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Abstract

The question if planets outside our solar system could have the possibility to sustain life
on their surface goes hand in hand with the recent discovery of thousands of exoplanets,
a fraction of which are terrestrial and could therefore possess environments similar to
these of the Earth. While it would be natural to search for habitable planets around stars
like our Sun, the abundance of M dwarfs in the galaxy together with their incredibly
long lifetimes and their advantages in terms of discovering exoplanets makes them prime
targets for exoplanet discovery missions such as TESS. However, planets in the habitable
zone around M dwarfs experience an environment completely different to Earth, linked
to the strong stellar magnetic fields and long activity lifetimes. These factors influence
the possibility of an exoplanet to retain its vital atmosphere, which might be stripped
away in the blink of an eye, speaking in cosmic timescales.

Analyzing a sample of M dwarfs, this thesis concludes that an Earth-like planet with
an atmospheric composition dominated by nitrogen could not sustain its atmosphere in
the habitable zone of any of the stars in this sample over significant amounts of time
because of the high X-ray and Extreme Ultraviolet (XUV) fluxes these stars provide
for their planetary companions. Planets around M dwarfs would have to survive being
exposed to extreme stellar environments for prolonged periods of time before the host
stars might present stable conditions for an atmosphere.
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1 INTRODUCTION

1 Introduction

M dwarfs, or dM stars, are the most abundant stars in our galaxy (Scalo et al. 2007),
which should make them at least statistical prime candidates for the detection of planets
with the potential environmental conditions for habitability. That being said, they are
very different from our Sun and distinguish themselves through, amongst other things,
a very long active phase in their life cycles (West et al. 2008) marked by strong stellar
magnetic fields and winds as well as the release of large amounts of high energy radiation
(Scalo et al. 2007; Shields et al. 2016). All this can create hostile environments for planets
orbiting in their habitable zones, which are situated very close the host star given the fact
that M dwarfs are very faint when compared to the Sun (Scalo et al. 2007; Kopparapu
et al. 2013).

To be considered habitable, a planet should be able to sustain liquid water on its surface,
which is often used to confine an area around a star called the habitable zone where this is
possible (Selsis et al. 2007). Having an atmosphere is also a requirement for habitability
in this sense, and the influences an M dwarf as a host can have on the atmospheres of
potential exoplanets in orbit around them might prevent these atmospheres from being
retained over a significant amount of time (Lichtenegger et al. 2010). High amounts
of incident XUV radiation (in a range of about 1 - 1000 A) coming from the active
stellar hosts are absorbed in the upper layers of a planet’s atmosphere, causing the
thermal escape of atmospheric constituents as well as the expansion of the atmosphere
(Tian et al. 2008). A strong stellar magnetic field, as it can be found in dM stars,
pushes the planetary magnetosphere close to the planet itself (Vidotto et al. 2013), which
coupled with the expansion process exposes the atmosphere to the detrimental effects
of the stellar wind. Ionized atmospheric particles are dragged away by the propagating
interplanetary magnetic field, ejected from the atmosphere through collisions or vanish
along the open field lines at the planets’ magnetic poles (Lichtenegger et al. 2010; Vidotto
et al. 2013; Kislyakova et al. 2014). Even the proximity of the habitable zone to an M
dwarf itself could render a potential planet uninhabitable, caused by extreme volcanism
through tidal forces or induction-induced heating (Barnes et al. 2013; Kislyakova et al.
2018). However, while dM stars go through an extended phase of high stellar activity,
they show no significant brightening along the main sequence (Scalo et al. 2007) and
the lower mass M dwarfs never evolve into red giants (Laughlin et al. 1997), potentially
providing stable exoplanet environments for their very long lifetimes.

Keeping all this in mind, dM stars are valued targets for scientific missions with the goal
of discovering exoplanets. Together with the CoRoT satellite (Convection, Rotation and
planetary Transits), which was launched in 2006 and discovered 34 exoplanets (CoRoT
2016), the probably most well known scientific mission with the goal of identifying Earth-
like planets around main-sequence stars was Kepler, launched in 2009 (Johnson 2018).
While exoplanets can and have been detected through a number of different methods,
including the measurement of doppler-shifted stellar spectral lines due to the movement
of a star and its planet around their common center of mass (Doppler spectroscopy),
about 75% of the confirmed exoplanets to date have been detected via the transit method
(Exoplanet Catalogue 2019). Using the transit method, an exoplanet can be indirectly



1 INTRODUCTION

observed by monitoring the stellar light curve of its host star. As the planet passes in
front of it, the resulting dip in the stellar light curve then allows the identification of
a number of parameters of the planet-star system, such as the orbital distance of the
planet by considering its orbital period, as well as its size through the measurement
of the depth of the transit. Since transits only last for very short periods of time,
continuously monitoring stars increases the probability of the detection of an exoplanet.
This fact, combined with considerations on the highest number of star to observe, lead
to the selection of a rather small and fixed field of view for the four-year primary Kepler
mission from 2009 to 2013 (Johnson 2018). Together with is secondary mission K2,
which started in 2013 and lasted until 2018, Kepler has discovered 2,725 exoplanets and
identified 2,955 further candidates (NASA Exoplanet Archive 2019).

