact
shoreline. High mass planets would accrete volatiles at a greater rate and planets at

longer periods would suffer from impacts less frequently. Wyatt et al. [2020] found
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that the impact shoreline coincides with the location radius gap, and were able
to reproduce the evaporation valley and its dependence with planet mass, orbital
period, and stellar mass, although the precise width and depth of the resulting
radius gap would depend on the properties of the impacting planetesimals.

Other studies have instead interpreted the valley as imprints of planet for-
mation. Some authors have argued a gas-poor formation, where super-Earths
never accreted a H/He envelope and remained gas-free since formation, can repro-
duce the location of the radius valley [e.g. Lee et al., 2014; Lee and Chiang, 2016;
Lopez and Rice, 2018; Cloutier and Menou, 2020]. Other authors have argued
planets above the valley are water-rich worlds with low bulk densities, mimicking
gaseous H/He envelopes [e.g. Ida and Lin, 2008; Zeng et al., 2019; Mousis et al.,
2020; Venturini et al., 2020; Luque and Pallé, 2022], in contrast with Owen and
Wu [2017], who assumed such planets can be described as rocky cores surrounded
by pure H/He envelopes. Indeed, water worlds are predicted to be plentiful by
formation models [e.g. Seager et al., 2007; Jin et al., 2014; Jin and Mordasini,
2018]. These water worlds would originally be formed further at greater orbital
separations, where the protoplanetary disk cooler allowing water to condense into
solids; this occurs past the so-called ice line. As a result, the planets accrete large
fractions of ices relative to their rocky masses, and later migrate inward within
the protoplanetary disk [Ida and Lin, 2008; Mordasini et al., 2009]. A population
of planets that match the densities of water-rich worlds can indeed be observed in
mass-radius relations [e.g. Zeng et al., 2019]. Their internal compositions, however,
are degenerate as they are also consistent with having small rocky cores enveloped
in thin H/He envelopes and no water content [e.g. Owen, 2019].

Luque and Pallé [2022] found that, around M-dwarfs, the radius valley has
no dependence on orbital period, contrary to predictions from thermal mass loss
mechanisms. They instead argued their results could be explained by the presence
of three classes of planets: barren rocky worlds that lie below the valley, icy worlds
with 50% water fraction by mass along the upper edge of the valley, and large
H/He-rich sub-Neptunes at greater radii. However, the widespread presence of
water-rich worlds in the populations of close-in planets is still under debate.

Rogers et al. [2023] showed that an additional mass loss mechanism, “boil-
off”, could explain the results from Luque and Pallé [2022] without the presence
of water-rich worlds. Boil-off consists on a rapid loss of hot atmospheres on
small worlds that have accreted significant H/He envelopes during their forma-

tion, caused by the pressure from the protoplanetary disc being lifted as the disc
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is dispersed.

Moreover, Ho et al. [2024] found that the radius valley also becomes shal-
lower around M-dwarfs. Photoevaporation and other thermal mass loss mecha-
nisms, however, predict that the “depth” of the valley should not have a depen-
dence on stellar mass. Ho et al. [2024] suggested three scenarios that could explain
their observations and populate the valley on M-dwarfs: (1) the presence of icy
bodies, in agreement with Luque and Pallé [2022]; (2) planetary collisions being
more frequent on M-dwarfs creating large barren rocky worlds whose radii lie in
the valley [as suggested by dynamical simulations, e.g. Naponiello et al., 2023a;
Childs et al., 2025]; and (3) scatter in the stellar emission of M-dwarfs inducing a

diversity of irradiation histories for these planets that would blur the valley.

1.2.2 The Neptunian desert

The Neptunian desert is a second region of parameter space where close-in (P <
4d) Neptune-sized (2 — 4Rg) exoplanets become scarce. I labelled this region
in Figure 1.3, where I show the populations of confirmed exoplanets with periods
below 40 days.

Szabé and Kiss [2011] first noticed a lack of hot Neptunes with periods
below 2.5d in the full sample of 106 transiting exoplanets known at the time. This
region, which they labelled the “sub-Jovian desert”, contrasts with the numerous
hot Jupiters with orbital periods of > 1d (see Figure 1.3). Benitez-Llambay et al.
[2011] reported the same results independently, and performed simulations of disk
and orbital migration of these close-in hot Jupiters and Neptunes. They argued
that the inner edge of the protoplanetary disk, located roughly at 2.5d period for
Sun-like stars, prevents planets from forming closer to the star. This inner edge
would be carved by the stellar magnetic field disrupting the disk and accreting
material onto the star, and would be located at the corotation radius, where the
disk no longer follows keplerian rotation but is forced to match the stellar rotation
period [e.g. Miranda and Lai, 2018].

Instead, the population of hot Jupiters at shorter periods would then arise
from orbital migration via tidal interactions with their host star, which only oc-
curs for planets above some critical mass m, ~Mj. Beaugé and Nesvorny [2013]
confirmed the results of Szab6 and Kiss [2011] and Benitez-Llambay et al. [2011],
and found that this underdensity of hot Neptunes was present in period-radius

space as well as period-mass space.

18



Subsequently, the Kepler mission, thanks to its greater photometric preci-
sion, offered unprecedented insight into the populations of smaller worlds, uncov-
ering a large number of exoplanets with radii between 1 and 4 Rg. Sanchis-Ojeda
et al. [2014], using data from Kepler, presented the discovery of 106 ultra-short
period (USP) planets with radii 1-2 Rg and orbital periods below one day. They
found that these small close-in worlds are as abundant as hot Jupiters, with sim-
ilar orbital periods but much smaller radii. They additionally reported a lack
of USP planets with radii R, > 2Rg, which would constitute a lower bound in
planet radius for the sub-Jovian desert that Szabé and Kiss [2011] uncovered.
Lundkvist et al. [2016] later confirmed these results with a smaller sample of well
characterised stars with using asteroseismology. This hot Neptune desert could
not be explained as an observational bias, since Kepler was sensitive to short pe-
riod planets spanning radii from Earth to Jupiter size. Instead, it must be caused
by underlying physical mechanisms affecting these planets during their formation
and/or evolution.

Mazeh et al. [2016] defined upper and lower boundaries of this Neptunian
desert by finding the linear contours in period-radius space with the largest drop
in planet number density. I show their boundaries in Figurel.3. Mazeh et al.
[2016] found that the upper boundary of the desert, above which hot Jupiters lie,
decreases in radius with increasing period; whilst the lower boundary, lying over a
population of super-Earths, follows the opposite trend, increasing in both radius
and orbital period. Moreover, the upper boundary is much more well defined than
the lower boundary, as the occurrence of hot Jupiters experiences a much sharper
decline whilst the depletion of super-Earths is much more gradual.

Owen and Lai [2018] performed simulations of orbital migration and photo-
evaporation on close-in planets from Earth to Jupiter in size. They found that the
Neptunian desert originates from two parallel mechanisms which result in a scarcity
of Neptune-mass worlds at short orbital periods, each giving rise to the upper and
lower boundaries of this region separately. They found that the lower boundary
is sculpted by photoevaporation, where Neptunes with masses M, < 25Mg that
formed very close to their host stars would experience strong X-ray and extreme ul-
tra violet (together, XUV) irradiation from their host stars and would be stripped
of their gaseous envelopes, joining the large population of hot super-Earths at
smaller radii.

Regarding the upper boundary, Owen and Lai [2018] found that photo-

evaporation is ineffective at evaporating the more massive (M, > 0.5Mj) hot
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Jupiters in this region thanks to their deep gravitational potentials. Instead, they
argued that this region arises from a tidal disruption barrier in planet migration.
Following previous literature [e.g. Matsakos and Konigl, 2016], they argued the
population of hot Jupiters arises from high eccentricity migration, where planets
form at wider orbits (1-2au) and are subsequently pushed into a highly eccentric
orbit by scattering with an additional outer massive planet. At this point, interac-
tion with stellar tides ends up circularising its orbit at a final close-in semi-major
axis that is mass-dependent, giving rise to a tidal disruption barrier. This can be
observed in exoplanet populations as more massive giant planets orbiting closer to
their host stars at the location expected by such migration models [Owen and Lai,
2018]; these define the upper boundary of the Neptune desert, which is a strong
function of planet mass.

These mechanisms also explained the scatter in the two boundaries. High-
eccentricity migration results in a well-defined boundary in period-mass space as
the final location to which the mechanism delivers planets depends strongly on the
ratio between planet mass and stellar mass. On the other hand, the photoevap-
orative boundary is less well-defined as it additionally depends on the particular
irradiation history of each planet and its starting envelope mass fraction. The
lower boundary is also less populated than the upper boundary, particularly in
period-mass space, due to the low number of super-Earths with measured masses.

Alternatively, Jackson et al. [2017] and Koskinen et al. [2022] argued that
the Neptunian desert could also arise from Neptunes migrating too close to their
stars, where they would be stripped of their gaseous atmospheres via the Roche
Lobe Overflow (RLO) mechanism, turning into hot rocky worlds. Under this
mechanism, the upper atmosphere of the planet becomes unbound due to the close
proximity to its star and as a result material is pulled from the planet into the
star. Koskinen et al. [2013] predicted this mechanism would dominate over XUV
photoevaporation at planet radii below 15 Rgand orbital periods under 1.5 days,
matching the location of the Neptunian desert. The resulting mass loss rates can
be several orders of magnitude greater than what photoevaporation can achieve,
carving out the Neptunian desert in relatively short timescales.

More recently, a handful of hot Neptunes have been discovered deep in
the Neptune desert, which may have followed more exotic and unusual routes for
formation and evolution. These rare worlds thus offer new opportunities to explore
the limits of our theories. One of these is LTT 9779 b, the only hot Neptune deep in

the Neptunian desert with a low density that requires a gaseous envelope [Jenkins
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et al., 2020]. In Chapter4, I study the evaporation history of this planet under

X-ray irradiation with constraints from the XMM-Newton telescope.

1.3 Atmospheric escape

The super-Earths and mini-Neptunes that the Kepler mission uncovered are much
less massive than hot Jupiters, but experienced the same high energy environ-
ment. This led to the idea that these small planets could be experiencing vigorous
atmospheric escape as a result of irradiation from their host star, in some cases
completely stripping them of their envelopes [e.g. Davis and Wheatley, 2009; Lopez
et al., 2012; Owen and Wu, 2013].

Owen and Wu [2013] simulated the evolution of the atmospheres of exoplan-
ets under evaporation powered by stellar radiation. They assembled a population
of synthetic planets spanning masses between 6.5 and 15 Mg and separations under
0.5 AU, with an initial atmospheric mass fraction of at least 1%. The evolution
of these planets was then simulated using the MESA code [Paxton et al., 2015] to
model the structure of the planetary atmospheres and the models by Owen and
Jackson [2012] to compute the mass loss rates. Overall, their results showed that
these small close-in planets lost a significant fraction of their gaseous atmospheres
as a result of the energy delivered by their host stars. The resulting distribu-
tion of planetary radii after 1 Gyr of evolution was bimodal, with a population
of small planets whose atmospheres had been fully stripped and another popu-
lation of larger planets that retained their envelopes. Ultimately, Owen and Wu
[2013] showed that stellar radiation could sculpt the populations of super-Earths
and mini-Neptunes, carving a gap in the distribution of their radii and giving way
to the radius valley. They concluded that the radius-period valley is consistent
with a picture in which atmospheric escape plays an important role in shaping the
population of close-in small exoplanets, with some planets having their envelopes
completely stripped down to their core, as predicted by Lopez and Fortney [2013],
Owen and Wu [2013] and Jin et al. [2014].

Similarly, the origin of the Neptunian desert has been attributed at least
in part to the inability of planets in this region to hold onto their gaseous en-
velopes due to atmospheric escape [Kurokawa and Kaltenegger, 2013; Kurokawa
and Nakamoto, 2014; Tonov et al., 2018; Owen and Lai, 2018]. Neptune-sized
planets that formed in the desert, or migrated there in their youth, would be

stripped of their H/He envelopes joining the more abundant population of hot
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rocky worlds with smaller radii, and those that underwent later high-eccentricity
migration would have been delivered to larger orbital separations [Castro-Gonzalez
et al., 2024]. Hot Jupiters (> 0.5Mg), on the other hand, do migrate to very short
periods in part thanks to their high mass but are also stable against atmospheric
loss for the same reason [Yelle, 2004; Murray-Clay et al., 2009b; Vissapragada
et al., 2022]. Unlike hot Neptunes, in which the core dominates its mass and the
envelope constitutes less than half fo the total mass of the planet, hot Jupiters
have H/He masses many times the mass of the rocky core. In this regime, the
gas layers compress under their own gravity. This phenomenon, known as enve-
lope self-gravity, results in smaller radii in comparison to what envelope structure
models for sub-Neptunes predict, extending the lifetimes of their envelopes Owen
and Wu [2017]; Owen and Lai [2018].

In this section, I present the evidence we have so far of ongoing atmospheric
escape, and discuss the different mechanisms that drive evaporation as well as their

relative contributions to shaping exoplanet populations.

1.3.1 Observational evidence

In theory, atmospheric escape creates a cloud of escaping gas that surrounds a
planet and extends for several planetary radii, beyond the Roche lobe of the planet,
at which point it is no longer gravitationally bound. This extended atmosphere can
potentially block a greater fraction of starlight at certain wavelengths, producing
deeper transits. Observational evidence has for the most part been obtained by
means of detecting this excess transit depth that the gas escaping the planet’s
atmosphere (the planetary wind) induces.

The ideal wavelengths for such observations are those which will create
the strongest absorption signatures given the composition and chemistry of the
escaping gas as well as its high energy environment. So far, observations of the
Lyman-« line of hydrogen at 1215 A and the metastable helium line triplet at
10830 A have been by far the most fruitful.

Lyman-«

Lyman-a (Lya) absorption is originated in photons at 1215.67 A (10eV) bringing
neutral hydrogen from its ground level at n = 1 to an excited state at n = 2. This
makes it an important tracer for atmospheric escape, as neutral hydrogen atoms

that were swept away from the planet by the hydrodynamic wind readily absorb
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Figure 1.4: Top: Figure from Ehrenreich et al. [2015] showing transit spectra of
GJ 436 b around the Ly« line, including out-of-transit (black), pre-transit (blue),
in-transit (green), and post-transit (red). The shaded region is the core of the
line, which has been erased by ISM absorption and geocoronal emission. The
red and blue wings are produced by the escaping atmosphere leaving the planet.
Bottom: figure from Ehrenreich et al. [2015] showing the Lyman-« transit curve
of the warm Neptune GJ 436 b integrated over the blue wing (-120 to -40 kms™1).
There is significant absorption, reaching a 50% transit depth, during and after the
transit caused by the planet’s extended atmosphere and comet-like tail of escaping
gas blocking starlight.
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Figure 1.5: Figure from Ehrenreich et al. [2015] showing a particle simulation of the
comet-like structure produced by the planetary wind escaping the warm Neptune
GJ436b.
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stellar photons at this wavelength, producing deep transits compared to optical
transits.

Observations of Lya, however, are hampered by absorption from neutral
H atoms in the interstellar medium (ISM), which erases the core of the line (see
Fig 1.4, top panel). Lya wavelengths can also be contaminated by Earth’s geocoro-
nal emission, which originates in solar Ly« photons scattering in Earth’s exosphere.

For that reason, atmospheric escape in Lya must be studied using the wings
of the line instead, which can additionally trace the high-velocity structure of the
cloud. Planetary wind flowing away from the star (towards the observer during
transit) will produce in-transit excess absorption on the blue wing, whereas wind
flowing towards the star will produce excess absorption in the red wing.

Vidal-Madjar et al. [2003] first detected atmospheric escape in Ly« from the
hot Jupiter HD 209458 b. Observations with HST /STIS revealed an absorption of
15 + 4% in the blue wing of the Ly« feature during the transit, compared to an
optical transit of only 1.5%. This corresponds to an extended atmosphere that
reaches beyond the Roche lobe of the planet. Excess absorption in the wings
of the Lya feature also revealed the planetary outflow reaches velocities of up
to 130kms™!, with outflow models constraining a minimum mass loss rate of
10'9gs~!. Despite such high mass loss rates, the planet is unlikely to be stripped
of its atmosphere in its lifetime. Indeed, a constant mass loss rate of 109 gs™!
would cause the planet to lose only 0.25% of its mass over 10 Gyr.

Another key example is the hot Jupiter HD 189733 b, which Lecavelier Des
Etangs et al. [2010] observed with HST/ACS and found a deep transit in the Ly
line with depth 5.0540.75%, which is 70% deeper than its optical transit depth of
2.9% [Bouchy et al., 2005]. Later observations by Lecavelier des Etangs et al. [2012]
revealed a dramatic variability in the Ly« signature of atmospheric escape from the
planet. Whilst a first epoch found no evidence for escape, observations of a second
epoch 1.5 years later revealed a surprisingly deep transit of depth 14.4 &+ 3.6%
contemporaneous with an X-ray flare from its host star detected with Swift. Their
simulations showed the upper atmosphere was heated to 10° K, driving planetary
winds with speeds of 190kms~! and escape rates of 10° gs—!.

Atmospheric escape has also been detected on Neptune-sized planets in
the Lyman-« line. Ehrenreich et al. [2015] detected a deep transit in Lya on
the hot Neptune GJ436b with an absorption depth of over 50%, significantly
greater than the optical transit depth of 0.7%. Figure 1.4 shows the spectra of

the host star as the planet transits (top panel) and the time series of the transit
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integrated over the blue wing (bottom panel), which show strong excess absorption
in-transit and post-transit, particularly in the blue wing. Indeed, the authors found
an excess in the blue wing of 56.2 + .6% in-transit and 47.2 + 4.1% post-transit
relative to out-of-transit levels, with excess absorption up to 4h after egress. The
authors interpreted the observations to be caused by an extended comet-like tail
of escaping gas. Figure 1.5 shows their simulations of the spatial structure of this
tail of escaping gas. Moreover, the absorption is predominantly detected in the
blue wing of the Ly« feature, which suggests most of the wind is being pushed
away from the star by radiation pressure with speeds between 70 and 120 kms™?,

far greater than the planet’s escape velocity of 36 kms™!.

Since these discoveries, an increasing number of studies have found evi-
dence of atmospheric escape in Lya from Jupiter-sized planets, such as WASP-12b
[Jensen et al., 2018], WASP-121 b [Yan et al., 2021}, HAT-P-32 b [Czesla et al.,
2022], and 55 Cancrib [Ehrenreich et al., 2012]; as well as Neptune-sized planets,
such as GJ 3470b [Bourrier et al., 2018], HAT-P-11b [Ben-Jaffel et al., 2022],
HD 63433 ¢ [Zhang et al., 2022], and AU Micb [Rockcliffe et al., 2023].

Observations of Ly, however, require space-based observatories that target
the ultraviolet. To date, the only such observatory with the capabilities to perform
spectroscopy in the Ly« line is the Hubble Space Telescope (HST). The HST has
only one fully functioning gyroscope left as of June 2024 out of six originally, which,
if it were to fail, would render the spacecraft unusable and thus Lya unobservable.
There is also no clear space-based successor to the HST that targets the UV.
The Large Ultraviolet Optical Infrared Surveyor [LUVOIR, Bolcar et al., 2017]
currently in its concept stage, has been proposed as one such candidate, targeting

UV, optical, and near IR wavelengths.

Helium triplet

More recently, deep planetary transits have also been detected around 10830 A e.g.
Spake et al., 2018; Palle et al., 2020; Zhang et al., 2023]. This absorption feature is
produced by helium atoms in the metastable state found in the planetary outflow,
which have an absorption line at 10830 A. Metastable helium is produced when He
atoms in the wind escaping the planet are photoionised by stellar EUV photons
with energies > 24.6eV (A < 50.4nm) which then undergo recombination, cascad-
ing until reaching the 23S triplet state. This state can then undergo spontaneous

radiative decay back to the ground state with a long lifetime of 2.2 hours as it is
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a forbidden transition, making it metastable, or depopulated by either mid-UV
stellar photons or collisions. Whilst in this state, helium can then be temporarily
excited by stellar EUV radiation into the 23P state, producing an absorption line
at 10830 A.

Seager and Sasselov [2000] first predicted that metastable helium would pro-
duce strong absorption signals in planet transmission spectra and thus its potential
in probing exoplanet atmospheres, and Oklop¢i¢ and Hirata [2018] predicted its ab-
sorption could be readily observed in the planetary winds of escaping atmospheres
with excess transit depths of a few percent.

Spake et al. [2018] first detected atmospheric escape from an exoplanet using
the metastable helium triplet with HST/WFC3. They measured the transmission
spectrum of the warm Jupiter WASP-107b and detected a 2.105 4 0.010% transit
depth at 10830 A, compared to an optical depth of 2.056 £0.005%, and thus an He
absorption excess of 0.05 4 0.01%. Using a 1D photoionisation model for escaping
atmospheres, which can predict the in-transit He absorption signature, they fitted
a mass loss rate of 10'° —10! gs~!to their observations. Later this signature would
be confirmed with high-resolution ground-based observations by Allart et al. [2019]
with CARMENES and by Kirk et al. [2020] with Keck II/NIRSPEC, which were
able to resolve the line and uncovered much deeper He excess absorptions of 5.5%
and 7.2%, respectively. The apparent disagreement between the two studies arises
from differences in the measured white-light planet size, which, when accounted
for, result in excellent agreement between the two. They also resolved the velocity
structure of the escaping cloud, with evidence of increased absorption in the blue
wing of the triplet line, suggesting planetary material is being blown away from
the star by radiation pressure.

Shortly after, Allart et al. [2018] observed the hot Neptune HAT-P-11b
with CARMENES and measured an excess absorption of 1.08 +0.05% at 10830 A,
which is five times greater than its optical transit. They then interpreted their
observations with 3D simulations of the planet’s upper atmosphere and escaping
wind, and found that the absorption feature is unlikely to originate in a escaping
wind but instead in layers of the upper atmosphere that are still bound to the
planet, with mass loss rates no greater than 10% gs~!. This was evidenced by the
symmetry observed on both the time series about the transit and the absorption
profile near the Hel triplet. If the absorption happened in a planetary outflow,
these signatures would be asymmetric in both the time series (due to the comet-

like tail of escaping gas), as well as in the He1 absorption profile (due to its velocity
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structure producing excess absorption blue wind).

Since then, subsequent studies have found this feature in the transits of
other exoplanets, both hot Jupiter-sized and Neptune-sized worlds, using spec-
trographs such as HST/WFC3 [e.g. Spake et al., 2018; Mansfield et al., 2018],
CARMENES [e.g. Nortmann et al., 2018; Palle et al., 2020], and Keck II/NIRSPEC
[e.g. Kirk et al., 2020; Zhang et al., 2023]. See Dos Santos [2023] for an in-depth
review.

Observations of escaping atmospheres at 10830 A offer several advantages
over Lya. Firstly, the triplet lies in the infrared and so it is unaffected by extinc-
tion by the interstellar medium, unlike Lya which lies in the UV and experiences
strong extinction, making the core of the line unusable [Oklop¢i¢ and Hirata, 2018].
Helium triplet absorption can also be observed with ground-based infrared obser-
vatories, which provide much higher spectral resolutions and coverage. Metastable
helium also has a long lifetime — it decays back into the ground state in relatively
long (~2h) timescales.

The detection of metastable helium, however, is also elusive, and many
observations have also yielded non-detections [e.g. Kreidberg and Oklop¢ié, 2018;
Bennett et al., 2023; Vissapragada et al., 2024]. The number of He atoms in the
triplet state corresponds to a tiny fraction of the total helium in the planetary
wind, and its population is highly sensitive to the amount of helium in the planet’s
atmosphere as well as the stellar activity. Oklopci¢ [2019] found a correlation
between stronger He absorption and higher stellar activity, and Poppenhaeger
[2022] also uncovered a correlation with iron abundance in stellar coronae, since
most of the stellar EUV emission is produced by iron emission lines in the corona.

On the other hand, metastable helium is also depopulated by mid-UV pho-
tons. The balance between the stellar emission on these two wavelength ranges
determines whether the escaping gas will produce a detectable absorption signal.
Therefore, stars with high XUV fluxes and low UV fluxes are the most efficient
at populating the metastable state. According to Oklopci¢ [2019], young active
K-dwarfs strike such a balance between emission in these two bands, and should
be the best targets for studies of helium escape.

Moreover, estimating a mass loss rate from absorption spectra is not straight

forward, with significant challenges in current modelling efforts such as estimating
the population and depletion of the metastable state, accounting for geometrical
effects from the transit and the escaping wind, and the strong degeneracy between

EUV flux and the H-to-He ratio in the upper atmospheres of exoplanets. Together,
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these effects can introduce considerable uncertainty into the predicted mass loss
rates [Biassoni et al., 2024].

Metal lines

Species heavier than hydrogen and helium have also been detected in the extended
exospheres of exoplanets. In order to produce these deep excess transits, these
heavy elements must first be carried away from the planet by a strong hydro-
dynamic wind. These detections come mostly from absorption lines in the UV
detected with HST. Moreover, observations of metal lines offer advantages over
Lya, as they are not affected by ISM absorption, and thus can observed from
much further away.

An archetypal example is the hot Jupiter HD 209458 b, which Vidal-Madjar
et al. [2004] observed with HST/STIS and detected absorption in the O1 and
C11 lines in the near UV with deep transit depths of 13 + 4.5% and 7.5 + 3.5%),
respectively, even deeper than its Ly« absorption of 5 + 2%. Such transit depths
not only placed these species at radii beyond the planet’s Roche lobe, suggesting
they were entrapped in a hydrodynamic wind escaping the planet, but also placed
constraints on the composition of the planetary wind and thus of the planet’s
atmosphere. Linsky et al. [2010a] additionally detected a deep transit of 8.24+1.4%
in the Siur line in the near ultraviolet (NUV), and Cubillos et al. [2020] detected
a deep 0.18 £ 0.05% transit from Fe™ transition lines.

Fe and Mg absorption has also been detected in the extended atmosphere of
the hot Jupiter WASP-121b by Sing et al. [2019], who reported deep absorption at
the Fe11 UV1 and UV2 lines (0.11+0.05%) as well as the Mg11 lines (0.08 £0.02%)
in NUV spectra from HST. Fossati et al. [2010] also reported a deep absorption
at the Mgi11 lines during transits of the hot Jupiter WASP-12b uncovering an
extended atmosphere 40% larger than the planet’s optical radius.

Despite these discoveries, evidence of escape from absorption lines of met-
als has been elusive, with a number studies reporting non-detections even when
strong signatures were predicted by absorption from other species [e.g. Loyd et al.,
2017; dos Santos et al., 2021; Cubillos et al., 2023]. The interpretation of these
non-detections has also been unclear, as models differ in their description of the
structure of upper atmospheres and their predictions for the mass loss rates. These
degeneracies between models could be mitigated by expanding our inventory of

spectral lines that trace atmospheric escape [Linssen and Oklop¢ié, 2023].
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1.3.2 Atmospheric escape mechanisms

Deep absorption during the transits of exoplanets in Lya, He triplet, and metal
lines are thought to be caused by escape of their gaseous atmospheres. Such
escape can be driven by a number of physical processes occurring in the upper
atmospheres of these exoplanets. Characterising such mechanisms, their origins,
efficiencies, and their relative contributions to escape is necessary to uncover the
origin of the radius valley and the Neptunian desert. In this section, I discuss
a number of these mechanisms thought to be important in driving atmospheric

escape.

Jeans escape

The distribution of velocities and kinetic energies of atoms in a gas can be described
with a Maxwell-Boltzmann distribution. In cool planetary atmospheres, atoms on
the high tail of the distribution can have speeds greater than the escape velocity
of the planet and will escape into space, as long as they don’t collide with another
atom in their path and dissipate their kinetic energy. In the upper layers of the
atmosphere, where the rate of collisions is very low, these high-speed atoms will
therefore be able to escape the planet’s gravity unhindered. This occurs in the
exosphere, above the exobase, where the mean free path is longer than one pressure
scale height. In this case, atmospheric escape is said to be collisionless.

This thermal escape mechanism, dubbed Jeans escape, was first proposed
by Jeans [1926], and later developed by Chamberlain [1963]. The rate at which
Jeans escape occurs depends on the number of atoms in the high end of the ki-
netic energy distribution, which depends on the average temperature of the upper
atmosphere. Jeans escape can be described with the Jeans parameter A, the ra-
tio between the average gravitational potential energy U of a gas and its average

kinetic energy kT,
U

T kgT

The Jeans parameter can also be written in terms of the ratio between the escape

A\ (1.2)

velocity vese and the most probably velocity of the gas vy, as follows,

A= <ij;>2 (1.3)

Jean escape dominates in the regime where v,,;, << ves and thus A >> 1, where
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the atmosphere is cool and tightly bound, with the vast majority of the atoms
having speeds below the escape velocity. This regime applies to planets with high
masses (and thus high escape velocities) and/or low equilibrium temperatures and
thus low incident bolometric fluxes, which reduce the temperature of the upper
atmosphere, pushing the distribution of velocities to lower speeds. Despite that
Jean escape lies in a regime of low mass loss rates, it can also be important in
driving significant atmospheric escape on long timescales, preferentially targeting

the lightest particles, such as hydrogen.

Hydrodynamic escape

However, if the atmosphere is heated up to a high enough temperature, such that
Ump ~ Vesc then A becomes small and the atmosphere below the exobase is no
longer tightly bound. Hydrostatic equilibrium ceases to apply as a large number
of particles begin to escape the planet. The escape becomes a hydrodynamic flow
that is collisional, carrying other atoms along with it [Hunten, 1982], with escape
rates several orders of magnitude greater than Jeans escape.

Watson et al. [1981] first presented an analytical model to describe such a
scenario in the context of the Solar System planets. In their model, EUV photons
from the Sun are the source of energy — they are absorbed in the upper atmosphere,
heating up and expanding the gas, launching a hydrodynamic flow that escapes
the planet. This hydrodynamic flow is similar to the flow of solar wind that had
been described by Parker [1960] and Parker [1964] earlier.

The discovery by Vidal-Madjar et al. [2003] of an escaping atmosphere from
the hot Jupiter HD 209458 b in the Ly« line of hydrogen sparked renewed interest in
studying the physical and chemical conditions of evaporating exoplanets. Lammer
et al. [2003] first showed that the highly irradiated exospheres of hot Jupiter can
be heated up to temperatures of ~ 10* K, a regime where hydrostatic equilibrium
does not hold as the upper atmosphere expand dynamically, driving an outflow.

Subsequent studies modelled hydrodynamic flows in the atmospheres of
hot Jupiters [e.g. Yelle, 2004; Tian and Toon, 2005; Garcia Munoz, 2007; Penz
et al., 2008; Guo, 2011, 2013]. These models predicted that escape occurs in
the form of a hydrodynamic outflow that reaches a temperature of ~ 10*K and
remains collisional at the sonic point, at which point it becomes supersonic and
thus causally detached from the atmosphere below it.

These models all require a source of energy for heating the upper atmo-
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sphere. In the sections below, I discuss two of the mechanisms thought to be
dominant in providing energy for escape: energy deposited by XUV photons from
the star (photoevaporation) and the bolometric flux from the star aided by thermal

energy from the rocky core (core-powered mass loss).

Photoevaporation

Close-in exoplanets can receive large amounts of optical photons (x10% —10% Earth
insolations), as well as intense X-ray irradiation (x 102 —10° the X-ray flux incident
on Earth). Despite the fact that the optical flux is typically 4-5 orders of magni-
tude greater than the X-ray flux, it is the X-rays that are responsible for driving
the planetary outflow in the context of photoevaporation. This is because optical
photons reach deep into the atmosphere and heat it up from within, contribut-
ing to puffing up the atmosphere. XUV photons, on the other hand, are much
more readily absorbed in the upper layers, creating an ionisation front where the
atmosphere is heated and the planetary wind is launched.

The model of hydrodynamic escape that Watson et al. [1981] introduced is
powered by stellar EUV photons. They derived an expression for atmospheric mass
loss purely from energetic arguments — balancing the incident energy deposited
by EUV photons against the potential energy required for a certain amount of
mass to overcome the planet’s gravitational well and reach escape velocity. This
is known as the energy-limited formulation. To derive the mass loss rate, we first
consider the work required for a parcel of gas with mass m to overcome the planet’s

gravitational potential,
GMpm

Wesc = )
RP

(1.4)

where M, and R, are the planet’s mass and radius, and G is the gravitational
constant. Secondly, we consider the energy deposited in the atmosphere by XUV
heating,

Exyy = FxyydAdt = FxgymRAdt, (1.5)

where Fxyy is the incident XUV flux on the planet. Equating both equations
and solving for the quantity dm/dt yields the mass loss rate for the energy-limited

formulation,

d7m _ WRI?;FXUV (1 6)
dt  GM, '

Lecavelier Des Etangs [2007] and Erkaev et al. [2007] provided a correction
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Figure 1.6: Diagram from Owen and Alvarez [2016] showing the locations of differ-
ent atmospheric escape regimes in planet radius-mass space under a range of EUV
irradiation levels (3 x 103-3 x 10° ergcm™2s~! ) and mass loss efficiencies (n = 0.1
and 0.3). The regimes depicted are energy-limited (blue), photon-limited (green),
and recombination-limited (white). Exoplanets on the Open Exoplanet Catalogue
as of February 2015 are shown as black circles.
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to this equation which considers that planetary material does not need to reach
infinity to escape, but only the boundary where the gravitational pull from the
star dominates over that of the planet, the Roche lobe. This correction factor K,
applied to the formula, reduces the energy needed to remove a certain amount of
mass, and thus enhances mass loss rates.

Additional parameters that expand the energy-limited formulation are the
energetic efficiency 7, which corresponds to the fraction of incident flux that goes
into heating the atmosphere, and Rxyy, the radius at which XUV photons are ab-
sorbed [e.g. Salz et al., 2016]. Since XUV radiation is more readily absorbed higher
in the atmosphere, its absorption radius is likely larger than the optical radius, such
that Rxyv > Rp, reducing the energy required to drive escape. This parameter is
often represented as a function of planet radius instead § = Rxyyv/Rp; it is also
squared (%) to represent a factor increase in cross-sectional area of absorption.
All together, these parameters yield the following expression for the energy-limited

model: —
R2F
dm _ nf mRy xuv. (L)
dt KGMM,

where K is the correction by Erkaev et al. [2007] to account for the Roche lobe.
The choice of efficiency n and XUV absorption radius 3, however, mask
additional physics that the energy-limited model alone does not account for. In-
stead, some of the input energy that is absorbed in the upper atmosphere may be
dissipated; atoms that become ionised and subsequently undergo recombination,
cooling down via Lya emission. As such, the energy-limited model provides an
upper limit to the total mass loss rate possible from a hydrodynamic outflow.
Murray-Clay et al. [2009a] studied mass loss from hot Jupiters via EUV
irradiation (with energy of 20eV), and also improved upon previous models of
atmospheric escape by including additional cooling mechanisms that further limit
the temperature and speed of the outflow under certain conditions. They consid-
ered a hot Jupiter orbiting a main sequence Sun-like star under two scenarios: a

low irradiation scenario, with Fryy = 500ergem~2s~! | and a high irradiation

scenario, with Fryy = 5 x 10° ergem 2571 |

In the low flux scenario, they found most of the input EUV energy goes
into PAV work, lifting the gas out of the planet’s potential well and resulting in
mass loss. Moreover, the photoionisation rate from the EUV photons is balanced
for the most part by gas advection (loss of ions via escape). In this case, they

found that atmospheric escape is well described by the energy-limited model with
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efficiency n ~ 0.3, where the mass loss rate scales almost linearly with incident
flux (M o< Fh)

In the high flux scenario, on the other hand, Murray-Clay et al. [2009a] de-
termined that most of the input energy is dissipated in the form of Ly« radiation
emitted by ions as they undergo radiative recombination. In this scenario, the pho-
toionisation rate is thus balanced by recombination instead. In this recombination-
limited regime, mass loss rates scale more slowly with incident flux (M oc F3&),
demonstrating a significant deviation from energy-limited models.

There are additional processes that aid in either heating or cooling the flow,
increasing or decreasing the escape rates, respectively. For instance, a fraction of
the photons emitted during Ly« cooling may be reabsorbed, reducing the efficiency
of this cooling mechanism. The atmosphere can also be cooled via H; emission
[Miller et al., 2013] and metal emission lines [C, N, O, Si, and their ions, Koskinen
et al., 2013].

Stellar wind can also interact with the escaping outflow, shaping it into
comet-like tails of gas which have been observed in Lya transits [Ehrenreich
et al., 2015], as well a propelling the escaping wind to the speeds of hundreds
of kms™! observed in Lya and He triplet transits (see Section 1.3.2), compared to
~ 10kms™! that XUV heating drives [Holmstrom et al., 2008; Khodachenko et al.,
2017]. If the upper atmosphere expands beyond the planet’s magnetosphere, which
is more likely to occur on planets with shallow potentials and/or weak magneto-
spheres, stellar wind may contribute to Lya absorption non-thermally even when
almost no mass is actually escaping the planet [Kislyakova et al., 2013, 2014], in-
teracting with the extended atmosphere and producing energetic neutral atoms
(ENAs) via charge exchange. Vidotto and Cleary [2020] also found that, on high
gravity planets, stellar wind can confine the outflow instead, reducing the escape
rates. On the other hand, Kubyshkina et al. [2022] found that if the stellar wind
is dense and fast, it can reach down to the upper atmosphere and can suppress
Lya signatures whilst at the same time contributing to the erosion of the upper
atmosphere, increasing the mass loss rates significantly.

Such studies have also highlighted that super-Earths and mini-Neptunes lie
in a regime of atmospheric escape characterised by low gravity and high ionising
fluxes. This is particularly true during the early stages of their evolution, when
their atmospheres are hot and puffy, and their host stars are the most X-ray active
[Johnstone et al., 2015b]. In this regime, the energy-limited model tends to under-

predict the mass loss rates on small planets. On the other hand, the energy-limited
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model over-predicts escape rates on stable hydrostatic atmospheres, such as those
on cool massive Neptunes and sub-Neptunes, where Jeans escape dominates instead
[Kubyshkina et al., 2018].

Owen and Alvarez [2016] identified an additional regime of escape, dubbed
the “photon-limited” regime, which applies to planets with shallow gravitational
potentials and low XUV fluxes, where atmospheric escape is limited by the number
of incident XUV photons instead. Figure 1.6, produced by Owen and Alvarez
[2016], shows the regions in planet mass-radius parameter space where the three
different regimes of atmospheric escape apply to planets subjected to a range of
EUV fluxes.

In practice, many models of atmospheric escape also assume a single en-
ergy for the incident ionising photons. Stellar high energy emission, however, is not
limited to a single wavelength, and absorption cross-sections depend very strongly
on wavelength. Consequently, photons of different energies are absorbed at differ-
ent depths in the upper atmosphere, heating different layers of the atmosphere.
Cecchi-Pestellini et al. [2009] found that X-ray photons (> 100eV) can penetrate
further into the atmosphere, heating deeper layers, whilst EUV photons are ab-
sorbed higher up. Moreover, King and Wheatley [2021] showed that whilst X-ray
emission dominates in young active stars, EUV emission takes over for older less
active stars. In Section1.4.4, T discuss the relative X-ray and EUV emission of
stars in more detail.

Owen and Jackson [2012] identified two regimes in which the escape is
driven by either X-rays or EUV. They argued the regime a planet is in depends on
the relative location of two points in the atmosphere: the ionisation front, where
the atmosphere is heated and the wind is launched, and the sonic point, where
the flow becomes supersonic and causally detached from the atmosphere below.
At high XUV fluxes, the ionisation front lies above the sonic point. Here, X-rays
are absorbed by a flow that is already supersonic and detached from the planet,
and hence the EUV photons absorbed above will not contribute to escape. At low
XUV fluxes, on the other hand, the ionisation front lies below the sonic point.
Here, X-ray heating produces a highly sub-sonic flow that then crosses into the
EUYV ionisation front above, which launches a supersonic flow. Since stellar X-
ray emission declines with the age of the star (as I discuss in Section 1.4.3), there
is also a cross-over time at which escape turns from X-ray dominated to EUV-
dominated, although under certain circumstances the escape may remain entirely

X-ray or EUV driven for the entirety of the lifetime of the envelope.
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But how far away from the planet’s optical radius are XUV photons ab-
sorbed? Kubyshkina et al. [2018] modelled the absorption of high energy photons
in planet atmospheres at two wavelengths (60 nm/20eV for EUV and 5nm/250eV
for X-rays) along the path between the star and the planet, taking into account
their absorption cross-sections and the density profile of the atmosphere. Their re-
sults suggested the XUV absorption radius, R xyy, typically takes values between
1 and 3 planet radii, and in some cases (very low gravity planets) it can reach 10+
planet radii; in such regime, which I describe in the section below, the atmosphere

would be freely escaping due to bolometric heating, not XUV photons.