While Kepler observed a fixed field of view over an extended period of time, the scientific
goal of the Transiting Fxoplanet Survey Satellite is an all-sky survey in the search for
transiting exoplanets (Ricker et al. 2016). TESS was launched on April 18, 2018 and will
spend two years scanning first the southern and then the northern hemisphere of the sky,
each separated into 13 segments that are observed for about 27 days respectively, with
regions near the ecliptic poles showing an overlap of segments that results in viewing
times of up to 100 days, increasing the likelihood of a transit observation in these regions.
On board TESS are four identical wide-field cameras that use a bandpass between 600
and 1000 nm, which makes them ideal for observing not only solar-like, but also cooler
types of stars such as M dwarfs, which give of most of their light beyond the visible
spectrum (TESS 2019). As of writing this, 20 exoplanets have been discovered by TESS
and 487 candidates already await confirmation (Exoplanet Catalogue 2019), though by
observing around 200,000 stars in total, TESS is estimated to identify between 500 and
1,000 earth- and super-earth sized exoplanets (Cooper 2018).
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2 Exoplanets and habitability

At the time of writing this, close to 4100 exoplanets have been confirmed orbiting in
about 3000 planetary systems (Exoplanet Catalogue 2019). A question that arises nat-
urally following this huge number of discovered worlds is, if life might exists on some
of these planets or at least if their environment would potentially allow its evolution
and extended existence. In the search for planets that could allow this, the notion of
a habitable zone refers to a circumstellar region in which life as we know it could be
possible on a planet. Since this would be a very broad definition of the term itself, the
habitable zone is generally defined as the region around a star in which a terrestrial-mass
planet with an atmosphere similar to Earth’s could sustain liquid water on its surface
(Scalo et al. 2007; Selsis et al. 2007; Kopparapu et al. 2013). Stellar insolation plays a
major role in this, though other mechanism can also control, or at least influence, the
temperature on the planetary surface, such as tidal forces (Barnes et al. 2013). The
overall existence of an atmosphere surrounding the planet combined with the changes it
experiences as a result of a variety of different influencing parameters is an important
factor when considering the habitability of an exoplanet.

2.1 Atmospheric structure

The atmosphere of a planet is a gaseous envelope that surrounds the planet. The vertical
temperature distribution in Earth’s atmosphere allows a separation into several different
layers as described in Bauer & Lammer (2004, p. 3ff.):

Starting from the surface, the first layer of the atmosphere is called the troposphere. It
is characterized by a negative temperature gradient that terminates at the tropopause
at a height of about 13 km and reverts into a positive gradient in the stratosphere as
a result of the absorption of UV radiation by ozone. The stratosphere terminates at
the stratopause, about 50 km from the surface, after which the temperature gradient
again becomes negative in the next layer, called the mesosphere. After the termination
of the mesosphere at the mesopause at a height of around 85 km, the absorption of
X-ray and EUV radiation (from here on XUV) leads to a steep increase in temperature
corresponding to altitude in the next atmospheric layer, called the thermosphere. Beyond
sufficient heights, the mean free paths between atmospheric constituents become large
enough to disregard collisions between them, which is when the thermosphere terminates
at the thermopause and the last layer of the atmosphere is reached, called the exosphere.
Some particles in the exosphere in the high-energy end of the Maxwellian distribution
can reach velocities that exceed the escape velocity of Earth leading to the atmospheric
loss into space.

Two more definitions should also be mentioned when talking about Earth’s atmosphere
and its interaction with the solar environment. The term ionosphere describes the parts
of the atmosphere where the ionization fraction is high as a result of the absorption of
X-ray and EUV radiation and from the interaction with high energy particles such as
cosmic rays and the solar wind. The magnetosphere on the other hand is the region of
influence of the planetary magnetic field and terminates at the magnetopause. Because
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Figure 1: Temperature distribution with respect to altitude and corresponding terres-
trial designations of atmospheric layers, showing the more compact regions
below the thermosphere, as well as the more expansive upper regions, together
with their corresponding transition regions. 7Ty marks the temperature at the
planetary surface, Ty the temperature at the base of the thermosphere and
Ty the constant temperature reached at the exobase (Image from Bauer &
Lammer (2004, p. 4), altered). T, as well as the height of the exobase vary
with different amounts of incident XUV flux (Tian et al. 2008).

of the interaction between the planetary magnetic field and the solar wind, the shape
of the magnetosphere is not circular but rather differs for Earth’s day- and nightside
(Bauer & Lammer 2004, p. 5f).

These definitions of the atmospheric layers are also used to describe the atmospheres of
the other planets in our solar system, and they also naturally serve as indicators for the
atmospheres of exoplanets outside our solar system.