Core-powered mass loss

The source of energy that powers hydrodynamic escape need not be stellar XUV
photons. Ginzburg et al. [2016] instead proposed that stellar bolometric flux can
achieve the same result if the atmosphere is also heated and inflated by the thermal
energy from the solid core leftover from the formation and gravitational contrac-
tion of the planet. This mechanism would have the greatest impact on low gravity
planets with high equilibrium temperatures. They predict this proposed mech-
anism, core-powered mass loss, may completely remove the gaseous envelope of
planets with atmospheric mass fractions below 5%.

Ginzburg et al. [2018] and Gupta and Schlichting [2019] showed that sim-
ulations of atmospheric escape with core-powered mass loss can reproduce the
period-radius valley, and Gupta and Schlichting [2020] showed that this mecha-
nism acts on timescales of several Gyr, much longer than typically assumed for
photoevaporation. This occurs because this mechanism is driven only by (1) the
thermal energy in the core and (2) the stellar bolometric flux incident on the
planet. Bolometric heating stays nearly constant for several Gyr whilst the host
star is in the main sequence, and planets cool down slowly also in Gyr timescales,
contracting by a relatively small amount as well (no more than 1-2Rg). As a
result, core-powered mass loss predicts small (but constant) mass loss rates on
sub-Neptunes.

Indeed, Ho and Van Eylen [2023] analysed short cadence observations from
the Kepler satellite and refitted the transits of 431 planets. They found that
the period-radius valley is weakly dependent on stellar age, consistent with core-
powered mass loss, which acts on Gyr timescales [Gupta and Schlichting, 2020],

and less consistent with photoevaporation, which is expected to act in ~ 100 Myr
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timescales [Owen and Wu, 2017]. King and Wheatley [2021] also argued that,
whilst X-ray emission declines steeply with age, EUV decay is likely to be more
gradual, remaining significant for several Gyr, matching the predicted evaporation
timescales of core-powered mass loss.

Distinguishing between XUV photoevaporation and core-powered mass loss
is not trivial. Both mechanisms rely on atmospheric heating to drive a hydrody-
namic outflow from the planet, and both produce very similar signatures in exo-
planet populations (i.e. the radius valley and its dependence on orbital period).
However, the two mechanisms can also predict very different mass loss rates on
some planets (up to several orders of magnitude) and act differently depending on
the mass of a planet and its equilibrium temperature. This means that, for each
model to reproduce the observed distribution of exoplanet radii, they require planet
populations to follow a distinct (albeit similar) distribution in core mass and start-
ing envelope mass fraction [Rogers and Owen, 2021; Owen and Schlichting, 2024].
Unfortunately, few exoplanets have mass measurements, and those that do often
lack the necessary precision to resolve which mass loss mechanism is dominant.
This problem is also exacerbated by the uncertainty in the internal composition
of planetary cores [e.g. Zeng et al., 2019; Venturini et al., 2020]. Moreover, efforts
to robustly distinguish between the two models using the observed location of the
radius valley as a function of orbital period, stellar mass, and age simultaneously
have so far been met with little success [Rogers et al., 2021; Ho and Van Eylen,
2023].

The two models may also differ to a degree in the timescales in which
they sculpt exoplanet populations. Whilst XUV photoevaporation predicts faster
evolution in the first 500 Myr when stellar X-ray emission is the strongest and
slower evolution in the subsequent 1-2 Gyr when the emission becomes fainter and
EUV-dominated [King and Wheatley, 2021], core-powered mass loss predicts only
a gradual evolution during the first few Gyr [Gupta and Schlichting, 2020]. Resolv-
ing the relative distribution of super-Earths and mini-Neptunes as a function of age
accurately, particularly at early ages, could prove to be an important piece of evi-
dence to distinguish between the two models. Unfortunately, there have been few
discoveries of young exoplanets to date [Battley et al., 2020], and the age estimates
of older planets are poorly constrained. The upcoming PLATO mission, which will
enable precise characterisation of stellar ages using asteroseismology [Rauer et al.,
2014], could prove vital in breaking the degeneracy between photoevaporation and

core-powered mass loss.
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From a theoretical point of view, Owen and Schlichting [2024] compared the
relative impact of photoevaporation and core-powered mass loss over the lifetimes
of gaseous exoplanets. They found that which mechanism is dominant will depend
on the relative depth in the atmosphere at which each mechanism launches the
outflow. In photoevaporation, the hydrodynamic wind is launched from the radius
at which XUV photons are absorbed (Rxy ), whereas in core-powered mass loss,
this occurs at the planet’s Bondi radius (Rp), the point where a bolometric-driven
outflow becomes supersonic. Owen and Schlichting [2024] argued that photoevap-
oration is dominant on high gravity planets with low equilibrium temperatures,
where the XUV absorption radius is below the Bondi radius (Rxpy < Rp). On
the other hand, core-powered mass loss dominates on low gravity planets with high
equilibrium temperatures, where the Bondi radius lies below the XUV absorption
radius (Rxpyy > Rp). This also means that, if XUV flux is weak enough, the
planet would instead launch an outflow driven by the core-powered mechanism.

The two processes, however, can also be significant simultaneously. In
this regime, which they termed “enhanced photoevaporation”, the core’s thermal
energy can puff-up the envelope, reducing its density, and thus increasing the
efficiency of photoevaporation. The existence of these two regimes also implies
that a planet may start out dominated by core-powered escape and later transition

into XUV-dominated escape once the core has cooled down enough.

Boil-off

Owen and Wu [2016] showed that an additional mass loss mechanism, “boil-oft”,
can shape the populations of small close-in exoplanets at the very beginning of their
lives, whilst they are still embedded in the proto-planetary disk. Boil-off consists on
a rapid loss of hot atmospheres on small worlds that have accreted significant H/He
envelopes during their formation, caused by the pressure from the protoplanetary
disc being lifted as the disc is dispersed. This mechanism takes place when disk
dispersal timescales are much shorter than a planet’s cooling timescale, such that
the planet’s atmosphere cannot thermally respond quickly enough to the loss of
pressure from the protoplanetary disk causing it to expand adiabatically. External
heating (from the star or the disk) would then induce a hydrodynamic flow from the
planet, causing it to loose a large part of its atmosphere. The adiabatic expansion
of the atmosphere also cools it, reducing both its cooling timescale and the escape

rate; when the planet has cooled down enough, it no longer expands rapidly and
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boil-off stops. [Rogers et al., 2024], using numerical evolution models for gaseous
accretion and boil-off, determined that even though most small planets can accrete
large gaseous envelopes consisting of 10% of their masses, boil-off then truncates
these envelopes to mass fractions of only 1-2% after disc dispersal in timescales
under 10 Myr, and for very close-in super-Earths it can also completely remove the
accreted atmosphere. After boil-off finishes shaping the distribution of starting
gaseous envelopes, their subsequent evolution will be dictate by other mass loss
processes, such as photoevaporation and/or core-powered mass loss, over longer

timescales of 100 Myr to several Gyr.

1.4 X-ray emission of stars

As discussed in Section 1.3, X-ray and EUV photons of stellar origin deposit large
amounts of energy in the upper atmospheres of exoplanets, enough to drive atmo-
spheric escape and sculpt exoplanet populations. In order to test our models of
atmospheric escape and our predictions for exoplanet populations, we need to char-
acterise the high energy environment of exoplanets and how it evolves throughout
their lifetimes. To do so, we must characterise the current X-ray emission of their
host stars as well as their emission histories.

This can be achieved with X-ray surveys of the sky, characterising the
X-ray emission from many stars across spectral types, ages, and activity levels.
Sensitive X-ray surveys were pioneered by the Einstein observatory, launched by
NASA in 1978, the first space-based single-purpose X-ray imaging telescope. It
performed the first population-level study of the X-ray emission of stars across
the HR diagram [Vaiana et al., 1981]. Its X-ray survey of 126 stars classified most
FGKM stars as soft (low energy) X-ray sources with luminosities 1026 —103! ergs!.
Since then, deep X-ray surveys of the sky carried out by further missions, namely
ROSAT, XMM-Newton, & Chandra, have greatly expanded our inventory of X-ray

emitting stars.

1.4.1 Stellar coronae

As the brightest X-ray source in the sky, the field of X-ray astronomy began
with observations of the Sun. X-ray emission from the Sun was predicted by
Grotrian [1939] and Edlén [1943], and later observed by Burnight [1949]. These

X-ray photons were attributed to an extended atmosphere of hot plasma around
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Figure 1.7: Image of the Sun in X-ray wavelengths taken by the Yohkoh satellite
in 1992. The image was obtained by combining multiple observations of the Sun
at 1keV. Credit: Yohkoh Soft X-ray Telescope, ISAS, Japan.
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the Sun, an X-ray corona. Later high-resolution observations, pioneered by the
Yohkoh satellite launched in 1991, revealed the presence of complex structures in
this corona, as seen in Figure 1.7: active regions with a multitude of arch-like loops
of plasma extending tens of thousands of kilometres above the surface, as well as X-
ray dark regions or coronal holes which have been interpreted as cool regions from
which stellar material is launched into space. These X-ray observations of the Sun
highlighted the importance of magnetic fields in shaping and understanding the
solar corona and thus the mechanism responsible for the emission of high energy
photons.

The atmosphere of the Sun is highly structured into layers of plasma with
different temperatures. The lowest layer, the photosphere, defines the visible sur-
face of the Sun under which the plasma becomes opaque to visible wavelengths.
This layer is 10-100 km thick and has a blackbody temperature of about 5770 K.
Over that is the chromosphere, characterised by strong emission lines, particularly
Ha and Lya, but also Ca II H and K lines in the UV. These Ca lines can be used to
estimate the Mount Wilson S-index, a measure of the chromospheric activity level.
This layer is a few thousand kilometers thick; its temperature remains constant at
at 6000 K initially but then rises to ~ 30,000 K towards the top.

Above it sits the transition region, a thin layer ~ 200 km thick where the
temperature of the plasma rises drastically to ~2million K and where magnetic
forces begin to dominate over gravity and fluid dynamics in shaping the plasma.
In this region, emission lines transition from IR, visible, and NUV wavelengths to
FUV, EUV, and X-rays.

The transition region is followed by the corona, the outermost layer of the
solar atmosphere, which extends several solar radii into space. The plasma in the
corona is optically thin with a very low density of 10° cm™!; its temperature reaches
2 million K and it is shaped by magnetic fields into arch-like coronal loops. As a
result of such extreme temperatures, the corona shines brightly in the X-rays and
EUV, with most radiation dominated by line emission from highly ionised species
(e.g. Fe, Ne, Mg, Si, Ca) which still retain few electrons in their inner shells [Del
Zanna and Mason, 2018, and references therein].

The stark contrast in temperature between the photosphere (~5000 K) and
the corona (~2 million K) necessitates a mechanism by which energy is transported
from the stellar interior and the photosphere to the much hotter corona and then
dissipated into heat. The dominant mechanism for energy transport is still under

debate, giving rise to the so-called coronal heating problem [Klimchuk, 2006].
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The two leading mechanisms in literature are magnetic waves and magnetic
reconnection. Magneto-hydrodynamic (MHD) waves in the solar atmosphere arise
from convection in the photosphere which induces an oscillatory motion. These
waves are carried by structures called flux tubes, which are cylindrical regions of
space enclosed by parallel magnetic field lines acting as very efficient waveguides.
Once they reach above the photosphere, the flux tubes expand rapidly due to the
drastic decrease in density as magnetic pressure pushes the magnetic field lines
apart. As a result, the MHD waves dissipate their energy into heat via resonant
absorption and phase mixing mechanisms [Nakariakov and Verwichte, 2005; Erdélyi
and Ballai, 2007].

Magnetic reconnection, on the other hand, arises from the topology of the
magnetic field. Convection, rotation, and turbulence in stellar interiors can cause
magnetic field lines with opposite directions to cross. In such regions, current is
forced into a thin surface between the two opposite field lines (a ”current sheet”)
where the density of the magnetic field is increased, storing large amounts of
energy in the magnetic field. The local properties of the plasma allow the magnetic
field to diffuse through the plasma, causing these magnetic field lines to snap and
rejoin into a different topology that relieves the pressure. This releases the stored
magnetic energy as thermal and kinetic energy [Priest and Forbes, 2000; Klimchuk,
2006; Hesse and Cassak, 2020]. This mechanism is also thought to be responsible
for solar flares.

Moreover, plasma in the corona presents an array of complex shapes and
structures guided by magnetic fields [Rosner et al., 1978]. Coronal loops consist
of hot plasma entrapped by magnetic flux tubes, which may interact and release
their energy as flares. Coronal holes, on the other hand, are regions of low X-ray
emission with open magnetic field lines that launch stellar wind into space.

Beyond the Sun, chromospheric and coronal activity are prevalent on main
sequence stars. Catura et al. [1975] first observed the star Capella in the X-rays
and measured an X-ray luminosity of 103! ergs~!, four orders of magnitude greater
than the Sun. Moreover, Vaiana et al. [1981] presented an X-ray survey of the
sky with the Einstein mission and found that the presence of X-ray emission and
coronae is ubiquitous in stellar populations across the HR diagram, with detections
of X-ray emission originating in main sequence stars from OB to M type, as well as
pre-main sequence and evolved stars. They also found a great diversity in coronal
activity levels across late-type stars, spanning three orders of magnitude in X-ray

luminosity.
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Figure 1.8: Plot of Rossby number Ro against X-ray activity Rx from Wright et al.
[2011]. The red dashed lines indicate their fits to the saturated and unsaturated
regimes of the rotation-activity relation.
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1.4.2 The rotation-activity relation

Kraft [1967] first noted that F & G field stars with a higher chromospheric Cal1
emission also had a higher rotational velocity. Using observations from the Fin-
stein observatory, Pallavicini et al. [1981] also found a link between the X-ray
luminosities of main sequence late-type stars and their projected rotation rate
vsini, where v is the rotational velocity of the star and ¢ is the stellar inclination
relative to Earth. In this relation, X-ray luminosity increases with rotation rate
as L, ~ (vsing)!9%05,

This was consistent with the dynamo theory for stellar interiors [Tassoul,
1978; Parker, 1979], wherein stellar magnetic fields are powered by a magnetic
dynamo mechanism. Plasma inside stars, which acts as a conducting fluid, is
in motion due to convection powered by nuclear fusion in the star’s core as well
as stellar rotation. This motion results in a differential rotation within stellar

interiors; rotation also induces Coriolis forces on the plasma.

Together, differential rotation and Coriolis forces cause rising convective
cells to expand and rotate, twisting magnetic field lines into loops. These loops
drive plasma (and thus electric current) into circular motions, which wind up the
stellar dynamo and generate the magnetic field [e.g. Brandenburg and Subrama-
nian, 2005; Browning et al., 2006; Guerrero et al., 2016].

A region of particular importance in this process is the interface between
the radiative and convective zones within stars, the tachocline, where the stark
difference between the rotation rates of the two layers creates a region of strong
shear. It is only in this region that the plasma loops remain stable. In the radiative
zone there is no differential rotation to maintain them, and in the convective zone
they would rise, expand, and dissipate [Browning et al., 2006].

Further studies [e.g. Walter, 1982; Noyes, 1983] tightened the rotation-
activity relation by expressing coronal activity as the ratio between X-ray and
bolometric luminosities (Lx/Lno1), and Noyes et al. [1984] linked it to the Rossby
number. The Rossby number is defined as the ratio between the stellar rotation
period P, and the convective turnover time 7cony, which measures the time it
takes for a convective cell to rise to the surface of the star and is a function of
spectral type. Compared to the rotation rate alone, the Rossby number better
characterises the degree of differential rotation as a function of radius and thus the
strength of the dynamo. In fluid mechanics, a fluid with a small Rossby number

is strongly affected by Coriolis forces, whereas at large Rossby numbers the effects
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of rotation become negligible.

Vilhu [1984] also found that the rotation-activity relation breaks down for
fast rotators with Rossby numbers below 0.1, where the X-ray activity reaches a
constant value of Lx/Lpo ~ 1072 and the corona is said to saturate.

Pizzolato et al. [2003] extended this analysis to 259 late-type stars with
X-ray observations from ROSAT. They determined that the spin periods at which
stars saturate is dependent on mass, from ~ 1.5 days for solar-mass stars to ~ 10
days for early M-dwarfs. Saturation, however, occurs at a fixed Rossby number
of Ro< 0.1 for all stars regardless of mass. They additionally confirmed that
the rotation-activity relation holds up even for the lowest mass stars with fully-
convective interiors (< 0.3 Mg).

Wright et al. [2011] presented an extensive sample of 824 late-type stars with
measured spin periods and X-ray observations from ROSAT. They thus refined
the power-law fit to the unsaturated regime with a slope of —2.7, which I plotted
in Figure1.8. They further determined empirical thresholds for saturation as a
function of stellar mass. They found that late-type M dwarfs may remain saturated
for several Gyr, whilst, on the other end of the main sequence, early-type F dwarfs
may skip the saturated regime altogether. Wright and Drake [2016] and later
Wright et al. [2018] extended this analysis to fully convective M-dwarfs, which they
found also follow this relation. Late M-dwarfs, however, are fully convective and
thus have no tachocline, which is thought to be required to generate coronal activity
under traditional dynamo theory. These observations suggest fully convective stars
require an alternative dynamo mechanism powered with no tachocline.

Several possible mechanisms have been proposed for the origin of coronal
saturation; these include dynamo saturation, coronal filling, and coronal stripping.

Dynamo saturation posits saturation is originated within the stellar interior
in the generation of the dynamo itself [Gilman, 1983; Vilhu and Walter, 1987]. This
would mean that other activity indicators, such as chromospheric indicators, should
also saturate. Observations of the chromospheric activities of saturated stars,
however, have failed to find a clear saturation threshold in Rossby number that
agrees with that from X-ray observations [Cardini and Cassatella, 2007; Mamajek
and Hillenbrand, 2008].

Under the coronal filling hypothesis [Vilhu, 1984], the surfaces of saturated
stars are fully covered in active regions, hindering their growth and the formation
of new ones. This is evidenced by a strong correlation between X-ray luminosity

and surface area. On the other hand, low-amplitude activity cycles have been
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detected in saturated stars [e.g. Wargelin et al., 2017], and the mechanism requires
enhanced stellar densities that may be unphysical [Vilhu, 1984]. Moreover, solar
activity scaled to a filled corona falls one order of magnitude short of the observed
saturation level of Lx/Lpg ~ 1073,

As for the coronal stripping hypothesis, Jardine and Unruh [1999] argued
the coronas of very fast rotators experience centrifugal forces that can overcome
gravity, causing large coronal loops to break apart into coronal holes. Wright
et al. [2011], however, found that the co-rotation radius at which this phenomenon
would affect the corona differs significantly from the observed saturation Rossby
number, and instead argued that saturation in the empirical sense originates from
a change in the dynamo configuration that does no longer depend on spin but
rather on bolometric luminosity alone. The dynamo of a saturated star would
instead originate in turbulent convection, which may also be able to produce large-
scale magnetic fields [Brun et al., 2004]. This dynamo type would also explain
magnetic activity on saturated M-dwarfs, which are fully convective and thus have

no tachocline to power a rotationally-induced dynamo.

1.4.3 The age-activity relation

Accounting for age in studies of stellar spin and X-ray emission is essential in
understanding how stellar activity evolves and thus its impact in the evaporation
history of close-in exoplanets.

Skumanich [1972] first studied Ca™ emission and rotation in open clusters
and noted that both chromospheric activity as well as spin period decayed with
age. This suggested that age and rotation were predicted to be linked by the
phenomenon of spin-down, wherein stars would decelerate throughout their lives
by the loss of angular momentum through stellar wind. This process also creates
a negative feedback loop: stellar rotation powers magnetic activity, which also
drives stellar wind, which results in faster spin-down [Cranmer and Saar, 2011] As
a result, fast rotators will spin down at a greater rate than slow rotators, causing
their spins to converge over time. This occurs mostly within the first Gyr of age,
after which the past activity of a star (whether it was a fast or a slow rotator in
its youth) is erased, as seen in Figure 1.9.

In the X-rays, stars will thus start off as fast rotators and X-ray saturated.
Initially, their X-ray emission remains constant even though they are spinning

down. Once the saturation threshold is crossed, X-ray emission begins declining
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Figure 1.9: Left panel: stellar spin period plotted against age showing the spin evolution models by Johnstone et al. [2021]
for a Sun-like star. The lines represent spin evolution of the 5th, 50th, and 95th percentiles of the distribution of spin
periods observed in open clusters. Right panel: X-ray luminosity plotted against age showing the X-ray evolution models
by Johnstone et al. [2021], following the left panel.
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in par with spin-down.

Jackson et al. [2012] collected X-ray observations of 13 open clusters with
ages ranging 5-740 Myr and built an age-activity relation as a function of spectral
type, parametrised as (B—V')g colour. They found that the X-ray activity of cluster
stars remains constant (saturated) up to the age of ~100 Myr, after which it begins
declining following a power law with index 1.2, which indicates that by the age of
1 Gyr, X-ray emission has declined two orders of magnitude below the saturation
level. They also noted a dependence of the saturation X-ray activity to the (B—V)g
colour, ranging from log,o Lx /Lo = 4.3 for F-dwarfs to log,y Lx/Lpo = 3.1 for
M-dwarfs.

More recently, Johnstone et al. [2021], building on the work by Tu et al.
[2015] and Johnstone et al. [2015a], presented spin and X-ray evolution models
that track how X-ray emission evolves as a function of spin, age, and spectral type
for late-type stars. They introduced models of angular momentum evolution of
stars, and anchored these models to spin period distributions from open clusters
with ages spanning 5 Myr to 5 Gyr, such that the starting rotation rate of a star (or
its percentile in the observed distributions) serves as an additional input to their
models. In practice, this supports modelling the spin histories of both fast and slow
rotators at young ages before they spins decrease and converge at more advanced
ages. Additionally, Johnstone et al. [2021] fitted a rotation-activity relation to the
data presented by Wright et al. [2011] and used it to translate their rotational
sequences to X-ray evolution tracks. In Figure1.9 I plotted the spin and X-ray
evolution models by Johnstone et al. [2021] for a 1 Mg star. These show the spin
evolution tracks for a star that started out as a fast rotator (5th percentile track), a
median rotator (50th percentile track), and a slow rotator (95th percentile track).
The corresponding X-ray emission histories show that a fast rotator will be one
order of magnitude more active in the X-rays than a slow rotator for the first
~ 500 Myr of age.

In recent years, accurate astrometry and photometry from the Gaia mission
has permitted refining cluster membership lists by screening for non-members that
do not match the cluster kinematics. Nunez et al. [2022] presented membership
lists curated with Gaia of the Praesepe and Hyades open clusters, as well as spin
periods and X-ray luminosities for hundreds of their members. They found all
dwarfs later than M3 type are still saturated at the age 700 Myr, whilst most FGK
stars have spun down to X-ray activities ~ 1 — 5 x 107°. They additionally noted

a tentative link between rotation and coronal metallicity, where fast rotators have

49



——- Lx/Lial
LEL’V/Lb:Jl
— LXUV/LI:-OI E

107 4E

1073 F

Luminosity /Ly

—
9
=
T
7/
/
L

=== X-ray
EUV
= Total XUV

ot
T

W

Normalised Cumulative Energy
w

2 -

1 -

O L il i 1|; n n PR T | " i L el .wl-

10° 107 108 109 1010
Age (vr)

Figure 1.10: Figure from King and Wheatley [2021] showing the predicted evo-
lution of stellar emission in X-ray (blue line) and EUV (orange line) wavelengths
(top panel), and their cumulative energy across time (bottom panel).

lower coronal abundances of ~ 0.1 relative to solar whilst slow rotators (Ro> 0.3)
have higher metallicities of ~ 0.4 but also a much larger spread of 0.1 — 0.5.
Moreover, stellar evolution models predict that metal-rich stars should be
more magnetically active and spin down more effectively, resulting in slower spin
periods at later ages [e.g. van Saders and Pinsonneault, 2013; Karoff et al., 2018;
Amard and Matt, 2020]. This relation between photospheric metallicity and mag-
netic activity arises from physics of stellar interiors: metal-rich stars have deeper
convective layers and thus longer convective turnover times that reduce the Rossby
number, strengthening the dynamo, and increasing magnetic activity. In line with
their predictions, Amard et al. [2020]; See et al. [2024] found that old stars in the

Kepler field with higher photospheric metallicities have slower rotation periods.
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1.4.4 The extreme ultraviolet

So far, I have discussed stellar emission in the context of X-ray astronomy, which
spans energies between 0.1keV and 4 keV, since it offers ample observational con-
straints, benefiting from multiple observatories that have surveyed the sky for the
last thirty years. Stars that are older and slowly rotating, however, have cooler
coronae that emit the bulk of their high energy emission below X-ray wavelengths
[Ribas et al., 2005], between 13.6 and 100 eV, which comprises the extreme ultra-
violet. EUV photons are also responsible for populating the metastable helium
triplet, one of the most prominent signatures of atmospheric escape, as I discussed
in Section 1.3.1. EUV radiation may also be the main driver of atmospheric escape
if the X-ray heated planetary wind is still sub-sonic when it crosses the ionisation
front, where it becomes EUV-heated.

Stellar EUV emission, however, is unobserved — there is currently no obser-
vatory that surveys the sky in EUV wavelengths. Moreover, EUV photons suffer
from significant absorption from atomic hydrogen in the ISM, completely obscuring

coronal emission from stars beyond only 50-60 pc [Barstow et al., 2014].

The Extreme Ultraviolet Explorer (EUVE) surveyed the solar neighbour-
hood in the EUV, operating between 1992 and 2001, and compiled an atlas of 22
late-type main sequence stars from F-type to M dwarfs [Craig et al., 1997]. More-
over, the Sun also benefits from extensive EUV observations as well as precise

spectral characterisation, which is often extrapolated to other stars.

In order to estimate the EUV component of stellar high energy emission,
several studies have built empirical relations between X-rays and EUV using obser-
vations of both the Sun and of other stars. Chadney et al. [2015] used observations
of the Sun across one full solar cycle (2002-2013) from the TIMED/SEE instru-
ment to link X-ray and EUV surface fluxes, and later King et al. [2018] expanded
the relation to improve uncertainties and include newer data. They found that

such relation followed a power law, such that:

Fruv
Fx

= 42542, (1.8)

where Fx and Fgyy are the X-ray and EUV fluxes at the surface of the Sun,
respectively. Such relation implies that EUV emission overtakes X-rays for low
X-ray activities below Ly /Lpo < 2 x 107° on Sun-like stars. Moreover, Johnstone
et al. [2021] used data from EUVE satellite combined with X-ray observations
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from ROSAT to build empirical surface flux relations, which they found to be in
agreement with solar data from Chadney et al. [2015] and King et al. [2018].

Alternatively, it is also possible to reconstruct the full EUV spectrum of
a star from a synthetic spectral energy distribution (SED) using observational
constraints of its UV and X-ray emissions [Ehrenreich et al., 2015]. Sanz-Forcada
et al. [2011] and later Sanz-Forcada [2022] estimated EUV emission by constructing
synthetic spectra instead, using coronal emission models and an atomic database
of emission lines. They further tested their models against observed UV, EUV,
and X-ray spectra of the Sun and other stars, finding excellent agreement with
observations. Along the same lines, France et al. [2016] developed the MUSCLES
survey, a library of stellar SEDs constrained with optical and UV spectra from
HST and X-ray observations from Chandra & XMM-Newton, for a range of stel-
lar activities and spectral types. Similarly, Louden et al. [2017] reconstructed the
high energy spectrum of planet-hosting star HD 209458 using UV line strengths
from HST/COS together with X-ray spectra from XMM-Newton. These UV lines
are produced by highly ionised species that dominate line emission at EUV wave-
lengths, making them ideal lines to use when reconstructing the EUV spectrum.

Since stellar activity is linked to coronal temperature, X-ray active stars
will have the peak of their high energy emission at shorter wavelengths. For the
same reason, inactive stars with cooler coronae will peak at longer wavelengths. As
I discussed in Section 1.4.3, stars spin down with age, and as a result their emission
weakens with time. Ribas et al. [2005] argued that this spin down causes the peak
of the emission to move towards EUV wavelengths, and thus EUV emission decays
more slowly than X-ray emission.

King and Wheatley [2021] and Johnstone et al. [2021] confirmed this us-
ing their respective empirical relations between X-ray and EUV emission. King
and Wheatley [2021] further assessed the impact on atmospheric evaporation, con-
cluding that EUV-driven escape can continue to be significant in Gyr timescales,
extending the effects of photoevaporation to much longer timescales than previ-
ously thought. This would be particularly impactful on planetary systems around
F, G, and K dwarfs, since these stars become unsaturated earlier in their lives
with their high energy emission turning EUV-dominated, as opposed to M-dwarfs
which remain saturated for longer and whose emission will thus remain X-ray dom-
inated for longer as well. In Figure 1.10 I display a figure from King and Wheatley
[2021] showing the expected X-ray and EUV evolution of a Sun-like star across its

lifetime. As seen, EUV emission becomes stronger than X-ray emission after the
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Figure 1.11: Figure 7 from Johnstone et al. [2021] showing a histogram of the
scatter in the rotation-activity relation as the difference in log;, Lx /Ly between
their fit and the data. The histogram is overlaid with the best fitting gaussian
(black line) and generalised gaussian (red line) distributions.

first 400 Myr of age, reinforcing the total XUV emission at later ages. [King and
Wheatley, 2021] also reported that most of the integrated XUV emission of a star
lies after the first 100 Myr of age.

1.4.5 X-ray variability

The X-ray emission of stars undergoes short-term variability caused by different
processes in the corona acting on different timescales. Flares temporarily increase
coronal activity on timescales of minutes to hours; stellar rotation induces vari-
ability on timescales matching the spin period (days to weeks) as active regions
rotate out of view; active regions evolve over several months; and, finally, activity

cycles vary coronal emission over years and decades.

X-ray flares

Flares originate in the corona from the release of large amounts of energy stored in
the magnetic field through the mechanism of magnetic reconnection. These events

result in an increased brightness lasting minutes to hours across a wide range of
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wavelengths, from radio waves to gamma rays.

Flares have been observed in the Sun. The first solar flare to be observed
was the so-called “Carrington Event”, which took place in 1859 and was studied
by Carrington [1859] and Hodgson [1859]. This event was later estimated to have
released around 5.8 x 1032erg of energy in 5 minutes [Hayakawa et al., 2023],
making it one of the most powerful solar flares observed to date, even when it
released the equivalent to only 0.05% of the total energy released by the Sun in
the same amount of time. Flares have also been widely observed in other stars
beyond the Sun. These have in some cases reached energies upwards of 103 erg
[Schaefer et al., 2000], much greater than the Carrington Event in the Sun.

Flares are also observed regularly in the X-rays. Pye et al. [2015] published a
survey of X-ray flares from XMM-Newton data from ~ 70 stars. They found X-ray
flares tend to last 0.25 to 2 hours and have luminosities of 10%° to 1032 ergs™! with

peak plasma temperatures reaching k7" = 3keV.

X-ray activity cycles

The Sun has an 11-year activity cycle, which presents itself as a variation in the
number of sunspots on its surface [e.g. Hathaway, 2010]. Sunspots are cooler
regions in the photosphere originated by magnetic fields inhibiting convection. As
such, their presence is modulated by magnetic activity, and thus this solar cycle
can be understood as a magnetic activity cycle. During a solar maximum, the Sun
presents a greater number of sunspots, flares, and coronal loops, whilst, during a
solar minimum, the frequency and magnitude of such phenomena reach a low point.
In the X-rays, coronal emission can become x100 stronger during solar maxima
relative to solar minima [Domingo et al., 2009]. The magnetic activity cycle arises
from a flip in the magnetic field of the Sun oscillating between a toroidal field and
a polar field in a full 22-year cycle [e.g. Simon, 1983].

Beyond the Sun, activity cycles have been identified via activity indicators
across many wavelengths, including the S-index for chromospheric activity and X-
ray emission for coronal activity. In the X-rays, Sanz-Forcada et al. [2019] identified
a 1.6 yr X-ray activity cycle in the nearby GO dwarf + Horologii, closely following
the same cyclic variation observed in chromospheric activity. Other studies have
also identified X-ray activity cycles in other stars with periodic observations of
their chromospheric and coronal emission; e.g. €Eri [2.9yr, Coffaro et al., 2020],
HD 81809 [7.3 yr, Orlando et al., 2017], 61 Cyg A, a Cen A, o Cen B [7.3, 12-15, and
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8-9yr, respectively, Robrade et al., 2012] and Proxima Cen [7yr Wargelin et al.,
2017].

X-ray scatter in the rotation-activity relation

The rotation—activity relation presents a large scatter of one order of magnitude
each way in the X-rays, as seen in Figure 1.8. Johnstone et al. [2021] characterised
this scatter in data from Wright et al. [2011] and found it resembles a normal
distribution in log,q Lx/Lpo with standard deviation ¢ = 0.36 independent of
Rossby number. Such spread corresponds to a factor of 2.3 at 1o and 5.2 at 20. In
Figure 1.11, I show Figure 7 from Johnstone et al. [2021], which shows a histogram
of the residuals between the fit to their rotation-activity relation and the data from
Wright et al. [2011] which shows this scatter, overlaid with the best-fit gaussian
distribution.

Johnstone et al. [2021] argued this scatter could have three different ori-
gins. Firstly, sample contamination and inhomogeneities will induce some level
of scatter, in which a blend of different instruments, methodologies, and biases
are introduced by combining datasets from different sources. Secondly, stars may
have intrinsic activity levels independent of rotation and thus their emission will
consistently lie some factor above or below the rotation-activity relation. Lastly,
random cyclic X-ray variability, which Johnstone et al. [2021] favour, comes about
from a variation in coronal emission from flares and activity cycles of individual
stars. X-ray observations capture the coronal emission from many individual stars
at different points of their respective cycles, inducing a scatter. As such, a star’s
emission would fluctuate about the rotation-activity relation and would average-
out at the mean of the distribution.

Whether the scatter is a product of X-ray variability or intrinsic activity
levels, it will have a significant impact in atmospheric escape that is often ignored.
Understanding the origin of this scatter will be essential in assessing the impact of
photoevaporation in driving the evolution of close-in planets and, more generally,

sculpting their populations.

1.5 Goals of this thesis

e Study the impact of atmospheric escape on both the evaporation histories of

individual planets as well as exoplanet populations (Chapters3 to 7).
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e Assess the predictive power of atmospheric escape models using simulations
of evaporation history. Compare predictions of X-ray driven photoevapora-
tion as well as core-powered mass loss on multi-planetary systems, as they
share the same high energy environment, and where the evaporation histories

of the planets can be constrained against one another (Chapters 3, 4, and 6).

e Characterise the present-day X-ray emission of stars using observations from
the XMM-Newton telescope, and use them improve our constraints on models
of X-ray emission history of stars. Place these observations of individual stars
in context with cluster stars whose memberships has been established with
Gaia (Chapters3 to 7).

e Address the origin scatter in the rotation-activity relation and the contri-
bution of X-ray variability of late-type stars to it, as well as its impact on

atmospheric escape in Myr timescales (Chapter 7).
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Chapter 2

Methodology

2.1 X-ray astronomy

In the context of X-ray astronomy of stars, wavelengths of interest range from
0.1keV, the boundary between X-rays and EUV, to 4keV (12nm to 0.3nm), after
which stellar emission dies out. These high energy photons, however, are strongly
absorbed high in Earth’s atmosphere due to its high density and molecular abun-
dances, with none reaching the surface. As such, X-ray astronomy can only be
carried out with space-based observatories.

In the early days of X-ray astronomy, observations were carried out with
sounding rockets and high altitude balloons. Indeed, X-ray radiation of cosmic
origin was not measured until the advent of space exploration, when the first
rockets left Earth’s atmosphere and were exposed to the high energy environment
of space [e.g. Burnight, 1949; Byram et al., 1956]. These were later followed in the
1970s by dedicated X-ray missions such as Uhuru [Jagoda et al., 1972}, HEAO-1
[Matteson et al., 1974], and ANS [Gursky et al., 1975], which targeted a few select
bright X-ray emitters.

These were followed by the Einstein observatory, launched by NASA in
1978, which revolutionised the field of X-ray astronomy as the first X-ray imaging
telescope [Giacconi et al., 1979]. It performed the first population-level study of
the X-ray emission of stars across the hertzsprung-russell (HR) diagram [Vaiana
et al., 1981]. Its survey of 126 stars classified most FGKM stars as soft X-ray
sources with luminosities 1026 — 103 ergs—!.

The ROSAT X-ray telescope, which operated from 1990 to 1999, later per-

formed a much deeper survey of the sky which benefited from an increased resolu-
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tion and collecting area, as well as sensitivity to softer energies down to 0.1keV.
The ROSAT All Sky Survey (RASS), presented by Agiieros et al. [2009], identified
X-ray emission from 707 stars brighter than V = 15, including many late-type
X-ray faint stars which emit the bulk of their high energy output at soft ener-
gies. Currently, there are four main X-ray imaging telescopes in operation: XMM-
Newton [Jansen et al., 2001], Chandra [Weisskopf et al., 2000], Swift [Gehrels et al.,
2004], and eROSITA [Predehl et al., 2021]. In short, XMM-Newton benefits from
greater sensitivity and effective area, Chandra provides a better spatial resolution,
and Swift offers a larger sky coverage.

Most stars are very faint X-ray sources, 4 to 6 orders of magnitude fainter
than their optical brightness. As such, they require much longer exposure times.

027

For instance, a star with the X-ray output of the Sun (~ 10?” ergs—!) at a distance

of 50 pc would produce a count rate of 3 x 1073s™! in the EPIC-pn instrument
onboard XMM-Newton. In order to obtain 200 counts, enough for a basic spectral
characterisation and an estimate of the X-ray flux, this star would require an
observation 18 hours long. These low count rates, on the other hand, allow for
quick readout times, allowing X-ray telescope to discriminate each X-ray photon
and obtain both its spatial and spectral information individually. Such quick
readout times, where each pixel picks up no more than one X-ray photon during
each short exposure, allows for the individual energies (and locations) of each

photon to be determined.

2.1.1 The interstellar medium

The interstellar medium (ISM) refers to the matter and radiation in the space be-
tween stars. It is populated by primarily neutral hydrogen with very low densities
of 0.1 atoms per cm? in the solar neighbourhood.

As X-ray photons emitted by stars travel through the ISM, they interact
and ionise hydrogen and helium atoms in their path. Since their ionisation en-
ergies are 13.6eV and 24.6 eV, respectively, interstellar atomic H and He readily
absorb X-ray photons to produce photoelectrons. As a result, X-ray photons are
completely absorbed and lost in the way. This effect is particularly strong for EUV
photons, which are typically completely absorbed after only 50 pc, as I discussed
in Section 1.4.4.

As such, the muting effect of the ISM in X-ray spectra can be corrected and

accounted for, provided enough flux has reached the telescope in the first place.
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Figure 2.1: Diagram of a Wolter Type I telescope showing the paths of incident
X-ray photons as they are reflected by parabolic and hyperbolic mirrors towards
a focal point.

This correction requires the computation of the energy-dependent photoionisation
cross-section orgy of ISM matter, which must take into account its atomic and
molecular abundances [Wilms et al., 2000a]. One such model is the Tuebingen-
Boulder ISM absorption model [TBABS, Wilms et al., 2000b], often used together
with plasma models when fitting X-ray spectra. The TBABS model calculates
the total cross-section for X-ray absorption in the ISM, accounting for absorption
by atomic gases, grains, and the Hy molecule (the ISM abundances can also be
manually specified), and computes the wavelength-dependent depletion of X-ray

photons for a given X-ray spectrum.

For individual stars, the total hydrogen column density ny along the line
of sight is also necessary. This can be obtained from stars neighbouring our target
from which line absorption has been used to estimate the column density. This
is done with space-based spectrographs which measure line absorption at spe-
cific wavelengths that are associated with gas/dust in the Local Interstellar Cloud
(LIC). The wavelengths of these absorption lines are correlated for nearby stars,
consistent with the velocity vector of the LIC. Such observations have also allowed
to map the 3D structure of the local interstellar medium [Redfield and Linsky,
2001]. The ISM only absorbs a few percent of X-ray photons for column densities
of ng = 10" — 10%! cm™2, but quickly rises beyond 30% for ny > 10?2 cm™2; it

also targets softer photons first, moving into higher energies as ny increases.
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2.1.2 X-ray telescopes

Traditional optical telescopes make use of lenses or mirrors to divert the path of
light towards a detector. Due to their short wavelengths, however, X-ray photons
that are incident on a medium will instead be scattered or absorbed by the material
since at these energies most materials have indices of refraction only slightly smaller
than one. As a result, X-ray photons can only be reflected at grazing angles
of incidence under the phenomenon of total external reflection. Indeed, X-ray
telescopes exploit this phenomenon, where the trajectory of X-ray photons can be
veered and focused using grazing angles of incidence.

Wolter [1952] described three such configurations for X-ray telescopes. The
most common one in X-ray astronomy, the Wolter Type I configuration, consists
on a parabolic primary mirror followed by a hyperbolic secondary mirror, which I
sketch in Figure2.1. This setup reflects incoming X-ray photons twice at grazing
angles below ~ 1°. These mirrors can also be nested to maximise the effective
light-collecting area, and are often coated with a highly reflective material such as
gold or iridium.

Space-based observatories are typically diffraction-limited, such that their
angular resolution is limited by the Rayleigh criterion. The Rayleigh criterion
quantifies the minimum angular resolution # of a telescope with circular aperture

of diameter D for light of wavelength A,

A
6=1227, (2.1)

which suggests X-rays at 0.5keV should have a resolution 200 times greater than
optical (500 nm). In practice, the true resolution is limited by the alignment of the
mirror system and the quality of the mirrors.

Instead, the angular resolution of X-ray telescopes is commonly quantified
with the half energy width (HEW), the angular diameter that collects 50% of
the photons of a point source. In Wolter Type I telescopes, the HEW degrades
with off-axis angle. For instance, in the XMM-Newton observatory, the EPIC-pn
instrument has an on-axis HEW of 15”7, but degrades to 19” at the edge of the
detector. This is because the use of grazing incidence mirrors inherently results in
very small collection areas. Telescopes like XMM-Newton account for this limita-
tion by nesting many parabolic and hyperbolic mirrors in a coaxial and confocal
configuration to increase the collection area. The geometry of this configuration

results in a focal plane that is bowl-shaped. However, CCDs are flat with their
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centre lying on the focal point. As such, on-axis sources will have the best focus

whilst off-axis sources are unfocused.

2.1.3 X-ray detectors: CCDs

Charge-coupled devices (CCDs) are a type of detector widely used in astronomy,
including X-ray telescopes such as XMM-Newton, Chandra, and Swift. CCDs, like
other detectors, are placed in the focal plane of the telescope to be illuminated by
the incident photons, capturing an image of the sky.

In short, a CCD sensor consists on a silicon wafer divided into a grid of
light-sensitive cells, each representing one pixel of the detector, arranged into rows
and columns [Striider et al., 2001]. Incident light on each cell releases electrons
and holes from the silicon atom in equal numbers, due to the photoelectric ef-
fect, proportional to the energy of the absorbed photon. The electrons and holes
are separated by an electric field, and the electrons are then guided towards a
positively-charged capacitor where they are stored. On readout, a varying electri-
cal current is run through each row, producing an electric potential which moves
the charge stored on each capacitor to its neighbour along the row. The last capac-
itor on the row them dumps its charge into an amplifier, converting it into electric
voltage, which is digitised and processed by the onboard computer.

If too many photons enter a cell (from bright sources or long exposure
times), the electrons produced may not fit in the potential well of the capacitor,
spilling over to neighbouring cells. During readout, this will create a “saturation
trail” as the contents of a saturated cell are poured along the row, partially or
fully erasing the genuine photon detections on that row. This phenomenon is a
consequence of the readout operation on CCDs, where an anomaly on a cell (e.g.
saturation, dead pixels, diffraction) may affect other cells across the image along
its row.

In the context of X-ray telescopes, individual detections, called events
(which are often photons but may be particles as well), are identified by reading
out frequently; this is possible thanks to the low count rates in X-ray wavelengths.
In this setup, “pile-up” may occur when multiple photons are captured by the same
pixel, misrepresenting the energy of the event as the sum of the energies of the
photons. CCDs in X-ray telescopes can also be affected by optical photons, where
optical sources that are bright enough might trigger a detection in the CCD and
be mistaken as an X-ray photon. Optical loading can be predicted by identifying

61



likely culprits from optical surveys of the region of the pointing.

The high readout frequency of X-ray telescopes requires observations to be
shutterless. As a consequence, photon detection events can occur during readout;
in which case, the electronics will not be able to determine its true location on
the CCD. For instance, in the CCD of the EPIC-pn instrument onboard XMM-
Newton (which I describe further in depth in Section 2.2.1), one frame (in full-frame
mode) lasts 73.3 ms, 4.6 ms of which is dedicated to readout (6.3% of the total time)
whilst the remaining is used for the integration time of the image [Striider et al.,
2001]. Since XMM-Newton is shutterless, for any given observation under that
setup, 6.3% of the photons will occur during readout and will be classed as “out-
of-time” (OOT) events. The frequency of such events can be reduced by tuning the
observation mode. Longer exposures, for instance, will reduce the relative number
of OOT events at the risk of an increased chance of pile-up. Smaller windows
will reduce readout times as well as the frequency of OOT events and pile-up, at
the cost of reduced sky coverage. This is detrimental for observations of extended
sources, and limits sky area available for background estimation, but has minimal
effect for point sources. The associated shorter exposures also reduce the impact

of optical loading.

2.2 The XMM-Newton observatory

In this section, I describe the setup and instruments of the XMM-Newton obser-
vatory, which I have used throughout my work (Chapters3 to 7) to characterise
X-ray emission from planet-hosting stars.

The X-ray Multi Mirror (XMM) mission, later renamed XMM-Newton, is
a space-based observatory currently operational and launched by the European
Space Agency in 1999. A schematic view of the spacecraft is shown in Figure 2.2.
Its main objective is to improve sensitivity and provide high quality X-ray spec-
troscopy of faint sources. The observatory sits on a highly eccentric orbit 48 hours
long to allow for long observations (up to 120 ks) unobstructed by Earth’s shadow
and avoiding particle noise from the radiation belts.

XMM-Newton benefits from three X-ray telescopes, each follow a Wolter
Type I configuration with 58 nested mirrors, in a coaxial (parabolic mirrors) and
confocal (hyperbolic mirrors) configuration, akin to the diagram shown in Fig-
ure2.1. The grazing optics of 17 to 42 arcmin (0.3 to 0.7 degrees) provides poor

collecting area per mirror, but this is mitigated by the large number of nested mir-
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Figure 2.2: Schematic view of the XMM-Newton spacecraft showing the interiors
of the Mirror Support Platform (MSP), the Service Module (SVM), and the Focal
Plane Assembly (FPA). Credit: ESA/XMM-Newton.

rors in XMM-Newton. These instruments include three European Photon Imaging
Cameras (EPIC), namely one EPIC-pn imaging detector [Striider et al., 2001] and
two Metal Oxide Semi-conductor (MOS) detectors [Turner et al., 2001].
XMM-Newton also includes two Reflection Grating Spectrometers (RGS),
which perform high resolution X-ray spectroscopy with light intercepted from each
EPIC-MOS. Another instrument, the Optical Monitor (OM), is mounted along-
side the three X-ray mirror models at the front of the spacecraft, which provides
optical and NUV imaging concurrent with the X-ray observations. I do not use

observations with RGS or OM in the work presented in this thesis.

2.2.1 EPIC-pn

The EPIC-pn imaging detector is the principal instrument onboard XMM-Newton with
the highest sensitivity and quantum efficiency out of the six instruments. The de-
tector is subdivided into 12 CCD units fabricated from a single silicon wafer, each
with a size of 3 x 1cm?. In total, it has a collecting area of 36 cm? and 400 x 384
pixels with a pixel size of 150 microns (4.1 arcsec). The detector is sensitive to
photons between 0.15 and 12keV, with a half energy width (HEW) of 16 arcsec at
1.5keV and 8keV.

EPIC-pn can be operated in six observation modes. In the chapters where
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I present EPIC-pn observations, I always used the “full frame” mode, which is the
default for the instrument, in order to maximise the background collection area
and to improve estimations of the overall quality of the observation; in the case of
the binary companions of TOI-451 and TOI-1098 in Chapter 6, I also chose full-
frame mode to ensure both stars are present in the field of view. In full frame, the
full area of the detector is used with a time resolution of 73 ms (OOT fraction of
6.3%). In contrast, the extended full frame mode, apt for extended sources, adopts
an integration time x2.7 longer, reducing the frequency of OOT events by the same
amount. The other modes (small window, large window, timing, and burst) reduce
pile-up and the OOT frequency by reducing the collecting area instead.

EPIC-pn also has choice between three blocking filters which reduce optical
loading to different degrees but also block a certain fraction of soft X-ray photons as
well. These are the thin, medium, and thick filters, and are effective at preventing
contamination for optical sources with magnitudes up to my = 12, 9, and 1,
respectively. Compared to the thin filter, the medium and thick filters block 9%
and 42% of the X-ray photons in the band 0.2-1.0keV, respectively. In the XMM-
Newton observations presented in this thesis, I always used the thin blocking filters
as there were no bright optical sources in my observations that required accounting

for optical loading.

2.2.2 EPIC-MOS

The other two X-ray telescopes onboard XMM-Newton direct their light towards
the two identical EPIC-MOS imaging detectors.

Each of the two EPIC-MOS detectors consist in seven CCD units: one
central one at the focal point and six others around it. Unlike EPIC-pn, these
chips are not monolithic and were fabricated separately. In fact the outer six
CCDs are placed 4.5 mm higher than the central one following the curvature of the
focal plane in order to improve their focus for off-axis sources.

Each EPIC-MOS has a total collecting area of 2.5 x 2.5 cm and 600 x 600
pixels with a pixel size of 40 microns (1.1 arcsec). The detectors are sensitive to
photons between 0.2 and 10 keV with a HEW of 17 arcsec at 1.5keV. They are also
less sensitive than EPIC-pn, particularly for soft X-rays (with an effective area a
factor of x1.5 at 1keV and x2.3 at 0.5keV lower than EPIC-pn), but they are
also less affected by background noise and have a spatial resolution x4 higher.

Their lower sensitivity is in part due to 58% of their respective incident light being
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diverted towards the two Reflection Grating Spectrometers (RGS).

EPIC-MOS have four observation modes. The default mode is full frame,
where the full collecting area of the instruments is used and has a time resolution
of 2.6s. Like EPIC-pn, the EPIC-MOS can also be operated in large window,
small window, and timing modes, which reduces the collecting area of the central
CCD to gain in time resolution and reduce pile-up. The outer six CCDs always
operate in full frame, whilst the central CCD can be operated in any of the modes.
In this thesis, I have used EPIC-MOS observations in Chapters4 and 6, always in

full frame mode.

2.3 Analysis of X-ray observations

In this section, I describe the process I use for analysing XMM-Newton observa-
tions to extract light curves, spectra, and X-ray fluxes for a given target in the
observation.

I use the Science Analysis System (SAS)! software developed explicitly for
reducing and analysing XMM-Newton observations. Together with it, I use some
software from the package HEASoft?, developed by NASA for analysing data from
a variety of X-ray observatories.

The XMM-Newton telescope, after carrying out a number of observations,
sends the telemetry back to monitoring stations on Earth. This raw telemetry
is packaged in the form of FITS files named Observation Data Files (ODF). The
ODF's are also automatically reduced by a data pipeline, producing Pipeline Pro-
cessing System (PPS) files, which contain validated scientific products. In my anal-
yses in this thesis I do not use PPS products for science, as I reduce the data my-
self. Although in most cases the PPS products would be suitable, I find it is good
practice to carry out the analysis myself to ensure the source has been correctly
identified and to fine-tune the reduction beyond the steps taken by the pipeline
(i.e. binning, X-ray spectral model, upper limits). Start-up of SAS for reducing an
XMM-Newton observation also requires Current Calibration Files (CCF), which
contains information necessary to calibrate the instruments in the telescope for
science.

The ODFs of an observation can be translated into a more practical format,

an event list, which contains a record of every photon detection event during an

!See https://www.cosmos.esa.int/web/xmm-newton/sas-threads
2See https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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observation, as well as its timestamp, location in the detector, and energy (in the
form of a channel). To process the ODF's into event files, I use the SAS commands
epproc for EPIC-pn data and emproc for EPIC-MOS data. These commands
collect the ODF's of an observation, concatenate them into a single file (the event
list), and calibrate the data for telescope and instrument degradation as well as
changes in the orbit of the telescope using the CCF's that are closest to the date

of the observation.

The next step is to assess the level of flaring particle noise in the observation
and, if necessary, remove it. The flaring particle background is attributed to soft
protons from the Sun, which the detector incorrectly interprets as hard X-ray pho-
tons, which can extend beyond 10keV. These soft protons, which reach the CCD
window by scattering off the mirrors and skipping the particle shield, can ionise
silicon atoms in the semiconductor, producing an electric charge that is indistin-
guishable from that of hard X-ray photons. Periods of high flaring background
can thus be identified by querying the event list for high energy events (> 10keV)
and plotting them as a lightcurve. Querying the event list for events with spe-
cific timestamps, energies, flags, and positions can be done with the SAS command
evselect. This high-energy lightcurve will be flat and close to zero during low
background periods, but may increase significantly during periods of high flaring
noise. This can be seen in Figure 2.3, where I plotted the high energy lightcurve of
an XMM-Newton observation of the star K2-136 (which I present in Chapter 3).
The recommended method for correct for these noisy intervals is to remove the
periods of high noise entirely from the analysis. This is done by inspecting the
lightcurve for a baseline “low background” level and removing the time intervals
with background over this limit. This is done with the command tabgtigen, which
generates a file that specifies the Good Time Intervals (GTI) of the observation,
which can then be used to filter the event list. In practice the impact of high
noise time intervals is limited to increasing the uncertainties in the count rates
in the lightcurves, although they can reduce the signal-to-noise of the spectrum
significantly when the background levels are very high. The downside of removing
the noise intervals, on the other hand, is discarding significant portions of the ob-
servation. As such, one must strike a balance between having less data or having
more data that is noisier. In my work, however, I have often chosen not to remove
these noisy intervals as the background levels were never too high.

The reduced data is now in a state where science can be carried out and

lightcurves and spectra can be extracted and analysed. The first step is to identify
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Figure 2.3: Plot of the count rate from the EPIC-pn instrument against time for
high energy events (> 10keV) during an XMM-Newtonobservation of the star K2-
136 (which I present in Chapter3). The high count rate intervals are caused by
soft solar protons being funneled into the detector and mistaken as hard X-ray

photons.
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the source of interest in the observation. This is often first done via visual in-
spection by extracting an image from the event list with the command evselect,
opening it with a FITS viewer such as DS9, and identifying the source at its ex-
pected sky coordinates (RA, Dec). Alternatively, one may inspect the pipeline
outputs (PPS), which lists sources detected in the frame.

The lightcurve of the target can be extracted again with evselect. One
must choose a circular aperture around the source which encompasses the PSF, as
well as another aperture for estimating the background level close to the source.
Lightcurves can thus be extracted for both the source and background regions, and
the source lightcurve is then background-corrected with the command epiclcorr,
which also corrects for other effects including vignetting, quantum efficiency, and
bad pixels.

Spectra can also be extracted with evselect using the same method as
for lightcurves, in which a source and background regions are chosen. In order to
convert the instrument-specific energy channels into energies, information about
the response of the detectors as a function of energy is needed. This is encoded
in a set of response files, namely a redistribution matrix file (rmf) obtained with
the command rmfgen and an ancillary file (arf) obtained with arfgen. These
two files, together with the source and background spectra, can be provided to a
spectral analysis software, such as XSPEC, to fit a spectral model and obtain the

X-ray flux of the target.

2.3.1 Fitting X-ray spectra

In order to obtain the X-ray flux of a target, one must first fit a spectral model
to the data and integrate it in the desired energy band. To do so, I employ the
software XSPEC included in the HEASoft package. XSPEC is able to read spectrum
files from SAS, and produce a source spectrum that is corrected for the background,
as well as converted into physical units using knowledge of the response of the
detector. XSPEC can also fit multiple spectra from different instruments and epochs
simultaneously.

Once the spectral files have been loaded, a spectral model can be fitted.
The model I chose throughout my work is a combination of ISM absorption and
coronal emission. I account for ISM absorption with the Tuebingen-Boulder ISM
absorption model [TBABS, Wilms et al., 2000b], which takes in a hydrogen column
density ny along the line of sight between the observer and the target. In my
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Figure 2.4: Plot of the X-ray spectrum of TOI-1098 produced with XSPEC as de-
tailed in Chapter 6. The data points correspond to spectral counts from the EPIC-
pn (black points) and the two EPIC-MOS instruments combined (red points). The
lines show the spectral model fitted simultaneously to the data from the three in-
struments (black and red lines for EPIC-pn and EPIC-MOS, respectively), with a
two-temperature APEC model as well as a TBABS model for ISM absorption.
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work, I have estimated ny using the distance to the star together with an esti-
mated hydrogen density of 0.1 cm™ in the local neighbourhood as determined by
Redfield and Linsky [2001]. As for the coronal emission, I use the Astrophysical
Plasma Emission Code [APEC, Smith et al., 2001], which models the corona of a
star as collisionally-ionised optically-thin plasma. It offers the following free pa-
rameters: the temperature, redshift, coronal abundances relative to solar, and a
normalisation constant that scales the model to match the observed count rate. In
my work, I leave the temperature and normalisation as free parameters, whilst I fix
the redshift to zero (since my sources of interest are nearby stars) and abundances
to solar. The abundances in the model serve to account for emission lines of met-
als, which are set to solar abundances by default and can only be set globally to
all elements, although the individual abundance of each element can be fine-tuned
using the VAPEC and VVAPEC models instead. I use the VAPEC model in Chap-
ter 3 to fit the abundances of N, O, Ne, and Fe individually and compare them to
photospheric abundances. Moreover, I always use the solar abundances provided
by Asplund et al. [2009]. Since the corona does not have a single temperature,
but a distribution of temperatures, multiple APEC models can be fitted together
for multi-temperature fits. Alternatively, one may use a multi-temperature model
such as CEMEKL [Singh et al., 1996], which I used together with APEC in Chapter 3.
CEMEKL models plasma emission using a continuous emission measure distribution,
where a power law dictates the emission at a given temperature.

In Figure2.4, I plot an example of an X-ray spectrum as seen in XSPEC
fitted with a two-temperature APEC model.

For fitting the spectral model, I use the C-statistic [Cash, 1979], which
assumes a Poisson distribution for the data rather than a Gaussian, since Cash
[1979] showed that using bins with less than 10-20 counts (which is often the case
in X-rays), the x? statistic becomes unreliable as a fit statistic. I determine the
best-fit parameters and their uncertainties using the Markov chain Monte Carlo
(MCMC) method, which performs a number of random walks across parameter
space seeking to minimise the fit statistic.

Finally, I integrate the spectral model in the desired energy band using the
XSPEC command flux, which yields an X-ray flux in units of ergs™'cm™'. For
EPIC-pn, one can integrate across the energy band of choice, which for stars this
is often 0.15 — 2.4keV. The lower bound of this energy range corresponds to the
minimum operative energy of the EPIC-pn instrument, whilst the upper bound is

motivated by the number of counts dropping very low for soft stellar sources. It is
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also common to extrapolate the model down to the full ROSAT band (0.1—2.4keV)
in order to capture the softer component of the X-rays. Extrapolation to softer
wavelengths, though, is highly sensitive to the choice of model and the fitted

parameters.

2.4 Archival datasets

Observatories that carry out surveys of the sky typically release their results in the
form of catalogues and data releases. In my work, I have made use of public cata-
logues from two missions: XMM-Newton, which observes X-ray wavelengths, and
Gaia, which observes optical wavelengths. These catalogues are the JXMM cat-
alogue and Gaia Data Release 3 (Gaia DR3), respectively. In Chapter5, I cross-
match X-ray sources from the JXMM catalog with a list of Pleiades stars published
by Godoy-Rivera et al. [2021] curated with Gaia; and in Chapter 7, I present a
cross-match between all 4XMM sources and main sequence stars in Gaia DR3
within 200pc. In both cases, my objective was to obtain the measured X-ray
fluxes from a number of Gaia stars in order to characterise their coronal activity
levels. In this section, I briefly discuss how these two catalogues are assembled

and what information they offer.

2.4.1 The 4XMM catalogue

The fourth XMM-Newton Serendipitous Source Catalogue [4XMM Webb et al.,
2020] offers count rates and fluxes of sources identified on archival XMM-Newton
pointings. XMM-Newton pointings are originally obtained through guest obser-
vation requested with proposals in order to make targeted observations. These
pointings will additionally contain many more sources in the frame, whose X-
ray emission has been characterised by chance, hence why 4XMM is known as
a “serendipitous” catalogue. The JXMM catalogue is assembled by the XMM-
Newton Survey Science Centre (SSC) and, its latest data release (4XMM-DR13)
includes 983,948 X-ray detections compiled from 13,243 observations taken with
XMM-Newton in the last 24 years.

Each XMM-Newton observation is processed following the standard pipeline
to produce event lists, as described in Section 2.3. Source detection is run on the
three X-ray cameras and all bands simultaneously. First, a search box of size

20” x 20” is slid through the image, identifying and removing sources from it; the
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result is normalised by the exposure map of the detector to compute a background
map. A second pass with a search box again of size 20” x 20” is done, this time
comparing the counts from the detected sources with the expected background
level from the background map, which increases detection sensitivity [Webb et al.,
2020]. Finally, source parameters are fitted on the distribution of source counts
with a maximum-likelihood method over a circular aperture with radius 60”. Using
the background map, a set of flags are provided for each detection which report
on the quality of the observation as well as the detection likelihood. Spectra and
lightcurves are also extracted for the brightest sources. Then, count rates are
extracted in eight standard energy bands: 0.2 — 0.5, 0.5 — 1.0, 1.0 — 2.0, 2.0 — 4.5,
and 4.5 — 12keV. Finally, X-ray fluxes are calculated from the count rates using
standard energy conversion factors (ECFs). ECFs are provided for each standard
band, instrument, and filter, and are based on an absorbed power law model with
a column density ng = 3 x 102 cm™2 and a photon index I' = 1.7. These model
parameters were obtained by fitting said model to the best quality spectra in the
archive and calculating the average of the best-fit parameters.

Each X-ray detection is labelled with an unique detection ID DETID. X-
ray detections from different epochs that are close in the sky are cross-matched
to identify if they correspond to the same astrophysical X-ray source observed at
different times. These sources are assigned an unique source ID SRCID. A secondary
catalogue is also assembled, the stacked catalogue, which provides information
only on each unique X-ray source, where the provided X-ray fluxes on each band
correspond to the average across all of its detections. In Chapter 7, where I make
use of the 4 XMM catalogue, I do not use the stacked catalogue as the main aim of
that chapter is to study X-ray variability, which requires examining all detections

of a given X-ray source.

2.4.2 The Gaia archive

In my work, I have also benefited from the extensive survey that the Gaia space-
craft has carried out, which has measured accurate photometry and astrometry
for billions of stars [Gaia Collaboration et al., 2016]. In Chapter 7, I cross-match
the Gaia DR3 archive with the JXMM catalogue of XMM-Newton observations
and obtain X-ray luminosities for thousands of Gaia stars. Gaia has also been in-
strumental in refining membership lists for open clusters [e.g. Freund et al., 2020;

Godoy-Rivera et al., 2021; Nunez et al., 2022], as stars born from the same cluster
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share similar kinematics, which can be precisely measured with Gaia. Indeed, in
Chapter 5 I obtain X-ray luminosities for a sample of Pleiades members compiled
by Godoy-Rivera et al. [2021] using Gaia data.

Gaia is a space-based observatory launched by the European Space Agency
in 2013. Gaia observes the sky by scanning it as the telescope spins with a period
of 6 hours. Moreover, its focal plane is covered by 106 CCDs and a total of 1
billion pixels across three science instruments. These instruments, which operate in
optical wavelengths, are the astrometric instrument, the Red and Blue Photometer
(BP/RP), and the radial velocity spectrometer (RVS).

The astrometric instrument, with 62 CCDs, measures broadband photom-
etry (G band) and identifies sources in the sky. Its main objective is to measure
their sky positions as it orbits the Sun in order to characterise their parallaxes and
proper motions. The red and blue photometer corresponds to two strips of 7 CCDs
each, to measure low-resolution spectra of sky sources. The two strips measure
two passbands, BP and RP, which roughly correspond to the blue (330-680nm)
and red (640-1050 nm) parts of the broader G passband. Finally, the RVS collects
high resolution spectra using a diffraction grating in order to measure the radial

velocities of its targets.

Gaia has so far published three data releases [Gaia DR1, DR2, and DR3;
Gaia Collaboration et al., 2020], which contain science products from its obser-
vations, including an unique Gaia ID for each source as well as its photometry
(G, Gpp, and Grp magnitudes), sky position, parallax, and proper motion. Addi-
tional data are provided for each source which assess the quality of its observations.
This includes the Renormalised Unit Weight Error (RUWE), which characterises
the goodness of fit for a single-object astrometric solution. It is often used to single
out unresolved binaries; an unseen stellar mass companion would induce a periodic

motion in the source that is picked up by the astrometric fitting algorithm.

Photometry of stellar sources with G < 19 is also fitted with stellar models
to determine certain physical parameters, such as the stellar mass, bolometric
luminosity, effective temperature, and metallicity. The latest release, Gaia DR3,
which contains 1.8 billion sources, also includes data from the RVS instrument,
such as radial velocity, RV amplitude, and line broadening. In Chapter5, I use
RV measurements from Gaia DR3 to identify tidally-synchronised binaries, which
are spun-up by their close stellar companions and as a result present high RV

amplitudes.
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2.5 photoevolver

photoevolver is a Python module I developed that simulates the evaporation
histories of exoplanets. I use this code extensively for my work, in Chapters 3 to 7.
The code is publicly available on GitHub at github.com/jorgefz/photoevolver.

photoevolver is highly modular, allowing the user to provide their own
models for each aspect of the simulation, including the planet’s internal structure,
the stellar emission history, and the mass loss formulation for the planetary at-
mosphere. More generally, photoevolver acts as the glue between these models,
such that each model provides one of the pieces required to simulate the evolution

of a planet under atmospheric escape.

2.5.1 Determining the internal structures of planets

Before evolving a planet’s atmosphere under evaporation, photoevolver must
first know about the internal structure of the planet, e.g. how much of its mass
corresponds to the gaseous envelope and how thick it is.

photoevolver describes the interiors of planets with two layers: a solid core
surrounded by a gaseous envelope. This model can thus be described with four
parameters: the core radius Reore and core mass Mo, and the envelope thickness
Renv and envelope mass Mgy,,. The envelope mass is most commonly expressed as
an envelope mass fraction, defined as ratio of envelope mass to total planet mass
(fenv = Menv/Mp), which is the definition photoevolver adopts. Other studies
adopt an alternative definition corresponding to the ratio of envelope mass to
core mass (Xeny = Meny/Mcore), which is related to the first definition as follows:
fenv = Xenv/(1 + Xenv).-

These four parameters are related to one another with four equations. The
first two are trivial and follow the definitions of the planet’s radius and mass.
Planet radius is defined as the combination of core radius and envelope thickness
Rp1 = Reore + Renv, whilst planet mass is the combination of envelope and core
masses Mpj = Mcore + Meny. The envelope mass fraction can thus be rewritten as
fomv = (Mp1 — Meore) /M.

The other two equations pertain to relations between mass and radius for
the core and the envelope. For the core, we can adopt theoretical mass radius
relations that assume a certain composition, such as an Earth-like core with 2/3
silicates and 1/3 iron [e.g. Fortney et al., 2007], commonly assumed for exoplanet

populations [Owen and Campos Estrada, 2020b]; whilst other alternate formula-
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tions include some fraction of water/ice [e.g. Zeng et al., 2019]. Alternatively, we
can also use empirical fits to exoplanet populations, such as the mass-radius re-
lation provided by Otegi et al. [2020], which was based on planets with densities
greater than water.

For the envelope, we can again use such relations, although on this occasion
between envelope thickness and envelope mass fraction, which I refer as envelope
structure models. These often require further information to calculate the envelope
thickness, such as the bolometric flux incident on the planet and the amount of
thermal energy in the planet’s core, both of which warm up the envelope and
cause it to expand. One may use empirical fits to a grid produced with expensive
simulations [e.g. Lopez and Fortney, 2014; Chen and Rogers, 2016]. Alternatively,
Owen and Wu [2017] provided a fully analytical model suitable for super-Earths
and sub-Neptunes. I compare these models in-depth in Section 3.4.3.

We can thus obtain the internal structure of a planet starting off from two
sets of parameters. On one hand, we can provide the planet’s core radius and
envelope mass fraction. We can first use the mass-radius relation for the core to
obtain the core mass, and then combine the core mass with the input envelope
mass fraction to obtain the total planet mass. Finally, we can use the envelope
structure model to calculate the envelope thickness from these parameters and
thus the total planet radius.

Alternatively, we can start with a planet’s total mass and radius. We can
then make an initial guess for the envelope mass fraction, solve for the remaining
parameters using the method described above, and see if the corresponding radius
matches the input one. If it does not, we can adjust the envelope mass fraction
and repeat until it matches. Essentially, the code is finding roots for the equation
Ry guess(fenv,guesss Mpr) — Rplinput = 0. To carry out this iterative calculation,
photoevolver uses the function fsolve from the Python package scipy [Virtanen
et al., 2020]. This is most useful to determine the internal structure of a real planet,

whose mass and radius have been measured.

2.5.2 Simulating atmospheric evolution

Evolving a planet’s atmosphere under photoevaporation requires knowledge of the
XUV emission history of its host star and a model for the atmospheric escape. The
XUV emission history of the host star is required to obtain the X-ray irradiation on

the planet at each point in time. As stellar activity is linked to the stellar rotation
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Figure 2.5: Simulations with photoevolver of the evaporation history of a sub-
Neptune orbiting a Sun-like star with an orbital period of 6 days, a mass of 8 Mg,
and an initial envelope mass fraction of 1%. I adopted three X-ray irradiation
histories from the models by Johnstone et al. [2021] as shown in Figure1.9: 5th
percentile for low irradiation (black line), 50th percentile for medium irradiation
(red line), and 95th percentile for high irradiation (blue line). The top panel
shows evolution of the planet radius with age, and the bottom panel, evolution of
the envelope mass fraction. The following models were adopted: stellar emission
models from Johnstone et al. [2021], envelope structure model by Chen and Rogers
[2016], core mass-radius relation by Otegi et al. [2020], and the energy-limited mass
loss model [Watson et al., 1981; Erkaev et al., 2007]. The planet’s atmosphere was
evolved from the age of 10 Myr to 8 Gyr with a fixed time step of 1 Myr.
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period (see Section 1.4.2), a model of the spin evolution of a star can be used to
estimate its XUV emission history (see Section 1.4.3). One such example is the spin
and X-ray evolution models by Johnstone et al. [2021] — in Figure 1.9 T show their
models for a Sun-like star. Regarding the atmospheric escape model, it is required
to translate the incident XUV radiation into a mass loss rate. In Section1.3.2 1
discuss the different mechanisms of atmospheric escape and in Chapter 3, I compare
four different mass loss models in simulations of atmospheric evolution.

For each step of the simulation: (1) the stellar X-ray luminosity is obtained
for the current age of the simulation and (2) fed to the mass loss model to obtain
the atmospheric escape rate. Then, (3) the mass lost is removed from the envelope,
and (4) the envelop thickness is recalculated using the envelope structure model.

photoevolver continues evolving the planet’s atmosphere until either the
end age is reached, or the atmosphere is fully stripped from the planet. The
envelope is considered to be stripped if it falls under a certain minimum envelope
mass fraction, which by default is fo,, = 107°, which corresponds to an envelope
of negligible size. This limit exists because envelope structure models become
unphysical at an envelope mass fraction of zero.

Moreover, photoevolver provides two integration methods to evolve plan-
etary atmospheres. The first is the Euler method, which uses a fixed step size
and evaluates the function once per step. The second method is the 4th order
Runge-Kutta method (RK45), which uses an adaptive step size and is more stable
than the Euler method but more computationally expensive, as it evaluates the
function six times every step. In photoevolver, I adopted the implementation of
the RK45 method provided by the Python package scipy [Virtanen et al., 2020].

In Figure2.5, I show an example of the evolution of a sub-Neptune into
a super-Earth with photoevolver, which highlights the importance of the stellar
emission history in simulations of atmospheric escape. This test planet orbits a
Sun-like star with a period of 6 days, a core mass of 8 Mg, and an initial envelope
mass fraction of 1%. I simulated the planet’s evaporation history using three
stellar emission histories from the models by Johnstone et al. [2021], as shown in
Figure 1.9. These correspond to the 5th, 50th, and 95th percentiles of the spin
period distribution in their models, which translate to a “low”, “mid”, and “high”
irradiation histories. In all scenarios, the planet is fully stripped of its atmosphere.
However, this occurs on timescales of 2 Gyr, 600 Myr, and 100 Myr, respectively,
with the “high” irradiation history stripping the atmosphere 20 times earlier than

the “low” irradiation history.
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Chapter 3

The shared evaporation history
of three planets around K2-136

3.1 Introduction

As discussed in Chapter 1, modelling the evaporation histories of exoplanets re-
quires knowledge of the past X-ray emission of their host stars. X-ray observations
of stars, however, only provide a snapshot of the high energy environment of its
planetary system. One can attempt to model the current physical properties of
a planet but its history can be hard to constrain. A straightforward solution to
break the degeneracy is to study multiplanetary systems, where all the planets in
the system have shared the same the irradiation history. Their current states can
then be used to constrain each other’s pasts, especially if the planets are found on
both sides of the radius valley [Owen and Campos Estrada, 2020b].

This is particularly useful if one planet is evaporated whilst another retains
an atmosphere. This is a common arrangement for Kepler systems, where a small
barren rocky world is interior to a puffy mini-Neptune. These planetary systems
are “size-ordered”. The predicted integrated X-ray output of their host star can
therefore be fine tuned: high enough to strip the interior planet of its atmosphere
but low enough to maintain the atmosphere on the outer one.

Of particular interest are therefore planetary systems that are not size-
ordered, i.e. a gaseous mini-Neptune interior to a barren rocky world. Such systems
raise the question of the survival of the atmosphere of the inner planet. How could
the inner planet have received a greater X-ray dose than the outer planet and yet

maintained its gaseous envelope?
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In this chapter I study the evaporation history of one such planetary system
with three transiting planets: an Earth-size rocky planet, a low density mini-
Neptune, and a dense super-Earth. K2-136 (EPIC 247589423, LP 358-348) is a
K5V dwarf at a distance of 59 pc that hosts three transiting planets. The star,
whose parameters are shown in Table 3.1, is a member of the Hyades cluster, which
makes it about 700 Myr in age [Brandt and Huang, 2015; Martin et al., 2018]. The
three planets (K2-136 b, ¢, and d) have radii 1.0, 3.0, and 1.5 Rg, respectively, as
reported by Ciardi et al. [2018], Livingston et al. [2018], and Mann et al. [2018],
and their orbital and physical properties are shown in Table3.2. Given that the
planets straddle the radius valley, this system provides an excellent opportunity
to study the evaporation history of exoplanets in a shared X-ray environment.

The chapter is structured as follows: Section 3.2 introduces the planets in
the system and their physical properties, Section 3.3 concerns my X-ray observa-
tions of K2-136, in Sects. 3.4 & 3.5 I model the evaporation histories of the three

planets, and in Sects. 3.6 & 3.7 I discuss and summarise the results.

3.2 Planetary system

The planetary radii, orbital periods, and mass measurements of the three planets
around K2-136 are shown in Table 3.2. The radius measurements from the different
studies all agree within 1o, and the orbital periods all agree within minutes.

The precision of these original radius measurements were limited by the
precision of the stellar radius, which in turn was limited by knowledge of the
distance to K2-136. Since the publication of the discovery papers, we now have
improved precision on the stellar radius from Gaia, and I was able to recalculate
the planet radii using the R,/R, values from the discovery papers together with
the stellar radius of 0.6854 +0.0010 R from Gaia DR3 [Gaia Collaboration et al.,
2022]. This resulted in reduced uncertainties as well as closer consistency between
the radii from Mann et al. [2018] and Livingston et al. [2018] (see Table 3.2).

The mass measurements in Table3.2 are from HARPS-N observations.
Mayo et al. [2021] published an abstract summarising these HARPS-N measure-
ments for K2-136, where they report a mass of 15.94+2.4 My, for K2-136 ¢. However,
during the preparation of this chapter I became aware of revised HARPS-N masses
and limits for all three planets by Mayo et al. [2023], which are shown in Table 3.2.

Despite the relatively high mass of K2-136 ¢ of 18.1£1.9 Mg, the planet still
has a relatively low density of ~ 3.8 gcm™3 (using R, = 3.0 Rg) strongly suggesting
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Table 3.1: Stellar parameters of K2-136

Parameter Units Value Reference
Spatial

RA (J2000)  hh:mm:ss 04 :29:38.99 Gaia DR3P

Dec (J2000)  dd:mm:ss 422 :52:57.78 Gaia DR3P

URA mas yr~!  82.778 £ 0.021 Gaia DR3P

HDec mas yr~!  —35.541 +0.015 Gaia DR3P

Parallax mas 16.982 +0.019 Gaia DR3P

Distance pc 58.89 =+ 0.065 Gaia DR3P

Photometric

B mag 12.48 £ 0.01 UCAC4*

\Y% mag 11.20 £ 0.01 UCAC4?

G mag 10.8537 + 0.0005 Gaia DR3P

BP mag 11.5398 £ 0.001 Gaia DR3P

RP mag 10.0527 4 0.001 Gaia DR3P

J mag 9.096 + 0.022 2MASS?

H mag 8.496 4 0.020 2MASS

Ks mag 8.368 4 0.019 2MASS?
Physical

Spectral type — K5V L18°¢

Tegt K 4359 + 50 L18®

M., Mg 0.686 + 0.028 L18°

R. Ro 0.723 £ 0.072 L18°

L. Lo 0.171 £ 0.036 L18®

[Fe/H] dex 0.17 £0.12 L18°

Prot days 13.61732 L18°

Prot days 13.8+1.0 Ciardi et al. [2018]

Prot days 15.0+ 1.0 Mann et al. [2018]

Age Myr 625150 Perryman et al. [1998]

Age Myr 750£100 Brandt and Huang [2015]

Age Myr 65070 Martin et al. [2018]

@ UCAC4: Zacharias et al. [2012]

b Gaia DR3: Gaia Collaboration et al. [2022]
4 2MASS: Cutri et al. [2003]

¢ L18: Livingston et al. [2018]
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the presence of a gaseous envelope. Since envelopes tend to make up a small
percentage of the mass of small planets [typically 1-2%, Rogers and Owen, 2021],
we can assume that the total mass is approximately equal to the core mass. I then
used the mass-radius relations by Otegi et al. [2020] for rocky planets to estimate
a core radius for K2-136 ¢ of 2.38 = 0.11 Rg, making its envelope 0.58 + 0.18 Rg in
thickness.

K2-136 d, with a radius of 1.48+0.11 R, has mass upper limits of 1.3 Mg, (10)
and 3.0 Mg (20). Assuming no envelope, the mass-radius relation by Otegi et al.
[2020] suggests a planet mass of 3.49 £ 0.94 Mg, which is consistent with the 20
mass upper limit. The 1o limit, however, results in a density of 2.1 gcm™3, which
suggests the presence of an envelope. For this case, using the analysis above, 1
estimated a core radius of 1.10 Rg and thus an envelope size of 0.4 Rg. I therefore
choose to explore the evaporation past of K2-136d using a range of core masses
between these two scenarios.

Finally, the small size of K2-136 b, placing it well below the radius valley,
and its close proximity to the host star indicates that it lacks an envelope. I
adopted a mass of 0.95Mg, estimated with the mass-radius relations by Otegi
et al. [2020], which is well within the 1o and 20 upper limits of 2.9 and 4.3 Mg,

respectively.

3.3 X-ray observations & analysis

K2-136 was observed with the XMM-Newton telescope on 2018 November 9, from
11:14:01 to 23:10:41 (observation ID 0824850201), ! with a total exposure time of 41
ks, using the European Photon Imaging Camera (EPIC). A preliminary inspection
of the data revealed some contamination by particle background flares in the early
part of the observation, which are common in XMM-Newton observations [Walsh
et al., 2014]. However, the signal to noise ratio of the spectrum was not improved
by rejecting these events and so I chose not to filter out these time intervals.