2.2 Formation of atmospheres

To provide an environment that could allow a planet to sustain liquid water on its sur-
face, it should possess an atmosphere that regulates its surface temperature. However,
such an atmosphere is not the first gaseous envelope that forms around a developing
planet. During the planetary formation phase, gas from the protoplanetary disk is
gravitationally accreted onto the planetary embryos or protoplantes which forms a first
gaseous envelope around the planetary precursor (Lammer et al. 2018). This primary
atmosphere, mostly consistent of Hs, escapes when the protoplanetary disk disappears
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since light atmospheric constituents such as hydrogen readily escape through thermal
and non-thermal mechanisms (Zahnle et al. 2010).

During the formation of a planet, meteorites containing water-, nitrogen- and carbon-
bearing materials might be accreted, determining the initial volatile inventory of the
planet (Zahnle et al. 2010). The energy sources during the planetary formation, like
heating caused by the decay of short-lived radioactive isotopes, can be high enough to
create magma ponds or even global magma oceans on the planet that solidify from the
bottom to the top, expelling the non-solidifying volatile inventory including HoO, NHj
and carbon compounds such as COz in a process called outgassing (Elkins-Tanton 2012),
leading to the formation of a secondary atmosphere.

However, this atmosphere is not formed by the static accumulation of the outgassed
molecules, but develops through the properties of these volatiles and their interactions
with their surroundings. When looking at the nitrogen-dominated atmosphere of an
Earth-like exoplanet it is reasonable to relate its evolution to the development of Earth’s
atmosphere, where the majority of the expelled volatiles were made up of water vapour,
while Earth’s current atmosphere is dominated by nitrogen (Renneboog & Boorstein
2013, p. 51).

A major contributor to these changes is the breakdown of atmospheric molecules into
sub-compounds through the absorption UV photons, in a process called photodissocia-
tion.

AB ™ A+B (2.1)

Examples for this include the photolysis of nitrogen (N2) from ammonia (NH3) and of
hydroxyl radicals (OH) from water molecules (HoO) (Lammer et al. 2018). Next to pho-
todissociation and the ensuing escape of light atmospheric constituents, the depletion
of expelled HoO and CO3 from the atmosphere also occurs along with the formation of
oceans due to the saturation of water vapour in the atmosphere and subsequent con-
densation of further outgassed HoO (Renneboog & Boorstein 2013, p. 51). The carbon
dioxide reacts with water molecules to form carbonic acid (HoCOj3), which dissociates
into bicarbonate (HCOj ) and hydrogen ions and is subsequently bound in sediments on
the seafloor (Lammer et al. 2018).

This leaves nitrogen originating from the photolysis of ammonia, which built up to be
the dominant atmospheric constituent because it is almost chemically inert, relatively
insoluble in water and does not condense out of the atmosphere (Renneboog & Boorstein
2013, p. 52), leading to the formation of the nitrogen-dominated atmosphere present on
Earth today. The second most abundant component of Earth’s atmosphere, oxygen,
saw its rise as a byproduct of the advent of microbial life and photosynthesis, as did
the atmospheric ozone, which chemically forms from oxygen and shields organisms from
the biologically damaging influences of stellar UV radiation (Lammer et al. 2018; Ren-
neboog & Boorstein 2013, p. 53). This implies that oxygen might not be as present in
the atmospheres of Earth-like exoplanets, leaving them with a stronger presence of COq
and HO caused by the missing photosynthetic conversion process.
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2.3 The habitable zone

As mentioned above, the habitable zone of a star is a key factor when searching for
potentially habitable planets. However, a planet orbiting in this region is not necessarily
habitable since its surface temperature, governed by the distance to the host star and,
therefore, the amount of radiation received by the planet, is not the only parameter
influencing the planetary habitability (Selsis et al. 2007). Nevertheless, estimating the
distance of the habitable zone through incident stellar irradiation allows the assessment
of other factors that influence the planetary habitability depending on the separation
between the star and the planet, such as the possible loss of an atmosphere.

Establishing the inner and outer boundaries of the habitable zone is based on the con-
fining assumptions granting the habitability of the planet. Selsis et al. (2007) illustrated
a pair of conservative and a pair of more optimistic assumptions as follows:

a) The conservative assumptions are based on the influences of greenhouse gases on

the surface temperature of the planet. For the inner edge, Selsis et al. (2007) ar-
gued that an atmosphere dominated by water vapour (the amount of which in the
atmosphere increases at closer orbits due to the increasing surface temperature)
experiences a positive feedback loop in which the rising IR-opacity of the atmo-
sphere leads to the reduction in cooling for the planet, which in turn expels more
water vapour into the atmosphere, until a point is reached where the whole water
inventory of the planet is vaporised, effectively making it inhospitable.
The arguments for the outer edge from Selsis et al. (2007) are based on an atmo-
sphere dominated by COg, where the interplay between the increasing planetary
albedo, the incident solar flux and the increasing IR opacity leads to a maximum
distance at which the greenhouse effect can sustain surface temperatures needed
for liquid water, beyond which the planet would effectively freeze out.

b) The more optimistic confining assumptions are based on empirical indications of
the edges of the habitable zone. The arguments given by Selsis et al. (2007) are
based on observations that suggest 1) that there has been no liquid water on Venus
for at least 1 Gyr and 2) that Mars might have had liquid water on its surface 4
Gyr ago. Scaling the solar luminosity according to these times and the distances
of Venus and Mars to the Sun results in the empirical recent venus and early mars
criteria.