The data were reduced using the Science Data Analysis System (SAS)?,
a collection of digital procedures and libraries designed to analyse the XMM-
Newton telescope outputs. Since the target is expected to be a soft X-ray source, 1

used the data from the EPIC-pn detector, which has an operative range of 0.15 to

The XMM-Newton data used in this work is publicly available at the XMAM-Newton Sci-
ence Archive (https://www.cosmos.esa.int/web/xmm-newton/xsa), under the observation 1D
0824850201 (target: LP 358-348, PI: Wheatley)

’https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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Figure 3.1: Top panel: background-subtracted lightcurve of K2-136. Middle-
top panel: X-ray lightcurve of K2-136, with background count rates in yellow and
source count rates in dark green. Middle-bottom panel: background-corrected
count rate for soft (0.15-0.63 keV) and hard (0.63-2.4 keV) X-ray counts in red
and blue, respectively. Bottom panel: hardness (H — S)/(H + S) between the
soft (S) and hard (H) lightcurves.
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12 keV and is the most sensitive to soft X-rays [Striider et al., 2001]. I extracted
the source counts using a circular region 15 arcsec in radius centred on the proper-
motion corrected coordinates of the star, and estimated the background using a
circular aperture of radius 148 arcsec on a nearby source-free region. A search of
Gaia DR3 [Gaia Collaboration et al., 2022] reveals no other sources within a 30

arcsecond radius.

3.3.1 Light curve

The background-subtracted lightcurve is plotted in Figure3.1 (topmost panel).
I found an average background-subtracted count rate of 0.012 s~! for counts in
the energy band 0.15 — 2.4keV. The first 12ks of the observation has elevated
background counts. However, there is no increase in the background count rate at
the time of the source brightening 30 ks into the observation, which is likely caused
by an X-ray flare from the star.

I calculated the energy at which half the photon counts are found at lower
(softer) energies and the other half at higher (harder) energies, which I found
to be 0.63keV. I plotted the soft (0.15-0.63keV) and hard (0.63-2.40keV) X-
ray lightcurves separately in Figure 3.1, as well as the hardness ratio, defined as
(H—S)/(H +S), which is binned to isolate the potential flare at around 30ks. I
thus found marginal evidence that the source is harder at the time of this event,

which would be expected for a stellar flare.

3.3.2 Spectral analysis

The X-ray spectrum of K2-136, plotted in Figure 3.2, is dominated by soft X-rays
(< 1keV). I fitted the spectrum using XSPEC [Arnaud, 1996], employing the VAPEC
model [Smith et al., 2001], which describes the emission spectrum of collisionally-
ionized diffuse gas. I allowed the abundances of common elements with strong lines
in the soft X-ray range to vary (N, O, Ne, and Fe) while keeping the abundances
of other elements fixed at Solar values [Asplund et al., 2009]. These elements allow
us to characterize the first ionization potential (FIP) bias on the star [following
e.g. Brinkman et al., 2001; Nordon et al., 2013].

To account for interstellar absorption I used the TBABS model [Wilms
et al., 2000b] with a fixed hydrogen column density of ng &~ 10*® cm~2, as estimated
for the Hyades by Redfield and Linsky [2001]. Given the relatively low number

of counts, I binned the spectrum to a minimum of one count per bin and fitted
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using the Cash statistic [Cash, 1979]. I estimated parameter uncertainties using
a Markov chain Monte Carlo (MCMC) method with 20 walkers, 10* steps and a
burn-in of 2000 steps using the algorithm of Goodman and Weare [2010].

I found that at least three temperature components were required for the
model to account for the main features and shape of the spectrum, particularly the
rise in flux at softer energies. This three-temperature model is simply an approx-
imation to a plasma with a continuous range of temperatures, which is typically
found for the coronae FGK stars [Bourrier et al., 2020]. The three temperatures
components had best fit energies kT = 0.11f8:8§ keV, kKT, = 0.22f8:8% keV, and
kT3 = 0.80700] keV. Best fitting abundances were: 2.5070-1% for N; 1.017939 for
O; 2.28Jj(1):§g for Ne; and 0.531“8:82 for Fe (relative to Solar). The resulting X-ray
flux is Fx = 2.561‘8:;’% x 1071 ergem 257! in the range 0.15 to 2.4 keV.

The flux at energies down to 0.1 keV was estimated by extrapolating my
three-temperature model, resulting in a flux Fx = 2.801“8:‘21% x 107" ergem 257!
in the range 0.1-2.4keV.

The integrated X-ray fluxes in different energy ranges are presented in Ta-
ble 3.3 and the three-temperature model is overlaid in Figure 3.2. The correspond-
ing X-ray luminosity is Lx = 1.16f8:%g x 10?8 erg s~! in the band 0.1 — 2.4keV,
and thus the X-ray activity is Lx/Lpo = 1.77f8:ig x 107°. Furthermore, us-
ing the empirical relations by King et al. [2018], I estimated an EUV luminosity

Lyyy = 2.31J_r8:§§ x 10?8 erg s~! at energies 0.0136 to 0.1keV.

FIP bias

Stellar coronal abundances have been observed to be biased according to first
ionization potential [FIP; Feldman, 1992; Laming, 2015]. For solar-type stars,
elements with higher FIP (e.g. O, Ne) are typically present in the corona with
lower abundances than lower FIP elements (e.g. Fe) in comparison to photospheric
abundances. This is caused by plasma waves in the chromosphere inducing motion
in ions whilst leaving neutral atoms untouched. The geometry and type of these
waves determines whether the abundances of ions are augmented or depleted in
the corona [Laming, 2015]. The FIP bias is quantified as Fy;as = log;q (X/Fe)
logyg (X/Fe) 0 for an element X in comparison to iron, which as a low FIP of
7eV [Wood and Linsky, 2010; Wood et al., 2012]. I found a coronal Ne/Fe value
of 4.303:%2, and hence a positive FIP bias Fyias = 0.63f8:g$ for Ne, which suggests

a strong inverse FIP effect, which is characteristic of young active stars [Audard

cor
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Figure 3.2: Plot of the best fit for the X-ray spectrum of K2-136 (blue line) binned
to 3 counts per bin alongside my XMM-Newton measurements (black data points).
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Table 3.3: X-ray fluxes integrated from my three-temperature VAPEC model
binned to 1 count per bin.

Energy range X-ray flux Label / telescope
(keV) (107 ergem=2s71)
0.15 - 2.40 2.56 7057 X-ray, XMM-Newton
0.10 - 2.40° 2.801053 X-ray, ROSAT
0.0136 - 0.10° 5.5610:8 EUV

& Extrapolated from XMM-Newton range.
b Calculated from the scaling relation of King et al. [2018].

et al., 2003; Telleschi et al., 2005a] as well as late K-dwarfs and M-type stars [Giidel
et al., 2007; Wood et al., 2012; Laming, 2015].

3.3.3 Stellar companion

Ciardi et al. [2018] reported the presence of a stellar-mass companion 0.7 arcsec
away from the main star using high contrast imaging at the Keck Observatory. As-
suming the same distance, this translates to a projected separation of about 40 au.
Since the spatial resolution (half energy width) of the XMM-Newton telescope
EPIC-pn detector is 15 arcsec [Striider et al., 2001]s, the candidate companion is
unresolved from the primary star in my observations. Ciardi et al. [2018] provided
measured magnitudes J = 14.1+£0.1, H = 13.474+0.04, and Ky = 13.03+0.03, and
estimated it to be a M7/8V dwarf. Based on its colour index J—H = 0.63+£0.11, I
interpolated with the stellar parameter sequences by Pecaut and Mamajek [2013]
and obtained a bolometric luminosity of Lyo = (1.77 & 0.70) x 1030 erg s~

Assuming that this object is indeed an M-dwarf close to K2-136 and a
Hyades member, and considering that very low mass stars can remain X-ray sat-
urated for several Gyr [Johnstone et al., 2021], I estimated its maximum contri-
bution to the measured flux using the saturated X-ray activity of log,q Lx/Lpol =
—3.13 + 0.08 determined by Wright et al. [2011]. Its estimated X-ray luminosity
is thus Lx = (1.3 4 0.6) x 10?7 erg s~! in the band 0.1 — 2.4keV, with a flux
that would contribute roughly 5-15% of the flux in the X-ray measurement. Since
this estimated flux from the companion is comparable to the 1o uncertainty in the
XMM-Newton measurement, I chose not to account for the X-ray flux from the

stellar companion in my analysis.
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3.4 Evolution modelling

In order to simulate the evaporation histories of the planets, I evolved their current
states back and forward in time, for which I introduce the photoevolver 3 code.
This simulation is built upon three main components: (1) a description of the
stellar XUV emission history, which provides the X-ray luminosity of the star at
each point in time (Section 3.4.1); (2) a formulation for the atmospheric mass loss,
which will take the incident XUV flux at the planet and translate it into mass
lost (Section3.4.2); and (3) an envelope structure formulation, which links the
envelope mass to its size and describes how the envelope radius responds to mass
loss (Section 3.4.3). For each of these three components I explored a range of
published models. I adopted and compared three envelope structure models from
Lopez and Fortney [2014], Chen and Rogers [2016] and Owen and Wu [2017], as
well as four mass loss models from Erkaev et al. [2007], Salz et al. [2016], Gupta and
Schlichting [2019], and Kubyshkina et al. [2018]. In some cases I took equations
from those models, in others I used code provided by the authors, and in one case
I translated the code into the C programming language to reduce computation
time.

At each simulation time step, the XUV flux is drawn from stellar tracks
(Section 3.4.1) and used to calculate the mass loss rate (Section 3.4.2) and update
the envelope mass fraction. Then, the radius is recalculated using the structure
formulation (Section 3.4.3).

I first solved for the current internal structure of each planet in the system,
calculating what fractions of the planetary mass and radius correspond to the core
and the gaseous envelope. I then evolved planets that retain a present-day enve-
lope backwards in time from their current age of 700 Myr to 10 Myr with 0.1 Myr
time steps. Ten million years is the age at which the protoplanetary disc is fully
dissipated [Fedele et al., 2010] and any boil-off phase has completed [Lammer et al.,
2016; Fossati et al., 2017; Owen and Wu, 2016], and I refer to this as the planet’s
initial state for my simulations. I also evolve these planets forward to 5 Gyr with
1 Myr time steps. Finally, in order to ensure these evaporation histories are con-
sistent across all planets in the system, I evolved the planets with no present-day
envelope forward in time from 10 Myr using a range of initial envelope mass frac-
tions, ensuring that the envelopes are fully stripped within 700 Myr. I considered
the envelope lost if the envelope mass fraction Xeny = Menyv/Mecore fell below 0.01%.

3The code is available on GitHub at https://github.com/jorgefz/photoevolver
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I choose this limit because, although such a planet might be stable [Misener and
Schlichting, 2021], my chosen envelope models are not rated below this limit, and
the envelope would contribute only a small fraction of the planet’s radius. Fur-
thermore, I found that the evolution code removes such envelopes within a few

time steps in any case.

3.4.1 Stellar XUV history

I adopted the stellar rotation description of Johnstone et al. [2021], who modeled
stellar rotational evolution by describing the convective and radiative regions as
two solid shells that rotate independently, taking into account different angular
momentum transport mechanisms. They combine this description with distribu-
tions of rotation periods as a function of stellar mass and age estimated from
observations of nearby open clusters. The rotational evolution models for a star
of the mass of K2-136 are shown in Figure 3.3.

The age of the Hyades cluster (and thus of K2-136) is well constrained (see
Table 3.1) and I adopted a value of 700 Myr. In addition, Livingston et al. [2018]
measured a rotation period of 13.61%% days, in agreement with Mann et al. [2018],
who measured 15.0+1.0 days, and Ciardi et al. [2018] who identified a spin period of
13.8+1.0 days based on the periodogram of the K2 lightcurve. This period matches
the median (50th percentile) of the model’s distribution (Figure3.3), although a
range of rotational pasts are possible based on the error on the period, with early-
age periods at 10 Myr spanning 1.7 to 9.2 days. Nevertheless, I adopted the stellar
tracks that fit the star’s current mass, age, and rotation period.

The X-ray activity Lx/Lpo predicted by this model is about 3.5 times
higher than my measured value (Figure3.3 and Section3.3). This is mainly due
to the predicted X-ray luminosity, which is 2.7 times stronger than the XMM-
Newton measurement [the predicted bolometric luminosity is only 22% greater
and close to the 20% uncertainty estimated by Livingston et al., 2018]. This
discrepancy is not surprising, given the spread in X-ray emission of about one
order of magnitude on the rotation-activity relation [e.g. Wright et al., 2011].
The origin of this spread is not clear, although short timescale X-ray variability
has been proposed as a explanation [e.g. Johnstone et al., 2021]. If this were
the case, we would expect these variations to average out over time and thus the
current X-ray luminosity of K2-136 might be explained by a temporary low-activity

season. However, if stars follow intrinsic X-ray evolution tracks and hence the X-
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the models by Johnstone et al. [2021]. The diversity of rotation periods with which
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ray activity of K2-136 is consistently lower than the model, this would result in
lower mass loss rates on its planets. I thus implemented two parallel analyses:
one with the predicted X-ray luminosity track for K2-136, and another with a
low-luminosity track 2.7 times fainter that fits the X-ray measurements of K2-136
at its current age of 700 Myr. In Section3.6.1 I compared the X-ray emission of
K2-136 with similar Hyades members in order to assess whether the measured or

modelled XUV fluxes are the most typical.

I estimated the corresponding EUV emission for the two X-ray histories
using the scaling relations by King et al. [2018], who derive empirical relations be-
tween X-ray (0.1-2.4keV) and EUV (0.036-0.1 keV) fluxes using Solar TIMED/SEE
data. Furthermore, King and Wheatley [2021] find that the EUV luminosity of a
star declines more slowly than X-rays, with EUV irradiation dominating in later
ages, which may affect the evolution of planets in Gyr timescales. In Figure 3.4,
I plotted both the X-ray and EUV luminosity evolution of K2-136 following this
prescription, together with the combined XUV track. Indeed, the X-rays start out
twice as strong as EUV at 10 Myr, then become equal at around 480 Myr, and
by the age of 5 Gyr the EUV emission ends up three times stronger than X-rays
(Figure 3.4).

3.4.2 Atmospheric mass loss

Atmospheric loss models estimate the mass loss rate from a planet’s atmosphere.
A commonly used X-ray based approximation is the energy-limited approach, in
which high-energy radiation incident on the planet is converted to the work needed
to bring an atom from the upper atmosphere to the Roche lobe, where it escapes
the planet’s gravity [Watson et al., 1981; Lecavelier Des Etangs, 2007; Erkaev et al.,
2007]. The energy-limited mass loss rate is given by

A= 7”7/82FXUVR§, (3.1)

GK M,

where M, and R, are the mass and radius of the planet, respectively, Fxuyy is
the incident X-ray and EUV flux onto the planet, i is the energy efficiency of
the process, 8 = Rxuv/R, where Rxyy is the radius at which the atmosphere
becomes optically thick for XUV wavelengths; and K is the factor that accounts

for the potential difference between the surface for the planet and the Roche lobe,
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Figure 3.6: Past and future structure evolution of the planet K2-136 c, for both its thickness Reny (top panels) and its envelope
mass fraction Mepy/Meore (bottom panels). Each column uses a different mass loss formulation which are explained in detail in
Section 3.4.2; from left to right: (1) standard energy-limited photoevaporation, (2) energy-limited photoevaporation enhanced
by Salz et al. [2016], (3) the core-powered mass loss model by Ginzburg et al. [2016], and (4) the hydrodynamic core-assisted
photoevaporation model by Kubyshkina et al. [2018]. The different coloured lines indicate each of the structure models used
in the simulation: Lopez and Fortney [2014] as a red dotted line, Chen and Rogers [2016] as a blue solid line, and Owen and
Wu [2017] as a yellow dashed line. The grey vertical line indicates the planet’s current age. The axes are the same as for
K2-136d in Figure3.7.
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which is given by
3 1

K=1-—+— 2
2 T 268 (32)
where £ is given by
¢ = fnose o (M )1 (33
R, R, \ 3M, ’ ’

and RRpoche is the Roche radius, a is the semi-major axis of the planet’s orbit, and
M, is the mass of the host star [Erkaev et al., 2007].

This approach is attractively simple, although it does mask more complex
physics behind the efficiency (1) and XUV radius () parameters, which are dif-
ficult to determine. In the first instance, I have assumed an efficiency of 15%
[Lammer et al., 2009; Jackson et al., 2012; Shematovich et al., 2014; King et al.,
2019] as well as an XUV radius Rxyv = Rp (8 = 1), which is a physical lower
limit. However, observations of high-energy transits have found XUV radii to be
larger than optical radii [Linsky et al., 2010b; Poppenhaeger et al., 2013; Bourrier
et al., 2016, and hence I also adopted the formulation by Salz et al. [2016], who
provide estimates for XUV radii using a grid of planetary gravitational potentials

and incident XUV fluxes generated using hydrodynamic simulations.

Kubyshkina et al. [2018] introduced an upper atmosphere hydrodynamic
model based on the work by Johnstone et al. [2015b]. They compute radial pro-
files for atmospheric velocity, temperature, and density, and hence estimate the
atmospheric escape rate at the Roche lobe by taking into account high energy ra-
diation at two wavelengths (EUV at 60 nm and X-rays at 5nm) as well as internal
core heating. The model deviates from the energy-limited approach for highly-
irradiated low-gravity planets, where it predicts greater mass loss rates. I adopted
the updated model grid and interpolation routine provided by Kubyshkina and
Fossati [2021].

Alternative formulations that do not rely on XUV irradiation have also
been suggested. One such example is core-powered mass loss [Ginzburg et al.,
2016], which draws the energy to evaporate envelopes from the core’s internal
thermal luminosity. This formulation has also been shown to replicate the observed
exoplanet radius-period distribution [Ginzburg et al., 2018; Gupta and Schlichting,
2019], and operates on timescales of Gyr. King and Wheatley [2021], however, have
shown that significant EUV irradiation also continues on Gyr timescales, and thus
the timescale of mass loss alone cannot easily be used to distinguish between the

photoevaporative and core-powered mechanisms.
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I ran a set of simulations that combine each structure formulation described
in Section 3.4.3 with the following mass loss descriptions: (1) energy-limited with
15% efficiency and Rxyy = Rp, which I refer as ‘standard‘ hereafter, (2) energy-
limited with 15% efficiency and Rxyy described by Salz et al. [2016], (3) core-
powered mass loss [Ginzburg et al., 2016], and (4) hydrodynamic simulations of
Kubyshkina et al. [2018], which reproduce the core-powered and photoevaporative
mass loss regimes.

In Figure 3.5 I compared these mass loss formulations as a function of the
Jeans escape parameter, which quantifies how vulnerable a gaseous atmosphere is

to escape due to thermal escape mechanisms. This parameter is defined as

_ GMpmy

A= 28
kg RpTeq’

(3.4)
where M, and R, are the planet’s mass and radius, respectively, T¢q is the equilib-
rium temperature, my is the mass of a hydrogen atom, and kg is the Boltzmann
constant. Following Kubyshkina and Fossati [2021], two mass loss regimes can
be identified. Atmospheres in the low-A regime are loosely bound and are more
susceptible to mass loss; this regime contains planets that are highly irradiated
and/or low gravity. The high-A regime, on the other hand, applies to massive
planets with tightly bound envelopes. In practice, individual planets will tend to
evolve towards higher A (right) and lower mass loss rates (down) as envelopes cool
and shrink, and as the stellar XUV emission declines.

As expected, the energy-limited formulation is not a strong function of
Jeans parameter (Figure 3.5), with most points lying on the same range of mass loss
rates across A, as mass loss scales linearly with flux and inversely with potential.
Furthermore, both the Kubyshkina et al. [2018] and the core-powered formulations
predict mass loss rates several orders of magnitude greater than energy-limited on
planets with low Jeans parameter, but differ the most on the high-A regime, where
Kubyshkina et al. [2018] tends to maintain levels similar to energy-limited in most
cases whereas core-powered drops steeply and the escape rate becomes negligible
for A > 20.

3.4.3 Envelope structure models

Models typically describe the gaseous planetary envelope as having two layers: an

inner adiabatic and convective layer, and an outer radiative layer that is isothermal
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at the equilibrium temperature. Sources of heat act to inflate the envelope, and
heat loss causes it to shrink. In my simulations, I considered three envelope struc-
ture models from the studies of Lopez and Fortney [2014], Chen and Rogers [2016],
and Owen and Wu [2017]. The envelope structure model by Lopez and Fortney
[2014] provides the envelope thickness as a function of planet mass, envelope mass
fraction, bolometric flux, and age. It considers the core entropy and radioactive
elements within the planet as well as the stellar bolometric flux as sources of heat,
and heat loss occurs through wavelength-dependent radiative cooling. The optical
radius of the planet is defined by a fixed atmospheric pressure of 20 mbar. Addi-
tionally, they also use hot-start models, which imply a high starting core entropy
on newly formed planets. This energy comes from the gravitational potential en-
ergy of accreted matter being turned into thermal energy during planet formation.
This assumption can result in particularly large initial radii, although it also leads
to rapid cooling and envelope shrinking at early ages, making the choice of initial
entropy unimportant by the age of 100 Myr [Lopez et al., 2012]. I adopted the
polynomial fit they provided in Lopez and Fortney [2014, equation 4], which is
an empirical characterisation of a precalculated grid of models covering envelope
mass fractions between 0.01% and 20%.

The envelope model from Chen and Rogers [2016] follows a similar descrip-
tion to Lopez and Fortney [2014] but they make use of the 1D stellar evolution
code MESA (Modules for Experiments in Stellar Astrophysics) adapted to H/He
planetary envelopes. This model also defines the planet radius as the height at
a fixed optical depth, in order to avoid issues that arise with small planets with
puffy initial states contracting rapidly. In my simulations, I adopted the quadratic
fit to a precalculated model grid provided by Chen and Rogers [2016, equation 5],
which is also valid for envelope mass fractions between 0.01% and 20%.

Finally, Owen and Wu [2017] introduced a fully analytical approach for cal-
culating the envelope thickness considers the heat transport through the convective-
radiative boundary in the atmosphere as well. In their model, the temperature
profile of the atmosphere is adiabatic in the convective interior, but it’s anchored
to the equilibrium temperature at the radiative-convective boundary, as the radia-
tive layer above is isothermal due to heating from stellar insolation. and used it
to recreate the radius valley adopting envelope mass fractions from 0.01% to 60%
and ages from 1 Myr to 3 Gyr. Owen and Campos Estrada [2020a] later provided

a Python implementation of this envelope structure model* which I adopted for

“The envelope structure model by Owen [2019] is available on GitHub at https://github.
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this work. In this case, I translated their Python code into the C programming
language to shorten the computation time. This code is included in photoevolver,

and I have ensured that it produces identical results to the original Python code.

3.5 Simulation results

3.5.1 Current planet structures and mass loss rates

For K2-136 ¢, I estimated the current envelope mass fraction Mepy/Mcore to be
1.1% with the models of Lopez and Fortney [2014] and Owen and Wu [2017], and
1.7% with Chen and Rogers [2016], where Mg,y is the mass of the gaseous envelope
and Mcore is the mass of the rocky core. For K2-136d, using the 1o upper limit
on the mass (< 1.3Mg; Table3.2), I estimated an envelope mass fraction of 0.2%
for all three models. As noted in Section 3.2, the 20 upper limit on the mass of
K2-136 d is consistent with a bare rocky core, with no significant gaseous envelope
surviving to the present day. The mass constraints for K2-136b are less precise
and allow a gaseous envelope, but due to its small radius and proximity to its host
star I assumed it is a rocky core at the present day.

The current mass loss rates for planets ¢ and d are shown in Table 3.4 for
each of the mass-loss prescriptions described in Section 3.4.2. Due to its lower
gravitational potential, K2-136 d has higher predicted mass loss rates overall than
K2-136 ¢, despite being more distant from its host star. Furthermore, in the case
of K2-136 d, standard energy-limited predicts lower escape rates in comparison to
other formulations, whereas for K2-136 ¢ the energy-limited formulations predict
similar escape rates to Kubyshkina et al. [2018]. Those authors argue that the
energy-limited formulation underestimates mass loss on very low gravity planets,
as it does not account for the contribution of the planet’s internal thermal energy
in assisting atmospheric escape. Finally, in the case of planet ¢, core-powered mass

loss predicts a negligible escape rate due to the deeper gravitational potential.

3.5.2 Evaporation histories
K2-136c¢c

Firstly, I found that K2-136 ¢ has remained relatively unchanged during its lifetime,

as shown in Figure 3.6, regardless of the choice of envelope and mass loss prescrip-

com/jo276/EvapMass
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Table 3.4: Current mass loss rates for planets ¢ and d using the mass loss prescrip-
tions described in Section 3.4.2. From left to right: standard energy-limited (EL),
enhanced energy-limited according to Salz et al. [2016, S16], core-powered mass
loss by Gupta and Schlichting [2019, GS20], and the hydrodynamic simulations of
Kubyshkina et al. 2018, K18].

Planet Mass loss rate (10% g s=1)

EL S16 GS20 K18
K2-136¢c | 8.7 18.3 0.0° 10.4
K2-136d* | 7.7 32.2 36.5 237

8 Using core mass Mcore = 1.3 MEg.
b Mass loss rate below 102 g's ~! (negligible).

tions. This is due to its high mass of 18.1 £ 1.9 My and thus deep gravitational
potential which inhibits atmospheric loss. All scenarios predict an initial planet
size at 10 Myr of R, = 3.5 Rg, following any boil-off phase [e.g. Owen and Wu,
2016]. Subsequently, the planet shrinks primarily due to the thermal cooling and
contraction of its envelope. Mass loss is minimal, with an almost constant envelope
mass fraction throughout its lifetime. I also found that this planet will not lose its
envelope in the next several Gyr. The bump apparent in the envelope model by
Owen and Wu [2017] model in Figure 3.6 is a feature of their formulation. They
argue that boil-off early in the planet’s evolution leads to a rapid cooling and loss
of the primordial gaseous envelope, affecting the thermal evolution of the envelope
for the first 100 Myr. They address this phenomenon by halting age-dependent

thermal evolution for this period of time.

K2-136d

The evolution of K2-136d is shown in Figure 3.7, in which a core mass of Mo =
1.3 Mg was used (see Sections 3.2& 3.5.1). The planet’s envelope experiences sig-
nificant evolution in both its past and its future. The standard energy-limited
model predicts an initial planet radius of 2.6 to 3.3 Rg, with initial envelope mass
fractions of 1 to 2%, and complete envelope loss within the next 1 to 2 Gyr. All
other mass loss formulations, however, predict an apparent runaway enlargement
during backwards evolution. This difference is consistent with the argument by
Kubyshkina et al. [2018] that energy-limited formulations underestimate mass loss
for low-gravity planets.

Apart from standard energy-limited escape, the models in Figure 3.7 indi-
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cate that the planet, with a core mass of 1.3 Mg, requires an very large initial
envelope fraction (more akin to a gas giant with Mgy >> Mcore) in order to still
retain part of its envelope by the age of 700 Myr. However, the steepness of the
evolution around the current time shows that models with very large initial enve-
lope fractions would require very fine tuning to reproduce the state of K2-136d at
its current age. Instead, I concluded that K2-136 d is more likely to have a mass
significantly in excess of 1.3 Mg (which is the 1o upper limit from HARPS-N, see
Section 3.2).

I then proceeded to find a lower limit to the mass of K2-136 d, such that
the presence of a small envelope (to explain its size and density) is consistent with
my simulated evaporation histories. The upper limit of the mass, on the other
hand, comes from assuming that K2-136 d is entirely rocky with a mass of 3.6 Mg.

In order to constrain the minimum viable mass of K2-136d, I studied its
evaporation history as a function of mass. I applied the same analysis with a range
of core masses between M, = 1.3 Mg (corresponding to Reore = 1.1REg) to M, =
3.0Mg (with Reore = 1.4RE). I adopted a single structure model for my analysis,
Owen and Wu [2017], which predicts intermediate planet sizes in comparison to
Lopez and Fortney [2014] and Chen and Rogers [2016], and is applicable to ages
younger than 100 Myr. My results in Figure3.8 show that the energy-limited
model is consistent with the full range of masses and predicts initial planet radii
ranging from 1.8 to 2.7 Rg, with envelope mass fractions of 0.15 to 1.5%, for the
heaviest and lightest cases, respectively. For the other mass-loss formulations, 1
defined a threshold core mass above which the planet does not grow exponentially
in size to earlier times.

I thus estimated minimum core masses of 1.5 Mg with core-powered mass
loss [Gupta and Schlichting, 2019], 2.0 Mg with enhanced energy-limited escape
[Salz et al., 2016] and 2.5 Mg for the model of Kubyshkina et al. [2018].

Salz et al. [2016] and Kubyshkina et al. [2018] generally agree in their
results for the 3.0 and 2.5 Mg cores, predicting initial radii of 2.0 and 2.4 R and
corresponding envelope mass fractions of 0.5% and 1.0% for the two core masses,
respectively (Figure3.8). These results would classify K2-136d as a sub-Neptune
for at least 100 Myr after formation. These two formulations, however, diverge
on their assessment of the 2.0 Mg case. Whilst Kubyshkina et al. [2018] predicts
runaway enlargement during backward evolution, Salz et al. [2016] predicts an
inflated Saturn-sized planet with radius 9.9 Rg and mass fraction 11% as the initial

state.
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In contrast, core-powered mass-loss [Gupta and Schlichting, 2019] predicts
much lower mass loss rates for the higher mass cores, and thus only discards the
1.3 and 1.4 Mg core mass scenarios. For its minimum viable mass case of 1.5 Mg,
it predicts a smaller initial planet size of 1.7 Rg (mass fraction 0.3%), which would
place the planet at the centre of the radius valley after formation.

Looking at the future evolution of planet d in Figure 3.8, complete envelope
loss occurs fairly rapidly with the Salz et al. [2016] and Kubyshkina et al. [2018]
models, with both mass-loss prescriptions stripping the envelopes within tens to
200 Myr into the future. Standard energy-limited escape is slower, but still results
in complete loss of the envelope within 2 Gyr. Core-powered mass loss predicts
complete envelope loss only for the lightest core of 1.3 Mg within 2 Gyr.

Finally, I explored the case where K2-136 d is entirely rocky, with a mass of
3.6 Mg. For this planet, we can find an upper limit on the mass of its primordial
atmosphere, which should be completely removed by its current age in order to be
consistent with photoevaporation. To do so, I first added an envelope consisting of
0.01% of its mass (which would be stripped within one simulation time step), and
evolved the planet backwards in time using the Kubyshkina et al. [2018] model.
This led to a relatively low upper limit on the initial envelope mass fraction of
such a planet of just 0.2%. This scenario is also in tension with constraints on the

total mass of the planet (Section 3.2).

K2-136b

For K2-136 b, the smallest and most close-in of the three planets, I ran my evolution
code forward from 10 Myr using initial envelope mass fractions ranging from 0.1%
to 5% and assuming a core mass of 1 Mg. I found all of these initial envelopes are
lost within 5 to 30 Myr even with the standard energy-limited model. All the other
mass loss prescriptions are even faster, with envelope loss timescales of 1-2 Myr.
These results were expected, given the planet’s small size and close proximity to
the star, and confirm that any primordial envelope will have been lost early in its
evolution.

The initial radius of K2-136b can be estimated by mirroring the initial
states of the other two planets. An initial envelope mass fraction of about 1.5%,
emulating K2-136 ¢, would translate to an initial radius of 2.8 Rg, using the Owen
and Wu [2017] structure formulation. Likewise, an initial mass fraction of 0.6%,

following the higher mass scenarios for K2-136d, results in an initial radius of
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2.1 Rg. Both cases would qualify the planet as a sub-Neptune at disk dispersal.

3.5.3 Alternative low-level XUV history

I repeated my analysis from Section 3.5.2 using an alternative low-luminosity XUV
track that scales the Johnstone et al. [2021] model to the X-ray flux measured
with XMM-Newton in Section 3.3.2. This flux is a factor 2.7 lower than used in
Section 3.5.2, and it is a better match to the X-ray fluxes of similar stars in the
Hyades cluster (see Section3.6.1).

As expected, my results for K2-136 c are essentially identical, with negligible
mass loss and the evolution progressing as a gradual thermal contraction of its
envelope. Results for K2-136 b are also essentially unchanged, with complete loss
of any primordial envelope occurring early in the lifetime of the system.

My results for K2-136d are plotted in Figure 3.9, excluding core-powered
mass loss, which does not depend on high energy irradiation (and is hence un-
changed from Figure3.8). As expected, the lower XUV flux results in reduced
mass loss for all of the other three models. For standard energy-limited mass loss,
the predicted initial radii are roughly 50% smaller. Similarly, the Salz et al. [2016]
and Kubyshkina et al. [2018] models predict lower initial radii for tracks that do
not lead to very rapid evaporation. For the Kubyshkina et al. [2018] model, only
the 2.5 and 3.0 Rg tracks are consistent with formation as a sub-Neptune, as be-
fore, but for the Salz et al. [2016] enhanced energy-limited model, the 1.5 Mg core
mass scenario becomes viable, bringing the model closer to consistency with the
1o upper limit on the measured mass (Table 3.2). This 1.5 Mg track has an initial
envelope mass fraction of 5% and planet radius of 5.6 Rg. A core mass between
1.5 and 2.0 Mg would now mirror the initial envelope mass fraction of K2-136 ¢ of

approximately 1.5%.

3.6 Discussion

Based purely on the radii and orbital periods of the planets orbiting K2-136, the
system presents a challenge to photoevaporation as an explanation of the radius-
period valley. The innermost planet, K2-136 b, lies below the radius valley, and can
easily be explained as the stripped core of a sub-Neptune. The next planet, K2-
136 ¢, is above the valley and can be understood as having survived the strongest

XUV irradiation from the young star. However, the planet farthest from the
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star, K2-136 d, lies below the radius valley, suggesting it has lost any primordial
envelope. The simultaneous presence of planets ¢ and d in the same system, having
experienced the same XUV flux history, presents useful constraints on the process
of photoevaporative mass loss on multi-planet systems.

The two key factors controlling photoevaporative mass loss from exoplanets
are the XUV radiation environment (and its history) and the response of the
planetary envelope to irradiation as a function of core mass. I discuss the XUV
radiation environment of the K2-136 planets in Section 3.6.1, in context with its
membership of the Hyades cluster. I then discuss the response of the K2-136

planetary envelopes to that irradiation in Section 3.6.2.

3.6.1 K2-136 in context within the Hyades

Freund et al. [2020] compiled a Hyades membership list using Gaia DR2 [Gaia Col-
laboration et al., 2018b] and collected X-ray flux measurements from 281 Hyades
members, 103 of which also have measured rotation periods (from TESS and K2),
and estimated X-ray upper limits for the undetected ones. In Figure3.10 (left
hand panel), I plotted the rotation dependence on Gaia BP-RP colour index (the
difference between blue and red Gaia magnitudes) for the Hyades, which is indica-
tive of the stellar spectral class. FGK and early M stars present a tight relation
between temperature and period that has been observed in other open clusters
[e.g. Hartman et al., 2009; Agiieros et al., 2011; Gillen et al., 2020]. The outliers
in the FGK range with shorter periods are likely to be close binaries that have
been spun up by tidal interactions [Zahn, 1977; Simonian et al., 2019]. Later type
M-dwarfs, on the other hand, present a wide range of rotation periods. I found
that K2-136, which is a K-dwarf with a period of 13.61“%% days, fits well within
this tight relation, and thus has a rotation period that is typical for a Hyades
member of this spectral type. The model by Johnstone et al. [2021] is also in good
agreement with the star’s rotation period.

In Figure3.10 (right hand panel) I also plotted X-ray activity Lx/Lpol
against BP-RP colour for these Hyades stars. The stars I identified as spun-up
binaries are generally more X-ray active than other FGK stars, which is expected
as faster rotators are more X-ray active [Walter et al., 1978; Dempsey et al., 1993,
1997]. The measured X-ray activity of K2-136 from Section 3.3.2 is also plotted
in Figure3.10, as is the predicted X-ray activity from the Johnstone et al. [2021]

model. It can be seen that the measured X-ray activity of 1.77 x 1079 is a much
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better match to the X-ray detections and upper limits of similar Hyades K-dwarfs
(with detections around ~ 2 x 107°) than it is to the model prediction, which lies
between the measured single stars and close binaries at 6.6 x 107°.

For this reason, I favoured the analysis of photoevaporation I carried out
in Section 3.5.3, where I scaled the Johnstone et al. [2021] model to the observed
X-ray luminosity.

More generally, Figure3.10 shows that the rotation-activity relation em-
ployed by Johnstone et al. [2021] is systematically over-predicting the X-ray lumi-
nosities of single G and K stars in the Hyades. This may be due to contamination
by close binaries of the sample of stars used to determine the rotation-activity

relation.

3.6.2 Evaporation history of the three planets

In Figure3.11 I presented a period-radius plot with the locations of the three
planets as observed at the present time, together with their evaporative pasts and

futures as modelled in Section 3.5.

K2-136b

I found that K2-136b is most consistent with an Earth-sized rocky world: an
apparently typical member of the large population of small dense planets below
the radius-period valley. My simulations show that its primordial envelope, if
any, was lost shortly after the dispersal of the protoplanetary disc. Assuming this
primordial envelope made up 1% of its mass (mirroring its sibling K2-136 ¢) I found
that K2-136 b would have formed with a radius of 2.8 Rg adopting the envelope
model by Owen and Wu [2017], making it a sub-Neptune above the radius valley
(Figure 3.11).

K2-136c¢c

In contrast, K2-136 c remains a sub-Neptune above the radius valley, with a thick
envelope making up of 1-2% of its mass. All my evaporation models suggest that
this planet is stable against evaporation. In large part, this is due to its relatively
high mass of 18 Mg measured with HARPS-N (Section 3.2).

Interestingly, this high mass implies a core radius of 2.4 R, (see Section 3.2),
which would place K2-136 ¢ above the radius valley even if its envelope were entirely

stripped (Figure3.11). In such a case, without a mass measurement, the planet
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might be misidentified as a lower-mass planet with a thick envelope, leading to
erroneous conclusions about the efficiency of envelope evaporation. This underlines
the importance of mass measurements. It also illustrates that a location above the
radius valley does not in itself require a planet to have a gaseous envelope.
Unfortunately, most Kepler planets do not have mass measurements, and it
is informative to consider how K2-136 ¢ would have interpreted in the absence of a
mass measurement. In that case I would have turned to a mass-radius relation such
as that by Otegi et al. [2020], which would point to a mass between 5 and 20 M. As
an experiment, I explored the photoevaporation history of K2-136 ¢ as a function of
its core mass, as I did for K2-136 d in Section 3.5.2. The results of such an analysis
using the Kubyshkina et al. [2018] model are plotted in Figure 3.12, which shows
that the low end of the mass range implies unrealistically rapid evaporation at
early times (see Section 3.6.2). Photoevaporation models are therefore capable of
placing a lower limit on the mass of a planet that is tighter than can be determined
from a mass-radius relation alone. Similarly, my photoevaporation model would
also rule out a scenario in which the planet was already a stripped core, since the

implied higher core mass is shown to be stable to atmospheric escape.

K2-136d

As seen in Figure3.11, K2-136d currently lies just below the valley, and its un-
certain mass leads to a variety of possible internal structures, ranging from a
1.3 Mg planet with a tenuous atmosphere (motivated by the mass upper limits;
Section 3.2) to a completely rocky world with a mass of 3.6 My (which is in tension
with the HARPS-N upper limit).

According to my favoured evolution scenario, where I scale the XUV track
to match the X-ray observations (Sects.3.5.3& 3.6.1), photoevaporation suggests
the planet mass must be at least 2.0-2.5 Mg in order to maintain a gaseous envelope
to the present day (Figure3.9). Backwards evolution of these models suggest an
initial state between a super-Earth with envelope mass fraction ~ 0.2% in the
middle of radius valley, to a sub-Neptune with a sizeable envelope of 1% mass
fraction, more akin to K2-136 c.

For the lower-mass models, evolution backwards in time requires rapidly
growing envelopes, with the mass of the envelope quickly becoming greater than
the core mass (e.g. Figure3.9). I have deemed these scenarios to be unphysical

because in forward evolution they require unrealistic fine-tuning to their starting
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parameters to match the planet at the present time — with a precise starting
envelope only marginally lighter than the self-gravitating envelopes on gas giants,

which are stable against evaporation [Murray-Clay et al., 2009b].

Alternative composition

All of the models in Sects. 3.4 & 3.5 assume a planet with a rocky core, with Earth-
like composition, and a gaseous envelope dominated by hydrogen and helium.
However, the low density of K2-136d implied by the 1-0 mass upper limit of
1.3 Mg (Section 3.2) could also be explained by a composition that included a sig-
nificant proportion of water [e.g. Zeng et al., 2019; Venturini et al., 2020]. Indeed,
the mass-radius relations by Owen and Wu [2013], which allow for varying water,
iron, and silicate mass fractions within the core, show that a composition of 50%
ice and 50% rock would reproduce a mass of 1.3 Mg without any gaseous envelope.
This scenario would also be compatible with a primordial gaseous envelope that
has already been completely removed. Of course, a significant water content is
also possible for K2-136 c.

The presence of considerable water compositions in close-in exoplanets,
though, is contested. Rogers and Owen [2021] produced an ensemble of synthetic
planets using distributions of core masses, core compositions, and envelope mass
fractions fitted to the observed CKS sample of planets, and evolved them under
photoevaporation. They found that the Kepler planets are most consistent as rock-
iron cores that are either bare or surrounded by gaseous envelopes. Their results
also indicate little evidence of the widespread presence of water-rich worlds, as
these planets would produce a radius-valley at greater radii than observed under

photoevaporation, or no valley at all in the absence of mass loss.

Multi-planet systems

The presence of the Earth-sized K2-136b and the sub-Neptune K2-136 ¢ alone
would be consistent with the picture that the architectures of multi-planet systems
tend towards size ordering, with inner planets below the valley that are stripped,
and less-irradiated outer planets above the valley that maintain a gaseous envelope
[Ciardi et al., 2013; Millholland et al., 2017; Weiss et al., 2022]. The additional
presence of the super-Earth K2-136 d below the valley as the outermost planet is
intriguing.

Based on my modelling, I have plotted the likely past, present and future
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architectures of the K2-136 planetary system in Figure3.11. Overall, I found that
all three planets are consistent with starting out as sub-Neptunes above the radius
valley with envelope mass fractions of ~1%. I found that planet d is now below
the radius valley because it lost most of its envelope due to a low core mass. This
makes it more susceptible to photoevaporation than planet c, despite experiencing

weaker XUV irradiation.

Data from the NASA Exoplanet Archive ° reveals that about 30 multi-
planet systems (~ 3% of those discovered to date) host a planet above the valley
(Rp, > 2.0Rg) interior to a another planet below the valley (R, < 1.6 Rg), 13 of
which are three-planet systems, akin to K2-136. This suggests that the architecture
of the K2-136 system is relatively rare, but by no means unique. In such systems we
need to understand how the outer planet formed with a lower mass core, when both
planet radii and masses tend to increase with separation within the protoplanetary
disc [Millholland et al., 2017; Weiss et al., 2018].

My results also illustrate how photoevaporation is able to produce a diverse
set of architectures, since it is sensitive both core masses and XUV irradiation
history. My results are also sensitive to the choice of atmospheric escape model,
suggesting that observations of multi-planet systems can distinguish between these
models. I found that the choice of envelope structure model is less important as the
models are largely consistent with one another in both the higher mass regime,
as seen with K2-136 ¢ in Figure 3.6, and the low mass regime, with K2-136d in
Figure 3.7.

As pointed out by Owen and Campos Estrada [2020b], multi-planet systems
provide the most sensitive tests of photoevaporation-driven evolution, especially
when the planets straddle the radius-period valley. Studies of multi-planet systems
in open clusters, such as this one, have the added advantages of known ages and
a set of sibling stars to assess the average XUV activity of the host star. Future
studies of additional systems at a range of ages, including very young planets [e.g.
Poppenhaeger et al., 2021], and planets with measured masses, have the potential
to distinguish between evaporation models and directly determine the efficiency of

the mass loss.

®The NASA Exoplanet Archive can be accessed on https://exoplanetarchive.ipac.
caltech.edu/

111



4.5
X Past O Core
4.01 @ Present CKS
@® Future
3.51 ¥
— 3.0 S
5 i ©®K2-136 ¢
= 2.51
e @)
S 2 O T T e
R
S T
Lol ¥ 0 e N i e
K2-136 d
1.01 ®
K2-136 b
0.5 1
0.0 ' g | |
- T 20 30 40

Orbital period [days]

Figure 3.11: Plot of orbital period against planetary radius. The radii of the K2-
136 planets at different points throughout their history are plotted as circles in red
(K2-136 b), blue (K2-136 ¢), and yellow (K2-136 d). The circles with a cross, a solid
colour, and a dot represent the past, present, and future states, respectively. The
circles with no filling represent the planets’ core alone. The initial size of K2-136d
was calculated using a core mass of 2.5 Mg, following my results in Section 3.5.3.
The past radius of K2-136 b was estimated from an envelope mass fraction of 1.5%,
mirroring K2-136 ¢ and d. The California- Kepler Survey (CKS) planets [Fulton
et al., 2017] are plotted as grey points, and the radius-period valley as defined
by Van Eylen et al. [2018] is marked with a black line (with the 1o errors as the
dashed lines).
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Figure 3.12: Plot of planet radius against age showing evolution of K2-136 ¢ with
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3.7 Conclusion

I have investigated the past and future evolution of the planetary system around
K2-136, which is a Hyades cluster member hosting three transiting exoplanets
spanning the radius-period valley. The system is intriguing because the innermost
and outermost planets lie below the radius valley, whereas the middle planet lies
above the valley. Its presence in the Hyades open cluster provides both a known
age of 700 Myr and a set of similar stars with which to compare its XUV emission.

I employed an XMM-Newton observation to measure the X-ray luminosity
K2-136, which I found to be typical of similar single stars in the Hyades cluster.
This X-ray luminosity is a factor of 2.7 lower than predicted by the model of
Johnstone et al. [2021], suggesting that existing rotation-activity relations may be
biased by close binaries.

Using both the measured (Section 3.3.2) and predicted (Section 3.4.1) X-ray
activity of the star, I modeled the photoevaporative evolution of all three planets
forwards and backwards in time from their present age.

I employed a range of planet structure models, and a range of mass-loss
prescriptions, including core-powered mass loss. Overall, I found that all three
planets are consistent with having formed as sub-Neptunes above the radius-period
valley, with envelope mass fractions of around 1%.

I found that the innermost planet, K2-136 b, will have lost any primordial
gaseous envelope early in its evolution, regardless of choice of structure model
or mass-loss prescription. In contrast, the relatively high measured mass of the
middle planet, K2-136 ¢, results in an envelope that is stable to mass loss, again
regardless of structure model or mass-loss prescription.

The outer planet, however, K2-136 d, has a history and future that is sen-
sitive to the XUV irradiation and the choice of mass-loss prescription. Using the
measured X-ray luminosity to scale the XUV irradiation history, I found that some
core-powered and energy-limited photoevaporative mass loss prescriptions are both
consistent with formation as a sub-Neptune with a core mass that conforms to up-
per limits from HARPS-N observations. The models of Kubyshkina et al. [2018]
and Salz et al. [2016], however, are only consistent with core masses at the upper
end of the allowed range from HARPS-N, greater than 2.5 Mg, and favour a fully-
stripped massive core at the present time (which is in tension with the HARPS-N
data). A more precise mass measurement (or limit) for this planet would tightly

constrain the allowed sets of photoevaporation models.
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This work has shown that studies of multi-planet systems spanning the
radius-period valley can provide meaningful constraints on the physical processes
controlling mass loss from planetary envelopes. This is especially true where masses
can be measured for the planets and where the age of the system is tightly con-
strained. As I have shown, membership of an open cluster is also valuable in
testing whether the X-ray emission of a host star is typical for its age and mass —

marginalising over variability of the X-ray emission.
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Chapter 4

Survival in the Neptunian
desert. LTT 9779 b survived
thanks to an unusually X-ray

faint star

4.1 Introduction

In Chapter 1, I presented the existence of the Neptunian desert, a feature of
exoplanet populations where very few Neptune-sized planets (2-5 Rg) exist at short
orbital periods (P < 2 d).

This feature is linked to atmospheric escape, where Neptune-sized planets
that formed in the desert, or migrated there in their youth, would be stripped of
their H/He envelopes joining the more abundant population of hot rocky worlds
with smaller radii. Hot Jupiters (> 10Rg), on the other hand, are thought to
be stable against significant atmospheric loss thanks to their deep gravitational
potentials [Yelle, 2004; Murray-Clay et al., 2009b; Vissapragada et al., 2022].

In Figure 4.1, I plotted all validated exoplanets from the NASA Exoplanet
Archive! as of July 2023. The Neptune desert is delimited by the boundaries
proposed by Mazeh et al. [2016], who defined the lower and upper edges by finding
the boundaries of maximum contrast of planet number density.

In the past few years, a handful of ultra-short period Neptunes have been

'The NASA Exoplanet Archive can be accessed at https://exoplanetarchive.ipac.
caltech.edu/.
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Figure 4.1: Plot of orbital period against planet radius, with LTT 9779 b marked
as a red star. The upper and lower bounds of the Neptune desert are shown as
black dashed lines, following Mazeh et al. [2016]. Data points represent confirmed
exoplanets source from the NASA Ezxoplanet Archive, with ultra-short period Nep-
tunes shown as green circles.
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discovered, a group of planets distinct from the larger exoplanet population, plot-
ted as green points in Figure 4.1. Some of these ultra-short period Neptune-sized
planets are consistent with a rocky density and hence a high-mass core (TOI-849 b,
Armstrong et al. [2020]; TOI-332b, Osborn et al. [2023]) and whose origins are
still unknown; others lack mass measurements [K2-399 b, Christiansen et al., 2022]
or the necessary precision in mass measurement to constrain their densities and
internal structures [K2-266 b, Rodriguez et al., 2018]. There is also a growing pop-
ulation of low density sub-Neptunes in the desert at periods of 1-3 days, such as
NGTS-4b [West et al., 2019] and GJ 1214 b [Cloutier et al., 2021].

Finally, LTT9779b (marked in red in Figure4.1) is a hot Neptune in an
extremely short orbit around a G7V star with a period of just 0.79 days [about
19 hours, Jenkins et al., 2020]. Its measured mass (29.3070 2} Mg) and radius
(4.72 £0.23 Rg) require a very low density (1.53 +0.23 gem™3) characteristic of a
volatile-rich planet.

The presence of a large gaseous atmosphere on LTT 9779 b has already been
determined not only by the low density of the planet, which can only be explained
with a substantial H/He envelope, but also by observations of the planet with mul-
tiple facilities. Dragomir et al. [2020] observed a secondary transit of LTT 9779 b
with Spitzer in the infrared at 3.6 and 4.5 microns and detected an offset between
the two wavelengths, indicative of CO absorption and thus the presence of an atmo-
sphere. These results were later supported by Edwards et al. [2023], who performed
transmission spectroscopy on the planet with HST/WFC3 in the near infrared and
detected a gradual increase in transit depth towards longer wavelengths, which is
also indicative of an atmosphere, as opposed to a flat featureless transmission spec-
trum, expected from a barren planet. Moreover, observations of phase curves of
LTT9779b with Spitzer presented by Crossfield et al. [2020] showed a large am-
plitude and a small phase offset, which hinted at a high-metallicity atmosphere.
This was also later supported by Hoyer et al. [2023], who detected a 115 pm deep
secondary transit of the planet with CHEOPS, suggesting the planet’s atmosphere
has a very high albedo and a metal-rich atmosphere.

The existence of a substantial H/He-rich atmosphere makes LTT 9779b a
one-of-a-kind planet and its survival deep in the Neptune desert puzzling. If the
Neptune desert is the result of X-ray driven evaporation, one would expect that a
highly irradiated Neptune-sized planet, such as LTT 9779 b, should have already
been stripped of its envelope.

I listed the stellar parameters of LTT 9779 in Table4.1 and note that the
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star has very low measured rotational broadening (vsini). Assuming the rotation
axis of the star is not pointing towards the Earth, this implies a spin period of
around 45 d, which is unusually long for a star of its type and age [Johnstone et al.,
2021]. Since stellar activity and X-ray emission are strongly correlated with spin
period [e.g Wright et al., 2011] the slow spin of LTT 9779 suggests diminished XUV
emission that might have failed to remove the planet’s atmosphere.

In this chapter, we test this scenario for the survival of LTT 9779b. We
observed LTT 9779 with XMM-Newton and placed a limit on its X-ray luminos-
ity (Section4.2). We then modelled the rotation and X-ray emission history of
the star (Section4.3) and the possible evaporation histories of LTT 9779b (Sec-
tions4.4 & 4.5). In Section 4.6, we conclude that the survival of LTT9779b in the
Neptunian can indeed be explained by an unusually low X-ray emission history
of its host star, adding weight to the suggestion that the wider Neptunian desert

originates from photoevaporation.

4.2 X-ray observations & analysis

LTT 9779 was observed with the XMM-Newton spacecraft on May 27th and 28th
2021 for a continuous exposure of 52ks (ObsID: 0884250101, PI: Wheatley)2. The
star, however, was not detected in the standard pipeline outputs. We inspected
the data from the the EPIC pn [Striider et al., 2001] and MOS [Turner et al., 2001]
detectors using the proper-motion corrected coordinates of the star on the pipeline-
processed event list, adopting both wide and narrow standard energy bands. Nev-
ertheless, we found no evidence of a detection of our target.

We also found that the particle background in the detectors increased sig-
nificantly towards the end of the observation, and hence we decided to remove
these noisy sections by dropping the time intervals with count rates higher than
0.5s~! for pn and 0.35s! for MOS in the band 10-12keV across the full area of
the detector. The remaining data amounted to 31.7ks for pn and 42.3 ks for each
MOS. The target star, however, remained undetected after this removal of noisy
data.

In the absence of a detection, we estimated an upper limit X-ray flux from
LTT 9779 using the method described by Farihi et al. [2018]. This analysis is

2The XMM-Newton data used in this work is publicly available at the XMM-Newton Sci-
ence Archive (https://www.cosmos.esa.int/web/xmm-newton/xsa), under the observation ID
0884250101 (target: LTT 9779, PI: Wheatley)
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Table 4.1: Stellar parameters of LTT 9779.

Parameter Units Value Reference
Astrometric
RA (J2000)  hh:mm:ss  23:54:40.21  Gaia DR3¢
Dec (J2000)  dd:mm:ss —37:37:40.52 Gaia DR3¢
LRA mas yr~ ' 247.634 4+ 0.013 Gaia DR3¢
KDec mas yr—'  —69.752 £0.014 Gaia DR3¢
Parallax mas 12.338 £ 0.017  Gaia DR3¢
Distance pc 81.050 £ 0.011  Gaia DR3¢
Physical

Spectral type — G7V J202

\% mag 9.76 4 0.03 UCAC4P
Te K 5480 4 42 J202
M., Mg 1.0210-62 J20?
R. Ro 0.949 + 0.006 J202

L, Lo 0.708 + 0.016 J202
[Fe/H] dex 0.254+0.04 J202
vsini km s 1.06 £ 0.37 J202
Prot days < 45 J20?
Age Gyr 2.0:1):3 J202
log R i dex —5.10+0.04 J202

2 J20: Jenkins et al. [2020]

b UCAC4: Zacharias et al. [2012]

¢ Gaia DR3: Gaia Collaboration et al. [2022]
4 2MASS: Cutri et al. [2003]

Table 4.2: Upper limit count rates for the PN and
MOS1+2 instruments.

Instrument pn MOS1+2
Energy range (keV) 0.15-2.0 0.20-2.0
Exposure (ks) 31.7 42.3

Source counts 91 32

Expected background counts 69.6 34.3
90% upper limit source counts 37.3 9.64
Upper limit rate (counts ks™!) 1.177 0.228
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Table 4.3: Upper limit X-ray fluxes and luminosities predicted by the
APEC model from pn and MOS count rates.

Energy range Instrument X-ray flux Luminosity
(keV) (107 erg em™2 s71) (10?7 erg s71)
0.1-24 pn 2.87 2.26
MOS1+2 2.83 2.23
0.2-24 pn 2.07 1.63
MOS1+2 2.04 1.60

also based on the standard data analysis threads using the XMM Science Analysis
Software (SAS)? version 19.

We first applied an extraction area around the proper motion corrected
coordinates of the source with a circular aperture of radius 16 arcseconds, as well
as a secondary aperture of radius 80 arcseconds for the background in a nearby
region that contained no X-ray sources. We collected the detected counts in these
regions using the energy ranges 0.15 — 2.0 keV for pn and 0.2 — 2.0keV for MOS. We
discarded counts over 2keV as coronal emission from stellar activity is relatively
soft [Giidel, 2004]. We then scaled the background counts to the aperture area
used for the source region. In the case of the two MOS detectors, we combined the
count rates from both instruments by making use of common Good Time Intervals
(GTI) and adding up the detected counts.

We then applied the method by Kraft et al. [1991] to estimate 90% con-
fidence upper limit count rates. They model noise using a Poisson distribution
and adopt a Bayesian approach with the prior that the source count rate can-
not be negative. The results, shown in Table 4.2, indicate upper limit count rates
of 1.18ks™! for pn and 0.23ks™! for the combined MOS1 and MOS2 detectors
(hereafter MOS1+2).

In order to convert the count rates to X-ray fluxes, we built model spectra
using the software XSPEC version 12.12.1 [Arnaud, 1996], which we then scaled to
match the upper limit count rates in Table4.2. In the case of MOS, we loaded
the response and ancillary files for MOS1 only, and scaled the model to half
the combined MOS1+42 count rate. We adopted solar abundances from Asplund
et al. [2009] and accounted for interstellar absorption with the TBABS model by
Wilms et al. [2000b]. We estimated an interstellar hydrogen column density of

3Users Guide to the XMM-Newton Science Analysis System, Issue 17.0, 2022 (ESA: XMM-
Newton SOC), https://wuw.cosmos.esa.int/web/xmm-newton/sas-threads
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2.5 x 1012 cm~2 following Redfield and Linsky [2001], who determined a hydrogen
density of 0.1 cm™3 for the local interstellar medium. We used a single-temperature
APEC model to simulate the spectrum [Smith et al., 2001], which models the emis-
sion spectrum of collisionally-ionized diffuse gas. In order to determine a plasma
temperature for our spectral model, we adopted the luminosity-temperature rela-
tion by Giidel [2004], which shows that average coronal temperatures increase with
X-ray luminosity on Sun-like stars. We found that their relation is consistent with
our choice of model for plasma temperatures between 0.15 and 0.3keV. For our
upper limit calculation we selected a temperature of 0.15keV, since this results in
the most conservative (higher) limit.

Finally, we scaled and integrated the spectral model, and estimated X-
ray fluxes and luminosities for both the pn and MOS1+42 instruments, as shown
on Table4.3. The pn and MOS limits are very similar, corresponding to upper
limit X-ray luminosities of 2.2 x 10%7 erg s~*
1.6 x 10*7 erg s~! in the 0.2-2.4keV band.

The measured rotational velocity vsini of LTT 9779 implies a spin period

in the 0.1-2.4keV energy range, and

of 45d, assuming its spin axis is aligned with the planet’s orbit. Using rotation-
activity relations [e.g. Wright et al., 2011], we estimated an X-ray luminosity of
3.9 x 10*" erg s~! in the band 0.1-2.4keV, which is within a factor of two of our
upper limit — consistent with the 1o uncertainty on the measured v sini.

We also verified that the exact value for the hydrogen column density did
not have a strong effect on the spectral model for values of Ny < 102! cm™2. A
change of a factor of two in this quantity resulted in only a difference of a few

percent in the output fluxes.

4.3 Stellar rotation and XUV history

In order to model the XUV emission history of LTT 9779, we adopted the rota-
tion evolution models by Johnstone et al. [2021]. Those authors model the spin
evolution of stars of different masses by combining angular momentum transfer
mechanisms within the star (core-envelope coupling) as well as interactions with
its environment (stellar wind and disc-locking), and constrain the distribution of
stellar rotation rates to observations of clusters of ages 12 Myr to 2.5 Gyr. Their
models predict that the average rotation period for Solar-mass star of 2 Gyr age,
such as LTT 9779, is 14 days, with a 20 spread from 12 to 16 days. The spin and

X-ray luminosity evolution of a 1 Mg star according to this model are shown in
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black in Figure 4.2, with the the X-ray emission determined from the spin evolu-
tion using rotation-activity relations [Pizzolato et al., 2003; Wright et al., 2011,
2018].

Even though the rotation period of LTT 9779 is unknown, Jenkins et al.
[2020] were able to place an upper limit on the period of 45days based on a
HARPS vsini of 1.06 4+ 0.37km s~!. This 45d period will correspond to the true
rotation period of the star if its spin axis is aligned with the orbit of the planet
(i.e. ¢ =90°). The implied period remains well above 14d for stellar inclinations
greater than 20deg, and the probability of an inclination of 20 deg or less is only
6%, even if the stellar inclination is randomly misaligned with the planet’s orbit.
Furthermore, Jenkins et al. [2020] also measured the strength of the Ca1r HK lines
and found a log R’ yx value of —5.10 £ 0.04 dex, which is indicative of a very low
activity and also supports the star having an unusually slow rotation period.

In order to model a plausible low XUV emission history, we choose to adopt
the 45-day limit as the current rotation period of the star and use the models by
Johnstone et al. [2021] to extrapolate to earlier and later times. The spin and
X-ray luminosity evolution in this scenario are shown in orange in Figure 4.2.

Our results for a typical star in Figure 4.2 show a predicted X-ray luminosity
of 3.4x10%8 erg s~! for LTT 9779 at the present time, which is a factor of 15 brighter
than our XMM-Newton upper limit from Section 4.2. In contrast, our X-ray upper
limit is within a factor of 2 of the predicted X-ray luminosity for the 45d spin
period corresponding to the measured vsint¢ and an aligned system. Our XMM-
Newton upper limit is clearly more consistent with the anomalously slow rotation

scenario.

4.4 Evolution modelling

We used the X-ray luminosity evolution for the different scenarios shown in Fig-
ure4.2 to model the evaporation history of the LTT9779b in order to determine
the conditions under which the planetary atmosphere will be stripped.

We used the photoevolver * code [Fernandez Fernéndez et al., 2023al,
which combines three ingredients: (1) a description of the stellar X-ray history,
using the model by Johnstone et al. [2021] described in Section 4.3, (2) the envelope
structure model by Chen and Rogers [2016, Eqn. 5] based on MESA hydrodynamic

simulations, which links the atmospheric mass to its size, and (3) the mass loss

4The code is available on GitHub at https://github.com/jorgefz/photoevolver
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Figure 4.3: Emission histories for the X-ray band (solid lines) and EUV band
(dashed lines) for the two stellar models discussed in Section4.3: the predicted
history for a solar mass star (blue) and the fainter history motivated by spin and
X-ray measurements (red). The EUV band was estimated from the X-rays using
the scaling law by King et al. [2018].
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Table 4.4: Planetary parameters and internal structure of LTT 9779 b.

Parameter Value Source
Orbital period Pom, (days) 0.792 £ (9.3 x 107°) J202
Semi-major axis a (au) 0.01679 £ 0.00014 J20*
Equilibrium temperature Teq (K) 1978 £ 19 J20*
Mass M, (Mg) 29.3070-78 J20?
Radius Ry (RE) 4.72£0.23 J20*
Core radius Reore (RE) 2.69 +0.11 This work
Core mass core (Mg) 27.30 £1.10 This work
Envelope radius Renv (RE) 2.03 £0.26 This work
Envelope mass fraction  fo,y 0.067 £0.029 This work

# J20: Jenkins et al. [2020]

model by Kubyshkina et al. [2018], which translates incident X-ray irradiation into
atmospheric mass loss rate.

At each simulation time step, the XUV flux incident on the planet is drawn
from the stellar tracks in Figure4.2 and then used to remove some mass from the
atmosphere, calculated using the mass loss model. The envelope size is then re-
calculated with the new mass, and the age advances one time step forward. We
evolved the planet from the age of 10 Myr, the time at which the protoplanetary
disc has fully dissipated [Fedele et al., 2010] and any boil-off processes have com-
pleted [Lammer et al., 2016; Owen and Wu, 2016], to 5 Gyr, with a fixed time step
of 0.1 Myr. We considered the envelope stripped when its mass reached a value
below 0.01% of the planet’s mass, as it is the lower limit for which the envelope
model by Chen and Rogers [2016] is rated.

We adopted two spin period histories from Figure4.2 to find feasible evap-
oration pasts for LTT 9779 b: one matching the typical spin period distribution for
a solar-mass star, and another matching the star’s measured rotation upper limit
of 45 days at its current age. We also estimated the extreme ultraviolet (EUV)
stellar emission in the band 0.0136-0.1keV using the empirical relations by King
et al. [2018], which are based on Solar TIMED/SEE data. We plot the relative
contributions of the X-ray and EUV bands in Figure4.3.

4.4.1 Internal structure

We modelled the internal structure of LTT 9779 b assuming a silicate-iron (rocky)

core surrounded by a large H/He-rich atmosphere, following Rogers and Owen
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Figure 4.4: Evaporation histories of a range of simulated scenarios for LTT 9779 b,
with initial envelope mass fractions from 5% to 17%. The panels present the
evolution of the planet radius (top), envelope mass fraction (middle), and mass
loss rate (bottom) under two XUV irradiation histories: (1) the expected stellar
emission history of a solar mass star (left column), and (2) a fainter emission
history consistent with the measured stellar rotation velocity and our X-ray upper
limit from our XMM-Newton observation (right column). The dashed grey line on
the top panels represents the rocky core radius of LTT 9779 b.
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[2021]. This description entails a total of four model parameters: the core radius
Reore, core mass Mcore, envelope radius Reny, and envelope mass fraction fe,, (see
Table4.4). With knowledge of the planet’s mass and radius alone (together with
orbital and host star parameters), we can deduce values for these quantities by
combining four equations. First we defined planet radius as R, = Rcore + Renv,
and envelope mass fraction as the ratio of envelope and planet masses fe,, =
Menyv/Mp = (Mp —Mecore) /Mp. Additionally, we adopted the empirical mass-radius
relation for rocky planets by Otegi et al. [2020, Eqn. 1] to link the core mass Mcore
to the core radius Reore. Finally, we adopt the envelope structure model by Chen
and Rogers [2016, Eqn. 5], which links the mass fraction of the envelope fe,y to its
thickness Reny. We found that LTT 9779 b is consistent with a rocky core of radius
2.69+0.11 Rg and a gaseous envelope of mass fraction 6.7 +2.9% (see Table4.4),
in good agreement with the mass fraction of 9% estimated by Jenkins et al. [2020].

Moreover, we estimated that the predicted XUV emission for LTT 9779 in-

1

duces a present-day mass loss rate of 3.5x 10! g s~! using the model by Kubyshkina

et al. [2018]. Energy-limited photoevaporation, a simpler model that accounts only
for the energy from incident X-ray photons [Watson et al., 1981; Lecavelier Des

Etangs, 2007], predicts a lower present-day mass loss rate of 2.8 x 1011 g 57!

using
an evaporation efficiency of 15%), a value commonly adopted in literature [Lammer
et al., 2009; Jackson et al., 2012; Shematovich et al., 2014; King et al., 2019]. On
the other hand, the fainter XUV emission motivated by our XMM-Newton obser-
vations yields a present-day mass loss rate of 1.5 x 10! g s7!

Kubyshkina et al. [2018], and 0.6 x 10*! g s~! with the energy-limited formulation.

using the model by

4.5 Evaporation history

We simulated a range of evolutionary scenarios for LTT 9779 b, all using the rocky
core determined in Table4.4, but each starting off at an age of 10 Myr with a
different envelope mass fraction. We used envelope mass fractions of 5%, 10%,
and 17%, with the lowest of these values being motivated by the uncertainty on
the planet’s current envelope mass fraction.

The maximum initial envelope is motivated by the maximum radius the
planet could have following its formation. This is set by the radius of its Roche
lobe which we calculate using the expression by Owen and Lai [2018, Eqn. 3] for
low density gaseous planets. This gives a maximum envelope mass fraction of 17%

for LTT9779b at the beginning of our simulation. Finally, the choice of initial
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envelope mass fraction of 10% serves as a mid-point between the two values above.

4.5.1 Expected XUV history

Firstly, we adopt the XUV luminosity tracks that are expected for a typical solar-
mass star following the model by Johnstone et al. [2021], as shown in Figure 4.2
(right hand panel), and evolve LTT 9779 b under photoevaporation for the three
initial envelope mass fractions. The results, shown in Figure 4.4 (left column)
show that none of these scenarios match the mass and radius of LTT 9779 b at the
present time, as they are all stripped of their envelopes before now. This confirms
that a planet of this nature orbiting LTT 9779 with the expected X-ray emission
history would already be a hot rocky world of radius 2.7 Rg, joining the population
of planets that define the lower edge of the Neptune desert. We thus rule out this

scenario as a description of the evaporation history of LT'T 9779 b.

4.5.2 Faint XUV history

We repeat the analysis in Section4.5.1 but adopting a stellar XUV history that
respects both the measured stellar rotation velocity and our X-ray upper limit,
as determined with our XMM-Newton observation (Section4.2). This emission
history, shown in Figure 4.2 (right hand panel), matches a star that has a rotation
period of 45 days at the age of 2 Gyr.

We find that the planetary atmosphere survives evaporation to the present
day for all three initial envelope fractions, as shown in Figure 4.4 (right column).
Furthermore, we find that, under these conditions, LTT 9779 b is consistent with
an evaporation history where it started out with an envelope mass fraction of
10% to 17%. This would make the planet a 6-7 Rg puffy super-Neptune after disc
dispersal.

We find that continued exposure to these low XUV fluxes does end up
stripping the planet of its envelope by the age of 67 Gyr (Figure4.4). As can be
seen in Figure 4.2, this is because the low activity track is flat in comparison to the
high activity track, and so the X-ray emission in both histories become comparable
at later ages. This behaviour can be attributed to faster rotators spinning down
more rapidly than slow rotators, leading to the tracks converging [Johnstone et al.,
2021].

In principle, our conclusion that the low activity track is consistent with

the planet retaining its envelope to the present day is sensitive to our choice of
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EUYV scaling law. This is illustrated in Figure4.3, where it is clear that the EUV
emission is expected to be higher than X-rays throughout the lifetime of the star.
Maggio et al. [2023] compared different X-ray /EUV scaling laws and confirmed the
that the King et al. [2018] relation used here is in good agreement with available
EUV observations. Some other EUV scaling laws, however, such as that from
Sanz-Forcada et al. [2011] predict somewhat higher EUV emission up to a factor
2 [revised down to 1.5 by Sanz-Forcada et al., 2022]. In order to test whether the
choice of scaling relation affects our conclusions, we re-ran our model with both the
Sanz-Forcada et al. [2011] and Sanz-Forcada et al. [2022] relations. We found that
the gaseous envelope of the planet is still expected survive to the present day for
both scaling relations, demonstrating that our results in practice are not sensitive

to this choice.

4.6 Discussion & Conclusions

We have presented an analysis of X-ray driven photoevaporation of the ultra-short
period Neptune LTT 9779 b: the only known planet deep in the Neptune desert
with a significant gaseous envelope. Since the Neptune desert is thought to be
cleared out by X-ray photoevaporation [e.g. Owen and Lai, 2018], the existence of
this planet at such a short period is puzzling.

Specifically, we have considered the possibility that LTT 9779 b has survived
at its present orbital separation due to anomalously low X-ray emission from its
host star, as suggested by its unusually low rotational velocity (Table4.1) and lack
of Ca1l HK emission lines [Jenkins et al., 2020].

We made an XMM-Newton observation of the host star and measured an
upper-limit to the X-ray luminosity that is a factor of fifteen lower than the ex-
pected X-ray luminosity for a star of this type and age (Sections4.2&4.3). In
contrast, our X-ray upper limit is within a factor of 2 of the luminosity expected
for a star rotating with the much slower 45d period suggested by the rotational
velocity and an assumed alignment between the stellar spin and planetary orbital
axes.

We also simulated the possible evaporation history of the planet using a
range of initial envelope mass fractions. As expected, we confirm that the plane-
tary atmosphere would not survive to the present day under the expected X-ray
emission history of a solar mass star like LTT 9779 (Section4.5.1). However, we

find that a dimmer X-ray past, motivated by the upper limits on the X-ray lumi-
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nosity and spin period, allows the planetary atmosphere to survive to the present
day (Section4.5.2).

We conclude that LTT 9779 most-likely formed as an anomalously slowly
rotating star, and that its close-in Neptune-sized planet LTT 9779 b was thus able
to survive in the Neptune desert to the present day due to unusually low X-ray
irradiation. This scenario is consistent with the planet forming in situ and/or
migrating within the protoplanetary disc, offering an alternative to the scenario
suggested by Jenkins et al. [2020], in which LTT 9779 b started out as a Jupiter-
sized planet that migrated inward to its current orbit later in its life, avoiding any
XUV irradiation from its host star during its youth. As a result of its migration,
the planet would have approached its star within its Roche-lobe, such that the
planet’s atmosphere would have been stripped off by the host star’s gravitational
forces (in a process known as Roche-lobe overflow), leaving a smaller Neptune-sized
planet behind.

Moreover, the super-solar (400x) metallicity of its atmosphere together
with its very high albedo, determined by Hoyer et al. [2023], would make the
planet more resistant to evaporation as heavier species require more energy to
remove [Wilson et al., 2022; Owen and Jackson, 2012].

Even though the implied slow 45-day spin of LTT 9779 may be unusual,
examples of long-period (30-45 d) solar-mass stars have been found in the 950 Myr-
old cluster NGC 6811, hinting towards a rare mechanism that yields extremely slow
rotators [Godoy-Rivera et al., 2021].

This unusual feature of the host star is consistent with our interpretation be-
cause of the unique nature of LTT 9779 b within the Neptunian desert. The strong
selection bias in favour of large close-in transiting exoplanets means that planets
like LTT 9779b must be extremely rare. In contrast, finding similarly anomalous
stars without a hot Neptune is extremely difficult. This is because their low stellar
activity results in low amplitude photometric modulation that is difficult to detect.
Their long periods are also beyond the reach of most photometric surveys, and we
cannot use vsint because of contamination by pole-on faster rotators. Neverthe-
less, it is known that stars are formed with a wide range of initial spin periods, at
least in part due to interactions with long-lived protoplanetary discs (~10 Myr),
which can prevent them from spinning-up during the pre-main sequence stage of
their evolution and allowing slow rotators to maintain their initial spin into the
main sequence [e.g. Moraux et al., 2013; Ribas et al., 2015; Richert et al., 2018].

Finally, our conclusion that the only known planet deep in the Neptunian
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desert with a gasesous envelope is also unusual in having an X-ray faint star,
strongly supports the suggestion that the primary origin of the Neptunian desert

is X-ray driven photoeveporation.
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Chapter 5

Reassessing the X-ray
irradiation of young exoplanets
around FGK stars

5.1 Introduction

As I demonstrated in Chapter 3 with the planetary system around K2-136 & Chap-
ter 4 with the hot Neptune LTT 9779 b, testing and calibrating models of stellar
XUV emission is essential in predicting the outcome of exoplanet atmosphere evo-
lution under photoevaporation and thus the origins of the radius valley and the
Neptunian desert. This is particularly true for young stars, which are the most
X-ray active. A key example is LTT 9779 b, the only ultra-hot Neptune deep in
the Neptunian desert that retains a gaseous atmosphere [Jenkins et al., 2020]. In
Chapter 4 I presented XMM-Newton observations of the host star, a 2 Gyr old G
dwarf, and found that its X-ray activity was at least 15 times fainter than model
predictions. My models showed that this anomalously low X-ray emission has
allowed the planet’s envelope to survive to the present day.

In order to characterise how the X-ray emission of planet-hosting stars
evolves over time, it is necessary to determine their ages, spin periods, and X-ray
luminosities accurately. This can be done by studying open clusters where all stars
share a common age and origin, providing a snapshot of their evolution. To do so,
one must build accurate membership lists to filter out non-members, and this field
has advanced rapidly with the advent of the Gaia mission, which has measured

kinematics and parallaxes for more than a billion stars. The precision of such
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measurements has allowed discerning between the kinematics of cluster members
and field stars, allowing membership of list for many star clusters to be refined
[e.g. Freund et al., 2020; Godoy-Rivera et al., 2021; Nufiez et al., 2022].

Another source of contamination in X-ray and spin period surveys of open
clusters is the presence of tidally-synchronized binary stars. Close binaries can
interact with one another and become tidally-locked by spinning each other up to
match their orbital period [Simonian et al., 2019; Avallone et al., 2022], leading to
a stronger X-ray emission [Dempsey et al., 1993, 1997]. Moreover, these binaries
are close enough to one another to have disrupted their protoplanetary disks,
preventing the formation of close-in planets [Kraus et al., 2016], and since their
spin and X-ray activity have been altered, they are not useful in constraining the X-
ray evolution of planet-hosting stars. They appear as unusually fast rotators and,
if the spectral types of the two components are similar, they will be located above
the locus of the main sequence by up to 0.75 mag [Simonian et al., 2019]. These
tight binaries also produce strong radial velocity signals due to their orbital motion.
These binaries can be identified with Gaia, which measured radial velocities of a
subset of its targets [Katz et al., 2023].

In Chapter 3, I studied the Hyades open cluster using the Gaia membership
list from Freund et al. [2020], and found that, when accounting for binaries, the X-
ray activity of single FGK dwarfs was a factor of two fainter than model predictions.
Exoplanet atmospheres tend to evolve more rapidly during the first 100 Myr of age,
when their host stars are the brightest in the X-rays. The Hyades, however, has an
age of 650 Myr [Martin et al., 2018], and so its stars have spun down significantly
and are less X-ray active, and their close-in planets are for the most part already
evolved.

In this Chapter, I aim to study the X-ray activity of younger stars in order
to compare them to the X-ray evolution models by Johnstone et al. [2021]. I studied
the Pleiades open cluster, which has an age of 125 Myr [Godoy-Rivera et al., 2021].
At this stage of their evolution, Pleiades stars are still rotating rapidly and are
active in the X-rays, and thus close-in planets are still actively evolving under
atmospheric escape.

This chapter is structured as follows: in Section 5.2 I identify tidally-synchronised
binaries in the Pleiades and compare its population of single FGK stars to rota-
tional evolution models. In Section 5.3, I obtain X-ray activities for Pleiades stars
from archival XMM-Newton observations, and in Sections5.4 and 5.5 I compare

them to X-ray evolution models and assess the impact on simulations of the evap-
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Figure 5.1: Top panel: spin period against Gaia G-Ggrp colour of Pleiades stars.
The rotational evolution model by J21 is shown as a black line. Stars which I iden-
tified as spun-up close binaries are highlighted with diamonds. White circles with
black borders represent stars with X-ray detections from XMDM-Newton, whereas
the grey circles are stars with no X-ray detections. Bottom panel: X-ray activity
against Gaia G-Ggrp colour of Pleiades stars, following the top panel. X-ray de-
tections are shown as circles and upper limits as triangles. The data points linked
by black lines represent multiple X-ray detections of the same stars.
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Figure 5.2: Top panel: Distribution of the spin periods of G & K dwarfs in the
Pleiades (black) and those with high RV amplitudes (red). The distribution is
bimodal, with two populations: fast rotators (Pt = 0.2 — 1d) and slow rota-
tors (Pyot = 3 — 10d). Bottom panel: Spin period against Gaia RV amplitude
for Pleiades G & K dwarfs (white circles), with those with a high RV amplitude
(RVamp > 20kms™1) highlighted in red. The fast rotators all have high RV am-
plitudes.
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oration history of exoplanets.

5.2 Rotation in the Pleiades

Godoy-Rivera et al. [2021] reassessed the memberships of stars in seven open clus-
ters, including the Pleiades, using astrometry from Gaia DR2. They also obtained
rotation periods for 759 stars in their Pleiades sample using archival observations
from both ground and space-based photometric monitoring.

In Figure5.1 (top panel) I plotted the spin periods of the Pleiades stars
in their sample and identified a tight correlation between rotation and spectral
type for the FGK stars (0.4 > G — BP > 0.9). This tight relation, which has
also been observed in other clusters [e.g. Gillen et al., 2020; Freund et al., 2020],
is caused by stars bunching up as the evolve to longer periods, with more rapidly
rotating stars slowing faster as they lose angular momentum to the stellar wind
[Johnstone et al., 2015a]. Faster rotators spin down at a greater pace than slow
rotators, leading to their spin periods converging over time in a tight rotation-mass
relation [Tu et al., 2015]. This occurs because faster rotators are more magnetically
active and thus experience grater mass loss from stellar wind, which carries angular
momentum away from the star. This in turn results in an increased spin down
rate compared to slow rotators. Moreover, it can be seen that, whilst FGK Pleiads
follow this tight relation, M-dwarfs present a much larger scatter in their spin
periods (see Figure 5.1, top panel). This is explained by the fact that populations
higher mass stars converge in their spin periods earlier than low mass stars, as the
mass loss (and thus spin down) from stellar wind is also a strong function of stellar
mass [Johnstone et al., 2021], which suggests M-dwarfs in the Pleiades are yet to
converge.