A way to determine the distance of the habitable zone to its host star was given by
Kopparapu et al. (2013). They used a 1D, convective-radiative and cloud-free climate
model to determine the edge of the habitable zone closest to and furthest away from
the Sun. By expanding their model to main-sequence stars in a temperature range
between 7200 and 2600 K they also allowed the calculation of the habitable zone for the
spectral types F through M. The equation derived by Kopparapu et al. (2013) following
the criteria outlined above is given below, where [ describes the distance to the star, L



2.3 'The habitable zone 2 EXOPLANETS AND HABITABILITY

denotes the stellar luminosity and Ts = T.g — 5780 is a corrected stellar temperature.

1

(LL®> * AU (2.2)

N

I = (Sefto + aTs + T2 + cT2 + dT.)~

Later, Kopparapu et al. (2014) improved the equation by taking the planetary mass
into account. Knowing the distance of the habitable zone to a host star is important
when looking at the possible influences said star can have on the atmospheres of planets
in orbit around them. Some of these influences are discussed in Section 3.1.
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3 M dwarf stars

M dwarfs are cool, low mass and low luminosity stars that can be found on the lower end
of the main sequence. With masses in a range between ~ 0.08—0.6 Mg and temperatures
between 2300 and 3800 K (Reid & Hawley 2005, p. 169), the stars themselves and the
environments they create for possible planetary companions are significantly different
when compared with solar-like stars. Following Wien’s displacement law, M dwarfs
produce most of their light in the IR-part of the electromagnetic spectrum, and even
the brightest among them are about 10 times fainter than the Sun, with luminosities
decreasing to below 1073 Lq (Scalo et al. 2007) for the latest spectral types. Speaking
in terms of general absolute values, the energies released from these stars are therefore
lower in comparison to our Sun, but a major concern when talking about the potential
habitability of planets is their distance to the host star of the system, and since M dwarfs
are that much fainter than other main sequence stars, their habitable zones are situated
much closer to the star itself, roughly following the relation { oc L2 (Kopparapu et al.
2013) when comparing the distance [ in AU with the stellar luminosity L in terms of
solar luminosity (for a more thorough discussion see Section 2.3).

Therein lies one of the problems concerning the habitability of exoplanets in M dwarf
systems. While the peak of their energy distribution is shifted into the IR, they show an
increased amount of short wavelength XUV radiation due to stellar activity on timescales
of up to a few Gyr for the later spectral types (West et al. 2008). Figure 2 illustrates this
by comparing the short wavelength flux between our modern Sun and an active young
Sun of a distance of 1 AU, as well as the flux from the M dwarf GJ 832 at a distance of
0.162 AU, where an exoplanet has been found in the habitable zone (Exoplanet Catalogue
2019). While the flux around GJ 832 is significantly lower above 150 nm as would be
expected from a fainter and cooler star, the flux in the XUV spectral range up to about
100 nm is more comparable to an active Sun. This means that even though M dwarfs
can reach main sequence lifetimes of up to 103 years (Laughlin et al. 1997), they might
only provide reasonable environments for planets in their habitable zones after these
planets have spent a significant amount of time, up to several Gyr for lower mass stars
in this spectral type (West et al. 2008), being exposed to the effects of stellar activity,
which include increased incident XUV radiation from flaring as well as interactions with
high energy particles from stellar winds and possible CMEs (coronal mass ejections)
(Scalo et al. 2007; Lichtenegger et al. 2010). This has detrimental consequences for
the atmospheres that these planets have to sustain for them to maybe be considered
habitable.

3.1 Influence on exoplanet atmospheres

A planet might lose its atmosphere through a number of different mechanisms as a result
of influences from its host star, which can be separated into thermal and non-thermal
escape processes (Catling & Zahnle 2009).

Thermal escape happens as a result of heating processes in the upper layers of a plane-
tary atmosphere. Assuming that the velocity of the atmospheric constituents follows a
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Figure 2: Example spectra to compare the flux density in the XUV regime of the respec-
tive stellar spectra for our modern sun (blue) and an active sun (green) at a
distance of 1 AU (Claire et al. 2012), as well as for the M dwarf GJ 832 at
a distance of 0.162 AU (Fontenla et al. 2016) where a planet in the habitable
zone has been discovered (Exoplanet Catalogue 2019).