Figure 5.1 also shows a population of rapidly-spinning G & K stars at Pyot >
1.5d that do not follow this tight relation, which I highlighted with diamond
markers. In Figure5.2 (top panel) I plotted the distribution of spin periods of
Pleiades G & K dwarfs and found a clear bimodal distribution which separates two
populations: the slow rotators, which peak at P.,s = 7d, and fast rotators, which
peak at P.,t = 0.5d. These two populations are separated by a dearth of stars
at P.ot = 1.5d. This bimodality is a known feature of the rotational distribution
of FGK and M stars [e.g. McQuillan et al., 2013; Davenport and Covey, 2018],
and has been attributed to the presence of tidally-synchronised binaries, which

produce a population of fast rotators that are tidally spun-up by their companions
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[Simonian et al., 2019]. These fast rotators all have high radial velocity amplitudes
was well, with RV, > 20kms™!, as seen in Figure5.2 (bottom panel), which
suggest the presence of close-in stellar-mass companions, distinguishing them as
tidally-synchronised binaries. On the other hand, the slow rotators with large RV
amplitudes could be explained by unresolved binaries with greater separations that
are not tidally interacting. For that reason, I identified all G & K dwarfs with spin
periods faster than 1.5 days as close binary systems.

Johnstone et al. [2021] introduced a series of models of the spin period
evolution of FGKM stars. These models are built upon semi-empirical descriptions
of the evolution of the angular momentum of stars, both within stellar interiors
and through the emission of stellar wind. The also anchored their rotation models
to the measured spin periods of open clusters spanning ages between 10 Myr and
5 Gyr.

I compared the spin periods predicted by their model with measured spin
periods of FGK stars in the Pleiades. In Figure 5.1 (top panel) I plotted the median
(50th percentile) rotation periods for FGKM stars aged 125 Myr predicted by the
model as a black line. As seen, this rotational evolution model overestimates the
spin periods of F' & G stars in the Pleiades by a factor of 1.5 and underestimates

the rotation of K dwarfs by the same amount on average.

5.3 X-ray observations

The Pleiades has been observed extensively by XMM-Newton [e.g. Briggs and
Pye, 2003; Guarcello et al., 2019]. In order to determine X-ray activities for
Pleiades members, I cross-matched their Gaia DR2 sky positions with the XMM-
Newton archive [4AXMM-DR13, Webb et al., 2020] using the software TOPCAT' [Tay-
lor, 2005] and selected all matches within 5 arcseconds of separation. From the
sample of Pleiades stars with spin periods from Godoy-Rivera et al. [2021], T ob-
tained 156 Pleiades stars with X-ray detections, with 40 of them detected multiple
times.

For those stars that were observed with XMM-Newton but not detected, I
determined X-ray upper limits. I retrieved background and source counts for these

stars using the software PFLIX? [Carrera et al., 2007] with a circular aperture of

'TOPCAT documentation is accessible via the link http://www.starlink.ac.uk/topcat/
2PFLIX documentation is accessible via the link https://www.ledas.ac.uk/flix/pflix_
description.html
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Figure 5.3: Rotation-activity relation for Pleiades stars with Rossby number plot-
ted against X-ray activity. XMM-Newton detections of Pleiades stars are marked
as circles, and upper limits as triangles. Stars which I identified as spun-up close
binaries are highlighted with diamonds. The rotation-activity relation by J21 is
shown as a black line. Marker colour indicates the Gaia G — Grp colour of stars,
ranging from late M dwarfs in red to F dwarfs in yellow.
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radius 30 arcseconds. I then adopted the method by Kraft et al. [1991] to determine
90% confidence (20) upper limit count rates. I determined the X-ray fluxes for both
detections and upper limits from the EPIC-pn count rates using PIMMS version
4.12d3. For the X-ray spectrum, I assumed an APEC model [Smith et al., 2001]
of temperature 0.27 keV, which is typical for young active stars [Giidel, 2004], and
a hydrogen column density assuming a density of 0.1 cm™3 [Redfield and Linsky,
2001]. I chose the energy band 0.1 — 2.4keV for the output X-ray fluxes, following
Johnstone et al. [2021]. Lastly, I converted the X-ray fluxes to luminosities using

Gaia DR2 parallactic distances.

In Figure5.1, I plotted the spin periods of Pleiades stars (top panel) and
their corresponding X-ray activities (bottom panel), and in Figure5.3, I plotted
the resulting rotation-activity relation. I compared these observations with the
rotational and X-ray evolution model by Johnstone et al. [2021], which I plotted
as a black line. Following Johnstone et al. [2021], I determined Rossby numbers
and bolometric luminosities using the stellar models by Spada et al. [2013] together

with the stellar masses determined by Godoy-Rivera et al. [2021].

5.4 Discussion

5.4.1 Tidally spun-up binaries

As seen in Figure5.1 (top panel), tidally-synchronised binaries appear as a pop-
ulation of fast rotators that deviate from the tight relation between spin period
and spectral type for FGK dwarfs. I highlighted the X-ray activities of these fast
rotators in Figure 5.1 (bottom panel) and found they create a bimodal distribution
of X-ray activities, akin to the distribution of spin periods of FGK stars. I also
determined these binaries are, on average, a factor of 3.7 more X-ray active than
the single G & K stars. Moreover, in the rotation-activity relation (see Figure 5.3),
they also lie in the saturated regime thanks to their strong X-ray activity, unlike
the slowly rotating FGK dwarfs, which are predominantly found in the unsaturated

regime.

SPIMMS documentation is accessible via the link https://heasarc.gsfc.nasa.gov/docs/
software/tools/pimms.html
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5.4.2 Comparison to spin & X-ray evolution models

In addition to the rotational evolution models, Johnstone et al. [2021] also fitted
a rotation-activity relation to archival X-ray observations of cluster stars, which
they combined with their rotation models to produce equivalent X-ray evolution

models.

As discussed in Sections5.2 & 5.4.1, when taking into account spun-up
binaries, I found the rotational model by Johnstone et al. [2021] overestimates the
rotation periods of single F & G dwarfs by a factor of 1.5, and underestimates
the rotation of single K-dwarfs by the same amount (see Figure5.1, top panel).
Moreover, as seen in Figure 5.3, their rotation-activity relation fits K-dwarfs well
but overpredicts the X-ray activities of F & G stars by a factor of 2.5. Together,
these two effects result in predictions for the X-ray activity a factor of 2.5-3.5
higher than observed for FGK stars in the Pleiades open cluster (see Figureb5.1,
bottom panel).

In Chapter 3, I performed a similar analysis where I compared the model
by Johnstone et al. [2021] to stars in the Hyades open cluster, which are 600
800 Myr old [Brandt and Huang, 2015; Martin et al., 2018]. I arrived at a similar
conclusion where I favoured an X-ray emission for K-dwarfs fainter by a factor
of two compared to the model by Johnstone et al. [2021]. Our results therefore
suggest that the overall X-ray emission history of FGK dwarfs younger than 1 Gyr

is fainter than model predictions by a factor of 2 to 3.

These disagreements could be caused by sample contamination from a num-
ber of sources. Regarding the predicted spin periods, the differences could arise
from the cluster samples they adopted to calibrate their models. Johnstone et al.
[2021] anchored their rotation models to the spin period distributions of four
different clusters: Pleiades [125Myr Rebull et al., 2004; Hartman et al., 2010],
M50 [130 Myr Irwin et al., 2009a], M35 [150 Myr Meibom et al., 2009], and NGC
2516 [150 Myr Irwin et al., 2007]; which they combined into a common age bin of
150 Myr. They then simulated the rotational evolution of this combined sample to
determine the distributions at other age bins in order to compare them with other
clusters spanning ages between 10 Myr and 5 Gyr. Since these four clusters have
different ages, combining them into a single age bin could have contaminated the
rotational sample they adopted to normalise their models, introducing a scatter
that is greater than what is observed in each cluster individually. This would re-

sult in their rotational models predicting a greater diversity of spin periods than
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cluster stars actually have at a given age.

More recently, Godoy-Rivera et al. [2021] revised membership lists for a
number of these clusters: Pleiades, M50, and NGC 2516 using astrometry from
Gaia DR2. Their analysis found low contamination rates for the Pleiades and
NGC 2516 (4% and 3%, respectively), but substantial non-member contamination
for M50, up to 36%, compared to pre-Gaia literature. By removing the non-
members from M50, they were able to uncover the tight relation between spin
period and spectral type for FGK stars, also seen in the Pleiades (see Figure5.1,
top panel).

In this chapter, I also identified and removed tidally-synchronised binaries
which were contaminating the spin period distributions of G & K dwarfs which
the rotation models use. As discussed in Sections 5.1 & 5.2, these binaries induce
a bimodal distribution in spin periods and cannot host close-in planetary systems,
so they are not useful in constraining the X-ray irradiation histories of close-in

exoplanets.

Regarding the predicted X-ray activities, Johnstone et al. [2021] built a
rotation-activity relation by fitting a broken power law to the sample of stars by
Wright et al. [2011], who combined archival X-ray observations of several clusters
from different X-ray observatories (e.g. XMM-Newton, ROSAT, Einstein). These
observatories are sensitive to different energy bands and the derived X-ray fluxes
were determined with different assumptions for the spectral model, which can add

to the scatter in the rotation-activity relation.

Finally, I performed an empirical fit to the X-ray activities of single FGK
stars in the Pleiades as a function of their Gaia G — RP colour, which is valid for
04>G—-RP>0.9:

10810 Lx/Lbol = (2.35 + 0.25)(G — RP) — (5.61 4 0.16) (5.1)

which is plotted in Figure5.1 (bottom panel). I also performed an additional fit
as a function of the stellar masses determined by Godoy-Rivera et al. [2021], valid
for 1.2 > M, > 0.6:

10810 Lx /Lol = (—1.93 % 0.21) M, — (2.40 & 0.20), (5.2)

The fits were performed using the least squares approximation with the Python

module SciPy.
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5.4.3 Effects on atmospheric escape

I then studied the effects of choosing a faint X-ray history on the atmospheric
evolution of exoplanets orbiting a typical K-dwarf (M, = 0.75Mg). I simulated
the evaporation history of a typical sub-Neptune in the radius valley, with a mass
of 5 Mg and an orbital period of 8 days, starting with a gaseous atmosphere con-
sisting of 1% of its mass. I adopted two X-ray irradiation histories: (1) the one
predicted by the model of Johnstone et al. [2021], and (2) the same model scaled
down by a factor of three to fit X-ray observations of Pleiades FGK dwarfs. To
evolve the planet, I adopted the photoevolver* code [Fernandez Ferndndez et al.,
2023b]. I assumed a two layer internal structure with a rocky core and a pure
H/He atmosphere, adopting the envelope structure model by Owen and Wu [2017]
and the empirical mass-radius relations by Otegi et al. [2020] for the rocky core.
To calculate the escape rates, I used the evaporation model by Kubyshkina and
Fossati [2021]. T evolved the planet’s atmosphere from the age of 10 Myr to 1 Gyr
using the 4th order Runge-Kutta algorithm as the integration method.

The results of the simulations are shown in Figure5.4. I found the planet
is fully stripped of its gaseous envelope within 1 Gyr in both cases. Under the
predicted X-ray history, this occurs at the age of 200 Myr, whilst under the fainter
X-ray history, the planet does not lose its envelope for another 475 Myr, until the
age of 675 Myr. Our results suggest that X-ray driven photoevaporation acts in
timescales of 600-700 Myr, much longer than the canonical value of 100-200 Myr.
I also showed that the choice of X-ray irradiation history has a significant impact
in the timescales in which photoevaporation acts to sculpt exoplanet atmospheres.

King and Wheatley [2021] already showed that the EUV component of
stellar emission remains active for Gyr timescales. Our findings therefore support
the picture that XUV photoevaporation acts in longer timescales spanning several
Gyr, which further blurs the line between photoevaporation and core-powered mass

loss, which also acts in Gyr timescales [Gupta and Schlichting, 2020].

5.5 Conclusions

The atmospheres of close-in exoplanets are sculpted by stellar high energy radia-
tion, particularly during the first few 100 Myr of their life when their host stars

are the most active at X-ray wavelengths. In this Chapter, I assessed the X-ray

“The photoevolver code is available on GitHub at https://github.com/jorgefz/
photoevolver
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(blue). The radius of the rocky core is shown as a dashed grey line.
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activities of young FGK dwarfs in the Pleiades open cluster, which is 125 Myr of
age, and compared them to predictions from the spin & X-ray evolution models
by Johnstone et al. [2021].

I adopted the sample of Pleiades stars with measured spin periods by
Godoy-Rivera et al. [2021], which they filtered for non-members. I then cross-
matched their Gaia DR2 sky positions with the XMM-Newton archive (4XMM
DR13) and obtained a sample of 156 Pleiads with both measured X-ray fluxes and
spin periods. Finally, I identified and filtered out tidally-interacting binaries in the
sample using radial velocities from Gaia DR3, which are spun-up and appear as
X-ray bright sources.

I found that the X-ray activities of single Pleiades FGK dwarfs are a factor
of three fainter than model predictions. I also found that a fainter X-ray history
results in X-ray driven photoevaporation acting in timescales 3 to 4 times longer
than expected, extending the lifetime of the simulated envelope from 200 Myr to
675 Myr, challenging the view that this occurs within the first 100-200 Myr.

This work highlights the importance of building accurate models for the X-
ray emission history of stars, which in turn will inform simulations of atmospheric
escape. These models can be constrained more accurately with X-ray observations
of cluster stars, which requires refined cluster membership lists and filtering for
binaries. This is particularly true in the Gaia era, where cluster sequences can be
vetted against non-members using the precise astrometric monitoring offered by
the Gaia mission. More generally, accurate X-ray emission models are essential to
constrain the extent to which photoevaporation influences the evolution of close-in
super-Earths and mini-Neptunes and thus uncover the origin of the period-radius

valley and the Neptunian desert.
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Chapter 6

The evaporation histories of

four young sub-Neptunes

6.1 Introduction

Whilst an X-ray observation of a star provides its emission at the present time, its
past emission history remains uncertain. On single-planet systems, one can only
use present-day observations to constrain models for the emission history. Owen
and Campos Estrada [2020b] argued that on multi-planetary systems, however, all
planets around the same star must have shared the same irradiation history, and so
their evaporation pasts can be constrained against one another. This is particularly
true for systems with planets that straddle the valley, with one rocky world and
volatile-rich planet, where the integrated past X-ray output of the host star must
have been high enough to strip the rocky world but low enough to maintain the
atmosphere of the gaseous planet.

In Chapter 3, I studied the evaporation histories of three planets around the
K-dwarf K2-136, which is part of the Hyades open cluster. The Hyades, however,
is around 700 Myr old, and thus its stars may no longer be X-ray active as their
spin periods have slowed. Indeed, in Chapter 3 I found that K2-136 has already
been spinning down for several hundred Myr and its X-ray activity has conse-
quently diminished by an order of magnitude from its prime. My simulations of
atmospheric escape also showed that its planets have already undergone the bulk
of their evolution.

On the other hand, younger stars (with only a few hundred Myr of age)

are still active in the X-rays and any small close-in planets in orbit are likely still
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undergoing atmospheric escape. Moreover, these young stars still maintain the
diversity of spin periods they started out with, and thus their individual past X-
ray history has not yet been erased. Older stars, in contrast, have spun down
and converged into a single mass-dependent rotation period, and as a result we
are unable to distinguish between those that were active and inactive during their
youth [Johnstone et al., 2021].

If the star is too young (only a few tens of Myr), however, its planets have
just begun evolving and are thus still likely to have large gaseous atmospheres
whose survival is still uncertain. As such, rather than showing us the final outcomes
of planet evolution or its initial conditions, “adolescent” stars aged 100 — 300 Myr
are caught red-handed removing the gaseous envelopes from their planets. Planets
around such young stars are thus the ideal laboratory for studies of evaporation.

In this chapter, I present XMM-Newton observations of two young stars,
TOI-451 and TOI-1098, aged just 120 Myr and 250 Myr, respectively, both of which
also host planetary systems. TOI-451 is a G7V star with three transiting planets,
one super-Earth and two mini-Neptunes [Tofflemire et al., 2021]; and TOI-1098 is
a F8V star with one transiting sub-Neptune [Newton et al., 2021]. The two stars
also host wide-orbit M dwarf companions whose X-ray emissions are also detected
with XMM-Newton. Given their young ages, it is expected these planets are still
actively evolving under atmospheric escape.

In this chapter, I aim to constrain the current X-ray irradiation of these
four sub-Neptunes with observations from XMM-Newton and model their past
and future evaporation histories in order to test the origin of the radius valley.
In Section 6.2, I introduce the planets and determine their internal structures.
In Section 6.3, I analyse my XMM-Newton observations and determine the X-ray
activities of the stars. In Sections6.4 & 6.5, I model the evaporation histories of
the planets, and in Sections6.7 & 6.8, I discuss and summarise the results of my

simulations.

6.2 The planetary systems

The parameters of TOI-1098 and TOI-451 are shown on Table6.1. The radii,
masses, and orbital periods of their transiting planets are shown on Table 6.2, and
their positions on the radius-period diagram are shown in Figure6.1.

TOI-1098 is a late F-dwarf 105 pc away. It is a member of the young
stellar association MELANGE-1, which is 250 Myr old [Tofflemire et al., 2021]. It
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Table 6.1: Stellar parameters of TOI-1098 and TOI-451

Parameter Units TOI-1098 TOI-451
Photometry & astrometry
RA hh:mm:ss 12:50:22.020 04 :11:51.947
Dec hh:mm:ss —88:07:15.72 —37:56:23.219
Parallax mas 9.51 +£0.01 8.10 £ 0.01
Distance pc 105.15£0.11 123.46 +0.15
A% mag 9.23+0.03 11.02 £ 0.06
Physical properties
Spt - F8V G7V
M, Mg 1.21 +0.06 0.95 £ 0.02
R, Rg 1.19+ 0.06 0.88 £0.03
L. Lg 1.91 +£0.04 0.65 +0.03
Ter K 6200 + 100 5550 + 56
[Fe/H] dex 0.08 +£0.05 —0.02 4+ 0.08
Prot days 2.34 +£0.07 514+0.1
Age Myt 250150 134 £6.5

hosts one transiting sub-Neptune above the radius valley, TOI-1098 b, with radius
3.2RE.

TOI-451 is a young late G-type star at a distance of 123 pc. It is part of
the Pisces-Eridanus stream, with an age of 120 Myr [Newton et al., 2021]. It hosts
three transiting planets; the closest one, TOI-451b (radius 1.9 Rg) is a super-Earth
lying below the valley as well as in the Neptune desert, whilst the other two, TOI-
451 ¢ and d (radii 3.1 Rg and 4.1 Rg, respectively), are sub-Neptunes above the
radius valley. I adopted radii and periods reported by Barragan et al. [2021], who
re-analysised the TESS lightcurves to obtain more accurate ephemerides. Ad-
ditionally, Barragdn et al. (in prep.) collected radial velocity observations of
TOI-451 with ESPRESSO and measured the masses of its three transiting plan-
ets, providing 20 detections for TOI-451 b and ¢, and an upper limit for TOI-451d
(see Table6.2).

Both stars also have wide-orbit companions, TOI-1098 B and TOI-451 B,
as suggested by their Gaia DR2 astrometry and kinematics. Their Gaia Gpp —
GRrp colour indices suggest an M3 spectral type for both, although TOI-451 B lies
+0.65 mag above the main sequence, hinting towards multiplicity [Newton et al.,
2021].

I estimated the internal structures of the four planets assuming a two-layer

model consisting on a rocky core surrounded by a pure H/He envelope. This model
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Figure 6.1: Period-radius plot with the planets around TOI-451 (red markers)
and TOI-1098 (blue marker) together with the confirmed planets on the NASA
Exoplanet Archive (grey circles). The errors on the planets’ radii and periods are
smaller than the symbols. The edges of the Neptune desert as defined by Mazeh
et al. [2016] are plotted as dashed lines, and the boundary of the radius valley as
defined by Van Eylen et al. [2018] is plotted as a solid line.
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Table 6.2: Planetary parameters of the planets around TOI-1098 and TOI-451

Planet Radius Orbital period® Semi-major axis Mass Equilibrium temperature®
Rg days au Mg K

TOI-1098 b  3.24+0.1 10.18 0.11 £ 0.01 — 933 + 43

TOI-451 b 1.94+0.1 1.86 0.0291 £ 0.0002 3. wwmo 1439 + 82

TOI-451 ¢ 3.08+0.14 9.19 0.0844 +0.0006  9.2+3-5¢ 852 + 45

TOI-451d  4.12+0.17 16.36 0.1240 +0.0009 < 16.84 666 + 18

# Assuming a bond albedo of 0.2

> The errors on the orbital periods are all less than four seconds.

¢ Mass measurement from Barragédn et al. (in prep.) with lo errors.
43¢ mass upper limit from Barragan et al. (in prep.)
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Figure 6.2: EPIC-pn images of the TOI-1098 (left) and TOI-451 (right) observa-

tions, with both stars and their companions labelled. The circles represent the
apertures used to extract the X-ray counts from each star.
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consist on four quantities: the core mass M.y and radius Regre, the envelope
thickness Reny, and the envelope mass fraction fe,,, defined as the ratio between
envelope and planet masses Meny/Mp = (Mp — Meore) /Mp.

I determined these quantities by combining the planet mass M, and radius
R, with two models: a mass-radius relation for the rocky core, and an envelope
structure formulation, which relates the thickness of an envelope (and its tempera-
ture) to its mass. For the rocky core, I adopted the empirical mass-radius relation
by Otegi et al. [2020], which they determined by fitting to exoplanet populations
with masses less than 25 Mg and densities higher than predicted for a pure water
composition. For the gaseous envelope, I adopted the structure model by Chen
and Rogers [2016], which consists on a polynomial fit to the results of MESA
simulations, and is valid for envelope mass fractions fony < 20 %.

TOI-451b is a super-Earth of 1.9 Rg that orbits very close to its star with
a period of 1.9days. Its measured mass of 3.81%‘6l Mg, however, implies a low
density of 3.1+ 2.5 gcm ™3, which is puzzling, since its short period and small size
places it inside the Neptunian desert (see Figure6.1), where any gaseous envelope
would be most susceptible to evaporation [Owen and Lai, 2018]. In fact, the
interior structure models suggest the planet is only consistent with a pure rocky
composition and no gaseous atmosphere, predicting a mass of 8.3 + 1.3 Mg and
so a density of 6.7 = 1.5gcm™3. Due to the short distance to its star, the planet
receives a high bolometric flux, which would make any gaseous envelope puff up
beyond the measured radius of the planet.

TOI-451 ¢ is a mini-Neptune above the radius valley. Its radius of 3.1 Rg and
mass of 9.21?2 Mg result in a very low density of 1.7 + 1.0gcm ™3, strongly sug-
gesting the presence of volatiles. I determined an internal structure consisting on a
sizeable gaseous atmosphere of mass fraction 2.74+0.8 % and thickness 1.14+0.4 Rg.

TOI-451d is a Neptune-sized planet well above the radius valley, with a
radius of 4.1 Rg. Its 30 mass upper limit of 16.8 Mg suggests a very low density
no greater than 1.3 + 0.2gcm™3, which requires the presence of a hydrogen-rich
envelope. Adopting this upper limit as the mass of the planet, I found the planet is
consistent with an envelope of mass fraction 7.9+ 1.2 % and thickness 1.8 £ 0.2 Rg.

Finally, TOI-1098 b is a sub-Neptune above the valley with radius 3.1 Rg.
Its mass has not yet been measured at the time of writing, and so I explored a
range of possible internal structures constrained by its past evaporation history.

In my simulations, I explored the past and future evaporation histories

of the four planets. I adopted a range of masses for each planet motivated by
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Figure 6.3: EPIC-pn lightcurves of the four stars.

the uncertainties in their measured masses (TOI-451b and c¢) and mass upper
limits (TOI-451d), as well as the measured mass distributions of mini-Neptune
populations [Otegi et al., 2020]. I chose a range of 5 to 15 Mg, which covers the
spread observed in sub-Neptunes with radii 2-4 Rg [Otegi et al., 2020] as well as

the mass measurements of the three planets around TOI-451.

6.3 X-ray observations & analysis

I used SAS v19 to reduce and analyse the XMM-Newton observations, following
the SAS Data Analysis Threads'.

6.3.1 TOI-1098

TOI-1098 was observed by the XMM-Newton telescope on March 25th 2023 for
a duration of 15.5ks (observation ID 0904310601).2 I identified both TOI-1098
and its fainter wide-orbit companion, TOI-1098 B, in both EPIC-pn and EPIC-
MOS using their Gaia DR3 coordinates, which I corrected for proper motion, and

plotted them in Figure6.2 (left panel). I found the two stars are separated by

"https://www.cosmos.esa.int /web/xmm-newton /sas-threads

2The XMM-Newton data used in this work is publicly available at the XMM-NewtonScience
Archive (XSA) (https://www.cosmos.esa.int/web/xmm-newton/xsa), under observation IDs
0904310201 (target: TOI-451, PI: Wheatley) and 0904310601 (target: TOI-1098, PI: Wheatley).
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60 arcseconds in the X-ray image, consistent with the value of 59.3 arcseconds
determined by Tofflemire et al. [2021].

I removed time intervals with high flaring particle noise, which is significant
on the last 5ks of the observation. I adopted a count rate cutoff of 1s~! on EPIC-
pn and 0.5s~! on EPIC-MOS, reducing the length of the observation to 11.9ks
and 13 ks, respectively.

The X-ray counts from the sources were extracted using a circular aper-
ture at their proper-motion corrected coordinates, with a radius of 20 arcseconds
for TOI-1098 and 15 arcseconds for TOI-1098 B. The X-ray background was esti-
mated by collecting the counts on a circular aperture in a region adjacent to the
sources within the same CCD and containing no X-ray detections, with radius of
80 arcseconds on EPIC-pn and 90 arcseconds on EPIC-MOS.

I plotted the EPIC-pn lightcurves of the two stars in Figure 6.3 (left panels).
I only found marginal evidence for flaring on the lightcurve of TOI-1098 B at 11 ks,
simultaneous with the increase in the flaring particle noise.

I then extracted pn and MOS spectra for both sources and analysed them
with the software XSPEC v12.12.1 [Arnaud, 1996]. I combined the spectra from
the MOS1 and MOS2 cameras (MOS1+-2, hereafter) using the SAS task epicspeccombine.
I then fitted the pn and MOS1+2 spectra simultaneously with XSPEC.

I limited the energy band to 0.15-2.4keV for pn and 0.2-2.4keV for MOS,
and adopted the C-statistic [Cash, 1979] as the fit statistic. I modelled the hydro-
gen absorption on the ISM with a TBABS model [Wilms et al., 2000b], assuming a
hydrogen density of 0.1 cm™3 [Redfield and Linsky, 2001].

To extract the X-ray flux, I fitted a two-temperature APEC model [Smith
et al., 2001] to the spectrum of TOI-1098, and a single temperature in the case
of TOI-1098 B due to the low number of spectral counts. Finally, I computed the
parameter uncertainties with the MCMC method via the chain command in XSPEC
and using the Goodman-Weare algorithm [Goodman and Weare, 2010]. I adopted
10 random walkers and a total chain length of 20,000 steps with a burn-in of 5,000
steps. The spectra, together with the fitted models, are plotted in Figure 6.4, and
the best fit parameters and X-ray fluxes are presented on Table 6.3.

I thus determined an X-ray luminosity for TOI-1098 of Lx = (1.80£0.13) x
10?2 ergs™! in the energy band 0.1 — 2.4keV, and a corresponding X-ray activity
Lx/Lpol = (2.46 £ 0.19) x 107°. I further estimated the EUV component from
the scaling relations by King et al. [2018], which predicted an EUV luminosity of
Leyv = (1.71 £0.1) x 10?8 ergs™! in the energy band 0.0136 — 0.1 keV.
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Figure 6.4: X-ray spectra of the four stars from the pn and MOS142 cameras
(data points) together with the fitted models (solid lines).

Regarding TOI-1098 B, I determined an X-ray luminosity of Lx = (1.79 £+
0.18) x 10%® ergs! in the energy band 0.1 —2.4keV, a factor of 10 fainter than its
F8V companion. Together with the bolometric luminosity provided by TofHemire
et al. [2021] of L) = (6.284:0.29) x 1073 L, I found an X-ray activity of Lx /Lol =
(7.46 £0.84) x 1074,

6.3.2 TOI-451

TOI-451 was observed by the XMM-Newton telescope on March 17th 2023 for a
duration of 13ks (observation ID 0904310201). I identified both TOI-451 and its
wide-orbit companion, TOI-451 B, in the X-ray observation at their proper motion
corrected coordinates, as shown in Figure6.2 (right panel) . I determined a sky
separation of 37 arcseconds, agreeing with Newton et al. [2021].

The majority of the observation has an increased level of flaring particle
noise; past 5 ks for pn and past 7.5 ks for MOS. As seen in their X-ray lightcurves,
which I plotted in Figure6.3 (right panels), the noisy time intervals do not have
a significant impact in the errors of the count rates. I thus chose not to remove
these noisy intervals.

In order to determine the X-ray fluxes, I repeated the analysis I carried
out for TOI-1098 in Section6.3.1. I adopted circular apertures of radius 17.5
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Table 6.3: X-ray fluxes at Earth and fitted coronal temperatures of the
spectral models. The models were fitted to the pn and MOS1+2 spectra

simultaneously.
Star kT, kTy X-ray flux?® X-ray fluxP
keV keV 107" ergem™2s7! 107 Mergem 257!
TOL-1098  0.107092  0.597003 12.6701 13.6112
TOI-1098 B 0.2570:92 — 1.3101 147573
TOI-451 0.201909  0.7810:13 71703 7.3104
TOL451 B 0.211002 1057007 11.0193 11.9+05

# Energy band 0.15 — 2.4 keV
> Energy band 0.1 — 2.4 keV

arcseconds for both stars on their proper-motion corrected coordinates, as well as
a circular aperture for the background with a radius of 60 arcseconds on EPIC-pn
and 95 arcseconds on EPIC-MOS. In this case, since the two stars appear closer
in the sky, I picked smaller extraction radii to avoid overlap.

Both targets were bright in the X-rays and so I were able to extract and fit
their X-ray spectra with two-temperature APEC models. The spectra, together
with the fitted models, are plotted in Figure 6.4, and the best fit parameters are
presented on Table 6.3.

For TOI-451, I determined an X-ray luminosity of Lx = (1.34 4+ 0.08) x
10 ergs™! in the energy band 0.1 — 2.4keV, and so an activity of Lx/Lpo =
(5.38 £0.41) x 10~°. Applying the scaling relations by King et al. [2018], T further
estimated an EUV luminosity of Lryy = (1.11 £ 0.05) x 10% ergs—1.

Regarding TOI-451 B, I found an X-ray luminosity of Lx = (2.04 +0.09) x
10% ergs™!, making it 50% brighter in the X-rays than its G7V companion. I also
found no evidence of flaring in the lightcurve during the observation that could
explain its high luminosity (Figure6.3, bottom right panel). It’s unexpectedly
bright X-ray emission supports the idea that TOI-451 B could be an unresolved
M dwarf binary, as proposed by Newton et al. [2021], where the combined X-ray

emission of the two stars gives the appearance of a brighter single source.

6.4 Stellar spin & emission histories

In order to study the evaporation histories of the four transiting planets, it is

necessary to determine the XUV emission history of their host stars. Since the
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X-ray activities of stars are related to their spin period, one can estimate their
past and future XUV emission from rotational evolution models.

I adopted the rotational evolution models by Johnstone et al. [2021, here-
after J21], together with their rotation-activity relation, to model the X-ray emis-
sion histories of TOI-451 and TOI-1098. To use the models, I adopted their Python
code Mors®, which generates the X-ray emission history of a star given its mass
and its spin period at a given age. I additionally estimated the EUV emission
histories of the stars using the scaling relations by King et al. [2018], derived from
Solar TIMED/SEE data.

6.4.1 TOI-1098

I fitted the measured mass, age, and spin period of TOI-1098 to the models of J21,
and plotted them in Figure 6.5, both evolution of the spin period (left panel) and
XUV emission (right panel).

The measured spin period of TOI-1098 of 2.34 4+ 0.07 d is well predicted by
the model of J21, which predicts a mean spin period of 2.57 d with a 20 spread from
1.19 to 5.36 d. The predicted X-ray activity, plotted in Figure 6.5 (right panel), is
also in good agreement with my XMM-Newton observations — within one standard
deviation from my measured activity of (2.46 £ 0.19) x 1075.

Its M-dwarf companion, TOI-1098 B, is a M4V star with a mass of 0.26 Mg, [Tof-
flemire et al., 2021]. Tofflemire et al. [2021] also extracted a spin period of
0.84+0.01d days from its TESS lightcurve, applying a systematics correction and a
regression against the rotation period of TOI-1098. Following the rotation-activity
relation of J21, this corresponds to an X-ray activity of 6.4 x 104, within 20 of
the X-ray activity of (7.46 +0.84) x 10~* I determined from my XMM-Newton ob-
servations.

I additionally applied the activity—age relations by Engle [2024] for M-
dwarfs, based on a curated sample of nearby M-dwarfs with well constrained ages.
These relations predicted an X-ray activity of 8.8442.56 x 10~, in good agreement

with my observations.

6.4.2 TOI-451

In Figure 6.6, I plotted models of the evolution of the spin period (left panel) and
XUV emission (right panel) of TOI-451.

3https://github.com/ColinPhilipJohnstone/Mors
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Figure 6.5: Left panel: spin evolution models by J21 for TOI-1098. The mean model is plotted as a dashed line, and the
20 spread based on the initial spin period is plotted as a shaded region. The model fitted to the spin period and age of
TOI-1098 is plotted as an orange line, and the star’s measured rotation period is shown as a circle. Right panel: X-ray
emission models by J21 akin to the left panel. The X-ray luminosities derived from my XMM-Newton observations are shown
as a square, and the predicted value as a circle (behind the square).
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The model by J21 predicted a mean rotation period of 4.8d, with a 2¢
spread between 1.2 and 7.1d, in agreement with its measured spin period of 5.1 &+
0.1d. The model also predicted an X-ray activity of 1.12 x 10~4, which is a factor
of two greater than my measured activity of (5.40 £ 0.33) x 1075,

Regarding TOI-451 B, Newton et al. [2021] found its Gaia DR2 astrome-
try and kinematics to be consistent with that of TOI-451, suggesting both stars
are bound. The star has a Gaia DR3 colour of Ggp — Grp = 2.53 mag, which I
combined with the stellar sequences by Pecaut and Mamajek [2013] to determine
an spectral type of M3V and a mass of 0.34 M. Newton et al. [2021] also un-
covered a signal at 1.64d on the periodogram, which they attributed to the spin
period. Fitting the mass and spin period to the models by J21, I obtained an
X-ray luminosity of 4 x 10?® ergs—!
XMM-Newton observations.

, a factor of 5 fainter than suggested by my

Moreover, the X-ray luminosity I measured, Lx = 2 x 10%? ergs™!, is 50%
brighter than that of its G-type companion. The X-ray lightcurve (see Figure 6.3,
lower right) also shows no evidence of a flare that might explain its high luminosity.

Newton et al. [2021], however, found evidence that points towards TOI-
451 B being an unresolved binary system. They found the source lies above the
G —GRgp colour-magnitude diagram by 0.65 mag, and has a Gaia DR2 renormalized
unit weight error (RUWE) of 1.24, indicative of a poor astrometric fit for a single
source [Fabricius et al., 2021a]. Newton et al. [2021] argued the rotational signal
they detected corresponds to the spin period of one of the stars; the rotational
signal of the second star would not have been detected if it had a smaller amplitude
or if it was affected by the removal of systematics. The rotational signal that
Newton et al. [2021] detected could also arise from the the orbit of the binary.
However, if it were indeed the orbital period of the binary, then the two stars
would likely be tidally-locked due to their small separation, and thus they would
also have spin periods of the same value. An unresolved M-dwarf binary would
have a higher luminosity, as the X-ray output from each star would combine to
give the appearance of a brighter single source. I assumed TOI-451 B is comprised
of two equal mass stars, which implies both have the same colour index and so
each a mass of 0.34 M.

Using the knowledge that one of the stars has a spin period of 1.64d,
and assuming the other M-dwarf is X-ray saturated (with Lx /Ly, = 1073, as
is common for young M-dwarfs, J21), I found their combined X-ray luminosity

to be 1 x 10* ergs™!, more consistent with my XMM-Newton measurement of
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2 x 10% ergs™!.

Alternatively, the activity—age relations by Engle [2024] predict an X-ray
luminosity of 6.042.2 x 1028 ergs~! for a 0.34 M. Assuming again that the other
M-dwarf is X-ray saturated, this results in a combined luminosity of 1.2 £ 0.2 x

10% ergs—!, which is also consistent with my XMM-Newton measurements.

6.5 Modelling the evaporation histories

To model the evaporation histories of the four planets, I followed the method I
outlined in Chapter 2.5 using the code photoevolver?. I adopted the mass loss
formulation by Kubyshkina et al. [2018] with the planet grid and interpolation
routine provided by Kubyshkina and Fossati [2021]. I simulated the past and future
evaporation histories of the planets back to 10 Myr, after which disk dispersal
[Fedele et al., 2010] and boil-off mechanisms [Owen and Wu, 2016] should have
completed, and forward to the approximate end of the main sequence stage in
stellar evolution — this corresponds to 10 Gyr for the G-type TOI-451 and 6 Gyr
for the F-type TOI-1098 [Choi et al., 2016]. As for the integration method, I
adopted the 4th order Runge-Kutta algorithm provided by the Python package
scipy [Virtanen et al., 2020] with a variable step size no larger than 1 Myr.

I considered two scenarios for the X-ray emission history of TOI-451, (1)
the one predicted by the J21 model, (2) and the same model adjusted to my
XMM-Newton observations of TOI-451, which are fainter by a factor of two (see
Figure 6.6, right panel).

6.6 Simulation results

6.6.1 Current mass loss rates

On Table 6.4, I show the incident X-ray flux on the planets and the subsequent mass
loss rates. I found the super-Earth TOI-451 b would experience high mass loss rates
of about 10'' —10'2 g s~1. The large errors, which originate in the large uncertainty
in its mass, allow for escape rates an order of magnitude greater, which suggests
that the presence of a gaseous envelope at the present time is not realistic. As
for the sub-Neptunes TOI-451 ¢ and d, these mini-Neptunes experience moderate
mass loss rates at least 10-30 times lower than TOI-451b, around 10! — 10! g

4github.com /jorgefz/photoevolver
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Table 6.4: Incident X-ray irradiation and mass loss rates of
the four planets.

Planet Incident X-ray flux® Mass loss rate
103 ergem 257! 1010gs~t
TOI-451b 65.3 4 15.3 g1+332
TOI-451 ¢ 8.0+1.8 6.9+ 2.1
TOI-451d 3.0£04 > 3.0+0.5P
TOI-1098Db (5 Mg) 5.3+ 1.1 53 +12
TOI-1098Db (15ME) 5.3+ 1.1 21+0.3

* Energy band 0.1 — 2.4 keV
35 lower limit

s~ Their greater masses, which result in deeper gravitational potentials, and
larger orbital separations, which result in lower X-ray fluxes, shield them from
significant mass loss. Regarding TOI-1098 b, since its mass is only constrained by
an upper limit, I chose to calculate its mass loss rate at two choices for the mass, 5
and 15 Mg, informed by the span observed on sub-Neptune populations. These two
escape rates differ by a factor of 26, from 2x 1019 g s~ at 15 Mg to 5 x 10! g s~ lat
5 Mg, demonstrating the strong impact that the choice of mass has in models of
atmospheric escape. The higher mass case resembles TOI-451 ¢ & d in its escape
rates, pointing towards a potentially stable atmosphere that will not stripped,
whereas the lower mass case is more similar to TOI-451 b, suggesting a much more

weakly bound atmosphere that is evaporated in relatively short timescales.

6.6.2 Evaporation histories

In Figure 6.7 I present the evaporation histories of TOI-1098 b (left panels), TOI-
451 ¢ (middle panels), and TOI-451d (right panels).