Maxwellian distribution, particles at the upper tail of the distribution might exceed the
planetary escape velocity and therefore leave the planet, not being impeded by collision
in the exosphere, in a process called Jeans escape (Tian et al. 2008). If the temperatures
reach sufficiently high levels, Jeans escape can turn into a process called blow-off or
planetary wind, where the atmospheric constituents leave the atmosphere in a bulk flow,
bringing it into the hydrodynamic regime (Tian et al. 2008; Catling & Zahnle 2009).
As pointed out by Lichtenegger et al. (2010), the hydrodynamic blow-off of atmospheric
hydrogen starts at a temperature of ~ 5000 K, and the hydrostatic regime of an atmo-
sphere dominated by nitrogen and oxygen cannot be maintained above a temperature of
~ 8000 K. Tian et al. (2008) modelled the temperature at the exobase of an Earth-like
atmosphere with respect to high amounts of incident XUV radiation, reaching almost
1 x 10*K for levels of about 6.6F,, where Fyy represents the current solar value (taken
to be ~ 5.1ergs™!ecm™2 in their case). After this maximum, the exobase temperature
decreased in their model, ranging up until 20Fp, which was caused by adiabatic cooling
effects (Tian et al. 2008), although as pointed out by Johnstone et al. (2019), at even
higher XUV fluxes (60Fp in their respective case) the heating caused by the input XUV
radiation begins to surpass the cooling effects. Next to the heating-induced loss, the
expansion of the thermosphere is another effect of the absorption of XUV radiation,
which becomes important when looking at non-thermal atmospheric loss.

Besides the thermal loss, several non-thermal processes can also severely impact the
evolution of a planets atmosphere. The ionization of atmospheric constituents plays a



3.1 Influence on exoplanet atmospheres 3 M DWARF STARS

major role in these mechanisms. This can happen e.g. through the photoionization of
the major atmospheric constituents as a result of the absorption of stellar XUV radiation
(Bauer & Lammer 2004, p. 11), as well as through electron-impact and charge-exchange
ionization, which are strongly influenced by the interaction between the atmosphere and
the stellar wind (Lichtenegger et al. 2010). The non-thermal loss itself then happens
through a number of different processes. One of these is the polar flow, describing the
escape of ions along the open magnetic field lines at the magnetic poles of a planet,
which originate due to the interaction between the planetary magnetic field and the stel-
lar wind plasma (Vidotto et al. 2013). Sputtering is another loss process and represents
the collision-based energy transfer between e.g. solar wind protons and atmospheric par-
ticles, ejecting them either directly or through a cascade of collisions (Bauer & Lammer
2004, p. 69f). Being exposed to the stellar wind, ions can also be picked up and whisked
away from a planet by the propagating interplanetary magnetic field, which is carried
by the stellar wind, in the aptly named ion pick-up process (Kislyakova et al. 2014).

In the case of Earth today, the planetary magnetic field protects the upper layers of the
atmosphere from the strong erosion effects of the solar wind by maintaining a magne-
topause at around 10 Rg, while the exobase resides at levels significantly below that
(Lichtenegger et al. 2010; Vidotto et al. 2013). However, the different environment for
planets in orbit around M dwarfs can change this. Vidotto et al. (2013) have shown that
an Earth-like planet orbiting a dM star with a magnetic field two to three orders of mag-
nitude stronger than our Suns’ would show a magnetospheric size several times smaller
than Earth’s current magnetosphere. Coupled with the expansion of the thermosphere
through increased incident XUV radiation mentioned above, this could realistically lead
to the exposure of the upper atmospheric layers to the detrimental effects of the stellar
wind and therefore to high amounts of atmospheric loss.

Another possibility for atmospheric loss that should be mentioned here, but will not be
further discussed since it is mainly relevant for young planets, is the so-called process
of impact erosion caused by the collision of large bodies with an exoplanet (Catling &
Zahnle 2009).

3.1.1 Effects of proximity

The stellar activity that defines the in part extreme environments exoplanets experience
in the habitable zone of M dwarfs is not the only influencing factor on these planets
that distinguishes them in their position around their host star. The afore mentioned
proximity of the habitable zone to the M dwarf host also plays a role in shaping the
environment that potential planets orbit in.

One of the effects this can have on an exoplanet was discussed by Barnes et al. (2013),
who reviewed the influences that tidal heating can have on the habitability of exoplan-
ets. Tidal heating due to varying gravitational forces can drive volcanic activity and the
outgassing of volatiles, and they concluded that tidal heating could instigate a runaway
greenhouse effect on planets with eccentric orbits, even if they would reside within the
inner boundary of the conservative habitable zone as discussed in Section 2.3.

Another instigator for volcanic activity could be a varying magnetic field and the subse-

10



3.1 Influence on exoplanet atmospheres 3 M DWARF STARS

quent production of heat through Joule heating, resulting from the passing of induction-
induced currents through a conductor, in this case the planet. Kislyakova et al. (2018)
discussed the energy generated in an Earth-like exoplanet around strongly magnetized
stars and they concluded that the energy generated through this process, depending on
the distance to the star and the conductivity of the planetary mantle, likely leads to
extreme volcanism and therefore increased outgassing of volatiles from the planetary
interior. Next to driving a possible greenhouse effect, this could also provide mitigating
effects on the atmospheric loss, although Lammer et al. (2018) compared the nitrogen
loss rates determined by Lichtenegger et al. (2010) with current volcanic outgassing of
nitrogen and concluded that even outgassing rates 20 times higher than today could not
mitigate the nitrogen loss.

Other effects of the habitable zone proximity that might add problems for the habitabil-
ity of exoplanets in orbit around M dwarfs also exist, such as synchronous rotation or
the less constrained case of tidal locking (Barnes et al. 2013), but will not be discussed
here.

11
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4 Atmospheric loss estimation

Using a sample of 159 dM stars given by Stelzer et al. (2013) together with simplified
assumptions about the conditions of a potential Earth-like planet orbiting these stars
(given an atmosphere that is dominated by nitrogen and therefore comparable to Earth’s
atmosphere today), estimations about the loss of atmospheric nitrogen can be made as
presented below, based on X-ray observations of these stars and a simplified scaling of
their EUV spectra.

4.1 Computational background

The necessary stellar parameters to compute the loss of atmosphere for an Earth-like
planet are given by Stelzer et al. (2013), with an example of a few stars shown in Table 1.
They determined the X-ray flux in a range between ~ 0.6 — 6 nm (equivalent to energies
of 2 - 12 keV) by comparing the data from several catalogues to a 10 pc sample of bright
M dwarfs. Using the distance to the star, the bolometric and X-ray luminosities Lpq
and Ly can be calculated from the flux values, with r corresponding to the distance and
F to the respective flux values.

L =4mr’F  [ergs™!| (4.1)

To determine the amount of incident radiation and therefore the atmospheric loss, a
distance for the planet to orbit the star has to be set. Since this is an estimation for
the atmospheric loss of a potentially habitable planet, the orbit of said planet is set
in the host stars habitable zone. A way in which the distance of the habitable zone
around main sequence stars has been estimated has already been described in Section
2.3, so the computation of this distance follows Equation 2.2. Since the planet in this
case is taken to be an Earth-equivalent, the parameters listed in Table 2 have been
chosen corresponding to 1Mg. As illustrated by Johnstone et al. (2019), in the case of
large amounts of incoming high-energy XUV-radiation the atmosphere is lost through
a transonic hydrodynamic outflow, where the resulting loss rates can be described with
the equation for energy-limited hydrodynamic loss.

. em Fxuv Ry R2 _
M= POV [g571]

4.2
it (4.2)

Fxuy describes the incident XUV flux on the planet, R, and M planetary radius
and mass, € the mass-loss efficiency and Rxyy the radius at which the incoming ra-
diation is absorbed. Assuming an Earth-equivalent planet and simplified conditions,
the parameters are set to Ry = Re, My = Me, € = 1 and Rxyv = Rp. Assuming
a nitrogen-dominated atmosphere, the mass loss represented in Equation 4.2 can be
adopted as a rate for nitrogen loss. It should be noted that this equation cannot be used
to describe hydrostatic atmospheres since it strongly overestimates loss rates (resulting
in 10" gs~! for modern Earth’s values) and should therefore only be used to estimate
the loss of hydrodynamic atmospheres.

12
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Name Spectral T.g d log Fyol log F'x
Type  [K] [pc] [erg/s/cm?®] [erg/s/cm?]
PM 100054-3721 M1.5 3575 4.34 -7.37 -13.01
PM 10011545908 M5.5 2936 9.23 -9.33 -13.20
PM 100154-1608 M4.0 3165 4.99 -8.44 -13.41
PM 100184+4401 M3.5 3241 3.56 -8.01 -11.89
PM 10102547140 Ma3.0 3318 8.24 -8.58 -13.19
PM 10102646220 M1.5 3575 9.96 -8.10 -13.27
PM 101103-6726 M2.0 3500 8.20 -8.09 -12.87
Table 1: Excerpt of stellar parameters given by Stelzer et al. (2013). The total sam-

Table 2:

ple number is 159, with spectral types ranging from MO to MS8. Distance,
effective temperature as well as bolometric and X-ray flux are needed for the
computation. The full list of stellar parameters for the sample can be found as
supplementary data to the article.

Coefficient RG MG RV EM
Seft,© 1.107 0.356 1.776 0.32
a 1.332¢-4 6.171e-5 2.136e-4 5.547e-5
b 1.580e-8 1.698e-9 2.533e-8 1.526e-9
c -8.308¢-12  -3.198e-12 -1.332¢-11 -2.874e-12
d -1.931e-15 -5.575e-16 -3.097e-15 -5.011e-16

Coefficients needed to determine the habitable zone for a planet with 1 Mg
taken from Kopparapu et al. (2014), following different estimation for the dis-
tance (RG = runaway greenhouse, MG = maximum greenhouse, RV = recent
venus and EM = early mars).
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"
100

Distance to star [AU]

Figure 3: Comparison between the edges of the habitable zone around our Sun (grey)
and around the star PM 100054-3721 from the sample (orange). The position
of Earth is marked in blue for reference. The distances where computed fol-
lowing Kopparapu et al. (2014), lighter (darker) areas denote the optimistic
(conservative) constraints. This figure shows the much closer proximity of the
habitable zone to dM stars.