Regarding their future evolution, I found the planets atmospheres end up
fully evaporating in most scenarios. This occurs within 1 Gyr for both TOI-1098 b
and TOI-451 ¢, except for the 15 Mg scenarios, where the envelope lasts till the age
of 1-2 Gyr. TOI-451d is further away from its star and so experiences lower evap-
oration rates. As a result, most scenarios end up being stripped after 1 Gyr, with
only those over 10 Mg being stable against evaporation and maintaining significant
amounts of H/He throughout their lives.

As for their past evaporation, I found the scenarios with the lowest masses
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Figure 6.8: Following Figure 6.7, simulation results for the past and future evaporation histories of TOI-451 c and d, assuming
a fainter X-ray irradiation history consistent with the XMM-Newton observations of their host star.
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Figure 6.9: Evolution scenarios for the radius for TOI-451 b with a range of starting
envelope mass fractions between 1% and 10%, and assuming a rocky core of mass
8 Mg. The current radius of the planet is shown as a red circle.
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end up predicting unfeasibly large initial radii. These low mass planets experience
extremely high evaporation rates that should have removed their atmospheres
completely. And so, during backwards evolution, the simulation requires extremely
large initial envelopes to account for such mass loss rates. This feature allows us to
determine minimum masses for the planets, under which no envelope would have
survived to the present day.

I thus determined a minimum mass of 7 Mg for both TOI-451 c and d, and
8,Mg for TOI-1098 b. At 10 Myr, the earliest age I consider in the simulations, the
scenarios with “valid” masses result in initial radii of 3.8-4.5 Rg, for TOI-451c, 4.8-
6.1 Rg for TOI-451d, and 3.5-5.2 Rg, for TOI-1098 b. At this age, the corresponding
starting envelope mass fractions are thus 2-7% for TOI-451 ¢, 8-14% for TOI-451d,
and 4-10% for TOI-1098 b.

Regarding TOI-451b, given the proximity to its star and thus the high
bolometric flux it receives, my models predict a lack of a H/He atmosphere. This
implies either its primordial envelope was evaporated at some point in its past, or
the planet formed without one. I thus explored the evaporation history of a range
of primordial envelopes. To do so, I adopted a mass of 8 Mg, which the interior
models predict for a purely rocky planet, and is consistent with the uncertainty of
its mass. I then ran my simulations forward from the age of 10 Myr with initial
envelope mass fractions ranging from 1% to 10% of the planet’s mass. As shown
in Figure6.9, I found all primordial envelopes were fully removed within the first
20 Myr of evolution.

I repeated the simulations for the TOI-451 planets using the model for the
X-ray emission history by J21 adjusted to my XMM-Newton observations, which
are a factor of two fainter. As seen in Figure6.8, I found TOI-451c¢ and d are
able to retain an envelope to this day with masses of at least 6 Mg, only lower by
1 Mg compared to predictions from the previous X-ray evolution model.

The predicted radii for the planets at 10 Myr, the earliest age I considered
in the simulations, now cover a somewhat narrower range of 3.3-3.9 Rg (TOI-451 c)
and 4.7-5.5Rg (TOI-451d) for masses of 7-15Mg. These correspond to starting
envelope mass fractions of 2-5% for TOI-451 ¢ and 8-11% for TOI-451d.

In both planets, the scenarios with 6 Mg constitute an outlier, reaching
much larger initial radii than the other more massive cases, with 5.4 Rg for TOI-
451 c and 7RE for TOI-451d. These initial radii correspond to starting envelope
mass fractions of 10% and 17.5%, respectively.

I also find no considerable effect on the survival of any primordial envelope
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on TOI-451b, with all scenarios being stripped before the age of 20 Myr.

6.7 Discussion

In general, the fates of the atmospheres of close-in planets are dictated by the
XUV emission of their host stars (and is evolution), as well as the response of the
upper atmosphere in face of this irradiation.

In Section 6.7.1 I will place the XMM-Newton observations of the two stars
in context with cluster stars and the X-ray evolution model by Johnstone et al.
[2021], assessing its predictive power against the observed X-ray luminosities of
stellar populations. In Section6.7.2, I will discuss the results from my simula-
tions of evaporation history of the four planets, and the impact of the different

assumptions for their internal structures.

6.7.1 Comparison with Psc-Eri and the Pleiades

Tofflemire et al. [2021], using Gaia kinematics, found that TOI-1098 is part of a
newly discovered cluster, aged 250 Myr, which they named MELANGE-1. Sim-
ilarly, Newton et al. [2021] determined TOI-451 is part of the Pisces-Eridanus
stream, aged 120 Myr and recently discovered by Curtis et al. [2019]. Unfortu-
nately, neither of these two clusters benefit from XMM-Newton observations, in
part due to their recent discovery and, in the case of Psc-Eri, due to its large
angular size, as it stretches over 120° across the sky.

Fortunately, Psc-Eri has a very age similar to the Pleiades open cluster, aged
125 Myr, and the rotational sequences of the two clusters closely match too [Curtis
et al., 2019]. Moreover, the Pleiades has been extensively studied in the X-rays.
I studied the X-ray emission from Pleiads in Chapter 5 using the membership list
that Godoy-Rivera et al. [2021] filtered with Gaia. I obtained X-ray luminosities
for 156 Pleiads in their sample by cross-matching their sky positions with the
4XMM catalogue of X-ray detections from XMM-Newton. 1 also compared the
spin periods and X-ray activities of these Pleiades stars with the predictions from
the models by Johnstone et al. [2021], which I also used in this chapter to estimate
the stellar emission histories of TOI-451 and TOI-1098.

In Figure 6.10, I plotted the spin periods of Psc-Eri and Pleiades (left panel)
and the corresponding X-ray activities of Pleiades stars (right panel). I noticed

that both the spin period and X-ray activity of TOI-451 are consistent with other
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Figure 6.10: Left panel: Gaia BP-RP colour vs spin period for stars in Psc-Eri (red circles) and the Pleiades (white circles).
Only the Pleiades stars with XMM-Newton observations are plotted. TOI-451 is plotted as a blue square, and TOI-451 B as
a yellow square. The 50th percentile model by J21 is shown as a black line. I marked the fast rotating Pleiades FGK stars
with diamonds. Right panel: Gaia BP-RP colour vs X-ray activity for Pleiades stars, both detections (white circles) and
upper limits (white triangles). The XMM-Newton observations of TOI-451 are TOI-451 B are marked as a blue and yellow
circles, respectively. The model by J21 is shown as a black line, and its predictions for the X-ray activity of TOI-451 and
TOI-451 B are shown as blue and yellow squares, respectively. Multiple X-ray observations of the same star are linked with
thin black lines.
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G dwarfs in both Psc-Eri and the Pleiades. In fact, TOI-451 lies within a tight
relation between spin period and spectral type that is present in both clusters,
thought to be caused by spin periods converging over time [Tu et al., 2015]. There
is also a population of rapidly-spinning stragglers that lie below this relation, which
in Chapter5 I identified as tidally-synchronised binaries that have been spun-up
by a close companion.

Regarding TOI-451 B, I calculated its bolometric luminosity using the mod-
els by Spada et al. [2013] for a 0.34 M, star and increased it by a factor of 1.85 to
match its brightness of 0.65mag above the main sequence [Newton et al., 2021].
As shown in Figure6.11, TOI-451 B lies on the high end of the scatter of X-ray
activities for M dwarfs, a factor of 2.9 more active than predicted by J21.

In Figure6.11 I additionally plotted the rotation-activity relation between
the spin periods of Pleiades stars and their corresponding XMM-Newton obser-
vations, together with the relation by Johnstone et al. [2021]. All in all, as I
determined in Chapter 5, the rotation model by J21 overestimates the spin periods
of F' & G stars by a factor of 1.5 and underestimates the rotation of K-dwarfs by
the same amount (see Figure6.10, left panel). Moreover, their activity-relation
(see Figure6.11) fits K dwarfs well but over-predicts the X-ray activity of F & G
stars by a factor of 3. Together, these two effects result in predictions for the X-ray
activity a factor of three higher than observed for FGK stars (see Figure 6.10, right
panel). For that reason, I favour a fainter X-ray emission history for TOI-451 that

matches my XMM-Newton observations.

6.7.2 Evaporation histories

In the simulations, I considered two models for the X-ray emission history of TOI-
451. The first is the predicted evolution for a 0.95 Mg star following the models
by Johnstone et al. [2021]. The second model follow XMM-Newton observations
of TOI-451 which suggest an X-ray luminosity fainter than predictions from the
first model by a factor of two. This second model is constructed by taking the first
model and scaling it down to match the observed X-ray luminosity of TOI-451 at
the present time.

In this section, I will discuss the results from my simulations of the evap-
oration histories of the four planets. In the case of the planets around TOI-451,
I will additionally address the differences that arise from considering either model

for the X-ray irradiation.
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TOI-451 b

TOI-451b (1.9Rg, 1.9d) is a hot super-Earth remarkably close to its star, at a
separation of only 0.03 au, placing it not only below the radius valley but also
within the Neptunian desert. TOI-451b is consistent with the large population of
hot rocky worlds at the lower edge of the Neptunian desert that have been stripped

of their gaseous envelopes [Owen and Lai, 2018].

My simulations predict that any primordial H/He envelope was rapidly
evaporated within 20 Myr (see Figure 6.9). This result is also independent on the

stellar X-ray emission history adopted.

Even without photoevaporation, such close-in super-Earths are susceptible
to boil-off processes, where significant fractions of the primordial H/He envelopes
accreted during formation rapidly escape when the external pressure from the
protoplanetary disk is lifted [e.g. Owen and Wu, 2016; Fossati et al., 2017; Rogers
and Owen, 2021]. As such, I find TOI-451b is inconsistent with the presence of a
hydrogen-rich atmosphere. Indeed, the mass radius relations by Otegi et al. [2020]
predict a purely rocky composition with no H/He envelope, which requires a mass
of 8.1 Mg.

On the other hand, the planet’s measured mass of 3.83’:2} Mg, whilst con-
sistent with a barren rocky core within 20, also allows for much lower densities
that require additional volatiles. Our simulations, however, rule out a hydrogen-
dominated atmosphere, as any primordial H/He envelope would have been rapidly
evaporated. Alternatively, compositions that include a high water content could
permit such lower densities. For instance, the internal structure models by Zeng
et al. [2019] predict that TOI-451b is also consistent with a water-rich compo-
sition with 20%-30% of water by mass. These water-rich worlds, however, must
have been born beyond the ice-line, where the water is allowed to condense, and
later migrated within the protoplanetary disk to their current orbits. These would
include TOI-451 ¢ and d, both of which are further away and must therefore be
water-rich too. Additional radial velocity observations are thus required to further
constrain the planet’s mass and density and discern between the predictions from
the different interior models.

Regardless, TOI-451 b demonstrates that simulations of atmospheric escape
can potentially be used to identify low density worlds that are inconsistent with a
hydrogen-rich atmosphere, and thus differentiate between the two paradigms for

the radius valley, i.e. whether it is the migration of water-rich worlds [e.g. Zeng
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et al., 2019; Luque and Pallé, 2022] or the evaporation of hydrogen-rich worlds
[e.g. Owen, 2019] that gives rise to the radius valley.

TOI-451 c

TOI-451 ¢ (3.1REg, 9.1d) is consistent with being a mini-Neptune above the radius

valley with a sizeable gaseous atmosphere consisting of 2.8% of its total mass.

Regarding its past evaporation, where I favoured a faint X-ray emission
history, I find that the planet must be at least 6 Mg in mass to be consistent
with photoevaporation, which corresponds to an initial envelope mass fraction
of 10% and radius of 5.4Rg. This scenario, however, may be unattainable due
to the action of boil-off processes. Indeed, Owen and Wu [2016] showed that a
5 Mg core with equilibrium temperatures between 500 K and 1000 K would end up
with an envelope mass fraction no greater than 5% after boil-off. If the planet’s
initial envelope mass fraction were to be lower, though, it would follow a different
evolutionary track and no longer match the radius we see in the present day. For
that reason, I favour a minimum mass of 7 Mg, which results in an initial radius of
4 Rgwith an envelope mass fraction of 5%, consistent with both photoevaporation
and boil-off.

My simulations also show the planet’s envelope does not survive into the
future, as I find the XUV radiation from its host star completely removes the
planet’s atmosphere within the next 1.5 Gyr, at least for masses below 15 Mg,
typical amongst sub-Neptunes. Interestingly, on all my scenarios for the mass of
the planet (5-15Mg), the evaporated rocky core would be at least 1.7 Rg in size,

placing it either within or above the radius valley.

Regarding its internal structure, even thought its measured mass of 9.2'_?8 Mg
allows for lower masses down to 4 Mg, my simulations suggest the planet’s enve-
lope could only have survived to this day with a mass of at least 7 Mg, consistent

within 1o.

Akin to TOI-451 b, the large uncertainties on the masses allow for a wide
range of internal structures. In the case of TOI-451 ¢, however, most of the values
allowed by these uncertainties, including the mean, lie above the minimum mass
I predict with my simulations. This suggests that, even though the lower errors
on the mass are ruled out by photoevaporation and thus would require water-rich

compositions, such scenarios are less likely.
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TOI-451 d

TOI-451d (4.1RE, 16d) is a Neptune-sized planet with the farthest separation
of the three planets in the system. Its 30 mass upper limit of 16.8 My suggests
an envelope mass fraction no lower than 8%. It lies at the upper edge of the
population of sub-Neptunes (see Figure6.1), in a sparsely populated region that
bridges the gap with the hot and warm Jupiters at > 10 Rg.

Given its large size and wide orbit, it is expected that the planet’s envelope
is resistant against evaporation and survives into the future. The simulations show
that its sizeable atmosphere would evaporate within 2 Gyr in all scenarios save for
the 10 and 15 Mg cases, consistent with the masses observed for other Neptunes
and in agreement with predictions of photoevaporation. Moreover, in these two
scenarios, the planet cools down and shrinks into a mini-Neptune with radius
~ 3 — 3.5 Rg after the first Gyr.

Regarding its past evolution, where I favoured an X-ray faint irradiation
history, the simulations predicted a minimum mass of 6 Mg, which correspond to
initial radius of 7 Rg and mass fraction of 17%. The same arguments for discarding
a 6 Mg scenario on TOI-451 ¢ can be used in this case: once one takes into account
boil-off processes, an initial envelope mass fraction of 17% becomes unlikely. In-
stead, akin to TOI-451 ¢, I favour a minimum mass of 7 Mg, which imply an initial
radius of 5.5 Rgwith an envelope mass fraction of 11%. Even at this mass, how-
ever, the amount of mass lost via boil-off would not have been negligible, and thus
it is more likely that the planet’s true mass lies closer to the upper limit of 17 M.

Regarding its internal structure, the 3c mass upper limit of 16.8 Mg allows
for a wide range of internal structures, as is the case for the other two planets in
the system. Regardless of the composition of the core, planets of such sizes require
hydrogen-dominated atmospheres, even when considering the case of a 100% water
core. Indeed, the interior structure models by Zeng et al. [2019] predict a 100%
water world with 17 Mg would have a radius of 3 Rg, falling short of the radius of
4 Rg that TOI-451d has. However, if the planet had a lower density core rich in
water, its gaseous envelope would be thinner and easier to evaporate, and it might

not have survived to the present day, which would rule out such internal structure.

TOI-1098 b

TOI-1098b (3.2RpE, 10.2d) is a mini-Neptune above the radius valley. It is the

only close-in transiting planet orbiting its F8V host star. The planet is similar to
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TOI-451 ¢ in size and orbital period, although TOI-1098 b receives a bolometric
flux 70% greater, since it orbits a more massive star, which puffs up its atmosphere.
On the other hand, TOI-1098b is also somewhat older, with an age of 250 Myr,
and thus the planet has had more time to cool down, shrinking the atmosphere.
As a result, the two planets end up having very similar envelope mass fractions of
2-3% for the range of masses I considered in my simulations.

TOI-1098 b, however, lacks mass measurements. In my simulations, I used
the same range of masses of 5 to 15 Mg, although, unlike the TOI-451 planets, 1
am unable to compare my results to any observational constraints on the masses.
My simulations suggest the planet requires a mass of at least 8 Mg, and thus any
mass below that limit would require a more massive envelope that should have
already been evaporated. This limit is greater than the minimum mass of 7 Mg 1
determined for TOI-451 ¢, suggesting TOI-1098 b has experienced a stronger XUV
irradiation in its past. Indeed, as revealed by my XMM-Newton observations,
TOI-1098 is a factor of 1.4 more X-ray luminous than TOI-451 as well as a faster
rotator, despite being twice its age. This is likely because TOI-1098 started out
with a shorter spin period than TOI-451 (as seen in Figures 6.5 & 6.6) resulting in
a stronger X-ray emission during its youth even at its current age of 250 Myr.

Such mass constraints imply initial states for the planet that range from an
initial radius of 3.5 Rg and envelope mass fraction of 3% for a mass of 15 Mg, to
radius 5.2 Rg and envelope fraction 10% for a mass of 8 Mg. Akin to TOI-451c¢ &
d, however, the planet’s true mass is likely to be higher than the minimum mass
I determined with photoevaporation, given the effects of the boil-off mechanism,
which diminish the range of allowed initial envelope mass fractions. As for its fu-
ture, I find all scenarios are fully evaporated within 1 Gyr, save for the 15 Mg case,

which is evaporated within 2 Gyr.

6.8 Conclusions

In this chapter, I studied the past and future evaporation histories of the atmo-
spheres of four sub-Neptunes in the radius valley. The objective of this work is
to assess the impact of the stellar X-ray emission history as well as X-ray driven
atmospheric escape on the populations of small close-in exoplanets. TOI-1098 is
a late F-dwarf that hosts one transiting super-Earth in the Neptunian desert, and
TOI-451 is a late G-dwarf with three transiting planets that straddle the radius
valley: a super-Earth followed by two Neptunes-sized planets.
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I observed the two stars with the XMM-Newton telescope in order to de-
termine their present-day X-ray luminosity and constrain models of their X-ray
emission history. The two stars also have M-dwarf companions which are also
detected in my XMM-Newton observations.

In short, the X-ray activity of TOI-1098 is consistent with predictions from
the X-ray evolution models by Johnstone et al. [2021]. TOI-451, however, is a
factor of two fainter than predicted. I additionally placed the observations of TOI-
451 and its M-dwarf companion in context with cluster stars in the Pleiades, of
very similar age. I found that TOI-451 is consistent with other Pleiades G-dwarfs,
whilst the models by Johnstone et al. [2021] overpredict their X-ray emission by a
factor of 2-3, in agreement with my results from Chapter 5. As such, I favoured an
X-ray emission history for TOI-451 where I scaled down the models by Johnstone
et al. [2021] by a factor of two to match its observed X-ray luminosity at the
present day. As for its M-dwarf companion, I found TOI-451B to be 5 times
brighter than model predictions, and more luminous than most M-dwarfs in the
Pleiades, supporting previous evidence that it is not a single star, but instead
consists of an unresolved M-dwarf binary.

Using simulations of atmospheric escape, I used these constraints on the
stellar X-ray emission to model the past and future evaporation histories of the
four planets under a variety of planet masses between 5 and 15 Mg.

I determined that TOI-451b is most likely a barren rocky core, and any
primordial H/He atmosphere would have been readily stripped by either boil-off
or photoevaporation in timescales shorter than 20 Myr. I also determined that the
other three planets host gaseous atmospheres, as indicated by their large radii and
low densities. Using simulations of atmospheric escape, I determined minimum
masses for these planets under which their envelopes should have already been
stripped before the present day. These are 7 Mg for TOI-451b & ¢, and 8 Mg for
TOI-1098 b.

More generally, I show that photoevaporation is indeed consistent with
the shaping the evolution of close-in sub-Neptunes and thus sculpting the radius
valley. I have also highlighted the importance of adopting accurate models for the
X-ray emission histories of the host stars, and doing so by constraining them with

observations from X-ray telescopes.
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Chapter 7

Characterising the X-ray
variability of FGKM stars with
Gaia and XMM-Newton

7.1 Introduction

In Chapter 1 I examined the origin and evolution of the X-ray and EUV emission
of main sequence stars (Section 1.4) and discussed how these photons are absorbed
in high doses by small close-in planets orbiting these stars (Section 1.3.2), heating
up their gaseous atmospheres and driving mass loss which, in some cases, can
ultimately strip them of their envelopes. Consequently, this mechanism can carve
gaps in the distributions of the masses and radii of these planets, which can be
identified in the observed populations of close-in exoplanets in features such as the
radius valley and the Neptunian desert (see Section 1.2).

In Chapters3, 4, and 6 I have presented simulations of the evaporation
history of eight planets across four systems. These simulations can not only con-
strain the internal structures of these planets, but also tell us about their XUV
irradiation history and the future fate of their atmospheres. A vital ingredient in
these simulations is the X-ray emission history of the host star, i.e. the amount of
X-rays the planet receives at each point in its life. As I discussed in Sections 1.4.2
& 1.4.3, the X-ray activities of stars are correlated to their spin period, where
faster rotators are more X-ray active. Moreover, as stars spin down with age, their
XUV emission also gets fainter.

These rotation-activity relations, however, also present a scatter in the X-

176



ray activity of about an order of magnitude (see Section1.4.5 and Figure1.11).
The origin of this scatter is still unclear; it has been proposed this scatter arises
mainly due to random and/or cyclic X-ray variability [Johnstone et al., 2021],
although it can also be explained by stars having intrinsic X-ray activity levels
that are consistently higher or lower than predicted by their spin period.

Regardless of which mechanism gives rise to the scatter in the rotation-
activity relation, their impact on the evaporation histories of their planetary sys-
tems has been seldom explored.

If the scatter originates in intrinsic coronal activity levels, stellar spin pe-
riod alone is no longer enough to predict the X-ray emission history of a star, and
thus models that rely on rotation-activity relations would be systematically overes-
timating or underestimating the irradiation history of the planets in the system. If
for instance a star always lies above the model fit to the rotation-activity relation,
then its X-ray emission would be underestimated by the model; however, if it lies
below the model fit, then its emission would be overestimated. Indeed, Ho et al.
[2024] argued that the shallow depth of the period-radius valley on M-dwarfs could
be explained by intrinsic differences in coronal emission between stars.

If, on the other hand, the scatter originates in random variability, the evap-
oration histories of orbiting planets would instead be impacted by (1) the width of
the distribution of the coronal emission of the host star, i.e. the wvariability level,
and (2) the response of the planet’s atmosphere to these varying activity levels in
short (days) and long (years) timescales.

In order to determine the contribution of X-ray variability to the scatter it
is necessary to characterise the level of X-ray variability of individual stars. This
can be achieved by studying stars that benefit from multiple observations in X-
ray wavelengths, and determine to what extent the measured X-ray emission has
changed across the different epochs.

The XMM-Newton observatory, launched in 1999, has collected X-ray ob-
servations of the sky for the past 25 years [Jansen et al., 2001]. Fluxes from X-ray
sources in these observations have been compiled into the 4 XMM catalogue, which
provides X-ray fluxes for nearly one million sources [Webb et al., 2020]. These X-
ray sources, however, may not be of stellar origin. More recently the Gaia mission
has given us accurate parallaxes and photometry for billions of stars [Gaia Collab-
oration et al., 2016]. Combining archival observations of the two missions would
allow us to identify which X-ray sources are indeed stars as well as their spectral

types and their distances, necessary to convert X-ray fluxes to luminosities.
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In this chapter, I characterised the X-ray variability of FGKM stars on
timescales of days to decades in order to uncover the origin of the scatter in the
rotation-activity relation. To do so, I sought stars with multiple X-ray observations
by cross-matching the JXMM catalogue of XMM-Newton observations with the
Gaia Data Release 3 (DR3) archive.

This chapter is structured as follows: in Section 7.2 I obtained a clean
sample of Gaia DRS main sequence stars and cross-matched it with sources in
the JXMM catalogue; in Sections7.3 & 7.4 I identified the stars in this sample
with multiple X-ray observations, characterised their X-ray variability, and as-
sessed its impact on simulations of the evaporation histories of super-Earths and
sub-Neptunes. Finally, I concluded with Section 7.5 where I summarise my main

results.

7.2 Compilation of the sample

In this section, I lay out the steps for selecting the samples from the Gaia DRS3
and 4XMM catalogues and how the two are cross-matched to produce a dataset

of nearby main sequence stars with X-ray luminosities.

7.2.1 The Gaia archive

I queried a volume-limited sample of stars within 200 pc from the Gaia DR3
archive. The sample selection I followed for filtering the Gaia DR3 archive can
be summarised in the following steps: (1) querying the Gaia database with a set
of selection criteria to collect nearby stellar sources with high quality astrometry,
(2) improving the accuracy and quality of the photometry by means of standard
photometric corrections and galactic extinction maps, and (3) selecting single stars
in the locus of the main sequence.

The selection criteria and quality cuts were aimed at obtaining a reduced
sample of main sequence Gaia stars with accurate astrometry and photometry,
as well as reducing the number of binaries in the sample. Binary stars that are
unresolved by XMM-Newton will have their individual X-ray emissions combined
into a single point source. Since the contributions of each component cannot be
disentangled, their individual emission and variability level cannot be constrained.
Moreover, close binaries can interact tidally, altering their spin periods and thus

their coronal emission [Simonian et al., 2019]; since these binaries cannot host
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Figure 7.1: Right panel: Colour-magnitude diagram of G — Grp colour against
absolute green band magnitude Mg of my sample of Gaita DR3 stars within 200 pc
(grey points). I plotted the magnitude cuts I applied to the sample, including the
broad cuts for white dwarfs (blue line) and the giant branch (orange line) as well
as the cuts to trace the locus of the main sequence (red lines). The resulting main
sequence sample is shown in coloured points (blue for low density regions to yellow
for high density regions).
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close-in planets, their anomalous X-ray emission cannot be used to characterise
X-ray evolution histories of planet-hosting stars.

Regarding the distance cut-off of the sample, I chose a limit of 200 pc in
order to reduce the number of spurious X-ray matches, since X-ray sources de-
tected by XMM-Newton beyond this limit are likely to be too X-ray active to be
single stellar sources. This also introduces a strong bias against M-dwarfs at large
distances, as these stars, whilst they are typically more X-ray active than FGK
dwarfs [e.g. Wright et al., 2018; Johnstone et al., 2021], their X-ray luminosities
are also much fainter. This is because their bolometric luminosities are also much
lower than that of FGK stars. For instance, an MOV star with an X-ray activity of
Lx /Lo = 1074 at a distance of 200 pc would be observed at Earth with an X-ray
flux of 5 x 107 ergem ™25~ (neglecting ISM absorption), close to the detection
limit of EPIC-pn of ~ 10~ ergem=2s~! [Webb et al., 2020]. On the other hand,
observing an G-dwarf with the same X-ray activity at a distance of 200 pc would
result in an X-ray flux at Earth sixteen times brighter. In Section7.4.2, I char-
acterised the impact of my choice of distance cut-off in the full sample of X-ray

emitting stars.

Querying the Gaia database
I first queried the Gaia DRS database with the following ADQL query:

SELECT * FROM gaiadr3.gaia_source
WHERE (
1000/parallax < 200
AND ruwe < 1.4
AND parallax_over_error > 20
AND (
astrometric_excess_noise_sig <= 2
OR (astrometric_excess_noise_sig > 2
AND astrometric_excess_noise <= 1.5)
)
AND astrometric_sigmabd_max < 1.5
AND astrometric_params_solved = 31
)
ORDER BY source_id

I selected all sources within a distance of 200 pc, which I determined us-
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ing inverse parallax. I also discarded sources with inaccurate or inconsistent as-
trometry, where the error in the parallax is greater than 5% (p/d, < 20) and
the Renormalised Unit Weight Error (RUWE) is high, over 1.4, following [Fabri-
cius et al., 2021b]. RUWE encodes the quality of the fit of a single-star astromet-
ric solution on a source, and thus applying a cut-off for high RUWE values also
removes some unresolved binary systems whose orbital motion induces noise in
the astrometric fit. Further quality cuts on the astrometry were achieved with
the parameters astrometric_excess noise and astrometric_sigmabd max, fol-
lowing Gentile Fusillo et al. [2021]. The astrometric_excess noise parame-
ter quantifies the disagreement between observations of the location of a source
and its best fitting astrometric model, and the astrometric_sigmabd max pa-
rameter collects the maximum error in the position, parallax, or proper motion
of a source. I also only considered stars with a 5-parameter astrometric solu-
tion (astrometric_params solved = 31), where the proper motion has been con-
strained, and is the standard for stars with good quality photometry and astrome-
try [Lindegren et al., 2021]. We do not consider 6-parameter astrometric solutions
as these are only computed for targets where high-quality colour information is not
available. After applying the selection criteria, I arrived at a sample of 1,316,469

Gaia sources.

Photometric corrections

I then applied quality cuts to the photometry of the remaining sources, namely
the Gaia G, Ggp, and Grp magnitudes. I calculated the error on the Ggp — Grp
color with the method of Riello et al. [2021] and discarded sources with errors
larger than 0.06 mag!. I additionally adopted the recipes by Riello et al. [2021] to
calculate corrected Ggp —GRrp excess factors as well as their expected 1o scatter for
well-behaved stars with standard photometry. Photometric excess factors measure
the disagreement between the sum of integrated Ggp and Grp fluxes with respect
to the flux in the G band. Following Gentile Fusillo et al. [2021], I removed sources
whose corrected excess factors exceeded the 1o scatter by a factor greater than 5,
hence arriving at a sample containing 1,227,085 Gaia sources.

I accounted for interstellar extinction by using the 3D extinction map by
Edenhofer et al. [2024] available via the Python module dustmaps?, which is valid

' calculated the color corrections using the code by Anthony G.A. Brown available at https:
//github.com/agabrown/gaiaedr3-flux-excess-correction
2The dustmaps source code is available at https://github.com/gregreen/dustmaps
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for sources between 69 pc and 1.2kpc away from Earth. For sources closer than
69 pc, I applied no corrections. At this distance, the map predicts G-band extinc-
tion values under 0.05 mag and Ggp — Grp reddening under 0.025 mag, both of

which lie under the magnitude uncertainty cut-off of 0.06 mag I adopted earlier.

The locus of the main sequence

I plotted the Hertzsprung-Russel (HR) diagram of the resulting sample of Gaia
stars in Figure 7.1, which shows the main sequence along with populations of white
dwarfs and evolved stars in the giant branch.

In order to further refine the sample of Gaia stars, I further limited the
sample to stars in the locus of the main sequence. I first calculated the absolute
magnitude on the Gaia band Mg of the stars using their parallaxes. I applied wide
cuts on the HR diagram to remove white dwarfs and stars on the giant branch,
as seen in Figure 7.1 (blue and orange lines). For white dwarfs, I filtered the
sample with the expression Mg < 8.29 x (G — Ggrp) + 3.5 applied to the entire
range of G — Grp, and for evolved stars on the red giant branch with expression
(G—GRrp) < 0.075 x Mg —0.39 only for —2.5 < Mg < 4.2 whilst keeping all other
stars outside this Mg range.

I then traced the locus of the main sequence by dividing up the resulting
sample into fine G — GRrp bins, collecting the distribution of Mg on each bin, and
shaving off points beyond the 5th and 95th (20) percentiles. For later-type stars
with G — Grp > 1.3 (later than M4.5), due to the reduced number of points and
broader Mg distribution, I adopted wider G — Ggrp bins and cut-offs at the 32nd
(1) and 95th (20) percentiles instead.

This method also removes the population of K & early M dwarfs that lie
parallel to the main sequence in the HR diagram but above it, offset by AMg ~
0.65 mag [Simonian et al., 2019]. These stars are likely binaries that are unresolved
by Gaia, whose individual luminosities combine to appear as brighter single stars
[Gaia Collaboration et al., 2018a]. Since these binary systems are unresolved by
Gaia, they will also be unresolved in XMM-Newton observations, as the latter has
a lower angular resolution [Lindegren et al., 2021; Webb et al., 2020].

For that same reason, I additionally discarded Gaia stars from the sample
that are close enough to one another to be unresolved in XMM-Newton observa-
tions, but still resolved by Gaia. To do so, I identified Gaia stars in my sample

that were separated by less than 16 arcseconds, which corresponds to the half-
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Figure 7.3: Top: False positive rate in the matches between Gaia sources and
their 4XMM counterparts as a function of angular separation. The false positive
rate on each bin is shown as a dashed line, and the cumulative rate as a solid
line. Bottom: Histogram of angular separations between the positions of Gaia
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plotted with Gaia sources shifted in position by +1 degrees in right ascension and
declination (grey lines), showing no peak at close-in separation and only a slope
of false positives. The mean of these shifted datasets is shown as a red line.
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energy width (HEW) of the EPIC-pn instrument onboard XMM-Newton [Striider
et al., 2001]. These close sources added up to 37,332 pairs and 114 triplets, which
I removed. In principle, it may be possible to assign the X-ray flux to one of the
blended sources on a probabilistic basis, and in future work this may be beneficial
in particular for stars in crowded regions of clusters. Such objects are of partic-
ular value because stellar ages can be determined. After rejecting close objects,
I arrived at a sample of 980,693 bona-fide main sequence single Gaia stars with

accurate photometry and astrometry, which I plotted in Figure 7.1.

7.2.2 The 4XMM catalogue

The JXMM DR13 catalogue [Webb et al., 2020] contains 983,948 rows, each repre-
senting a single X-ray detection of a point source in a given XMM-Newton obser-
vation. Detections in this catalogue were collected by identifying point sources on
each XMM-Newton observation with a sliding box algorithm using search windows
20" x 20" in size, where a search box is slid across the image and a model is fitted
to each source in the image comparing their counts with the expected background
level. Moreover, the X-ray fluxes were calculated from the count rates using the
standard energy conversion factors (ECFs), which assume a power-law spectral
model at a constant hydrogen column density of ng = 3 x 10%° cm—2. I described
the JXMM catalogue further in detail in Section 2.4.1.

I first removed X-ray detections from the 4 XMM catalogue whose EPIC-pn
data was unavailable (count rates are NaN or zero), reducing the number of X-
ray detections in the dataset to 819,444. The catalogue also contains information
about the quality of each detection and the region within the pointing where it
lies, including whether it lies close to the edge of the detector or close to another
bright source. These flags are summarised in the column PN_FLAG. In Sections 7.3

and 7.4, I assess the impact of filtering 4XMM detections using these flags.

7.2.3 The Gaia-XMM dataset

I cross-matched our selection of sources from Gaia DR3 with the full 4 XMM DR13
catalogue using the software STILTS/TOPCAT [Taylor, 2005], initially adopting a
separation cut-off of 100 arcseconds in order to capture all possible matches.

The positions of all sources in the Gaia DR3 archive are provided in the
J2016 epoch, whilst the positions of sources in the 4XMM catalogue are in the

epoch in which they were observed. As a result, stars that have undergone signifi-
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cant proper motion between the two epochs will present a mismatch between their
locations as observed by XMM-Newton and Gaia. I accounted for this mismatch
by computing the angular distance each 4XMM source has travelled across the sky
in the time passed between its X-ray observation and the Gaia epoch, and then
comparing its adjusted position with the location of the closest Gaia DRS3 source.

I plotted the histogram of separations between Gaia and X-ray sources in
Figure 7.2 before and after the proper motion adjustment on the left and right
panels, respectively. I found that this adjustment resulted in an improved match
rate, increasing the number of matches within 17 by 12%. This is especially im-
pactful on the stars with the highest proper motions (x> 250 masyr—!), with an
increase of 89% within 17.

Finally, in order to remove spurious matches, I applied a separation cutoff
between 4XMM and Gaia sources. In order to inform my choice of separation
cutoff, I computed the false positive rate of the matches as a function of separation.
The false positive matches are seen in Figure 7.2 as a constant increase in matches
at separations over 20 arcseconds. This slope can also be reproduced by matching
against a set of points placed randomly in the sky. I separated the peak of true
positives (seen at small separations) from the slope of false positives by shifting the
positions of the Gata stars by one degree in both right ascension and declination,
and cross-matching these shifted datasets with the 4 XMM dataset. I plotted the
resulting histogram of the separations of false positive matches in Figure 7.3.

I adopted a separation cutoff of 5 arcseconds, which corresponds to a false
positive rate of 20% at that separation and a total cumulative false positive rate
of 2% within that limit. After applying this separation cutoff, the resulting cross-
matched dataset amounted to 4,421 Gaia stars with X-ray detections and a total
of 6,787 XMM-Newton detections, including 1,000 stars with multiple X-ray de-

tections.

7.3 Characterising X-ray variability

In this section, I studied the dataset of Gaia stars with XMM-Newton observations
I have assembled and their X-ray variability. This involves measuring how much
the X-ray emission of individual stars changes over time, which requires stars with
multiple X-ray detections.

In Figure 7.4, I plotted the X-ray activities all stars in the sample that ben-
efit from multiple X-ray detections, highlighting those with at least 10 detections.
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This demonstrates that stars with both few and many X-ray detections are well
sampled across spectral types ranging from early F to mid-late M. Moreover, Fig-
ure 7.4 shows that stars with the same spectral type have different overall activity
levels, which is likely to be caused by different ages or spin periods: those stars
that are young and spin rapidly will be on average more X-ray active than those
that are older and spin more slowly, as I discussed in Sections1.4.3 & 1.4.2. This
also implies that the X-ray activities of stars cannot be directly compared to one

another, as their ages and spin periods could be different.

I further plotted the distribution of the number of X-ray observations per
star in Figure 7.5, which shows that the majority of stars only have a few detections
in the X-rays, and only a handful have more than 20. The most populous bin
consists of those stars that have only been detected in the X-rays once, consisting
of 77% of all stars in the dataset. Amongst those with multiple X-ray detections,
90% (905 stars) have 5 X-ray detections or less and 62% (625 stars) have only two.
In contrast, only 10 stars have at least 20 detections (1% of the sample) and only
34 stars have more than 10 detections (3.4% of the sample).

Figure 7.5 therefore highlights two populations of stars in the dataset: a
group of few stars with many X-ray detections, which I define as those with at
least 10 X-ray detections, and a group of many stars with few X-ray detections,

which have fewer than 10.

These two populations require two separate analyses. Stars that have many
detections across long timescales can be studied on their own, and their variability
determined directly simply by computing the standard deviation of their X-ray

emission, which I compute in Section 7.3.1 below.

For stars with less than 10 detections, however, X-ray variability cannot
be directly computed on individual stars reliably, as they have too few detections,
or by combining the X-ray luminosities of different stars, as they might have in-
trinsically different activity levels. Instead, we can compute how much the X-ray
emission has changed between detections of the each star (by taking the ratios
of X-ray measurements) and combine these instead across multiple stars (which
I assumed have the same overall variability, even if their activity levels differ) to
obtain an overall estimate of the X-ray variability at the population level. I carry

out this analysis in Section 7.3.2 below.
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7.3.1 X-ray variability of individual stars

In the dataset, there are 42 stars which benefit from at least 10 X-ray detections
with XMM-Newton. In Figure 7.6 (top panels), I plotted the distribution of X-ray
luminosities of the five FGK stars with most X-ray observations. These correspond
to three late F dwarfs, one late G dwarf, and one K dwarf. Similarly, in Figure 7.7
(top panels), I plotted the same figures for the top five M-dwarfs with most X-ray
observations, all early to mid M-dwarfs (M2-M5).

I then computed the individual variability levels of these stars by assuming
stellar X-ray emission tends to follow a normal distribution in log X-ray luminosity
space, akin to the distribution of the X-ray scatter observed in the rotation-activity
relation, following [Johnstone et al., 2021] which determined its standard deviation
to be 0 = 0.36 from the sample of stars by Wright et al. [2011]. The X-ray vari-
ability of an individual star can thus be characterised by computing the standard

deviation of its distribution of measured X-ray luminosities in log space.

I therefore found that the five FGK stars in Figure 7.6 present variability
levels ranging from o = 0.06 to 0.18, which correspond to a factor of 1.14 to
1.52 in X-ray luminosity, whereas the five M-dwarfs in Figure 7.7 range from o =
0.19 to 0.34, which correspond to a factor of 1.54 to 2.18 in X-ray luminosity.
Moreover, in Figure 7.8, I plotted the variability levels of all stars with 10+ X-ray
observations against their weighted mean X-ray activities. As seen, two distinct
stellar populations can be identified. Whilst all FGK stars have low X-ray activities
below Lx/Lpo < 4 X 107° and present variability levels no greater than o =
0.25, M-dwarfs are more active, with Ly /Ly, > 1074, and also present greater
variability levels, spanning ¢ = 0.2 to 0.55. These figures therefore demonstrate
a contrast between both stellar populations, with M-dwarfs being on average 40%
more variable than FGK stars, although there is also evidence for stars with the

same spectral types presenting moderately different variability levels.