The stellar parameters from Stelzer et al. (2013) only include data for X-ray fluxes, so an
estimation for the amount of EUV radiation coming from the stars in the sample has to
be made. Even though the spectral energy distributions of M dwarfs differ quite signifi-
cantly from the SED of solar-like stars (e.g. Wunderlich et al. 2019), the EUV emission
of active M dwarfs can be estimated following the predictions of Tu et al. (2015) for
the X-ray luminosities and corresponding EUV luminosities of active solar-like stars. In
this case, Lyyv is estimated to be 3Lx and therefore Lxyy = 4Lx, where the X-ray
range from Tu et al. (2015) is given as ~ 0.1 — 10 nm which, for the purposes of this
approximation, corresponds to the X-ray rage of ~ 0.6 —6 nm from Stelzer et al. (2013).
Using the distances for the habitable zone, the incident XUV flux on a planet can be
calculated using Equation 4.1 to determine Fxyyv, and the atmospheric loss follows from
Equation 4.2. Assuming an atmospheric mass of Mg atm = 5.1 x 10%! g (Williams 2019),
the resulting loss rates can be used to calculate the time an Earth-like atmosphere could
be sustained in orbit around these sample stars without considering possible mitigating
factors such as e.g. outgassing from the planetary interior.

4.2 Results

Values for the mass-loss rates resulting from the computations illustrated in Section 4.1
together with the stellar XUV luminosity, habitable zone distances and retention time-
scales are listed in Table 3. In general, dM stars are less luminous than solar-like stars
(Reid & Hawley 2005, p. 169), which implies less irradiation for a planet that would orbit
at a distance of 1 AU. However, this lower luminosity also results in a closer proximity of
the habitable zone to the host star. Figure 3 illustrates this with a comparison between
the habitable zone of a dM star from the sample and the habitable zone of our Sun. The
calculated distances of the habitable zone in the sample attest to this, being on average
10 times closer to the host star than the distance between the Earth and the Sun. These
closer orbits greatly enhance the incoming high-energy radiation on the planet, which
follows Equation 4.1. As pointed out by e.g. Airapetian et al. (2017), the incident XUV
radiation on planets in the habitable zones around active M dwarfs is up to 4 order of
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magnitude higher than on Earth today. Figure 4 illustrates the incident XUV flux at the
edges of the conservative and optimistic habitable zone respectively, given in terms of the
incident flux on Earth today with a value of Fxuv, garth = 5.6 erg s~lem™2 (Airapetian
et al. 2017). Most of the stars in this sample return values that are between 1 and 3
orders of magnitude higher than the earth-equivalent (depending on the position of the
orbit), but the maximum value of incident XUV flux shows an increase of about 4 orders
of magnitude.

This increased amount of radiation leads to high rates of atmospheric mass loss,
plotted in Figure 5 against the XUV luminosities of the host stars. Depending on the
position of the planet with respect to the star (following the different boundaries for
the habitable zone), the loss rates vary between ~ 107 — 10''gs™!. These do not allow
the retention of an Earth-like atmosphere over reasonable timescales, which are plotted
in Figure 6 with respect to the XUV luminosity. Even under the the most optimistic
circumstances (where the planet orbits on the outer edge of the optimistic habitable
zone), the most time it would take to loose the entire atmosphere of an Earth-like planet
orbiting a star in this sample is ~ 85.9 Ma. It follows that under the assumptions made
here, none of the stars in the sample could house an Earth-like planet in their circum-
stellar habitable zones that would be able to retain its atmosphere given the star’s XUV
emission. When compared to the age-activity relation for M dwarfs given by West et al.
(2008), it also becomes clear that, under the assumption that the stars in this sample
are active M dwarfs, the amount of XUV radiation reaching the planet would not sig-
nificantly change until the atmosphere is completely lost, since the activity-lifetimes of
dM stars are multiple orders of magnitude longer than the time it takes these planets to
loose their atmosphere entirely.

As discussed above, these loss rates have been computed using the energy-limited mass
loss equation, which assumes a hydrodynamic outflow of atmospheric constituents through
the absorption of incoming high-energy radiation. These results can be compared to the
loss rates derived by Lichtenegger et al. (2010), where they calculated the loss of nitro-
gen atoms for Earth’s present-day atmosphere when exposed to high amounts of XUV
radiation (< 90 nm in their case), while also taking the interaction with the solar wind
as well as the varying size of the planetary magnetosphere as a protective layer for the
atmosphere into account. Lichtenegger et al. (2010) assumed different amounts of inci-
dent XUV radiation (7, 10 and 20 times current solar value on Earth) and corresponded
these to different stages of the solar evolution, therefore scaling the planetary magnetic
moment and the solar wind parameters. For many of the potential planets around the
stars in the sample used for the calculation here, the incident XUV radiation is much
higher than 20 times the current solar value, but even with the loss values from Licht-
enegger et al. (2010) as a lower limit, these planetary atmospheres would not survive
longer than a few million years, effectively not changing the result that the stars in this
sample do not provide and environment that would allow an Earth-like exoplanet to
retain its atmosphere over extended periods of time.