In the same manner, I then computed the variability levels of all stars with
at least 10 X-ray detections, arriving at opg = 0.13 £ 0.06 for F & G dwarfs,
ok = 0.20 4+ 0.08 for K-dwarfs, and oy = 0.35 + 0.12 for M-dwarfs, which high-
lights a discrepancy between FG stars and M-dwarfs, where M-dwarfs are around
40% more variable. Moreover, I also noted a tentative increased variability level
for K-dwarfs relative to F & G stars, hinting at a trend of increasing X-ray vari-
ability with decreasing stellar mass. I note that the observed effect is the opposite

of that expected from the Malmquist bias, which would tend to make M-dwarfs
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appear less variable because they are inherently less luminous and hence tend to

be undetectable when fainter than average.

7.3.2 X-ray variability of stellar populations

The dataset also contains 958 stars that have between two and nine X-ray detec-
tions. Since they have too few detections to compute their individual variability
directly, only the overall variability at the population level can be computed.

For a given star, I took a pair of its X-ray detections; I then calculated the
variability level from the ratio of the two X-ray luminosities, and the variability
timescale from the time passed between the dates of the two observations. This
provides an estimate of how much the coronal emission has changed between the
two observations. I then repeated this procedure for all unique pairs of X-ray
detections of the star, resulting in a set of variability data points, which yields
information on how the star’s coronal emission varies on both short and long
timescales.

The number of such data points that a star can yield is equivalent to the
binomial formula (Z) with k& = 2, since we are counting all unique pairs of X-ray
detections, and thus n(n—1)/2 variability data points, where n is the number of X-
ray detections. Therefore, a star with two X-ray detections yields one variability
point, and another with three detections yields three variability points. If we
increase this to 10 X-ray detections, the number of variability points jumps to 45.
Indeed, the number of variability points scales with n?, and thus stars with many
X-ray detections will offer much more information on their variability than stars
with few detections.

Moreover, assuming the X-ray emission of a star follows a normal distri-
bution in log;yLx space, then the variability level I defined earlier as the ratio
between two X-ray measurements, would thus correspond to their difference in log
space (since log;;a/b = log;ga —log,yb). If we take many pairs of measurements
of log;o Lx of a star’s X-ray emission, and calculate the differences in each pair,
the resulting distribution will also be normally distributed but with two important
properties: (1) the standard deviation will remain the same and (2) the mean will
always be zero. If we then take a pair of measurements of the X-ray emission of
many stars, each with a different mean X-ray emission but with the same X-ray
variability level, and once again calculate the difference in each pair, the resulting

distribution will also have mean zero and a standard deviation equal to the X-ray
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Figure 7.6: Top panels: distributions of the X-ray
Bottom panels: cumulative distributions of the variability levels of the five stars in the

observations in our sample.

luminosities of the FGK stars with the largest number of X-ray

top panels (black lines) compared to the scatter in the rotation-activity relation (red line).
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Figure 7.8: Weighted mean X-ray activity against X-ray variability level of stars in
my sample with at least 10 X-ray observations, with colour indicating the spectral

type.

variability of the population. This implies that we can study the X-ray variability
of multiple stars together as long as they have the same X-ray variability (the
same standard deviation in their X-ray emission), regardless of their individual
average activities. In practice, for stars with few X-ray observations, we do not
know a priori whether they share the same variability level, and thus we must

make assumptions linking it to, for instance, spectral type or overall activity level.

I first applied this analysis to individual stars with many observations I
introduced in Section 7.3.1. In Figures7.6 and 7.6 (bottom panels), I plotted cu-
mulative distributions of the variability levels of individual FGK and M stars with
the largest number of detections in the dataset. The width of this distribution is a
measure of the overall X-ray variability of the star. In comparison, I also plotted
the scatter in the rotation-activity relation as measured by Johnstone et al. [2021]
as a red line. Indeed, as I determined in Section 7.3.1, the distributions of the five
FGK stars in Figure 7.6 (bottom panels) are much narrower than the X-ray scatter
and thus less variable. On the other hand, the distributions of the five M-dwarfs
in Figure 7.7 (bottom panels) are for the most part as wide as the X-ray scatter,

and thus have an X-ray variability that matches this scatter.
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I then expanded this analysis to stars with fewer than 10 X-ray detections
in order to reveal trends at the population level. In order to highlight differences
across spectral types, I analysed F & G, K, and M-dwarfs separately. I combined
F and G dwarfs into a single group to maximise the number of data points in
comparison with the K and M dwarfs. I thus calculated variability data points for
these stars individually and then combined them into histograms of Alog;qLx,
where the standard deviation reveals the overall X-ray variability of each popula-
tion of stars. Figure7.9 shows such histograms for F & G dwarfs, K-dwarfs, and
M-dwarfs separately in comparison with the X-ray scatter of the rotation-activity
relation by Johnstone et al. [2021]. I thus determined that, for stars with fewer
than 10 X-ray detections, F & G stars present a variability level of o = 0.21 (a
factor of 1.62), K-dwarfs have o = 0.22 (a factor of 1.66), and lastly M-dwarfs have
o = 0.34 (a factor of 2.19). These results indicate that FGK stars have similar
overall variability levels that are 35% lower than M-dwarfs, in agreement with the
X-ray variability of individual stars with at least 10 X-ray detections I determined
in Section 7.3.1. Since both groups have similar variability levels, I repeated this
analysis on the entire dataset, and thus determined variability levels of ¢ = 0.19
for F & G stars (a factor of 1.55), o = 0.21 for K-dwarfs (a factor of 1.62), and
o = 0.40 for M-dwarfs (a factor of 2.50).

Finally, I repeated the variability analysis on a sample of stars where 1
required the PN_FLAG column to be zero in the 4 XMM catalogue, which removes
the X-ray detections that may be more likely to be spurious, as described in Sec-
tion 7.2.2. The results of the variability analysis are plotted in Figure 7.13, which
is consistent with my previous results, showing that FGK stars are less X-ray vari-
able than M-dwarfs as well, with variability levels of o = 0.18, 0.22, and 0.34, for
F & G, K, and M-dwarfs, respectively.

7.3.3 Timescales of variability

I further studied the dependence of X-ray variability on timescale — whether the
overall variability originates in short-term (days and weeks) or long-term (months
and years) variation in X-ray luminosity. Figure 7.10 shows the distribution of the
timescales between pairs of X-ray observations for all stars in the dataset as well as
stars with fewer X-ray detections. As seen, timescales between observations from
days to decades are all well sampled in the dataset, with observations separated

by one to ten years being more frequent than those separated by days to weeks.
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Additionally, in Figure 7.11, I plotted the distribution of variability levels for pairs
of X-ray observations separated by days, weeks, months, years, and decades (top
panels), and its corresponding cumulative distribution (bottom panels).

I found that, in the case of F & G stars, their variability increases from
o = 0.14 for timescales shorter that a month to ¢ = 0.19 at timescale greater than
five years. K-dwarfs, on the other hand, reach their maximum variability level of
o = 0.22 in less than a month, showing only a marginal increase in variability
across years and decades. Finally, M-dwarfs reach a variability of ¢ = 0.35 in
less than a month which increases to o = 0.41 for timescales longer than 5 years.
These results imply that the bulk of the variability is reached in timescales shorter
than a month, particularly for K-dwarfs; whilst the greatest increase in monthly
to decade timescales is seen on F & G dwarfs.

Finally, in Figure7.12, I additionally plotted the standard deviations of
these distributions as a function of variability timescale, which highlights (1) the
stark difference between the variability levels of M-dwarfs and FGK stars, and (2)

a tentative increase of the variability level with timescale, as noted in Figure 7.11.

7.3.4 Dependence on X-ray activity

Figure 7.2 highlights two populations in the dataset: M-dwarfs which tend to be
more active (with log Lx /Lo = —3.0) and FGK stars which tend to be less active
(with log Lx /Lo = —5). This could be a result of M-dwarfs remaining X-ray
saturated for much longer than FGK stars, which rapidly spin down and become
unsaturated whilst still young [e.g. Tu et al., 2015; Johnstone et al., 2021]. I
therefore, studied a possible link between X-ray variability and overall activity
level that is independent of spectral type. To do so, I sought to find differences in
X-ray variability on active and inactive FGK stars separately from M-dwarfs.

I considered stars in the dataset with at least 5 X-ray detections, and com-
puted their population-level X-ray variability of active and inactive stars sepa-
rately. I determined thresholds for low and high activities by computing the 32nd
and 68th (1-sigma) percentiles of the distribution of log Lx /Ly, respectively, such
that low-activity stars are those with X-ray activities below the 32nd percentile,
and high-activity stars are those with activities greater than the 68th percentile.

For FGK stars, these thresholds corresponded to log Lx /Ly, = —5.1 and
—4.7, for the low and high activity thresholds, respectively, and for M-dwarfs,
log Lx/Lye = —3.3 and —3.0, respectively. I found that FGK stars have X-ray
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variability levels of ¢ = 0.21£0.12 and o = 0.1640.09 for the low-activity and high-
activity populations, respectively, suggesting a tentative preference for increased
variability on low-activity FGK dwarfs.

On the other hand, M-dwarfs presented X-ray variability levels of o =
0.24 £ 0.14 and 0 = 0.36 + 0.12 for the low-activity and high-activity cases, re-
spectively. For M-dwarfs, the trend is opposite to that of FGK stars, where high
activity M-dwarfs have a preference for higher X-ray variability. This suggests
X-ray variability could be linked to the overall X-ray activity of M-dwarfs, where
high activity stars are more variable as a result of, for instance, increased flare rate
and flare energies.

In both populations of FGK and M-dwarfs, however, the X-ray variability
levels of both the low and high activity stars agree within 1o, and thus I was
unable to find statistically significant evidence for differences in X-ray variability
as a function of X-ray activity within stars of the same spectral type. In the case of
M-dwarfs, it’s possible that less active ones appear less variable because they are
close to the detection limit of XMM-Newton such that they are no longer detected

during inactive periods, cutting off the lower end of their variability distribution.

7.4 Discussion

7.4.1 X-ray variability

Relations between the X-ray activity of stars and their spin periods present a large
scatter in the X-ray flux of about one order of magnitude each way. This scatter
has been suggested to originate in short-term stellar X-ray variability [Tu et al.,
2015; Johnstone et al., 2021]. In this chapter, I characterised the X-ray variability
of individual FGKM stars in order to determine their contribution to the observed
scatter.

In Section 7.2.3 I compiled a dataset of 1,000 FGKM stars in Gaia DR3 with
multiple X-ray detections from XMM-Newton across 25 years of observations, and
in Section 7.3 I determined their level of variability in the X-rays by measuring
how much their coronal emission changes between observations.

Moreover, the sample I compiled contained many stars with few X-ray
detections, which allowed for a population-level analysis, as well as few stars with
many X-ray observations, which allowed for an individualised characterisation of

their X-ray variability.
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Figure 7.11: Histograms of the X-ray variability levels of F & G, K, and M dwarfs in the dataset, following Figure 7.9,

highlighting the measured variability on a range of timescales from days to decades.
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Figure 7.13: Following Figure 7.11, where only stars whose XMM-Newton observations have the PN_FLAG flag set to zero in
the 4 XMM catalogue are included.
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Overall, I found that FGK stars vary half as much as the scatter in rotation-
activity relations [with o = 0.36, Johnstone et al., 2021], whereas M dwarfs vary
as much as the scatter. This trend persists across stars with both few and many
X-ray detections and after further distance and quality cuts on the sample. Since
the X-ray variability of FGK stars is lower in magnitude than this observed scatter
by 40-50%, it cannot be solely responsible for it.

We already know that stellar X-ray emission varies following the birth,
evolution, and decay of features in the corona, such as flares, activity cycles, and
active regions, which evolve on different timescales, ranging from hours for flares to
years for activity cycles [see review by Giidel et al., 2007]. Each feature contributes
to the overall variability on their own characteristic timescales, and thus one would
expect X-ray variability to increase with timescale; e.g. two measurements of the
X-ray flux of a star separated by a day are likely to be more similar than two
measurements separated by a month.

Marino et al. [2000] studied the X-ray variability of 55 M-dwarfs within
15 pc with ROSAT and FEinstein, sampling timescales of months to decades. For
each star, they calculated the ratios of each measured X-ray luminosity to the min-
imum X-ray luminosity in logarithmic scale, i.e. log Ly — log Ly min; the width of
the cumulative distribution of such values was thus used to determine the variabil-
ity amplitude. This is similar to my analysis in Section 7.3, although my approach
was more complete as I compared every available measurement with one another.
Marino et al. [2000] arrived at three main conclusions: (1) the amplitude of vari-
ability is independent of X-ray activity and visual magnitude, (2) X-ray variability
on M-dwarfs is likely caused for the most part by flare-like events, (3) and it likely
originates in short-term timescales of months with little additional variation in
long-term (~ 10 years) timescales. Marino et al. [2002] then applied this analysis
to 40 field FGK stars in the solar neighbourhood with ROSAT; they found that
the X-ray variability of FGK stars occurs on longer timescales of years, likely as a
result of activity cycles, akin to the Sun. Moreover, the variability of FGK stars
is smaller in amplitude compared to M-dwarfs by 20%.

Their results are in agreement with my findings in this chapter, where I
found M-dwarfs are more variable in the X-rays than FGK stars by 40% (Sec-
tion 7.3); and that most of the variability of M-dwarfs originates on timescales
shorter than a month whilst F & G dwarfs increase their variability the most
across timescales of years (Section 7.3.3).

Following Marino et al. [2003], this discrepancy may arise from X-ray vari-
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ability being driven by different mechanisms on M-dwarfs and F & G stars; vari-
ability of M-dwarfs could arises from flares [Marino et al., 2000] whilst F & G stars
present variability in both the short-term as well as in the long-term, likely due to
activity cycles lasting years [Telleschi et al., 2005b]. In theory, activity cycles on
M-dwarfs that are X-ray saturated could be muted as a result of the saturation
itself, preventing them from becoming X-ray brighter than the saturation limit ,
whilst unsaturated FGK stars would have no such restriction.

Indeed, several FGK stars have been found to have X-ray activity cycles
that closely follow simultaneous chromospheric activity cycles. Sanz-Forcada et al.
[2019] characterised the X-ray activity cycle of the GOV star ¢ Hor and uncovered
an activity cycle with period 1.6 years and amplitude of a factor of 2.3 between
the minimum and the maximum X-ray flux. Similarly, e Eri (K2V) has an activity
cycle of 2.9 yr with an amplitude of a factor of 2 [Coffaro et al., 2020]; and HD 81809
(G1V) has an activity cycle lasting 7.3 yr with amplitude of a factor of 5 [Orlando
et al., 2017].

tHor and eFEri have variability amplitudes that are consistent with my
findings for the populations of FGK stars, for which I estimated a 1o variability
level of a factor of 1.5 and a 20 level of 2.3. The activity cycle on HD 81809, on the
other hand, has a period that is longer that the other two stars as well as greater
in amplitude by a factor of two; more akin to the activity cycle of the Sun, with an
11 yr cycle and an amplitude of one order of magnitude in the X-rays [Chamberlin
et al., 2008; Johnstone et al., 2021]. Both HD 81809 and the Sun also have similar
ages of ~ 4 Gyr, unlike « Hor and € Eri, which are still young (600 Myr and 440 Myr,
respectively). Coffaro et al. [2022] studied X-ray activity cycles on 8 G-type stars
and noted an increase of the amplitude of their activity cycles with age together
with a decrease in surface X-ray flux. If older FGK stars are more likely to display
activity cycles that are longer in period and greater in amplitude, they are also
generally fainter and thus more challenging to detect in the X-rays, potentially
introducing a bias for younger stars with narrower variability amplitudes.

Johnstone et al. [2021] studied the X-ray variability of FGKM stars on
timescales of months to years using archival X-ray observations from ROSAT and
XMM-Newton from literature [Giidel et al., 1997; Telleschi et al., 2005b; Wright
et al., 2011]. Overall, they found that M-dwarfs are more variable than FGK stars,
and that the variability of M-dwarfs only reaches the level consistent with the X-
ray scatter on yearly timescales. They thus attributed the scatter in the X-rays

entirely to X-ray variability, motivated by the variability of both M-dwarfs and
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the Sun, although they did not consider the variability of FGK stars on yearly
timescales [see Fig. 7 in Johnstone et al., 2021].

Johnstone et al. [2021] also characterised the scatter in the rotation-activity
relation by fitting a broken power law to the stellar sample by Wright et al.
[2011], plotting a histogram of the residuals of the data with the model, and fit-
ting a gaussian distribution to it; the standard deviation of the fitted distribution
corresponds to the scatter in the relation, which they determined to a factor of
|Alogg Lx| = 0.36. The stellar sample that Wright et al. [2011] compiled con-
sists of 824 stars with spin periods and X-ray luminosities acquired from literature.
They combined X-ray surveys from several telescopes (XMM-Newton, ROSAT, and
FEinstein) of several open clusters (Hyades, Pleiades, Praesepe) as well as nearby
field stars. Spectral types from G2 to M4 are almost equally sampled, dropping
to fewer stars at later types down to M5.

If the scatter in the rotation-activity relation of FGK stars from Johnstone
et al. [2021] cannot be explained with X-ray variability alone, there must be ad-
ditional mechanisms that contribute to this scatter. Nunez et al. [2022] recently
studied X-ray emission and rotation in the Hyades (~ 800 Myr) and Praesepe
(~ 700 Myr) open clusters. They updated membership lists for the two clusters
with Gaia DR2, and obtained rotation periods for many of their members from
recent literature. They additionally re-analysed archival X-ray observations of the
two clusters using data from the ROSAT, Chandra, Swift, and XMM-Newton ob-
servatories, which they used to fit rotation-activity relations to the cluster stars.
Nunez et al. [2022] thus determined that in their rotation-activity relations, M-
dwarfs span two orders of magnitude in the X-rays, whilst FGK stars span one
order of magnitude, half as much as M-dwarfs. Assuming this span corresponds to
a 3o spread, and describing it with a normal distribution in log;, Lx, the spread
of two orders of magnitude for M-dwarfs would correspond to a 3o spread of x1
and thus a 1o spread of x1/3. We thus obtain a standard deviation of o = 0.33
for M-dwarfs and thus o = 0.17 for FGK stars, which is half as much.

This is in very good agreement with my results in Section 7.3, where I de-
termined M-dwarfs and FGK stars vary in the X-rays in very similar amounts.
Therefore, in their sample of Hyades and Praesepe X-ray emitting stars, the scat-
ter in the rotation-activity relation could indeed be entirely explained by X-ray
variability. Nufez et al. [2022] also found no correlation between X-ray activity
and the choice of X-ray observatory or the number of source counts for stars in the

saturated regime, which suggests that the observed scatter is intrinsic to stars in
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the saturated regime. In their sample, the saturated regime is entirely populated
by M-dwarfs, largely later than M3.5. In contrast, Johnstone et al. [2021] found
no dependence of the spread in the rotation-activity relation in Rossby number on
the sample of X-ray emitting stars by Wright et al. [2011], which included both
field and cluster stars.

The scatter in the rotation-activity relation can also be explained by stars
having intrinsic X-ray luminosities independent of their spin periods, where a star’s
coronal emission consistently lies below or above the rotation-activity relation.
This additional contribution could come from stellar metallicity. Indeed, magnetic
activity in stars has been found to be linked to their metallicities [e.g. Amard et al.,
2020; See et al., 2023, 2024]. [Amard et al., 2020] argued that the presence of
heavier elements increases the opacity of the star, which increases its temperature
gradient in its interior, leading to a deeper convective layer and longer convective
turnover times. This results in smaller Rossby numbers and stronger magnetic
activity. Therefore, in principle, high-metallicity stars will be more X-ray active
than low-metallicity stars at a given rotation period. See et al. [2024] further
argued that, at later ages, this will mean that high-metallicity stars will be less
active than their low-metallicity counterparts, as their stronger magnetic activity
earlier in their life would have strengthened the emission of stellar wind and thus
the rate at which they spin down.

Therefore, assembling a rotation-activity relation by combining stars with
different metallicities could potentially contribute to the scatter in the X-rays. This
could partly explain why Nunez et al. [2022] found the scatter for FGK stars was
narrower than Johnstone et al. [2021] predicted, since Nunez et al. [2022] studied
stars belonging to the same clusters (and thus with the same metallicities) whereas
the sample Johnstone et al. [2021] used (by Wright et al. [2011]) combined stars

from multiple clusters together with field stars.

7.4.2 Distance bias

I also assessed the impact of including distant stars in the dataset I compiled.
Stars that are further away are fainter, and thus if their X-ray flux at Earth falls
below a detection limit, they are no longer detected by XMM-Newton. Since stellar
X-ray emission is not homogeneous across spectral types, spin periods, and ages,
distance induces a bias against X-ray faint populations.

In Figure7.14, I plotted the X-ray luminosities of all stars in the dataset
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Figure 7.14: Plot of Gaia colour index G — Grp against X-ray activity Lx /Lol
for all stars in our sample (grey points), with those stars within 20 pc highlighted
(red points).
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as a function of spectral type, and further highlighted all stars within 20 pc of
Farth in red. Figure7.14 additionally demonstrates that nearby late M-dwarfs
tend to have fainter X-ray activities (1076 —10~%) compared to the total population
(10~% — 1072), suggesting we are missing a numerous population of M-dwarfs that
are too X-ray faint to detect with XMM-Newton past a few tens of parsecs.

If we assume the detection limit of XMM-Newton, under which a source

2571 and

would not be detected, lies at an X-ray flux of about 107! ergcm
ignoring ISM absorption, one can estimate the maximum distance at which a star
would still be detectable given its X-ray activity. The X-ray flux from a Sun-like
star (G2V) with a low X-ray activity (logg (Lx/Lpo1) ~ —6) would fall below this
limiting X-ray flux at a distance greater than 177 pc. Similarly, a K5V dwarf with
the same X-ray activity would not be detectable past 80 pc. This limit lies even
closer for low activity M4 stars (with logq (Lx/Lpo1) ~ —5), at only 48 pc.

These results imply the completeness for F & G stars in the dataset is good,
as even less active ones would be detected within ~200 pc, which is the maximum
distance I adopted for my sample of Gaia stars. On the other hand, X-ray surveys
of M-dwarfs (and potentially late K-dwarfs) are much more strongly biased towards
the most X-ray active constituents of these populations on volume-limited samples
past 50 pc.

Given these biases, in this section I assessed the impact of the choice of
distance cut-off on my calculations of the population level X-ray variability of
FGK & M stars. I repeated the analysis I performed in Section 7.3 but with
different choices for the distance cut-off of 100 pc, 80 pc, and 50 pc. I found broadly
consistent results across these subsets, with F & G dwarfs maintaining an overall
variability level of o = 0.15, K-dwarfs showing a slight decrease down from o = 0.22
to o = 0.15—0.11, and M-dwarfs maintaining ¢ = 0.36 — 0.40. I therefore find the
variability levels on these volume-limited subsets are in agreement with my results
on the full sample within 200 pc, where M-dwarfs are roughly 40% more variable
than FGK stars.

7.4.3 Effects on atmospheric escape

In this section, I explore the impact of a X-ray irradiation that varies in the
short-term on the evaporation histories of small close-in exoplanets. I simulated
the evaporation histories of a model planet orbiting a G-dwarf (1 Mg), a K-dwarf
(0.7Mg), and an M-dwarf (0.25Mg). To run these simulations, I adopted the
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Figure 7.15: Evolution of the X-ray luminosity with age for a G-dwarf (1 Mg,
top panel), a K-dwarf (0.7 Mg, middle panel), and an M-dwarf (0.25 My, bottom
panel). The black lines represent X-ray emission histories from the models by
Johnstone et al. [2021], which do not have short-term variability. The data points
represent the same models with added X-ray variability with a level of scatter I

determined in Section 7.3.
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Figure 7.16: Evolution of planet radius with age for planets orbiting a G-dwarf
(top panels), a K-dwarf (middle planels), and an M-dwarf (bottom panels), from
simulations of atmospheric escape using stellar emission histories shown in Fig-
ure 7.15. The solid lines show evolution of planet radius under a “smooth” X-ray
irradiation history with no short-term variability, whereas the dashed lines show
evolution under a variable X-ray irradiation. Atmospheric evolution is also shown
making use of two mass loss models: the energy-limited formulation [e.g. Watson
et al., 1981; Erkaev et al., 2007], and the hydrodynamic model by Kubyshkina
et al. [2018].
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photoevolver code, which I presented in Section 2.5. I performed these simulation
starting at an age of 10 Myr until 2 Gyr with fixed time steps of 1 Myr.

The model planet starts out as a typical sub-Neptune above the radius
valley, with a mass of 8 Mg and an starting atmospheric mass fraction of 2%. In
order to better compare the planet’s atmospheric evolution around each star, in
each case I chose the planet’s orbital period such that it received an X-ray flux
of 10°ergem™2s~! at the beginning of the simulation; this corresponds to 5.4d
around the G-dwarf, 3.7d around the K-dwarf, and 2.3d around the M-dwarf.

To model the X-ray emission histories of the three stars, I adopted the stel-
lar X-ray evolution models by Johnstone et al. [2021], shown in Figure 7.15 (black
lines), which do not account for variability. I additionally simulated the evapora-
tion histories of these planets under an X-ray irradiation that is variable. To do
so, on each time step of the simulation, I scaled the X-ray luminosity predicted
by Johnstone et al. [2021] by a random factor drawn from a normal distribution
that matches the expected variability level of each star. I adopted the variability
levels I determined in Section 7.4.1, where I filtered the 4 XMM catalogue for the
detections that are the least likely to be spurious. In my analysis, I assumed that
stellar X-ray variability follows a normal distribution in log Lx in which the stan-
dard deviation o corresponds to the variability level, which I found to be ¢ = 0.18
for G-dwarfs, ¢ = 0.22 for K-dwarfs, and ¢ = 0.34 for M-dwarfs. These stellar
emission models with variability are shown in in Figure 7.15 as a scatter about the
stellar models without variability (black lines).

The results of the simulations are shown on Figure7.16. Overall, I found
that X-ray variability results in enhanced evaporation rates and thus shorter life-
times for the gaseous envelopes, compared to the stellar emission models without
variability. For these particular planets, the gaseous envelopes are fully evaporated
200, 350, and 500 Myr earlier around the G, K, and M stars, respectively.

Moreover, I noted the impact on the mass loss rates is greater when assum-
ing the planets’ escape lie in the energy-limited regime, compared to the mass loss
model by Kubyshkina et al. [2018], which additionally account for recombination-
limited escape. Indeed, the lifetimes of the gaseous envelopes are only shortened
by 20 Myr around the G-dwarf and 100 Myr around the K-dwarf. In the case of
the M-dwarf, even though the planet is not stripped of its envelope, the evolu-
tion under a variable X-ray irradiation follows very closely the evolution with no
variability, with only a difference of a fraction of a percent in the envelope mass

fraction at 1.5 Gyr.
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This is a consequence of how X-ray flux scales with mass loss rate on differ-
ent escape regimes. In the energy-limited regime, the mass loss rates scale roughly
linearly with X-ray flux (m Fgf’) whereas in the recombination-limited regime
mass loss rates scale less strongly with flux, following a power law with an expo-
nent below one (1 o< F%®) [Murray-Clay et al., 2009a]. As a result, an increase of
the X-ray flux by a factor of two (due to variability) results in mass loss rates also
greater by a factor of two under the energy-limited regime, but only greater by
a factor of about 1.5 under the recombination-limited regime. Ultimately, X-ray
variability has a diminished effect for atmospheric escape in the recombination-

limited regime.

7.5 Conclusions

In this chapter, I characterised the X-ray variability of FGKM stars in order to as-
sess its contribution to the order-of-magnitude scatter observed in rotation-activity
relations.

To do so, I assembled a sample of 1,000 FGKM stars in the Gaia DRS
archive benefiting from multiple X-ray detections from XMM-Newton. I then char-
acterised the variability level of stars in this sample from the degree by which their
X-ray flux changes between observations. I identified two groups in the sample:
(1) a large number of stars with few (2-10) X-ray detections each, which I was able
to study individually, and (2) a small number of stars with many (> 10) X-ray
detections, which allowed for a population-level characterisation of variability.

Overall, I found that F, G, & K dwarfs vary in the X-rays following a normal
distribution in log Lx with standard deviations of Alog Lx = 0.18 for F & G dwarfs
Alog Lx = 0.22 for K-dwarfs, much less than the scatter of AlogLx = 0.36
observed in rotation-activity relations. M-dwarfs, on the other hand, match this
scatter much better, with an X-ray variability of Alog Lx = 0.34.

These results demonstrate that the spread observed in the rotation-activity
relation cannot be explained with X-ray variability alone for FGK stars, at least
in variability timescales of up to ~ 25 years. In the case of M-dwarfs, on the
other hand, their variability is able to fully explain the observed scatter. Instead,
additional contributions must be considered, such as intrinsic X-ray emission levels
that are independent of spin period, possibly originating in stellar metallicity.

Finally, I carried out simulations of the evaporation histories of planets

around G, K, & M dwarfs, and found that a variable X-ray irradiation history
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results in enhanced evaporation rates, shortening the survival of their gaseous
envelopes by several hundred Myr.

In short, in this chapter I have demonstrated that (1) main sequence FGK
stars showcase X-ray variability that is lower than expected, suggesting that the
scatter seen in rotation-activity relations must have an alternative origin; and (2)
X-ray variability can shorten the lifetimes of gaseous envelopes around close-in
planets, reducing the timescales in which photoevaporation acts by up to several
hundred Myr.

More generally, I have highlighted the importance of characterising the
X-ray emission history of stars accurately in studies of the evolution of close-in

planets, and its role in shaping exoplanet populations and the period-radius valley.
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Chapter 8

Conclusions and future work

In this thesis, I have presented multiple X-ray observations of planet-hosting stars,
characterising their coronal activity and the effects on the atmospheric evolution
of their transiting planets. In this Chapter, I summarise the research and findings

presented in this thesis as well as future avenues of research.

8.1 Summary of the thesis

8.1.1 Atmospheric escape on young planetary systems

In Chapters 3, 4, and 6 I studied the impact of the stellar XUV emission history on
the long-term evolution of exoplanet atmospheres. In these chapters, I measured
the current X-ray emission of planet-hosting stars with the XMM-Newton observa-
tory, and used them to constrain models of stellar XUV emission history which in
turn informed simulations of atmospheric escape of their transiting planets. Ad-
ditionally, some of these stars host multi-planetary systems, where the unknown
X-ray emission past of the host star can be negated by exploiting the fact that all
planets in the system must have shared the same irradiation history.

In Chapter 3, I studied the K-dwarf K2-136, a member of the Hyades open
cluster (800 Myr), and host to a three-planet system consisting of an Earth-sized
planet, a mini-Neptune above the radius gap, and a super-Earth below the valley,
in order of orbital separation. This unusual architecture, where a large gaseous
planet (K2-136¢) lies interior to a smaller and denser planet (K2-136d), raises
the question of the survival of the envelope of the interior planet, despite the
greater X-ray irradiation it has received. Using simulations of atmospheric escape,

I determined that the middle planet, K2-136 c, kept its gaseous atmosphere thanks
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to its unusually large mass, which produced a deep gravitational potential that
shielded it against atmospheric escape. On the other hand, the super-Earth, K2-
136 d, was largely stripped of its atmosphere due to its low mass despite its greater
orbital separation. Finally, the Earth-sized K2-136 b (with the shortest period) was
likely stripped of any primordial H/He atmosphere shortly after the dispersal of
the proto-planetary disk. Moreover, my analysis of XMM-Newton observations of
K2-136 revealed the star, along with its cluster siblings in the Hyades, have X-ray
luminosities lower by a factor of two than predicted by the X-ray evolution models
by Johnstone et al. [2021].

In Chapter 6, I studied two additional planetary systems, TOI-1098 and
TOI-451. TOI-1098 is a young F-dwarf hosting a sub-Neptune above the valley,
and TOI-451 is a young Sun-like star in the Pleiades open cluster that hosts a three-
planet system with a super-Earth followed by two mini-Neptunes. Both TOI-451
and TOI-1098 are younger than K2-136, aged 125 Myr and 250 Myr, respectively,
and thus they are still active in the X-rays and their planets are still actively
evolving under atmospheric escape. I determined that the super-Earth TOI-451b
lost its H/He atmosphere at the beginning of its evolution, whilst both TOI-451 cd
as well as TOI-1098 b will experience significant evaporation in the future, with
their survival of their envelopes resting on a more precise determination of their
masses. 1 additionally compared my XMM-Newton observations of TOI-451 with
archival JXMM observations of it parent cluster, the Pleiades, and found that
X-ray evolution models were overestimating the X-ray emission of K-dwarfs by a
factor of 2-3, akin to my results for the K2-136 and the Hyades in Chapter 3.

In Chapter4, I characterised the X-ray emission from the sun-like star
LTT 9779, hosting the only hot Neptune deep in the Neptunian desert, LTT 9779 b.
The presence of a sizeable gaseous atmosphere on this planet at a short period of
only 19 hours is puzzling, given that the X-ray irradiation from its host star is
expected to have removed it via atmospheric escape. Using observations from
XMM-Newton of the star, I determined LTT 9779 has an unusually faint X-ray
emission, at least 15 times fainter than expected for its age; I thus simulated the
past evaporation history of the planet and found that as a result, LTT 9779 b was
able to hold onto its envelope to the present day. This discovery provided further
evidence that the Neptunian desert is indeed sculpted by photoevaporation, as
evidenced by the only known planet deep in the Neptunian desert with a gaseous

envelope is also unusual in orbiting an X-ray faint star.
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8.1.2 X-ray emission in stellar populations

In Chapters5 and 7, I characterised the X-ray emission of main sequence stars at
the population level with archival data from the 4 XMM catalogue of XMM-Newton

observations, and compared them to models of stellar X-ray evolution.

In Chapter 5, I characterised the X-ray emission of stars in the Pleiades
open cluster, aged 125 Myr. I cross-matched recent membership lists from Godoy-
Rivera et al. [2021] curated with GaiaDR2 with the JXMM catalogue of X-ray
emitting sources. By filtering for tidally interacting binaries, I determined that
the X-ray emission of single F, G, and & K dwarfs in the Pleiades is fainter by a
factor of 2-3 than the X-ray evolution models by Johnstone et al. [2021], which
relies on older pre- Gaia membership lists for open clusters that may contain more

contaminants and have not been filtered for binaries.

Finally, in Chapter 7, I characterised the X-ray variability of main sequence
FGKM stars in timescales of days to decades, and compared it with the scatter
in the X-rays observed in relations between X-ray activity and spin period, which
has been suggested to originate in short-term variability. To do so, I assembled a
volume-limited sample of main sequence single FGKM stars in Gaia DR3 within
200 pc, and sought detections of their X-ray emission in the 4XMM catalogue
of XMM-Newton observations. I identified 1000 Gaia stars detected in the X-
rays multiple times in the past 25 years, sampling stars from F to M spectral
types evenly. I thus determined that FGK stars vary in the X-rays half as much
as expected compared to the scatter in rotation-activity relations, whereas M-
dwarfs, on the other hand, have an X-ray variability that does match this scatter.
Overall, I found that the X-ray scatter in rotation-activity relations for FGK stars
cannot originate in X-ray variability alone, and alternative contributions must be
considered. Finally, I found that taking variability in the X-ray irradiation of
close-in exoplanets into account in simulations of their evaporation history, can
significantly shorten the lifespan of their gaseous envelopes by several hundred

Myr, particularly if they lie in the energy-limited regime of atmospheric escape.

8.2 Future work

In this section I lay out future avenues of research for the work presented in this

thesis.
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Characterising the high energy environment of multi-planet sys-
tems. Multi-planet systems are an ideal laboratory on which to test models of
atmospheric escape and place constraints on the efficiency of evaporation. Since
these planets must have shared the same high energy environment, their evapora-
tion histories can be constrained against one another. Together with constraints
on their present-day irradiation from XMM-Newton, we can also simultaneously
test models of the X-ray evolution of their host star, as I have demonstrated in
Chapters 3 with K2-136 as well as Chapter 2 with TOI-451.

This is particularly true on systems that have anti-size ordered or mixed
architectures, where a mini-Neptune above the valley lies interior to a rocky world
below it. In such systems, simulations of their evolution under atmospheric escape
can provide even tighter constraints on their past and future evaporation histories

as well as their internal structures.

Observatories such as TESS are revealing a plethora of new young planetary
systems in which to test these models, and upcoming missions such as PLATO will
greatly expand the exoplanet census as well improve the precision in stellar age
and planetary radius, which in turn will prove vital in uncovering the underlying

mechanisms that give rise to the radius gap.

Uncovering the origins of Neptune desert worlds. The Neptunian
desert has recently been found to host a very small number of exoplanets with
highly unusual characteristics. These include massive Neptune-sized planets that
likely lack gaseous atmospheres despite their size, such as TOI-849b [Armstrong
et al., 2020], TOI-332Db [Osborn et al., 2023], and TOI-1853b [Naponiello et al.,
2023b], as well as hot Neptunes with gaseous atmospheres, such as LTT 9779 b
[Jenkins et al., 2020], and more recently TOI-3071 b [Hacker et al., 2024] and TOI-
3261 b [Nabbie et al., 2024].

Moreover, in Chapter 4 I discovered that LTT 9779 b, the first hot Neptune
deep in the Neptunian desert, avoided being stripped of its atmosphere due to
the inactive nature of its host star. As this region of parameter space is further
probed with observatories such as TESS, new hot H/He-rich worlds are discovered
inhabiting it. One of the next steps towards uncovering the origins of such worlds
consists of characterising their high energy environment with X-ray observatories,
which will tell us whether their host stars are similarly faint in their X-ray emission,
failing to strip these planets of their envelopes, or whether alternative explanations

are required for their presence so close to their stars.
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Searching for water worlds. Whilst the radius gap as sculpted by at-
mospheric escape can be explained with the evaporation of rocky cores surrounded
by H/He envelopes [e.g. Owen, 2019], planet formation models also predict ice-rich
worlds should be present in large numbers [e.g. Jin and Mordasini, 2018]. Mea-
surements of the radii and masses of exoplanets only allow us to place constraints
on their bulk densities, however, and cannot on their own probe into their inter-
nal structures. Since both H/He and water can explain the existence low density
worlds, the choice of internal structure induces a degeneracy that cannot be broken
with knowledge of mass and radius alone.

In Chapters3 and 6, I have shown that simulations of the evaporation
history of close-in planets can be used to constrain their internal structures. The
ideal targets for such analysis are small planets close to their stars that also have
moderately low densities, below what is required for a purely rocky composition,
and for which photoevaporation predicts that no H/He-rich envelope should remain
in the present day. Their low densities could instead be explained with the presence
of water, which is much more resistant to escape, offering an avenue to probe into
the internal structures of such worlds.

I have already studied a small number of such planets, both in this thesis
with TOI-451b in Chapter 6, as well as part of my contributions as co-author,
with TOI-3261Db [Nabbie et al., 2024], TOI-908 b [Hawthorn et al., 2023], and K2-
370Db (Sozzetti et al. in press), where I showed that these low-density planets are

unlikely to have retained a H/He-rich envelope until the present day.

Characterising the X-ray emission of planet-hosting stars.

In Chapter 7 I assembled a dataset of 4,421 main sequence Gaia stars with
X-ray detections from XMM-Newton. This dataset could be used to find a link
between X-ray emission and variability, and stellar metallicity by cross-matching
it with a library of stellar metallicities, as metal-rich stars are thought to be more
magnetically active (see Section1.4.3). One step further would involve select-
ing stars that have additional measurements of their spin periods and/or ages, it
would thus be possible to construct a rotation-metallicity-activity relation which
may reduce the order-of-magnitude scatter in the X-rays seen in rotation-activity
relations.

Finally, this dataset could also facilitate the search for X-ray transits of
exoplanets. To date there is only one published X-ray transit, caused by the
hot Jupiter HD 189733 b [Poppenhaeger et al., 2013]. This search would involve
using the NASA Exoplanet Archive to select the stars in my dataset of X-ray

218



emitting stars that host planets, then searching for X-ray observations that took
place during a planetary transit, and finally searching for matching transits in the
X-ray lightcurves themselves. The detection of further X-ray transits would place
strong constraints on the structure of upper atmospheres of hot Jupiters, including

a direct determination of the X-ray absorption depth (see Section1.3.2).
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