Some of the planets, mainly on the outer orbits of the respective stellar habitable zone,
receive amounts of XUV radiation that are comparable to Earth or even slightly below
that, and it should also be noted that, as pointed out by Stelzer et al. (2013), around
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Figure 4: Incident XUV flux Fxyv in units of corresponding incident flux on Earth (value
taken from Airapetian et al. (2017)) plotted with respect to the stellar XUV
luminosity Lxuy for all stars in the sample given by Stelzer et al. (2013). The
two figures on the left side assume an orbit at the respective inner edge of the
habitable zone described by Selsis et al. (2007) while the two plots on the right
side assume the orbit to be on the respective outer edge.
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Figure 5: Atmospheric mass loss M in units of gs~! plotted with respect to the stellar
XUV luminosity Lxyy for all star in the sample given by Stelzer et al. (2013).
The distances to the potential planet in orbit have been computed with the
equation for the borders of the habitable zone given by Kopparapu et al. (2014).
The two plots on the left side of the figure assume the planet to orbit on the
respective inner edge of the habitable zone, the two plots on the right side
assume an orbit on the respective outer edge.
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Figure 6: Retention time ¢ in units of Ma for the atmosphere of an Earth-like planet

plotted with respect to the stellar XUV luminosity Lxyy for all stars in the
sample given by Stelzer et al. (2013). The two plots on the left side of the figure
assume an orbit on the respective inner edge of the habitable zone described
by Selsis et al. (2007), the two plots on the right side assume the orbit to be
on the respective outer edge.
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40% of the stars in the sample had no corresponding X-ray source when cross-referencing
the sample to the different data sources, so the X-ray flux was obtained by estimating
an upper limit through the sensitivity threshold of the ROSAT All Sky Survey. Since
there is no actual data on the X-ray flux of these stars, it would theoretically be possible
for them to have a high-energy flux that is low enough to allow an Earth-like planet
orbiting in their habitable zone to retain its nitrogen-dominated atmosphere regarding
the aspect of thermal loss, as it would be for the planets on the outer habitable zone
boundaries mentioned above. However, even at reduced XUV levels that are comparable
to our Sun, such as from Proxima Centauri (Giidel et al. 2004), the mass loss through
non-thermal processes like the polar outflow of ions is most likely still high enough to
not allow a potential planet to retain its atmosphere (Airapetian et al. 2017; Garcia-Sage
et al. 2017).
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5 CONCLUSION

5 Conclusion

Exoplanets situated in the habitable zone of M dwarf stars are subject to a stellar
environment that is substantially different to the environment Earth resides in while or-
biting the Sun. The strong stellar magnetic fields and the stellar activity linked to them,
together with the proximity of the habitable zone to a dM host star can have such detri-
mental effects on the atmospheres of potential exoplanets that they might be stripped
away on very short timescales, effectively making the affected planet inhospitable. This
atmospheric loss happens through the thermal mechanisms of Jeans and hydrodynamic
escape as well as through the non-thermal processes of sputtering, ion pick-up and po-
lar flow. Nevertheless, M dwarfs are prime targets for scientific missions searching for
exoplanets such as TESS, i.e. because the probability of detecting a transit is enhanced
when observing dM stars since their planetary companions have shorter orbital periods
and the fraction of stellar light blocked during the transit is significantly larger.

In analyzing the high-energy radiation environments of a sample of M dwarfs in this
thesis, it becomes clear that none of these stars could support the nitrogen-dominated
atmosphere of an Earth-like exoplanet over reasonable timescales. The thermal atmo-
spheric loss instigated by the high amounts of XUV insolation that these planets expe-
rience leads to atmospheric retention timescales of around 1 Ma, rendering the planets
inhospitable almost instantaneously on cosmic timescales. Even when only considering
the non-thermal loss as a lower boundary of the loss rates, these atmospheres would likely
survive less than 10 Ma, effectively not changing the result that these planets could not
be considered habitable. An enhanced presence of CO4 in the atmosphere would also
lower the thermal loss rates due to its effective cooling, but such an atmosphere would
resemble Venus more than Earth and the habitability of a planet with a CO2-dominated
atmosphere is questionable.

Even though M dwarfs stand out amongst other stellar types i.e. trough their long main
sequence lifetimes during which they show no significant brightening and the fact that
lower mass dM stars never evolve through the red giant phase, they might only be able
to provide reasonable environments for the atmospheres of planets in their habitable
zone after the end of their rather long activity lifetime and the enhanced atmospheric
loss coupled to that. This implies that planets in orbit around them would either have
to be able to protect their atmospheres during active phase of their stellar host, or that
the volatile inventory of the planet must be sufficient to form an atmosphere after the
end of the stellar activity.
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